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ABSTRACT. Following ideas of Caffarelli and Silvestre in [20], and using
recent progress in hyperbolic fillings, we define fractional p-Laplacians
(—Ap)e with 0 < # < 1 on any compact, doubling metric measure
space (Z,d,v), and prove existence, regularity and stability for the non-
homogenous non-local equation (—Ap)eu = f. These results, in turn,
rest on the new existence, global Holder regularity and stability theorems
that we prove for the Neumann problem for p-Laplacians A,, 1 < p < oo,
in bounded domains of measure metric spaces endowed with a doubling
measure that supports a Poincaré inequality. Our work also includes
as special cases much of the previous results by other authors in the
Euclidean, Riemannian and Carnot group settings. Unlike other recent
contributions in the metric measure spaces context, our work does not
rely on the assumption that (Z,d,v) supports a Poincaré inequality.

CONTENTS
Introduction
Background
John and uniform domains
Measures

Newton-Sobolev functions and Poincaré inequalities
Besov spaces
Cheeger differential structures
Neumann boundary value problem
Hyperbolic fillings
Equivalent Formulations of the Neumann problem for the
p-Laplacian
Boundary Regularity for 1 <p < @

Stability of solutions under perturbation of the Neumann data

2

9
10
10
11
12
14
15
15

16
18
24

The research of N.S. and J.K. are partially funded by the NSF grants #DMS-1800161
and #DMS-2054960. The research of M.S. is partially funded by a supplemental grant
from NSF #DMS-1800161. The research of L.C. is partly funded by NSF #DMS-195599.
R.K. was supported by Academy of Finland, project 308063. The authors thank Mathav
Murugan and Zhen-Qing Chen for illuminating discussion on jump processes and for point-
ing out the references [26, 27, 28| to us when N.S. and they were visiting at MSRI in Spring
2022, and Yannick Sire for pointing out the reference [22]. MRC Classification (2020):
30L15, 31E05, 35R11, 35B65, 46E35.

1



2 CAPOGNA, KLINE, KORTE, SHANMUGALINGAM, AND SNIPES

6. Constructing an induced non-local fractional Laplacian for

compact doubling metric measure spaces 28
6.1. The general case 1 < p < o0 28
6.2. The case p =2 31
7. Reconciling construction of fractional Laplacian with [32] 32
7.1. Doubling property of p,: 35
7.2. Modification of the norm on Cheeger differential structure 38
7.3.  2-Poincaré inequality with respect to d, and p,, 38
7.4. John domain property 41
7.5.  Conclusion: the reconciliation 42
8. APPENDIX: Removing boundedness condition on f in [53] 43
References 49

1. INTRODUCTION

The goal of this paper is to construct and study a notion of the fractional
p-Laplacian in the setting of compact doubling metric measure spaces, by
extending Caffarelli and Silvestre’s approach in [20]. Our strategy consists of
two main steps: First, we continue the study begun in [53], of the Neumann
boundary value problem for the p-Laplacian, 1 < p < oo,

Apu = div(|VulP2Vu) = 0 in Q,
|VulP~20,u = f on 99,

expressed in the weak form
/ |VulP~2Vu - Vo dp = / ofdv  for every Sobolev function ¢,
Q o0

where 2 is an open domain in a metric measure space (X, d, ) equipped with
a doubling measure supporting a Poincaré inequality. In this general setting
Vu indicates either the gradient in a Cheeger differential structure (see [24])
or in an infinitesimally Hilbertian structure in the sense of Gigli |2, 3, 40,
41], and hence provides a unified framework for a wide class of operators.
We prove global Hélder regularity and stability results with respect to the
Neumann data in suitable Lebesgue classes.

Second, using our new results for the Neumann problem, we provide a
construction of a family of fractional p-Laplacian operators on the bound-
ary of the domain. In fact, thanks to Theorem 1.5, we can construct an
analog of the fractional Laplacian for any compact doubling metric mea-
sure space (Z,dz,v) even if it does not support a 2-Poincaré inequality. We
do this by constructing a locally compact but non-compact doubling metric
measure space (X, d, ) that supports a 1-Poincaré inequality such that Z
is biLipschitz equivalent to X = X \ X, and considering solutions to the
corresponding Neumann boundary value problem in X. Such a construction
of a metric measure space X as a uniformization of a hyperbolic filling of Z
can be found in [14]. We will discuss this in detail in Section 2.7 below. As a
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consequence, we prove existence, regularity, Harnack inequality and stability
for solutions of the associated non-homogenous equation

(A0 = fin Z,

with 8 € (0,1). We also prove that for p = 2, the fractional operators
defined here are the same as those appearing in the literature, so that our
results extend (and occasionally sharpen) earlier work by other authors in
the setting of Euclidean spaces |20, 58], Riemannian manifolds [8], Carnot
groups [33], and even in metric measure spaces [32].

We remark explicitly that even in the special case p = 2, part of the novelty
of our approach is that it allows one to define and study fractional Laplacians
in metric measure spaces that support neither a Poincaré inequality nor a
corresponding regular Dirichlet form, such as the Von Koch snowflake K, or
the Rickman rug [0,1] x K.

Next, we proceed by outlining the relevant assumptions of the paper,
before stating our main results.

Structure hypotheses: Throughout the paper we let 1 < p < 0o, and €2
be an open, connected domain in a complete metric measure space (X, d, j1)
such that:

(HO) ©Q is a John domain as defined in Subsection 2.1.

(H1) (Q,d,plg) is doubling and supports a p-Poincaré inequality as in
Subsection 2.2 and Subsection 2.3.

(H2) The boundary 02 is equipped with a Radon measure v for which
there are constants C' > 1 and 0 < © < p such that for all z € Z
and 0 < r < 2diam(09),

1 p(B(z,r) N

(1.1) . 2 #(B(z,r)NQ).

"
<v(B <
< v(B(a,r) < ¢ HEEIE,

that is, v is a ©-codimensional Hausdorff measure with respect to
tla-

Remark 1.2. The constants associated with p, the John domain condition,
and the above two conditions will be referred to as the structural constants.

Recall that John domains are necessarily bounded domains. Condition (HO)
can be waived for Theorem 1.5 and Theorem 1.6. The boundedness of €2 is
used by us only to know that solutions to the Neumann boundary value
problem exist (see [53]), and Condition (HO) is used only to know the exis-
tence of traces of Sobolev functions on €2 and ensure that the trace lies in
the suitable Besov class of functions on the boundary of €2. For unbounded
domains, John condition can be replaced with the assumption that €2 is a
uniform domain in order to obtain local trace estimates as in [52], and this
is sufficient for Theorem 1.5 and Theorem 1.6 in the event that €2 is not
bounded. Note that [20, 33| establish neither existence nor stability results
for the fractional Laplacian, but focus only on local regularity such as Holder
continuity and Harnack inequality, under the assumption that the solution
to the fractional Laplacian problem exists. Hence our results recover those
of [20, 33] in the case that 92 is a Euclidean space or a Carnot group.
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Remark 1.3. Our choice of 0 < © < p in (H2) corresponds to the choice of
a in |20]. In [20], for each 0 < 6 < 1 the choice —1 < a =1—-26 < 1 is made
in considering the weight y® imposed on the domain 2 = Z x (0, 00), and in
this paper, we need © = 2(1 — ) (with p = 2) correspondingly.

Remark 1.4. The structure hypotheses are more general than those as-
sumed in the literature so far. In fact, domains with fractal boundaries such
as in the vonKoch snowflake domain satisfy these conditions for some © # 1.
Moreover, such a flexibility allows us to consider all powers 6 € (0, 1) rather
than just & = 1/2. These structural assumptions are satisfied by the con-
texts studied in |20, 33, 58], where Q2 = X x (0, 00) with X either a Euclidean
space or a Carnot group, and €2 equipped with a weighted product measure.
Moreover, every compact doubling metric measure space X is the boundary
of a John domain (and in fact, the boundary of a uniform domain) satisfying
our structural conditions, see [14].

The first main theorem of this paper, stated next, is the main tool we use
to construct the fractional operator on the metric space (0€2,d,v) by con-
sidering analogs of the Dirichlet-to-Neumann transformation. Condition (c)
of this theorem tells us that the trace of the solution u on 92 should belong
to the domain of the fractional operator.

Theorem 1.5. Suppose that conditions (H0), (H1) and (H2) hold for the
metric measure space (X,d,u) and Q. Fiz 1 < p < oo, and suppose that
f 090 — R be in the class Lp,((?Q) where p' is the Hélder conjugate of p
with [,q fdv = 0. Let u € N'?(Q) = N'P(Q). Then the following are
equivalent.

(a) u is a solution to the Neumann boundary value problem with data f
in the domain Q@ C X ; that is, for all ¢ € NP(Q),

/|Vu]p2Vu-V¢>d,u:/ of dv
Q 0N

(b) w minimizes the energy functional

I(v) :—/Q]Vv]pdu—p/aﬂvfdy

among all functions v € NYP(Q). Here we extend v to a measure on
the closure § by zero outside of OS).
(¢) u is p-harmonic in  and

|VulP~2Vu - Ve dp — —f d.

Here the convergence is that of weak convergence of signed Radon
measures on S, and the function n. : Q — R is given! by n.(z) =
min{1, dist(z, 2\ Q)/e}, and again we extend v to a measure on the
closure Q by zero outside of ON).

1From our structural assumption (H2), we have that fB(C . |Vne| dp is at most a con-
stant multiple of e 'T®u(B((, 2r)) whenever ¢ € dQ and r > 0.
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The proof of Theorem 1.5 is in Section 3.

Next we turn our attention to global properties of solutions of the Neu-
mann boundary value problem, namely we obtain Hoélder regularity up to
the boundary, and stability with respect to the data. Here, the index @ is
the lower mass bound exponent associated with the measure p as in (2.1).
Notice that we can increase the value of @ in (2.1), and so, if we are will-
ing to pay the price of changing the estimates in the following theorem, the
restriction p < @) should not be considered to be a restrictive one.

Theorem 1.6. Assume that (H0), (H1) and (H2) hold, 1 < p < Q, and let
u be a solution of the Neumann problem as in Theorem 1.5, for the boundary
data f € LY(0Q,v), with [, fdv =0. If

Q-0

—6 <4
then u is (1 — g)-Hélder continuous in Q0 with

O(g—1)+Q
Pq } !

€ = max {1 —a,
and where o is as in Proposition 4.1. Furthermore, there is a constant C' > 1
such that if u >0 on Q and W C 950 is a non-empty relatively open subset
of O with f = 0 on W, then whenever x € QUW and r > 0 such that
B(x,2r)NQ C WUQ, we have the Harnack inequality
sup u<C inf w.
B(z,m)NQ B(z,r)n§

This theorem will be proved in Section 4, but an explanation regarding
the proof is warranted here. Even in the Euclidean setting, the perspective of
metric spaces gives a new viewpoint of the Neumann problem; we can see the
domain §2 as an open subset of an ambient metric measure space while also
viewing ) as a metric measure space in its own right. This allows us to see
the solutions for Neumann boundary value problem also as solutions to the
inhomogeneous problem —A,u = vy on the metric measure space Q, where
the measure vy is a singular measure, supported on the boundary 90 =
Q\ Q, and is associated with the Neumann data of the original Neumann
boundary value problem. This point of view allows us to adapt a Morrey-
Campanato type argument on the whole “open set” that is Q. To do so, we
took inspiration from [55], but as we rely on the results from [53] and [48], our
proof is more direct. The idea is to prove a version of the Morrey inequality
for the metric measure space setting. Note that with our assumption on
08, we have that u(0Q) = 0. For p = 2, the argument in the proof of
Hélder continuity on regions of 92 where f = 0, in the Euclidean, Riemann
manifold setting, and Carnot setting as established by [8, 20, 23, 33, 58] is
based on a Harnack inequality, from which the Holder continuity follows.
Here we give a more direct proof of the theorem, and in doing so, we obtain
Holder continuity even in regions of the boundary where the Neumann data f
does not vanish. Holder regularity results for the non-homogeneous equation
were obtained for bounded Euclidean domains in [22], and it is interesting to
note that the limitations placed on the data f in [22] is also the limitation
in the coarser setting of nonsmooth metric spaces. We also point out that,
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unlike the above-mentioned papers, our discussion also includes the nonlinear
setting p # 2 of the (fractional) p-Laplacian, and that the Harnack inequality
for the homogenous fractional PDE follows by virtue of the global Holder
regularity of the Neumann problem and by the results in [48].

In terms of continuity with respect to boundary data, we prove the fol-
lowing,

Theorem 1.7. Let 1 < p and p' = L5, and suppose that (HO), (H1) and
(H2) hold. There exists a constant C’ > 0 depending on the structural con-
stants in (HO), (H1), and (H2) such that the following holds. For boundary
data f,g € LV (09, v) with

/ fdl/zO:/ gdv,
oN [2/9]

denote by u,v € NYP(Q) respectively the solutions to the corresponding p-
Neumann problems such that

/ud,u:O:/vdu.
Q Q

Then, when p > 2 we have
1 1

IV = 0lleae) < C (Il oy + 191 00)) ™2 1 = 9112 oy

and when 1 < p < 2 we have

IV = Vol mmmfm+wmmamywluf—umam

As a consequence of this theorem together with Lemma 8.1 and the
Poincaré inequality, we see that if the boundary data converges in ¥ to
a function f € L?', then the solutions converge to a solution of the Neumann
boundary value problem with boundary data f. We will prove this theorem
in Section 5 below. In addition, in Theorem 5.4 we also prove a weaker form
of stability that applies to the Neumann problem with respect to the upper
gradient formulation. Theorem 5.4 is independent of the above theorem as
it considers a variant Neumann boundary value problem that arises from an
energy minimization principle that may not correspond to an Euler-Lagrange
equation unless the metric measure space is infinitesimally Hilbertian in the
sense of Gigli [2, 3, 40, 41]. Such an Euler-Lagrange equation is essential for
our proof of Theorem 1.7. In the setting of hyperbolic filling as in [14] and
in Section 6, there is a Cheeger differential structure that is available to us,
and so from the point of view of studying nonlocal minimization problems,
we do not lose much by considering the Cheeger differential formulation.

We are now ready to introduce and discuss the fractional (non-local) op-
erators we are interested in.

Definition 1.8. Let (Z,d, v) be a metric measure space. For any 1 < p < oo
and 0 < 6 < 1, consider a form & : LP(Z) x LP(Z) — [—o00, 00|, that is linear
in the second component and with &(au, fv) = |a|P~2aB E(u,v), such that
E(u,u) ~ ||U”Bg7p(z) whenever u is in the Besov class Bgyp(Z). We say that a
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function u € Bgm(Z ) is in the domain of the fractional p-Laplacian operator
(—=A,)? if there is a function f € L (Z) such that the integral identity

E(u, ) =/<pfdv
z
holds for every ¢ € ng(Z). We then denote
(=Ap)’u = f € I¥(2).

The above definition is concomitant with the notion of Laplacian in the
theory of Dirichlet forms, see for example the comprehensive book [35]. The
fractional operators we consider in this paper are associated to the form (1.9)
below. Its definition is based on a process reminiscent of the hyperbolic
filling technique: We will show in Section 6 that, given 1 < p < oo and
0 < 0 < 1, every compact doubling metric measure space Z arises as the
boundary of a uniform domain 2 that is equipped with a measure p so
that the metric measure space X = Q = QU Z, together with Z = 99,
satisfies conditions (HO), (H1) and (H2), with # = 1—©/p. We fix a Cheeger
differential structure V on ). For each u € ng(Z) we consider u to be
the unique function in N1'P(Q) such that @ is Cheeger p-harmonic in
and has trace Tr(u) = u v-almost everywhere on Z. We will show that
Jo IVUlP dp ~ HUHBg,p(Z) (see Section 6 below). We then set

(1.9) Er(u,v) ::/ \ValP~2Va - Vo dp.
Q

This construction gives us a way of analyzing a wide array of fractional
operators (—A,)? on the Besov class Bf (Z), for we have a broad choice
of , and for each choice of Q2 we then have the flexibility of choosing a
desn"ed Cheeger differential structure as outlined in 24| (see [45] for further
exposition on Cheeger differential structure). We may, instead of a Cheeger
differential structure, consider the I'-limit of discrete differential structures
as discussed in [31]. Should 2 be infinitesimally Hilbertian in the sense of [40,
41], we may use the differential structure associated with the infinitesimal
Hilbertianity. Additional choices of structures are available in the Euclidean
setting, and a related family of non-local fractional operators were studied
by Caffarelli and Soria-Carro in [21]| using lower dimensional slices.

Another approach to the notion of Laplacian is from the theory of Dirichlet
forms, see for example [35]. To emphasize this connection we introduce a
new form &,(u,v), given by

[uly) — ua rp *(u(y) — u(2))(v(y) ~ v(x))
=1, (B d(z.y)) d(z.y) dvly) dv (),

with u,v € LP(Z). Note that & is a Dirichlet form in the sense of [35], and
is associated with a jump process, see also [9, 26, 27, 28]. In the following
theorem, @)z is the lower mass bound exponent corresponding to @ from (2.1)
for the doubling measure v on Z, and p’ = p/(p— 1) is the Holder conjugate
of p.
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Theorem 1.10. Let (Z,d,v) be a compact doubling metric measure space,
1<p<oo,and0 <0 < 1. Then the form Er on Bgvp(Z) given by (1.9) sat-
isfies Ep(u,u) = E,(u,u) for each u € Bf,’p(Z) with the comparison constant
depending solely on the doubling constant of v and the indices p,0. Denote by
(=A,)Y the fractional p-Laplacian associated to the form Er(u,u). Moreover,

(i) For each f € L¥(Z) with [, fdv = 0 there exists a function uy €
ng(Z) such that (=Ap)lup = f on Z. If uy is any other such
function, then uy — uy is constant v-a.e. in Z. If in addition f €
Li(Z) for some q > max{1,Qz/0}, then us is Hélder continuous on
Z.

(ii) There exists a constant C' > 0, depending only on the structure con-
stants, such that if f1, fo € Lp/(Z) with fZ fidv =0= [, fadv and
uyg,, ug, are the functions in Bg,p(Z) corresponding to f1, fa as above,
then

lug, = uplnz) < € max{llfill | foll o 2} L1 = Foll7r

with k = 1/(p(p—1)), 7 =1/p whenp > 2 and k = (3—p)/(2(p—1)),
T=1/2 when 1 <p < 2.

(iii) Let W C Z be an open (nonempty) subset such that f = 0 on W.
There exists a constant C' > 0 depending only on the structure con-
stants, such that if u > 0 is a solution of (—A,)Pu = f in Z, then
u satisfies the Harnack inequality supgu < Cinfpu for all balls
B = Bpg such that Byr C W.

This theorem will be proved in Section 6.

Remark 1.11. We can weaken the hypotheses of the above theorem by
replacing the compactness requirement of Z with the condition that Z is
biLipschitz equivalent to the boundary of a uniform domain that satisfies
the conditions (HO), (H1), and (H2). Thus the above theorem also includes
the cases when Z is the entire Euclidean space as in [20] or even a Carnot
groups as in [33].

In [32] an alternate construction, based on spectral theory, for a fractional
Laplacian (—As)? corresponding to a Cheeger differential structure on a
complete doubling metric measure space (Z,dz,v) supporting a 2-Poincaré
inequality was constructed and studied. The methods used there depended
strongly on the availability of the Poincaré inequality on the metric space
itself, and moreover, it is not adaptable to fractional powers of the nonlinear
p-Laplacian operator (—A,)?. In [32], the metric space (Z,dz,v) is nat-
urally seen as the boundary of the unbounded domain Z x (0,00), where
X = Z x [0,00) is equipped with the f5-product metric and the product
measure. In contrast, in our present study, we consider fractional Laplacians
on the boundary of a bounded domain. Therefore, to show that the two
approaches lead to the same notion of nonlocal Laplacian, we show that we
can conformally transform X into a bounded doubling metric measure space
Q so that it supports a 2-Poincaré inequality and that functions that are
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2-harmonic in Z x (0,00) = X are also 2-harmonic in this modified space,
and finally that Z is isometric to the boundary of this modified space.

Theorem 1.12. Let (Z,d,v) be a compact doubling metric measure space
supporting a 2-Poincaré inequality, and let X = Z x (0,00). There is a
conformal transformation of X to a metric space Q with transformed met-
ric d,, together with a natural tranformation v, of the measure v, so that
(Q,d,, 1) is a John domain in its completion Q and so that (2, d,, v,) sat-
isfies our hypotheses (HO), (H1) and (H2). Moreover, Z is isometric to OS2,
and the fractional Laplacian (—A2)? as constructed in Theorem 1.10 above
agrees with the construction given in [32].

This theorem will be proved in Section 7, see Subsection 7.5.

Remark 1.13. The fractional Neumann boundary value problem considered
in 22, (1.6)] for bounded Euclidean domains U correspond to the solutions
constructed in [32] for the domain = U x (0, 00). Theorem 1.12 shows then
that the problem studied in [22, (1.6)] corresponds to the problem studied
in the present paper, in the special setting of p = 2 and in the Euclidean
setting. We point out that the Holder regularity result |22, Theorem 1.2]
requires the same integrability condition on the nonhomogenous data f as
that of Theorem 1.6.

In the smooth setting of Euclidean spaces, Carnot groups and asymptot-
ically hyperbolic Riemannian manifolds, there is now a vast literature on
fractional powers of the Laplacian operator, and [8, 20, 21, 22, 23, 58| is
merely a small sampling of the current literature; these all are associated
with the fractional powers of the linear operator (i.e., p = 2). The literature
in more general non-smooth setting is more limited; we refer interested read-
ers to [6, 7, 10, 28, 32, 33, 40| as well as the references listed therein for the
linear setting. For symmetry results related to some other problems involv-
ing fractional p-Laplacian in the setting of Euclidean and Heisenberg group
settings and for the use of the method of moving planes in those settings,
we refer the interested reader to [5, 25, 59] and the references listed therein.
Analysis of non-local (linear, that is, p = 2) operators was undertaken in
the papers [26, 27, 28] from the point of view of jump processes and more
general a-stable processes (recall that for us, a = 26) using the language
of Dirichlet forms. In [26], Chen and Kumagai consider such processes on
Ahlfors regular complete metric measure spaces, and prove Holder regular-
ity, see for example [26, Theorem 4.14|. In [27] they extend this study to
doubling metric measure spaces where a notion of uniform doubling property
is also assumed; this additional property is removed in the recent paper |28].
Our approach is more aligned with the approach of [20], as that approach is
adaptable also to the nonlinear (p # 2) setting as well.

2. BACKGROUND

In this section we gather together the needed background used in the
paper. The triple (X, d, 1) denotes a complete metric measure space with g
a Radon measure. We now list some basic notions associated with the theory
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of analysis on metric measure spaces. For x € X and r > 0, the ball centered
at x and with radius r is denoted B(z, ), that is, B(x, ) consists of all the
points y € X for which d(x,y) < r. The closed ball B(z,r) consists of all
the points y € X for which d(x,y) < r. Note that in general B(x,r) could
be a larger set than the topological closure of the open ball B(z,r), but if
X is a length space these two sets are the same.

2.1. John and uniform domains. Recall that we assume X to be a com-
plete metric space. We say that a domain Q2 C X is a John domain if there
is a point xg € €2, called a John center, and a John constant C'; > 1 such
that whenever x € 2, there is a rectifiable curve -, in €2 with end points xg
and x such that for each point z in the trajectory of 7, we have that

diStX\Q(Z) > 0515(%[: [z, 2]),

where 7, [z, z] denotes the segments of v, with end points z and x. Clearly
a John domain is a connected open set, and moreover, if 2 # X then € is
bounded. In this paper we also refer to a narrower class of domains, called
uniform domains, characterized by the existence of a constant Cyy > 1 such
that for every pair x,y € €2 there exists a rectifiable curve v,, joining them,
with the property

diStX\Q(Z) = 0(71 min <£(’Y;ry[waZ])7£(’Yacy[z7y])) and £(vzy) < Cyd(z,y),

for all z € 74y. Clearly a bounded uniform domain is also John, but the
converse is false.

2.2. Measures. We say that the measure i is doubling if there is a constant
Cy4 > 1 such that

0 < p(B(z,2r)) < Ciqp(B(z,r)) < 00

for each x € X and r > 0. Doubling measures satisfy the following lower
mass bound property: there are constants ¢ > 0 and ¢ > 0 such that for
each x € X, 0 < r < R, and for each y € B(z, R),

r\Q _ wu(B(y:r))
(2.1) C(E) < B R)

see for example [45, page 76]. The constant ¢ depends solely on the doubling
constant Cy.

The measure p is Ahlfors Q-regular for some ) > 0 if there is a constant
C > 1 such that for all z € X and r > 0 we have C~'r? < pu(B(z,7)) <
Cr?. Tt is now well-known that parts of harmonic analysis can be conducted
on doubling metric measure spaces, as described in [57, page 8], though
currently there is significant headway in extending the theory of singular
integrals beyond doubling spaces. However, much of the theory of quasicon-
formal maps seems to require p to be Ahlfors regular, see for instance [44]. If
u is Ahlfors Q-regular, then p is comparable to the QQ-dimensional Hausdorff
measure on X.
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2.3. Newton-Sobolev functions and Poincaré inequalities. We are in-
terested in using a first-order calculus in metric measure spaces; such a first
order calculus was first developed by Heinonen and Koskela in their seminal
paper [44] in the process of investigating quasiconformal mappings between
Ahlfors regular metric spaces; see also |12, 42, 45, 56]. The idea here is that
one needs only the information encoded in magnitude of the gradient of a
function in order to conduct much of first-order calculus. Given a measurable
function v : X — R, we say that a non-negative Borel measurable function
g on X is an upper gradient of u if

ulw) ~ uy)| < [ gds
¥
for every non-constant compact rectifiable curve v in X; here, x and y denote
the terminal points of 4. The function u is said to be in the Dirichlet—Sobolev
class DYP(X) (also known as the homogeneous Sobolev class) if u has an
upper gradient that belongs to LP(X); and w is said to be in the Newton-
Sobolev class N1P(X) if it is in D'?(X) and in addition, u itself belongs
to LP(X). Given that upper gradients are not unique, we set the energy
semi-norm on DYP(X) by

Ep(u)? = inf/ gP dpu,
g9 JXx
where the infimum is over all upper gradients g of u. The norm on N17(X)
is given by
ullprexy = llullprxy + Ep(w).

Indeed, if 1 < p < oo, for each u € DVP(X) there is a unique (up to sets of
p-measure zero) non-negative function g, that is the LP-limit of a sequence
of upper gradients of u from LP(X) and so that for each upper gradient g of u
we have that ||gu || z»(x) < [|9]l»(x)- The functions g, belong to a larger class
of “gradients" of u, called p-weak upper gradients, see for example [42, 45, 56|
or [12].

For 1 < p < o0, the metric measure space (X, d, u) is said to support a

p-Poincaré inequality if there are constants Cp > 0 and A > 1 such that for
all u € DM?(X) and balls B = B(z,r) in X, we have

1/p
][ lu—ugldu <Cpr <][ gﬁdu) .
B(z,r) B(z,Ar)

It was shown in [42] that if X is a length space, then we can take A = 1 at
the expense of increasing the constant Cp.

For the rest of this section, we consider €2 to be a domain in a complete
metric space X. From |1, Section 7] we know that if X is locally compact
and equipped with a measure p so that p is doubling and supports a p-
Poincaré inequality for some 1 < p < oo, then the zero-extension of u to the
completion X of X also is doubling and supports a p-Poincaré inequality.
Moreover, in this case, NP(X) = N'P(X). We will exploit this property in
this paper by using the identity N'P(2) = N1P(Q2) when the restriction of
1 to 2 is also doubling and supports a p-Poincaré inequality.
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2.4. Besov spaces. Consider a metric measure space (Z,d,v). For 0 < 0 <
1 and 1 < p < oo we will consider the following Besov energy:

b . u(z)|” v vz
Wil = [, |, depratato. e gy 40 440

and set sz(Z ) to be the space of all LP—functions for which this energy is
finite. If v is Ahlfors Q-regular, then we can replace v(B(z,d(z,y)) with
d(x,y)? to obtain an equivalent energy. The following lemma holds also for
this modified norm. The homogeneous Besov space HB (89) is the collec-

tion of equivalence classes of functions from B p}p(E)Q), Where two functions
u,v € ng(@Q) are said to be equivalent if ||u — v||g, = 0, that is, u — v is
v-a.e. constant on 0€). By a slight abuse of notation, we conflate equivalence
classes that are elements of H BY »p(0€2) with representative functions in those
classes, but are careful to remember that then there is an ambiguity up to
addltlve constants here.

Lemma 2.2. Let Z be a bounded metric space equipped with a measure v
with v(Z) < co. If f € Hsz(Z), then f € LP(Z). Moreover, there exists

C > 0 such that for all f € HBG »(Z) we have that

(2.3) If = fzllzecz) < Cllfllop-
Here f; = fodz/ In particular, HB (89) is a reflexive Banach space
under the norm || - ||g,p, and is a Hzlbert space when p = 2.

Proof. Since

. ) — f@)p
115 = | |, 5B it e @) <

there exists z¢ € Z such that |f(;v0)| < 0o and

fao)l
O Bt ) <

Thus, we have that

v(Z) dlam 7 9;0/ |f(y) — f(xo)[Pdv(y) < C.

Since Z is bounded and v(Z) < oo, it follows that

/ﬁﬂww</0ﬂw—ﬂmn+ummww@>
7
<2p</|f xovm4>+4f@meﬁn>

< or (CV(Z) diam(Z)% + | f(mo)\pu(Z)> < .

To see that the homogeneous space is a Banach space, it suffices to show
that it is complete under the given norm. Let {uy} be a Cauchy sequence
in H ng(Z). Replacing ug with ug — fZ ug dv if needed, we may assume
that (uy)z := [, updv = 0 for each k. Then by (2.3) we know that {u;}
is a Cauchy sequence also in LP(Z), and hence converges to some function
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u € LP(Z). By passing to a subsequence if necessary, we may also assume
that this convergence also occurs pointwise v-a.e. in Z. Note that |lug|lgp =
V& |l Lr(zx 2,00) Where 1y is the weighted measure on Z x Z given by

1
v(A) = //A Wdu x v(zx,y),

vg(7,y) = up(w) — ug(y).

It follows that {vy} is also a Cauchy sequence, and hence converges to some
function v € LP(Z x Z,1y). By considering the corresponding subsequence
and applying Fubini’s theorem, we also know that vy converges pointwise
v-a.e. in Z to the function (x,y) — u(x) — u(y). Hence we have the desired
conclusion that |uy — ullgp, — 0 as k — oo and u € Hng(Z) as desired.
Since 1 < p < oo, it is clear from the reflexivity of LP(Z x Z,1p) that
H Bg,p(Z ) is also reflexive.

Since the norm on H Bg’Q(Z ) is given via an inner product &, and as the

and

above argument tells us that H 32972(Z ) is complete, we conclude that it is a
Hilbert space. [l

We will show below that any doubling, compact metric measure space
(Z,d,v) arises as boundary Z = 02, with Q a space satisfying the structure
conditions (HO), (H1), (H2), and such that v satisfies the comparison (1.1).
Such co-dimension condition arises in the study of traces of the N'? and
D'P—classes on € to 9 (see for instance [14, 52, 53]), and is a natural con-
dition that arises from considering €2 to be a uniformization of a hyperbolic
filling of a doubling compact metric measure space as in [14]. Besov spaces
on 0f) arise as trace classes of Newton-Sobolev spaces on ). The following
result is from [52], but in the setting of € such a trace result can also be
found in [14].

We equip the Besov space Bg’p(ﬁﬂ) with the norm

lullsg (o0 = lullznony + lullos-

Theorem 2.4 ([52, Theorem 1.1]). Let 2 be a John domain in X, with
Q compact such that the restriction of p to  is doubling and supports
a p-Poincaré inequality. Suppose in addition that 0S) is equipped with a
measure v that satisfies (1.1). Then there is a bounded linear trace oper-
ator T : N"P(Q) — B;;@/p(c'm) and a bounded linear extension operator
E: B;;@/p(({)ﬂ) — NYP(Q) such that

(i) To Eu=wu foru e B;,;Q/p(am,
(i) for each u € NYP(Q), for H-a.e. x € OQ we have

lim |u — Tu(x)| dp = 0.
=0t JB(z,r)NQ

The domains §2 considered in this paper satisfy the hypotheses given in
Theorem 2.4. Note that if € is a uniform domain in X and (X,d, p) is
doubling and supports a p-Poincaré inequality, then the restrictions of u
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to Q and to Q are doubling and support a p-Poincaré inequality, see for
example [15, Theorem 4.4].

2.5. Cheeger differential structures. We now describe Cheeger (linear)
differential structures in doubling metric measure spaces (X,d,u); these
structures play a key role in the definition of Cheeger p-harmonic functions.

We say that a metric measure space (X, d, 1) supports a Cheeger differen-
tial structure if there is a positive integer N and a collection { X, }4ca, with
each X, a measurable subset of X, such that u(X,) > 0 and u(X\UJ, Xa) =
0, an inner-product structure (-,-),, z € X,, on R™ that is py-measurable,
and for each o € A a Lipschitz map ¢, : Xo — RY satisfying the following
condition for each Lipschitz function f : X — R: for p-a.e. x € X, there is
a vector V f(x) € RY such that

1f(y) = f(z) = (Vf(2), 0a(y) — ¢al)):]
d(y, )

For doubling spaces we can assume that A is a countable set and that
the collection (X, )aca is pairwise disjoint. For doubling metric measure
spaces X supporting a p-Poincaré inequality, such a differential structure
was constructed by Cheeger in [24]; the structure constructed there satisfies
the additional property that there is a constant C' > 1 such that when-
ever gy is a minimal p-weak upper gradient of a Lipschitz function f, then
Clgu(z) < (Vf(z),Vf(x))s < Cgy(x) for pra.e. x € X. In this paper
we will consider such a differential structure. From the discussion in [24]
we know that the notion of Vf extends from the class of locally Lipschitz
functions in X to functions in D'P(X); see also the discussion in [34]. We
set |V f(2)] = (V f(2), V().

We note that there is more than one possible Cheeger differential structure
on X, leading to us considering a wide range of differential operators, one
for each such structure. We say that a function u € DYP(Q) is a Cheeger
p-harmonic function in Q if, whenever v € D'P() has compact support in
), we have

ess lim supx 5, =0.

/ |Vul? du < / |V (u+ v)|P dp.
supt(v)

supt(v)

Equivalently, we have the following corresponding Euler-Lagrange equation:

/Q |Vu(z)[P~2(Vu(z), Vo(z)), du(z) = 0.

For brevity, in our exposition we will suppress the dependence of x on the
inner product structure, and denote

(Vu(zx), Vo(x)), = Vu(x) - Vo(z)

when this will not lead to confusion. Cheeger p-harmonic functions are
quasiminimizers in the sense of Giaquinta, and hence we can avail ourselves
of the properties derived in [48].
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2.6. Neumann boundary value problem. In [53] a generalization of the
Neumann boundary value problem

Apu =0 on €,
|VulP~20,u = f on 9

was constructed and analyzed. There it was assumed that the boundary
data f is a bounded measurable function on 9 such that [, fdv = 0.
Strictly speaking, the version considered in [53] is the problem of minimzing
the energy operator

NYP(Q) 5 v Ip(v) ::/ggdu—p/ vfdv,
Q o0

with g, the minimal p-weak upper gradient of v and f € L>(Q,v) in ad-
dition. However, the proofs given in [53| are robust and apply also to the
Cheeger differential formulation considered in the current paper, and we will
use the results from [53] here, namely the boundedness property of solutions
to the Neumann problem. Existence of solutions was established in [53|, and
it was also shown that solutions are bounded. In Appendix 8, we show that
the boundedness of the Neumann data f is not needed in order to obtain
existence and boundedness of solutions. In fact, we have the following result
as a consequence of the discussion in Lemma 8.11 from Section 8 together
with the results from [53] (for existence of the minimizers).

Theorem 2.5. Let Q satisfy the structural assumptions (HO0), (H1), and (H2).
Then for each f € LV (9Q) with Joq fdv = 0 there is a bounded function
u € NYP(Q) such that whenever v € NYP(Q), we have

/\Vu|pdu—p/ ufdu§/|vad,u—p/ v fdv.
Q o0 Q o0

Moreover, we can choose u so that fQ udyp = 0.

2.7. Hyperbolic fillings. In this subsection we give a brief description of
the hyperbolic filling of a compact doubling metric measure space as given
in [14]. While this construction differs somewhat from the constructions
given in earlier literature, in essence the metric portion of the construction
is similar to that of [16, 17, 18, 19].

With (Z,d) a compact metric space equipped with a doubling measure
v, we fix @ > 1, 7 > 1, and, for each non-negative integer n we choose a
maximal o~ "-separated set S, C Z. By scaling the metric if need be, we can
always assume that the diameter of Z is smaller than 1; hence Sy contains
only one point zg. We can also ensure that S, C S,+1, and consider the
vertex set V = (J;2 Sy x {n}. Two points (x,n) and (y, m) are declared to
be neighbors if either By (z, ™) intersects Bz(y, ™) with [n—m| =1, or
if Bz(x,7a™™) N Bz(y, 7a™™) is non-empty with n = m; here By denotes a
ball in the metric space Z. This converts V into a graph X, with each edge
assigned a unit length interval. As shown in [14], the graph X, equipped
with the path metric, is a roughly star-like Gromov-hyperbolic space, which,
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when uniformized via the metric

de(v,w) = inf/e_gd(%t)’”o) ds(t), v,we X,
Ty

where vy = (20, 0) and the infimum is over all curves in X with end points
v,w, turns the metric graph (X,d) into a uniform domain X, := (X, d.)
when ¢ = log(«). The metric graph has a natural measure on it, given by
considering the one-dimensional Hausdorff measure ! on the edges of the
graph. Next, following [14], for each § > 0, one can lift the measure v on Z
up to a measure pg in X by setting for each Borel set A C X,

s (A) = /A U0 (B (G 0 ) dH (2),

where ((z,n,) € V is a nearest vertex to the point x € X. It is shown
that with ¢ = log(a) and 8 > 0, the metric measure space (X,d., ug) is
doubling and supports a 1-Poincaré inequality; moreover, Z is biLipschitz to
the boundary 0. X of the uniform domain (X, d.), and in addition, Q := X
equipped with the metric d. and measure pg satisfies our structural con-
ditions (HO), (H1), and (H2) with © = /. As shown in [14] the trace
class of the Sobolev space NVP(X,de, ug) is the Besov class ng(Z), where
0=1-p/(ep)=1-0©/p.

Thus, with our primary object (Z,d,v), foreach1 < p < coand 0 < 6 < 1,
we can choose f = pe(l — 6) and ¢ = log(a) in the above construction
to obtain a uniform domain Q = (X,d.) equipped with the measure g
that satisfies our structural assumptions and yields the fractional Laplacian

(~A,)°.

3. EQUIVALENT FORMULATIONS OF THE NEUMANN PROBLEM FOR THE
p-LAPLACIAN

In this section we prove Theorem 1.5. Formulation (a), when seen as
a problem on the independent metric measure space € corresponds to the
inhomogeneous problem —A,u = v with v a (signed) Radon measure on
the space of interest such that v is in the dual of the Sobolev space W1P;
see for example [46, 54, 55, 60]. The formulation (b) (with |Vv| and with
|Vv| replaced by the minimal p-weak upper gradient g,) was considered
in [53]. Formulation (c) was motivated by the study of nonlocal minimization
problems considered in [20] (Euclidean setting), [33] (Carnot group setting),
[8, 23] (manifold setting with v = 1/2) and [32] (metric spaces of controlled
geometry).

Proof of Theorem 1.5. We first show that (a) is equivalent to (b). To do so,
first suppose that (b) holds for u, and let ¢ € N1P(2). Then setting for each
€ € R,

1) = [ [Vt eoldu—p | (u+eo) fan
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we know that I(¢) has a minimum at ¢ = 0. Therefore d¥‘l€[|€:0 = 0. Note
that

a4
de
Letting € = 0 gives
d
H1Olmo =p [ [VuP2Va-Vodu—p [ o fan
de Q P
Setting this equal to zero yields (a).
Next, suppose that (a) holds for u. We will use the following convexity of

| - [P for vectors when p > 1: when &,7 € RV, and (-,-) is an inner product
on RV, we have

1) = § [ 19+ o) 22V (u+c0)- Vodu—p [ ofav

(€1 — Inl? = plnl"~*(n,§ —n)
where | - | is the norm corresponding to this inner product. Therefore when
v e NP(Q),

/ (IVolP — |Vul?) du > p/ |VulP~2Vu - V(v — u) du.
Q Q

Applying (a) to the function ¢ = v — u gives the desired inequality I(u) <
I(v).

It now only remains to show that (a)+(b) is equivalent to (c). This is a
Morrey-type argument. For each ¢ > 0 let 7. be as in the statement of (c).
Suppose that u satisfies (a). Let ¢ be a Lipschitz function on 2. Then by (a)
we have that

/ ¢fdv= / VulP72Vu - Vo dy = / VulP~2Vu - V(1 = 1:)¢) dps,
N Q Q

where the latter equality follows from the fact that 7.¢ = 0 on 9 and by (a)
applied to n.¢. Note that the Cheeger differential structure also follows the
Leibniz rule (see for example [24, (4.43)] or [40]), and so V(1 — n.)¢ =
(1 =n)V¢p — ¢ V.. Since |Vu| € LP(R2), we have that

lim [ (1—n.)|VulP2Vu-Vedu = 0.
e—=0t Jo
It follows that
¢ fdv=— lim / ¢ |[Vu|P~2Vu - V. dp.
90 e—=0t Jo

As the above holds for all Lipschitz ¢ on €, the claim (c) follows.
Finally, suppose that u satisfies (¢). The above argument with ¢ = n.¢ +
(1 —n.)¢ gives that

/ VulP2Vu - V(1) du = 0
Q
because of the p-harmonicity of u in €2, and so for Lipschitz ¢ on €,

/ |VulP™2Vu - Védu = — lim / ¢ |VulP2Vu - V. dp = / ¢ f dv,
Q =0t Jo a0
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that is, (a) holds true for Lipschitz ¢. Now, if v € NVP(Q), then by the
fact that Q supports a p-Poincaré inequality, there is a sequence of Lipschitz
functions ¢ on Q such that ¢p — v in N'P(Q), see [45, Theorem 8.2.1].
Then as Ve, — Vo in LP(Q;RY), we have

lim / |Vu|P2Vu - Ve dp = / \Vu|P~2Vu - Vo dpu.
k—o00 QO QO

Moreover, as ¢, — v in N'P(Q) and trace T : N'P(Q) — ng(@Q) C
LP(09Q, v) is a bounded linear map with f a bounded Borel function on 052,
we obtain also that

lim qbkfdl/—/ v fdv.
oN o

k—o0

Thus (a) follows for all v € N'P(Q). O

4. BOUNDARY REGULARITY FOR 1 < p < @

The goal of this section is to prove Theorem 1.6. We will only consider
the range 1 < p < @, since in the range p > @ we already know that u is
1 — Q/p-Holder continuous on ) in view of the Morrey embedding theorem,
see |45, Lemma 9.2.12] for instance.

Let (Q,d, 1) be a metric measure space satisfying the structural assump-
tions (H1), (H2) in the introduction. In the following, for x € Q and r > 0
the balls in the induced metric are B(x,7) = {y € Q| d(y,z) < r}. We recall

from Subsection 2.4 that in view of [52, Theorem 1.3|, there exists a bounded

linear trace operator 7 : N'P(Q) — B;,;,l/p(aﬂ) C LP(0%). For ease of nota-

tion, we will denote Tu, which is a function on 02, also by u. We recall from
the discussion at the end of Subsection 2.3 that because (Q, d, u1|q) supports
a p-Poincaré inequality and p|q is doubling, it follows that the extension of
u by Tu to 98 is in NYP(Q), see for example [47] or [45, Theorem 9.2.8].

Let f : 90 — R be bounded and Borel measurable, with [y, fdv = 0
and f € L” (99Q). Suppose that v € N'?(Q) is p-harmonic with Neumann
boundary conditions; that is, for all ¢ € N1P(Q),

/|Vu]p2Vu-V¢)d,u:/ of dv.
Q oN

Then by [53] or by Theorem 1.5, u is a minimizer of [, [Vul? du—p [0 u f dv.
We also require that [, udu = 0. This is always possible by subtracting a
constant from any given solution. Note that as we deal with a choice of
Cheeger differential structure, such a solution is unique, see [53, Lemma 4.5
and the subsequent comment].

For x € Q and r > 0 the boundary of B(z,r) relative to the topology
induced by the metric on €, is dB(z,r) C {y € Q |d(x,y) = r}.

We begin by recalling the notion of p-harmonic extension and an imme-
diate application of some interior Holder estimates established in [48, Theo-
rem 5.2|.

Proposition 4.1. Let u € N'P(Q), and x,r as above. There exists a unique
function v € NYP(Q) such that v is p-harmonic in B(x,r) and v = u on
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Q\ B(z,r). Moreover such v is Hélder continuous in B(x,r/2), and it
satisfies the estimate

sup o — 0(@)] < Clluf s r°
B(z,r/2)

for some constants C, a depending only on the structure conditions of €.

Remark 4.2. We want to emphasize that the function v is the solution
to the Dirichlet problem on the domain 2 N B(x,r), whose boundary is
QN AB(x,r). In other words, for all ¢ € Ny”(Q2 N B(z,r)) one has

/ IVolP~2Vv - Vo du = 0,
QNB(x,r)

whereas for the solution of the Neumann problem u we have instead

/ |VulP™2Vu - Vo du = / G fdv.

QNB(z,r) oQNB(xz,r)

Because of this consideration, the interior Holder estimates in [48] can be
applied to v in the metric space X = Q and the domain B(x,7) N Q, thus
establishing Holder continuity of v in B(z,r) N Q.

Invoking interior estimates to prove regularity up to the boundary may
give pause to readers familiar with the smooth setting. The issue here is
that the Dirichlet problem for v in B(z,r) N Q is not the same as a Dirich-
let problem in B(z,7) N 2. The test functions used in the former are in
N&’p(B(IL’, r) N Q) and thus do not need to have zero trace on 9Q N B(x,r).
In fact the function v does not satisfy the Dirichlet problem (with bound-
ary data u) in Q N B(x,r), since there is an extra part of the boundary,
namely, B(x,r) N 0. On this extra part of the boundary, the interested
reader should note that, in the smooth Riemannian setting, v satisfies zero
Neumann boundary condition. A similar perspective can be found in the
discussion on orbifolds [11].

The following proposition gives Morrey type bounds on the growth of the
averages of |Vu|P on balls near points on the boundary 92. This bound will
be used in Theorem 1.6 to show Hélder continuity of w near these points.
Recall that the measure v is ©-codimensional with respect to u for some
0 <©® <1, see (1.1) above.

Proposition 4.3. Suppose that f € L(Q)NLY (9RQ) for some q > 1. There
exists a constant M, depending only on q and the structure conditions (H1),
(H2), such that when u is a solution to the Neumann boundary value problem

with boundary data f, then for every xo € 0N, and every x € Q and r > 0
such that B(x,2r) C B(zo, R) with R < diam(2)/2, we have

1/q /

B B 1/q

/ Vul du < M | ae B (1(_%);)) + M (/ |f!qdy> uBr) 77 <”g/’2)
B(z,r/4)NQ r B(xo,R)NON r

Here, ¢ = q/(q—1), « is as in Proposition 4.1, and M = supq, |u|.
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For ease, we adopt the following convention in the proof: when notating
the integral over a ball B with respect to u and v, we mean integration over
BN Qand BN O respectively.

Proof. Consider a p-harmonic extension v of u from Q\ B(z,r) to B(z,r)N<,
as in Proposition 4.1. Then v € NYP(Q) with u — v € N&’p(B(aj,r)).

First, from the convexity of the function ¢ +— ¢P for p > 1,
(4.4)

/ P dy < 27! (/ |V(u—v)|pdy+/ |Vv|pd,u>.
B(z,r/4) B(z,r/4) B(z,r/4)

Let us first estimate the first integral on the right hand side. The p-Laplace
operator satisfies the following structural conditions:

C/|Z - w‘p’ D= 2
C"(l2 + P2z —wf?, p<2.

(45) (|12P22 = P 2w) - (z — w) > {

Here the constants C’ and C” only depend on p.
When p > 2, the use of (4.5) gives us

/ |V (u—v)|Pdu < C'/ (|VulP~2Vu—|VoP~2V (v))-(Vu—Vv) du.
B(z,r/4) B(z,r/4)
Combining this with (4.4) gives

/ VP dp < C / (VulP~2Vu — [VoP- 2V (v)) - (Vu — Vo) du
B(z,r/4) B(z,r/4)

(4.6) +C [VlP dp.
B(z,r/4)

For p < 2, we first use Young’s inequality with exponents 2/p and 2/(2—p)
and then (4.5) to obtain

[ -
B(z,r/4)

:/ TP=22|T (4 — 0) |P(|Vu| 4 [Vo])PP=2/2 . 2C=)2(|7y| 4 [Vo|)PEP/2 gy,
B(z,r/4)

(r—2)/p 9 _
<[ PTG o)P9ul + 9ol 4 TEEE (9] + 9l d
B(z,r/4) p

SC’T(p_Q)/p/ (|Vu|p_2Vu - |Vv]p_2Vv) (Vu—Vo)du
B(z,r/4)

(4.7)
+ CT/ (|Vul? + |VolP) dp.
B(z,r/4)

By choosing 7 small enough so that Ct < 1/2 we can absorb the integral
of |[VulP to the left hand side of (4.4) to obtain (4.6) even for the case
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1 < p <2, that is,

/ |VulP dp < C/ (|VulP~2Vu — |[Vv|P~2V) - (Vu — Vo) du
B(z,r/4) B(z,r)

(4.8) + C/ |VoulP du.
B(z,r/4)

Notice that all the integrands are nonnegative and thus integrating over
B(z,r) instead of B(x,r/4) can only increase the integrals.

Let us first consider the first term on the right hand side. Using u — v
as a test function, we have from the weak formulation of the p-Laplacian
equation 1.5(a) (with € replaced by B(z,r) and f replaced by the constant
function 0 on B(z,7); recall that v is a solution to the Dirichlet problem on
B(x,7) N Q with boundary data u on Q N dB(x,)) that

/ |VolP=2Vo - V(u — v) dp = 0.
B(z,r)
Hence, integrating over the ball B(z,r) we get

/ ([VulP2Vu — |[Vu|P~2Vv) - (Vu — Vo) du

B(z,r)

= / |VulP2Vu - (Vu — Vo) — |VolP2Vu - (Vu — Vo) du
B(z,r)

= / |VulP~2Vu - (Vu — Vo) dp.
B(z,r)

Now, since u is a solution to the Neumann problem with boundary data f,
we obtain

/ \Vu|P2Vu - V(u—v)dp = / (u—wv)fdv.

B(z,r) B(z,r)

Hence, invoking the L bounds on solutions, and the regularity assumption
(H2) of the measure v, one has

/ (u—v)deS/ (Iul + [ ] d
B(z,r)

B(z,r)

<20M / | dv
B(z,r)

1/q
| f1? dV)
(z,r)NOQ

Y (B, )V
(4.9) <20M / flodv | BELTV
B(xo,R) ro/d

Note that the constant C above changes from line to line, but only depends
on p and the regularity constant of the measure v. Here we have used the
fact that u, and hence by maximum principle, v are bounded in B(zo, R),
see [53]. An upper bound for |u| + |v| in B(zg, R) is denoted by M.

< 20Mv(B(z,r))Y7 (/
B
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We now consider the second term of the sum on the right hand side of
equation (4.8).

Since v is p-harmonic in B(x, r), then it is in the De Giorgi class DG, (B(z, 1)),
see [48, Proposition 3.3|. Hence for all k € R,

c
Vv—kipd,ug/ (v — k)L du.
/B(x,r/z;)’ ( )+ (r/2 =7/4)P JB@r/2) )x

Here, for a function h, the function h4 = max{h,0} is the positive part of h
and h_ = max{—h,0} is the negative part of h. Hence, choosing k = v(z),
we have

C
[ V@i S (el du
B(z,r/4) ™ JB(x,r/2)

and
[ Vw-sa)pdis s [ et du
B(z,r/4) P ) B(a,r/2)
Summing these two inequalities, and recalling that B(z,r/2) C B(«x, %7“) C
Q, we can then invoke the scale invariant local a-Holder continuity esti-
mates for p-harmonic functions from Proposition 4.1 (originally in [48, The-
orem 5.2|), obtaining

P
/ VoPdu< < o — (@) du < CY o dy
B(z,r/4) " JB(,r/2) " JB(ar/2)
» 1W(B(z,7))
(4.10) < OMP =",

Combining inequalities (4.4), (4.9), and (4.10), we finally conclude

/ Vul dp < ¢ ppBE )
Bla,r/4) - r(1=a)p

Y (B, )
+20M / fdy | BRSO
B(zo,R)NIN O/

Next, we establish the global Holder continuity of u in €. The argument
is along the lines of the standard proof of Morrey embedding theorem found
in [42], and is a streamlined version of the classical regularity proof found
in PDE texts such as [37, 38]. This classical proof is in two parts: the first
part is to show that functions whose gradient exhibit a decay property in
the spirit of Proposition 4.3 belong to a Campanato space (see |38, page 43])
by using Poincaré inequalities, and the second part is to show that functions
in the Campanato space are locally Holder continuous (see [38, page 41]) by
using a telescoping sequence of balls and a Lebesgue point argument. Both
parts are combined into one seamless argument in the proof given below for
the convenience of the reader.

Now we are ready to prove Theorem 1.6.

Proof of Theorem 1.6. Choose Ry with 0 < Ry < diam(2)/2. For xy € 09,
let z,y € B(zo, Ro/64)N be p-Lebesgue points of w. Then d(z,y) < Ry/32,
B(z, Ry/16) C B(xo, Rp), and B(y, Ro/16) C B(xo, Ro).
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Define a sequence of balls indexed by Z centered at x and y as follows: For
i >0, set B; = B(z,2'"%d(x,y)), and for i < 0, set B; = B(y, 2 d(z,v)).
We denote the radius of the ball B; by p;; note that p; = 21~ l!ld(z,y). For
each ball in the sequence, we can apply Proposition 4.3 with r» = 4p;.

By an application of the Poincaré inequality, the doubling condition and
the Lebesgue point property of x,y for u with respect to the measure p, we
then estimate

u(z) —u(y)| < |up, — uBM\<Cz][ lu— up,| dp

1€EL €L
1/p
<o (wm) [ [wupan)
i€Z B;

Therefore, invoking Proposition 4.3, applied to 4B; for each i, one obtains

A\1/p B;)Y/(d'p)
‘ ( ‘<CZ 1/p ) /L( ) ]

1 «@ /
e u(B p; p?/(q p)
pl ©/(¢'p)
1EL
Ry YD 6 jam-@/ap)
4.12) <C P+ <> P ap ap
( 2 (Blao, Ro))
< C’Zp = Cd(x,y)' ™ 522_“'(1_5) < Cd(z,y)' .
€L i€EZ

Here inequality (4.12) follows from the lower mass bound property of pu,
see (2.1). The constant C' depends only on the structural constants as well
as on pu(B(xg, Ro)), Ry and fB(xo,Ro) |f|2dv. This completes the proof of
Holder’s inequality.

Finally, to prove the Harnack inequality, we assume that « > 0 on  and
that f = 0 on the relatively open set W C 0. By Theorem 1.5(a) we have
that whenever ¢ € N'P(Q) = N'P(Q) with support contained in QU W, we
have fQUW |Vu|P~2Vu - Vo du = 0, and hence it follows that u is Cheeger
p-harmonic in the domain © U W, seen as a domain in the metric space €.
By the strong maximum principle as in [48, Corollary 6.4, we then have that
either u is identically zero in  (and hence satisfies the Harnack inequality
trivially), or else, w > 0 in 2. In this latter case, invoking [48, Corollary 7.3|,
the desired Harnack inequality follows. [l

Remark 4.13. Although we were able to prove L*° bounds for u from the
hypothesis f € L (952, v) (see the appendix), in the argument above we need
the stronger integrability condition f € LI(9Q,v) with Q@ —© < (p—0)q. If
we only have that f € LP'(9Q) then the proof can be modified, so that one
obtains a weaker regularity condition. Indeed, in this case, if z,y € 0§2 such
that the maximal function M (f?') is finite at those points, then

jufw) = u(y)| < Cd(, )"~ [1+ M) @)Y + M),
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where 8 = max{1l —«, ©/p}, which is automatically smaller than 1 as p > ©.

5. STABILITY OF SOLUTIONS UNDER PERTURBATION OF THE NEUMANN
DATA

In this section we prove two different stability results for p—Laplacian
Neumann problems in the metric measure space setting, under LP pertur-
bations of the boundary data, with p > 1 and p’ the Holder conjugate of
p. The first is Theorem 1.7. The second stability result corresponds to the
formulation of the Neumann problem using only minimal upper gradients, as
in [53] (i.e., the variational formulation in Theorem 1.5 part (b), with |Vu|
substituted by the minimal upper gradient,) and it is stated in Theorem 5.4.

We first begin by proving Theorem 1.7.

Proof of Theorem 1.7. Let f,g,u,v be as in the statement of the theorem.
Since u and v are solutions of the Neumann problems with boundary data
f and g, we have that for all ¢ € N'P(Q),

/ |Vu]p2Vu-V¢d,u—/ ¢fdv and / |V|P~2Vu - Vo dpu —/ ogdu.
Q o0 Q o0

Subtracting the second identity from the first and substituting ¢ = u — v,
yields

/(]Vu\pQVu — |Vo]P2V0) - (Vu — Vu)du = / (f—9)(u—v)dv
Q [2}9]

< = vlle@a)llf = 9l o0)-

We first consider the case p > 2. In this case, we invoke the monotonic-
ity (4.5) to obtain

(5.1) IVu = Vol ) < €t = vllnoalf = 9l o0y

Now by using the boundedness of the trace operator in Theorem 2.4 and
employing Lemma 8.1, we obtain

lu = vllzoa0) < lullr@o) + vllr@o) < C [lulyie@) + vlvte@)]
< C [IIVull o) + IV0] Loy

< C I o + gl 0r 0]

LY’ (89) LP' (0Q)
Therefore
1
196 = Vol oy < € (1A o0, +ugui,{pm)) 1 = 917

which yields the desired inequality for the case p > 2.
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On the other hand, if 1 < p < 2, then we can proceed as in (4.7) and
invoke Holder’s inequality and (4.5) to obtain

IVu— ol
(2—p)/2 p/2
< ( [awul+ IVvl)pdu> ( [ 19— 09+ (9o du)
Q Q

(2—-p)/2 _ _
C (HVuH’zp(Q) + “VU”ip(Q)) ( /Q(\VuP” 2V — |VoP"2V0) - (Vu — Vv)du)
(5.2)
(2-p)/2
< C IVl + 1V0l ) (lu=vllzo@ayllf = gllon)

Now, as in the case of p > 2, we use Theorem 2.4 together with Lemma 8.1,
but this time also to bound ||Vu||r» (o) and [|Vv||1r(q), to obtain

p/2

p/2

2—p ,
2 P+7 2
190~ 90l ) < € (1l (o0 + 91 (00 ) 1 = 9l oy

Remark 5.3. Theorem 1.7, in combination with the Poincaré inequality (8.2),
yields that if (fy)x is a sequence of functions in L¥' (9 with the condition
that IBQ frdv = 0 for each k, and a function f € LP (9Q) such that f, — f
in Lp/(aQ), and if uy, is the solution to the Neumann boundary value problem
with boundary data fj, and with [, uy dp = 0, then uj, — u in NYP(Q) with
u the solution to the Neumann boundary value problem with boundary data
f and with [ udp = 0.

Next, we turn to the version of the Neumann problem interpreted as a
variational problem involving upper gradients. In this setting there is no
Euler-Lagrange equation available and so the above argument would not
work. Correspondingly, in this more general setting we obtain a weaker
result, in the sense that we only can prove that convex combination of the
solutions for data f; converge to a solution for the limit data f — f.
We include this result here to illustrate some of the control we give up by
not having access to the Euler-Lagrange equation provided by differential
structure Vu.

Given u € N'P(Q), and a v-measurable function f : 9Q — R such that
/. aq J dv =0, consider the energy functional

It(u) == /Qgﬁd,u—p/[mufdu.

Here g, is the minimal p-weak upper gradient of u. Let

NIP(Q) = {u c NM(Q): /Qudu = 0} :

and define
Inin(f) = inf  Ig(v).
vENIP(Q)
Theorem 5.4. For each k € N, let fi, € Lp’(a(z) be such that IBQ frdv =0,
where p' is the Holder dual p/(p — 1) of p. Let u, € NiP(Q) be such that
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It (ur) = Imin(fx). Suppose that fr, — f in LY (99Q). Then Jo fdv =0,
and there is a convexr combination sequence vy = 2?7:(’,:) Ajkuj that converges

in NYP(Q) to a function u € NFP(Q) and we have that It(u) = Imin(f)-

In the above, note that for each &, j we have 0 < A;;, < 1 with Zj\f:(’,:) Ajk =
1.

Proof. Since faQ fiudv=0for all k € Nand fr — f in Lp/(GQ), it is clear
that fc‘)ﬂ fdv=0.
For each k, we have that

Iy, (ug) = Imin(fr) <0,

since the zero function belongs to N**(Q). Thus by [53, Proposition 4.1],
there exists C' > 0 such that for all k£ € N,

1/p , 1/p'
0215 (w) > | o, du—C(/ g, du) </ P dv) -
Q Q o0

We then have that
/ gh, dp < C/ | fil?" dv < Co,
Q o0

for some 0 < Cy < oo, since fr — f in Lf”/(aQ). Furthermore, since uy €
NP(€), it follows from the Sobolev-type inequality [53, (3.6)] that there
exists some C' > 0 such that for all k£ € N,

lukllLr@) < CllgugllLr -

Thus, (ux)ren is a bounded sequence in N%P(Q), and so for each k € N,
there is a convex combination
N (k)

N(k)
Vg 1= Z Aj ki, gk = Z Aj kGu,
j=k j=k

with 0 < \j; < 1and ZjV:(Z) Ajk =1, such that v, = win LP(Q) and g, — g
to LP(Q2) where g is some p-weak upper gradient of u, see for instance [56,

Lemma 3.6 or [45, Proposition 7.3.7]. From the boundedness of the trace
T : NYP(Q) — LP(09),

'/kafdu—/mufdu

< [ Mo~ )
0
< vk = ull o) 1 f1l 1o (90
< Cllok = ullvre@ 1l 2 90

< C ([lok = ull o) + gk — gllze@) 1F 1l 2 a0y — 0

as k — oo. Thus we have that

If(u)Z/gﬁdu—p/ ufdvﬁ/gpdu—p/ uf dv

Q o0 Q o0

(5.5) = lim /gid,u—p/ vpfdr ).
k—o00 Q 90
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Let £ > 0. Then, there exists vy € N;?(€) such that
If(UO) < Imin(f) +e.
We note that for any v € N} 7(Q),

I (v) — I;(0) < p /a 10— £)ldv < plvlaon i — v ony = 0

as k — oo, since fr — f in L9(0Q) and v € LP(0) by the boundedness of
the trace operator. Since Iy, (uy) = Imin(fi) for each k, we then have that
(5.6) limsup I, (ug) < limsup Iy, (vo) = I¢(v0) < Imin(f) + €.

k—o0 k—o0

This also shows that limg oo Iin(fx) = Tmin(f)-
By the triangle inequality, we have that

1/p  N() 1/p  N() 1/p
(/gg du> <> Nk (/ggj du) = Aig (Ifj(uj) +p/ ujf; du) .
Q s Q s 0

By (5.6), it follows that for sufficiently large k € N,
N(k)

1/p 1/p
(/giJ dﬂ) < § Ajik (Imin(f) +e +p/ u; f; dv) :
) s o9

By Hoélder’s Inequality, we have that

Up (NG VP /N R
(/gi du) <) Nk <Imm(f) +€+p/ u; f dl/> > Ak
9) — 99 —
J J
N(k) l/p
= Z Ak (Imm(f) +€+p/ u; f; dl/>
— 09
Jj=k
Therefore it follows that
N (k)
/gi d,u < [min(f) +e+p Z )‘Lk/ Ujfj dv.
9) = 09
Hence,
N(k)
[ dtau=p [ wfir<an(p et d N [ wfidv-p [ ot
9) 80 part o9 09
N(k)
—Tun(£) 40 3 N [ wilh = Dy
s o9
N(k)
< Loin(f) 242 Y Nwllusllooollfi — Flee o0
=k
N(k)

< Inin(f) +e+Cp Z )\j,kHUjHvap(Q)Hfj - fHLp’(aQ)-
j=k
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Here we again used the boundedness of the trace operator. Since the func-
tions uy, are bounded in N'P(Q) and f, — f in L' (99), it follows that for
sufficiently large k,

/gi’d,u—p/ vef dv < Iin(f) + 2e.
Q EY)

Therefore by (5.5), we have that If(u) < Imin(f) + 2¢. By definition,
Inin(f) < Iy(u). It follows that Inmin(f) = If(u); that is, u is a solution
to the Neumann boundary value problem with boundary data f. ]

6. CONSTRUCTING AN INDUCED NON-LOCAL FRACTIONAL LAPLACIAN
FOR COMPACT DOUBLING METRIC MEASURE SPACES

6.1. The general case 1 < p < co. In this section we provide a method to
reproduce the strategy in [20] and define an analog of fractional p-Laplacian
operators (—A,)? on doubling metric measure spaces for 1 < p < oo and
0 < 6 < 1. We recall that in [32] a fractional Laplacian (—Az)? corresponding
to a Cheeger differential structure on a complete doubling metric measure
space supporting a 2-Poincaré inequality was constructed using a method
different from the one employed in this paper. In Section 7 below we will
show that the definition in [32], gives rise to the same operator we construct
in this section.

While in the Euclidean case [20], the (—As)? operator in R" arises as
the Dirichlet-to-Neumann map in the upper half-space ]R’}fl, in our more
general setting the operators (—Ap)9 are defined in terms of the Dirichlet-
to-Neumann map in a hyperbolic filling of (Z,d,v), which satisfies the hy-
potheses (HO), (H1), and (H2).

As outlined in Section 2.7, the hyperbolic filling construction in [14], shows
that any compact doubling metric measure space (Z,d,v), for any fixed and
1 < p < oo with 0 < 6 < 1, arises as the boundary of a uniform domain €2,
equipped with a measure p, such that (€, d, ) is doubling and supports a 1-
Poincaré inequality (and hence, a p-Poincaré inequality for each 1 < p < 00).
The original space Z is bilipschitz equivalent to 0f2, and the Besov space
Bg’p(Z) is the trace space of of the Sobolev class N'P(Q). Indeed, it is
shown there that with the same domain 2, for each choice of 1 < p <
and 0 < 6 < 1, there is a choice of measure p on ) satisfying the above
properties. Moreover, for that choice of measure p we also have from [14,
Theorem 10.3, Theorem 11.3, Theorem 12.1] that when x € Z = 9Q and
0 <r < 2diam(Z2).

v(B(z,r)) = &g,r)) with 6 = Iﬂ,
r p
Hence, every compact doubling metric measure space (Z,d, v) arises as the
boundary of a metric measure space (€2, d, u) with € a uniform domain and
(Q,d, 1) doubling metric measure space supporting a p-Poincaré inequality,
with the link between the measure p on €2 and the doubling measure v on Z
given in terms of the codimensionality condition (1.1). Since (€2, d, u) satis-
fies properties (HO), (H1), and (H2), we can then fix a Cheeger differential
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structure on {2 as described in Section 2, and apply all the results in the
previous sections. We will use this notation for the rest of the section.

One natural norm on the Besov class Bgyp(Z ) corresponds to a form &,
given by

([ )~ w2 ) — @) ow) o)
s = [ [ A,y By, d(.v))) dv (@) du(y)-

Note that when u,v € Bg,p(ﬁﬁ), we have that &,(u,v) € R and that
Ep(u,u) = HuHZJD. Moreover, &y(u,u) = 0 if and only if u is constant v-
a.e. in 0f2. While &, is not a bilinear form nor is symmetric in general, it is
both bilinear and symmetric when p = 2. However, there are other compa-
rable forms in the Besov class, see for example [43, 49]. Given the preceding
results of this paper, we have another equivalent form on Bgvp(Z ) that is more

adapted to seeing this Besov space as a trace space. For u,v € ng(Z ), we
set

Er(u,v) ::/ \Va|P~2Va - Vo dp,
Q

where 7 € N1P(Q) is such that the trace T4 = u and 4 is Cheeger p-harmonic
in © (that is, @ solves the Dirichlet problem for the Cheeger p-Laplacian on
Q2 with boundary data u). Note that &p is bilinear if and only if p = 2;
otherwise, it is only linear in the second entry.

Lemma 6.1. There exists C > 1, depending only on the structure constants,
such that for each u € ng(aQ), we have

1
GET(U,U) < Ep(u,u) < C&r(u,u).

Proof. From [52, Theorem 1.1], with 7' : N'?(Q) — Bf (9Q) the trace

operator and E : Bg’p(ﬁﬁ) — NUP(Q) the extension operator, we have by
the p-harmonicity property of @ and by the fact that Tu = T Fu,

Er(u,u) < / VEul? dys < Clull}, = C &(u,u)
Q 9.

and

Eluw) = 1Tl < C [ VP du = Crlu,u). 0

We are now ready to construct a Cheeger fractional p-Laplacian on Z in-
duced by the Cheeger p-Laplacian on €2; recall that Z is seen as the boundary
of 2. This construction is given via the following theorem, and is analogous
to the notion of weak Laplacian A.

Proposition 6.2. For each f € LV (Z) with [ fdv =0 there is a function
uy € Bg’p(Z) such that for each ¢ € Bgvp(Z),

Er(ug, @) = /wadv.
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Moreover, there is a constant C' > 0, which depends solely on the structural
constants of Q (or Z), such that for each f € LV (Z),

&upun) <C [ I dv
Z
If f € LY(Z) for sufficiently large q, then uy is Hélder continuous on Z.

Proof. Given a function f as in the hypothesis of the theorem, let u; €
N'P(Q) be the solution to the Neumann boundary value problem for the
Cheeger p-Laplacian on €2, with Neumann boundary data f. We will denote
the trace of uy to the boundary Z also by uy.

Note that uy is Cheeger p-harmonic on €2; hence in the construction of
Er, we have that uy = uy, and so for ¢ € Bgyp(Z) we have from Theorem 1.5
that

Erlug.0) = [ [Vusl Vs Vodu= [ ¢ fav.
Q Z

Moreover, by Lemma 6.1,

gp(Uf,Uf) < CET(Uf,Uf) =C / ‘Vuﬂp d.
Q

Combining the above with Lemma 8.1 yields the desired inequality &, (u s, uy) <
C [,|fP dv. O
Remark 6.3. From Theorem 1.5(c), we also know that
|VulP~2Vu - Ve dp — —f d.

This behavior corresponds to the behavior of functions u ¢ as identified in [20,
page 1247] for p = 2 and a = 0 (corresponding to (—A)Y2), see also [33,
page 454| for the Carnot groups setting and [32] for the setting of metric
measure spaces with a doubling measure supporting a 2-Poincaré inequality.
From Theorem 1.5(c), with the codimensionality between p and v given by

the exponent ©, we have a = © — 1 in [20]. This justifies our definition of
fractional p-Laplacian in Definition 1.8.

Proof of Theorem 1.10. We fix p, 8 as in the statement of the theorem. Then,
from the results of [14], we know that there is a uniform domain €2, equipped
with a doubling measure p and supporting a 1-Poincaré inequality, such
that Z is bilipschitz equivalent to 92 and with v, p linked via the co-
dimensionality condition (1.1) for © = p(1 — 6), as in the discussion in
Subsection 2.7. With this choice of 2 we have the construction of &r as
described at the beginning of this section, and the existence of uy now follows
from Proposition 6.2.

The Holder regularity of us follows from Theorem 1.6 upon noting that in
gaining Holder estimates for points z,y € Z, we consider only the balls B;
centered at points in Z, and for such balls we have u(B) ~ (rad(B))(l_g)p v(B),
and so the relevant lower mass bound exponent for p here is Q7 + (1 — )p.
Thus, if ¢ > max{1,Qz/0}, then the hypotheses of Theorem 1.6 is satisfied,
and the Holder regularity of uy follows.

The L' stability with respect to the boundary data f follows from The-
orem 1.7.
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In order to prove the Harnack inequality, let u be the solution of the
Dirichlet problem for the p-Laplacian in 2, with boundary data u in Z. We
first observe that as © > 0 on Z = 0f), by the strong maximum principle
we have that either @ > 0 in Q or else u is identically zero in © (and hence
in Z), see [48, Corollary 6.4]. As the zero function trivially satisfies any
Harnack inequality, we only focus on the case that u is not constant in 2.
Next, we note that @ is actually p-harmonic in the open set QU W C Q. In
fact, since (—A,)%u = f = 0 in W, then for every function p € N1P(Q) =
N1P(Q) with support contained in Q U W, we have from Theorem 1.5(a)
that [ [VU[P~2Va - Vodu = 0, which tells us that @ is p-harmonic in
the domain Q U W (seen as a domain in the metric space Q). The normal
derivative of % vanishes identically in W, and this allows us to use the results
in [48]. Invoking [48, Corollary 7.3], one has that u satisfies a Harnack
inequality on all balls B such that 48 € QU W. In particular, for each such
ball one has

sup u < sup@ < Cinfa < C inf wu,
BNW B B BNwW
concluding the proof. ([

Remark 6.4. Bilinear forms such as &7 and &, for p = 2, correspond to a
Hunt process or a jump process, see for example |9, 28, 35].

6.2. The case p = 2. Much of the extant literature on fractional operators
deal with the linear case p = 2, as in [6, 7, 8, 20, 21, 22, 23, 26, 27, 28, 32,
40]. The fractional Laplacian, (A)? on Z, as considered there was studied
using spectral theory, and, in the case of [6, 7, 8, 20, 21, 22, 23, 32|, was
related to the behavior of the harmonic extension of the solution to a higher-
dimensional domain X with the aid of the 2-Poincaré inequality on the lower-
dimensional space Z. It was also shown there that the spectral construction
of the fractional Laplacian operators agree with the infinitesimal generator
(see for example [35]) of the non-local bilinear form &. In the current paper
we give an intrinsic construction of a fractional Laplacian on Z by realizing
it as the boundary of a John domain, and so in the case p = 2 we have
two approaches to constructing the fractional Laplacian operators. In the
case that Z itself does not support a 2-Poincaré inequality, the spectral
construction as described in [20, 32| is not possible; however, the infinitesimal
generator A of & and the operator Ap constructed in the current paper both
exist. For completeness of discussion, we now consider the case p = 2 and
discuss the construction of the infinitesimal generator A associated with the
bilinear form &s, as considered in the above-mentioned literature. To do so,
we need to consider & as a norm; however, it is not a norm on Bgz, and
hence we need to extend the bilinear form to the homogeneous Besov classes;
see Subsection 2.4 for the relevant notions.

In the proposition below, we fix p = 2, and note by A the infinitesimal
generator associated with the symmetric bilinear form £ on H 3372 (092). For

functions u € 3372(39), we say that u is in the domain of A if there is a
function f € L?(09Q) such that for each v € ng(@Q) we have & (u,v) =
— [5qv fdv. In this case we denote Au = f.
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Since 012 is a bounded set and hence v(0f2) is finite, it follows that constant
functions are in 3372(89). Hence, by using the choice of v = 1 in the defining
identity of Aw in the above paragraph, we must have f@Q fdv=0if Au=f.
Note that if w,u € 3372(89) such that u — w is constant on 02, then w is in
the domain of A if and only if w is; moreover, Au = Aw.

Proposition 6.5. Let f € L*(0) such that Joq fdv =0. Then there exists
wy € BSQ(OQ) such that Awy = f.
Proof. From [53| we know that u s that satisfies any of the conditions set forth

in Theorem 1.5 exists. It follows from the above discussion that Ar Tuy = f
and Tuy = uy. From the discussion above we have

e

with C depending on f. We know that ||-|/9,2 is a norm on the homogeneous
space HB%Q(@Q) = 3372(09)#, and by above, ¢ — [, ¢ f dv is a bounded
linear map on H B ,(09) because [y, ¢ fdv = [,(¢ —c¢) f dv for each real

< Co llgllo.2 = Co Ex(e, ©)/2,

number c. By Lemma 2.2 we have that HB%Q(E)Q) is a reflexive Banach
space, and so it follows from the Riesz representation theorem that there
is some function (up to a constant) wy € HBSQ((?Q) such that for each

(S HBS,Q(aQ)v
/ o fdv = E(wy, ). u
o0

The symmetric non-local bilinear form &, as described above, is part of
a class of symmetric non-local bilinear forms studied in [28]. The version
of Poincaré inequality considered in |28, Definition 1.19| is tautological for
the form & considered above with ¢(r) = 2, and so by [28, Theorem 1.20]
we have that an &-harmonic function is necessarily Holder continuous on
its domain of harmonicity. Here, from the discussion in |28, Section 2|, a
function u is &-harmonic in an open set U C X if u € Bg’Q(X) and for all

XS Bg72(X) with compact support in U we have & (u, @) = 0. In particular,
our construction wy is £-harmonic in an open set U C X if f = 0 on U;
it then follows from [28, Theorem 1.20| that wy is Hélder continuous on U.
The results in [28] do not extend to the case where f is not zero on U, and
so for more general f, we do not know whether w; is Hélder continuous, but
from Theorem 1.6 above we know that u; is indeed Hélder continuous when
f e LX) = L10N) for ¢ sufficiently large.

7. RECONCILING CONSTRUCTION OF FRACTIONAL LAPLACIAN WITH [32]

In Section 6 we gave a possible construction of a fractional p-Laplacian
operator (—Ag)e on a doubling metric measure space 2. In the special case
p = 2, and with the additional hypothesis that 9¢2 also supports a 2-Poincaré
inequality, an alternative construction based on spectral theory can be found
in [32], which corresponds to the operator A described in Subsection 6.2. The
aim of this section is to reconcile these two different approaches, and show
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that the construction given in [32] gives rise to the same fractional operator
we define in Section 6 above.

In [32] the object of study was a compact doubling metric measure space
(Z,dz, ) that supports a 2-Poincaré inequality, and this metric space is
naturally seen as the boundary of the unbounded domain Z x (0, 00), where
X = Z x [0,00) is equipped with the fs-product metric d. Whereas, in our
paper we consider the boundary of a bounded domain. Therefore, to show
that the two approaches are not contradictory, we show that we can modify
X so that it becomes a bounded doubling metric measure space supporting
a 2-Poincaré inequality and that functions that are 2-harmonic in Z x (0, co)
or X are also 2-harmonic in this modified space, and that Z is isometric to
the boundary of this modified space. We consider the metric dy, on X given
by doo((#1, 1), (¥2,72)) = max{d(z1, z2), [y1 — y2|}.

Fix f > 1, and set p and w to be the following continuous functions on
X:

p(z,y) :==min{l, y7},  w(z,y) = min{l, y>’}.
The metric d, on X is given by

dp((xl)yl)a ($27y2)) = lgf/pds,
Y

where the infimum is over all rectifiable curves in X with end points (z1, y1), (z2, y2).
Since p is a positive continuous function and X is complete, it follows that

the topology generated by d, is the same as the topology generated by the
original metric on X. Moreover, for (zg,yo) € X,

lim dp((xvy)a(xmy()))

(z,y)—(z0,%0) d((l’, y)? (.%'0, yO))

and hence (X,d,) is a geodesic space. The metric d, is motivated by the

procedure of sphericalization as constructed in [4], see also [29, 30, 50, 51].

However, the measure also needs to be modified, not as in |29, 30, 50, 51|,
but in the manner of [13]. The modified measure y,, is given by

o) = [ wiux

where px is the product measure on X given by dux(z,y) = y*du(z) dy,
with @ = 1 — 26 as in [32]. From the construction, it is clear that the
completion X of X with respect to the metric d, is compact.

We denote the arc-length measure on a curve v in (X, dy) by ds; then
under the deformed metric d,, the arc-length measure ds, is given by ds, =
pds. It follows that if g is an upper gradient of a function u on X or
Z x(0,00), then p~1g is an upper gradient of u on (X, d,) or (Z x (0,00),d,,).

This is because
/godsp = /gopds
¥ ¥

whenever gq is a Borel function on X or Z x (0,00). Observe that

2
/(g) duwz/fdux,
X \pP X

= p(x07 y0)7
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and so a family of curves T" is of zero 2-modulus in (X, d) if and only if it
is of zero 2-modulus in (X, d,). Moreover, if g, is a minimal 2-weak upper
gradient of w in (X, dw) and gy, is a minimal 2-weak upper gradient of u in
(X,d,), then gy, = p~! gy, with

/ 9, dpi = / ga dpix.
X X

This means that the upper gradient energy is the same with respect to both
metrics.

Note that (X,d,) is a bounded metric space, for
L (X)</OO( )d 1+/oo By =14 — b
— diam x = = — = —— < 0.
On the other hand, (X,d,) is not complete; we complete it by including
the “point at infinity". So we set X = X U {oo}, with d,((z,y),00) =
I, p(a,y) dy, that is,

1 :
(7.1) dy((z,),00) = { DT MY
Fr—y i0<y<L

We wish to consider as the domain € the set X \ (Z x {0}), and note that
the restriction of d, to 92 = Z x {0} is isometric to dz. Observe that if
xo € Z and (z1,y1) € X such that dy((20,0), (z1,71)) < 1, then the p-
geodesic connecting (xg,0) to (x1,y1) must lie in the region Z x [0, 1], and

so dy((70,0), (x1,41)) = d((%0,0), (x1,91)) = max{dx (w1, o), |y1|}. Hence
for each xyp € Z and r < 1, we have

o(By((0,0),7)) = (14 @)™ 1+ 1z (Blao, ).

Thus, for radii 7 < 1, balls centered at (xo,0) are of co-dimension 1 + a
measure with respect to ux. Note that then we have © = 14+a and 6 = 1;2‘1,
as required in the current note.

We now need to know what the effect of the inclusion of the point at

infinity has on the class of 2-weak upper gradients.

Lemma 7.2. Let I" be the collection of all non-constant rectifiable curves in
(X,d,) that passes through oo. Then Mody(T') = 0.

Proof. 1t suffices to show that for each fixed L > 1, the collection I'y, of all
curves with one end point in Z x { L} and the other at oo satisfies Moda(T'z) =
0, for I' = {J,,eny I'n- For each H > L, we set pg = (8 — l)Hﬁ_IXZX[H,OO).
A direct calculation shows that py is admissible for computing Mods(T'z)
as every curve in I'z, has a subcurve in Z x [H,00) with one end point at
Z x {H} and the other at co. Note that as a < 1, we have % < 1 < 8.
Therefore

(B—1)°

1

Modz(FL)S// P dii = p(Z) (6—1)2H252/ Yy dy =
Z JH

- 28 —a—1Hia

Letting H — oco and noting that a < 1 yields the desired conclusion. ([
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From the above lemma, it is clear that a 2-weak upper gradient of a
function v on Z x (0,00) (or X) extends as a 2-weak upper gradient of u on
Q2 (or X). Moreover, the total Newton-Sobolev 2-capacity of {oco} is zero.

7.1. Doubling property of u,: We want to show the existence of a con-
stant C' > 1 such that whenever 0 < r < 1/4, u,(B,((x0,%0),2r)) <
Cliw(By((z0,90),7)). We first need the following lemma.

Lemma 7.3. There exists C,, > 0 such that whenever B is a ball (with

respect to the metric d,) in X with radius R > 0 and center (zo,y0) such
that oo & 2B, then for each (x,y) € B we have

W < w(z,y) < Cyw(o,Yo), p(ﬂfcof,yo) < plz,y) < Cy (2o, yo)-
Moreover, for each (x,y) € B we have

Zo,
A1) (2, 1), () < {20, 30), (2 9)) < ol 0) o, o), (2. 9)),

and if in addition we have yo > 1 and y > 1, then

1 1 1 1
- <
Co(8—1) ’yg—l yB-1 + . ygdz(x,xo) < dp((z,y), (z0,90))
Co | 1 1 C.
(7.4) <5 1’y§_1 — | T gdz(:n,mo)

Proof. If yo < 1, then w(xg,yo) = 1. If for all (x,y) € B we have that y < 1,
then w(z,y) = 1 = w(xo,yo). Hence, without loss of generality, we may
assume that there is some (z,y) € B with y > 1. As co ¢ 2B, we have

o0 o0 1
2R§/ pdy:l—yo+/ y Py =1-yo+——.
Yo 1 /6 -1
As (.’L’,y) € BRv
y 1 18
R>/ pdy:l—yoJril(l—y )-
Yo B -
By combining the previous two estimates we get

1—yo 1 1-8
1-2 0.
5 TG 1)( y 7)<
This can only be satisfied if the second term is negative. Thus we have to
have

y < 21/(6=1)

and so w(z,y) =~ 1 = p(xg,yo), satisfying the first claim of the lemma.
Now we consider the case yp > 1. As oo ¢ 2B, we obtain

o o _ 1 -
< [ “pay< [yt =

Yo Yo
If y > 1, then (x,y) € B implies that

y, 1 _ _
/y ’de‘:ﬂ_l‘yé P _y'=8| < R.
Yo
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A combination of the above two estimates gives us that

Lisg_ 1-5_3 158
5% <y ﬂ<§yo :

It follows that y =~ yo, and so again w(z,y) ~ w(zg,yo) and p(x,y) =~
p(xo,yo). If y <1, then as (zo,yo) € B((x,y), R), it follows by the discussion
in the first paragraph above that we have w(x,y) = 1 = w(xg,y0). This
completes the proof of the first claim.

Now we let (z,y) € B, and note that any d,-geodesic connecting (zo, yo)
to (x,y) lies in B; hence by the above, we have that

C}wp(xovyo) d((2,9), (20, 30)) < dp((2,9), (0, 30))-

On the other hand, let vz be a geodesic curve in Z with end points x, x¢ and
parametrized to be from the interval [0, |y —yp|] and with constant speed, and
yr be the vertical line segment g (t) = ¢t + min{y, yo}, for 0 <t < |yp — y.
Let v be the curve given by ~(t) = (yz(t),7r(t) Note by the discussion
above, we have that either yo < 1, in which case 0 < y < 21/(6=1) and so for
each ¢t we have that w(y(t)) =~ w(zo, yo), or yo > 1, in which case y = yo and
so again p(v(t)) =~ p(xo,yo). Hence

dp((2,9), (20, y0)) < Lp(7) < Cp(zo,y0) d((2,y), (z0,0))-

Thus the second claim of the lemma is also verified.

To verify the last claim, we now suppose that y > 1 and yg > 1. Note that
Xisa geodesic space, and hence every geodesic (with respect to the metric
d,) connecting the center (zo,yo) of B to (z,y) € B lies entirely in B. Let
v : ][0, L] — X be such a geodesic, arc-length parametrized with respect to
the original metric d on X. Then with v(t) = (yz(t),y&(t)), and as both

Yo,y > 1,

L
dp((fﬁo,yo),($7y))=/0 ()7 max{|yz|(¢), |vel(t)} dt

1
51

Moreover, for each t € [0, L] we have that yg(t) =~ yo by the argument above
related to the first claim of the lemma. It follows that

1 [F 1
> — ! > .

> o ) PO S drte)
Combining this with the above inequality yields the first of the two in-
equalities in (7.4). The right-hand side of (7.4) is obtained by consid-
ering the p-length of the curve =y obtained by concatenating the curve
Yo : [0,y — yol] = X given by yor(t) = (zo,y0 + —pert) With a geo-
desic v0,z(t) = (71,2z(t),y) where 71 7z is any geodesic in Z with end points
o, . U

1 1
-1 ,B-1]
v Y

L
> /0 e (1)l (1) dt >

dp((x0,%0), (7,y))

Lemma 7.5. The measure i, is doubling on X.
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In the proof below, each occurrence of Cg, denotes a possibly different
constant, whose choice depends solely on the parameters g and a.

Proof. Let B, be a ball of radius 7 > 0 in X. Since X is compact, it suffices
to prove the doubling property for balls of radius r small enough, namely,

. 1 1
0 o< L T S )

We consider three cases.

Case 1: 0o € 3B,. In this case, note that B,(c0,r/2) C B, and 2B, C
B,(00,3r). Note that when 0 < R < 1/(8 — 1), By(oo,R) = Z x [Hg,00)
with

1 1/(B-1)
7.7 Hrp=| ——-— .
(r1) 5 <(ﬁ—1)R>
It follows that

Hp

8—1—a
26—1—a 281
(1) 7T i
7.8 =u(Z)~—————R B-1 |
(7.8) M2 S,
Therefore,
28—a—1

1(2By) < ps(Bp(00,3r)) = Cap(Z)r P~ = Cpq pie(Bp(00,7/2))
< Cﬂ,a :uw(BP)7

that is, the doubling property holds for balls falling within this case, with
doubling constant that depends only on 8 and a.

Case 2: 0o € 4B, \ 3B,. Since we assume that 7 is small enough (see (7.6)),
we have that necessarily yo > 1. Since r/4 < d,((x0, yo),00) < 4r, by (7.1)
it follows that

< 7(5 11) 51 < 4r.
— )Y

We fix a positive real number A (independently of r) such that

B/(B-1) 1/(8-1)
acun{n (31) -ra-(3)h
15 17

Then by (7.6) and (7.9), we see that X x [yo(1 — A),y0(1 + A)] C B,. A
direct computation shows then that

o (Bp) = pw(X X [yo(1 — A), yo(1 +9)])

) (26 IM(Z))yzﬁla (LAt —(1+ A)1+a725]
—1- o)y

w p(26-1-0)/(B-1).

(7.9)

|3
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The comparison constant in the above depends only on the choice of A
and on u(Z), . As oo € 4B,, we see that 4B, C B,(c0,8r). From the
computations as in Case 1 above tells us that

1o(2B,) < poo(B,(00,81)) = u(Z) Cp.q r2H-1-0)/(B=D),

Combining this estimate with the antecedent estimate gives pu,(2B,) <
He(Bp).

Case 3: oo € 4B,. In this case, by the first part of Lemma 7.3 we know
that ., (2B,) =~ w(zo,yo)u(2B,) and py,(B,) =~ w(xo,yo)u(Bp). Therefore
it suffices to show that (2B,) < C u(B,) for some constant C' that does
not depend on B,. Now by the last part of the lemma, we know that for
(z,y) € 2B, we have that

do((20,90), (2,9)) ~ yo  d((w, ), (x0, %0))-

Thus 2B, C B((xo,yo), 2C’ry€) and B((xo, o), ryg/C’) C B,. Now the
doubling property of u yields the desired inequality, with the doubling con-
stant depending only on the doubling constant of i and the constant C used
here. O

7.2. Modification of the norm on Cheeger differential structure.
The paper [32| considers D to be a (fixed choice of) Cheeger differential
structure on Z. The existence of such a structure is guaranteed from the
results in [24]. The corresponding differential structure V on X is obtained
as a tensorization of the structure D with the Euclidean differential structure
on [0,00). When the metric on X is modified as considered in this section,
the norm associated with the differential structure on X is also changed.
Note that the norm, as considered in Cheeger in [24], has the property that

|Vu(:v, y)|(aﬂ,y) ~ gu(fﬁ, y)
for u x L'-a.e. (z,y) € X; here, g, is a 2-weak upper gradient of u with
respect to the original (unmodified) metric. Since p~lg, is a 2-weak upper
gradient of u with respect to the metric d, and the measure p,,, it follows
that the norm on the inner product structure V should change accordingly
in order to preserve the above comparison. Hence we choose

|VU({L‘, y)|p,(x,y) = p(ZE, y)_1|Vu(x, y)|(a¢,y)
With this modification, we have that for each Borel A C X ,

[ (Vute.0), Vela )y appialen) = [ (Fue,), ol )y dosx£)(w.p).
A A

7.3. 2-Poincaré inequality with respect to d, and . It was shown
in [32, Proof of Lemma 3.1] that as Z supports a 2-Poincaré inequality, the
product space X = Z x (0, 00) also supports a 2-Poincaré inequality. In this
subsection we will show that the modified space X also supports a 2-Poincaré
inequality.

Proposition 7.10. The space ()?, dy, ) supports a (1,2)-Poincaré inequal-
1ty.
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Proof. As the metric d, is geodesic, a weak Poincaré inequality implies the
strong Poincaré inequality. Thus it is enough to prove that for every u €

o~

D'2(X) and every ball B C X, there exists a constant ¢, p such that

1/2
f lu — cy,B|dp, < Cpr (7[ gﬁduw> ,
B, (x,r) B, (z,Ar)

with some constants C'p and A that only depend on the data of the space.
We consider separately two cases: The case, where the point oo is far away
from B, and the case where it is close to B.

Case 1: oo ¢ B,((z0,y0),2C2r0), where C,, is as in Lemma 7.3. Then,

with B = B((z0,40), Cop(z0,y0) 7o), by Lemma 7.3 we have
B, = B,((w0,%0),70) C B C C2B, = B,((x0,%0), C2ro).

Now, setting ¢, p = ,uZ(E)_l fgud,ux, we can estimate using Lemma 7.3
and the Poincaré inequality of (X, dx, pux) that

/ |u — cu,Bldpe < Cuw(zo,y0) /~ |u — cu,Bldpx
B

P

< C2 w(zo,yo)p(z0,Y0) 70 MX(B)1/2 < N

B 1/2
= C2 w(=o, yo)p(w0, yo) ropx (B)'/? (ﬁ gg,dew>

1/2
gz,pdﬂw>

Here the first inequality follows from the inclusion B, C B and from having

—"

2B,

w =~ w(xg,yo) in B. The second inequality follows from the (1,2)-Poincaré
inequality for (X,d,pux). In the last estimate, we used the facts that for
(z,y) € By, w(z,y)"/? ~ w(zo,y0)"? = w(wo,y0)p(wo,y0) " in B and that
B C C’ZBP. Thus the Poincaré inequality is satisfied with A = C2 and Cp
that depends on C,, as well as the doubling constant of X and the constants
associated with the Poincaré inequality for (X, dx, ux).

Case 2: oo € B,((%o,y0),2C2r).

Now we have B, ((z0,y0),70) C By(00, (2C2+1)r0) = Z X (Hzc2 1)y ),
where Hp = [(8 — 1)R]"Y®~1 as in (7.7). Therefore as we already know
that p,, is doubling, it is enough to prove that the balls centered at oo satisfy
the Poincaré inequality. Thus let us consider the ball B, = B,(c0, R) with
R<1/(28-2).

For k = 1,2,..., let Ay = B,(00,2'"*R) \ B,(c0,27%R). Then from
equation (7.8) above, we have pi,(Ag+1)/pw(Ag) = v = (5)1FF-0/B-D <
1. We may assume without loss of generality that uy, = 0 (with respect to
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the measure ). Then our goal is to prove that

1/2
/ |uldp, < CR (/ gi,pduw> p1s(Bo)'/2.
B B,

P

Note from the discussion around (7.7) that Ay = Z x [Hg, Hg 5] with Hgr >
2, and so for each (z,y) € A1 we have that

2—25/(5—1)]{525 _ H};?g < w(z,y) < H};%'
Note that Hg /o — Hg = (2Y/(#~Y) —1)Hp > diam(Z). Since (Z,dz, uz) sup-
ports a 2-Poincaré inequality and so does the Euclidean interval [Hg, Hg /o]
(equipped with the weighted 1-dimensional Lebesgue measure y* dy), we see
that
(7.11)

1/2
/!udu_x:/ = wa, | dpx < C Hp x (A1) (/ gidux> |
Al A1 Al

Here we used the fact that Hg > 2 > diam(X), and so the dx-diameter of

A is comparable to Hr. Now given the above comparison w((z,y)) ~ H]gm,
we obtain

1/2
/A!u\duwﬁCH}{% (/A gﬁ,pduw) Hp iy (Ar)'/?
1 1

1/2
—c-0R ([ i)

Now it is enough to prove that pr\Al luldp, < CR pr Gu,pdfiy, from which
we can recover (1,2)-Poincaré inequality by using Holder’s inequality.

As w and p are approximately constant in each Ay U Agy1 and the y-
directional width with respect to the metric d, of Ay U Ay is smaller than
227F R, the use of the 1-dimensional Poincaré inequality on {z} x (0, c0) for

fixed z € X gives us

|UAk+1_UAk|:‘][ udﬂw—][ wdpu, %‘][ udﬂz—][ udux‘
Aky1 Ak Apt1 A

AkUAk+1

~C Hp, ][ gu it
AkUAk+1

1—
~CH Rkﬁ Gu,p Afte
AkUAkJrl

~C2 "R ][ Gu,p Aftg.
AkUAk+1
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Here u4,, k € N, are computed with respect to the measure p,,. Now we
can apply a telescoping argument and (7.11) to estimate that

fuldpr = /!’M\duw
I 2 /.

00 k—1
S l’LUJ (Ak) <|U’A1 ’ + Z |uAm - UAYIL+1 |)
k=2 m=1
o k-1 1/2 oo
<C Z Hew (Ak)2_mR gu,pdﬂw +CR <][ gi,p d.“w) Z :uw(Ak)
k=1m=1 AmUAm41 A =2
oo k—1 1/2
SC Z Hw (Ak)Q_me gu,pdﬂw +CR <][ gg,p dﬂw) ,uw(Bp \ Al)
=1 m—1 AmUApm 1 Ay

%) e . ,UW(Ak) ][ ) 1/2
<
<C E E 2 R/A gu,pduwlu (A,) +CR ( . Gup dpg e (Bp)

m=1 k=m-+1 mUAm1 w

1/2
gu7pd/wa +CR <][ gg,p dﬂw) Hw(Bp)
m=1 k:m+1 AmUAnH»l A1

1/2
SCR/ Gupdy + C R <][ gg,p d,uw> Nw(Bp)'
B, Ay

Hence by Holder’s inequality and (7.11),

1/2
/ luldp, < CR (7[ gZ,pduw> 1 (By),
B B,

which yields the 2-Poincaré inequality. ([

P

7.4. John domain property. In this section we will show that X is a John
domain. In fact, it is also a uniform domain (see for example [39]), but we
do not need this stronger geometric condition in our paper.

Proposition 7.12. The space ()?, dp, i) s a John domain with John center
oo and boundary Z x {0}.

Proof. Since for 0 < y < 1 and # € Z we have that distg,((7,y),Z x
{0}) = distq((z,9), Z x {0}) = y, it follows that the boundary of X con-
tains Z x {0}. Moreover, if z1,29 € Z such that dx(z1,22) < 1/2, then
dy((21,0), (22,0)) = d((ml,O),(:cg,O))A: dx(z1,72). We now show that
there is no other boundary point for X. If ((xg, yx))x is a Cauchy sequence
in X that does not converge, then we must necessarily have that there is
some 7 > 0 such that y; < 7 for each k. This follows from (7.1). That is,
the sequence lies in Z x (0,7]. From the fact that Z is compact, it follows
that we must haveA yr — 0, that is, the sequence converges to a point in
Z x {0}. Hence 0X = Z x {0}.

Let (z,y) € X; then y > 0. Let v : [0,00) — X be given by ~(t) =
(x,y+t). Note that v is arc-length parametrized with respect to the metric
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d, but not with respect to the metric d,. For ¢t > 0, we see that

, [ | iz
Glo) = [ ol ds =1y e b [1- 3] ity<i<yen
t ify+t<1.
Moreover, for ¢t > 0 we have that
vt 1+#[1—+] ify +¢>1,
dista, (10, 2x(0) = [ ptsyds =4 T Tl v
0 y+t ify+t<1.

As y > 0, it follows from the above two computations that for each ¢ > 0
we have distg, (v(t), Z x {0}) > £,(7]j0,)- Hence, X is a John domain with
John center oo and John constant C'y = 1. U

7.5. Conclusion: the reconciliation. Now we have the tools necessary to
compare the two fractional Laplace operators in the case that (Z,dz, pz) is a
compact doubling metric measure space supporting a 2-Poincaré inequality:
the first considered in [32] and corresponding to the operator A described
in Subsection 6.2, and the second constructed in this paper and denoted
(—Ag)? .

The domain X = Z x (0,00) was considered in [32]. Moreover, for —1 <
a < 1 (corresponding to the relationship 6 = (1 — a)/2), X is equipped
with the weighted product measure dux(z,y) = y* duz(z)dy. With such a
measure, it is clear to see that the measure v = uy satisfies the co-dimension
condition (1.1) with © =a + 1.

It was shown in [32] that a function u € BSQ(Z) satisfies Au = f on
7 = 0X if and only if its Cheeger-harmonic extension, also denoted u, to X
satisfies [y g2 dux < oo and in addition, satisfied
(7.13) lim y“Oyu = f.

y—0t
Here A on Z was defined via the spectral decomposition theorem, corre-
sponding to the fractional Laplacian (A)? in the Euclidean setting of [20].
Observe that as (Z,uz) is compact, doubling, and supports a 2-Poincaré
inequality, the measure px is doubling and supports a 2-Poincaré inequality
as well; this was shown in [32].

Now, when we transform X = Z x [0, 00) into (Z, dy, i) as described at
the beginning of Section 7, we obtain a doubling metric measure space sup-
porting a 2-Poincaré inequality and the co-dimension condition as outlined
in Conditions (HO), (H1), and (H2) in the current paper. Furthermore, with
the transformation of the Cheeger differential structure as explained in this
section, we also see that functions on X that were Cheeger 2-harmonic in
Z x (0, 00) are also Cheeger 2-harmonic in € := X \ (Z x {0}); moreover, d,
is locally isometric to the original metric d near Z = 02, and the measure
po = px on Z x [0,1). Tt follows that the condition lim, o+ y*dyu = f
is satisfied by u if and only if u satisfies Condition (c) of our Theorem 1.5.
Moreover, the trace of a function on € to 9f) is the same trace as the one
for functions on Z x (0, 00) to Z.
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Thus the correspondence between the construction of [32| and ours is as
follows.

e A function u on Z constructed in [32] to solve the equation Au = f, is
extended as a Cheeger 2-harmonic function, denoted @, to Z x (0, c0)
so that the trace of u at 9(Z x (0,00) = Z is u. It is shown there
that @ also satisfies (7.13).

e It was also shown in [32| that u has finite Dirichlet energy in Z x
(0, 00).

e The same function @ is then Cheeger 2-harmonic in the transformed
domain (Z x (0,00),d,, fiw), as discussed above. Moreover, u has
finite Dirichlet energy in this transformed domain.

e By Lemma 7.2 we know that the point co is removable for Cheeger
2-harmonicity of functions with finite Dirichlet energy. Hence @ is
Cheeger 2-harmonic in Q = X \ (Z x {0}).

e Combining the above-listed points, we see that u satisfies Condi-
tion (c) of Theorem 1.5, and hence satisfies the equation (—Az)%u =
f on Z, where 0 and a are related by § = (1 —a)/2 =1—0/2 (with
© = a4+ 1). Here, (—A3)? is as constructed using the bilinear form
Er as described in Section 6 corresponding to p = 2.

e Since solutions to both problems exist and are unique up to additive
constants, it follows that the two approaches give the same solution.

8. APPENDIX: REMOVING BOUNDEDNESS CONDITION ON f IN [53]

In this appendix we gather together results, and their proofs, that are
adaptations of the results from [53] to our setting. In particular, we replace
the boundedness condition on f, as required in [53], with the more natural
condition f € Lp/(aQ), where p’ = p/(p — 1) is the Holder dual of p.

Lemma 8.1. Let u be the solution to the Neumann boundary value problem
on Q with boundary data f € L¥ (9Q) such that Jqudp =0. Then

/ lafP dy < c/ IVl dy < 02/ P du.
Q Q o002

The constant C depends only on the structural constants of §2.

The above lemma is a consequence of [53, Proposition 4.1] when the
Cheeger differential structure is replaced with the upper gradients in the
formulation of the Neumann boundary value problem.

Proof. Since €} is bounded and supports a p-Poincaré inequality, and since
Joudp =0, we have that

(8.2) / |u|P dp < C/ [VulP du.

Next, for each v € N'P(Q) we let I(v) = [, [Vv[P dpu —p [ v f dv. Since u
is a minimizer of I as shown in Theorem 1.5, and as I(0) = 0, it follows that

I(u) <0, that is,
/ |Vu]pd,u§p/ u f dv.
Q oN
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Hence by the trace theorem [52, Theorem 1.1|, we have

/Q [Vul? du < p [lull ooy 11l 1 a0y < C (el o) + 11Vulllzo@) 11y a0
< CllIVulll e HfHLp’(OQ)’

where we used (8.2) in the last line above. It follows that

-1
19l [t < C 1 Lo oy
from whence the second inequality in the statement of the lemma follows. [J

The proof of boundedness of solutions to the Neumann problem as given
in [53] uses the boundedness of the Neumann data f. In this appendix
we show how to modify the proof of [53, Theorem 5.2] when relaxing the
requirement that f € L®(0Q) to f € L1(0N) for sufficiently large ¢ > p.
We also relax the co-dimension 1 condition to a co-dimension © condition,
namely that there is some 0 < © < p so that for each x € 0 and 0 < r <
diam(052) we have
p(B(z,r))

r®
Here the ball B(z,r) is the ball in Q, with (9Q) = 0 and v(£2) = 0. Observe
that since p is a doubling measure, there is an exponent s > 0 such that for
all z € Q and 0 < r < R < diam(),

(8.4) (1) < pB(z,7))

R n(B(z, R))
Note that we can make s as large as we like; thus, once © < p is fixed, with
1 < p < o0, we can then choose s > 0 so that p < s. Moreover, given the
assumptions on {2, we can replace the original metric with the biLipschitz
equivalent length-metric, and so we can assume that €0 is a length space
(the class of upper gradients and the Cheeger differential structure are not

changed by this); it follows from [52, Proposition 4.21] that given a choice
of p<p<p*:= p(%_pe), the trace operator T': NP(Q) — LP(99) is local
in the sense that whenever x € 902 and r > 0, we have

(8.3) v(B(z,r)) =~

< PPt =pr T )(s-0) |

(8.5) 1T — uB(em)ll L7(B(2,r)n00) IVull Lo (Bz,r))-

Up to Remark 5.9 of [53] holds without any change even if we only assume
that f € LP (0Q) where p = p/(p—1) is the Holder dual of p. The subsequent
parts of Section 5 of [53] are modified as follows.

Lemma 5.10 of [53] is modified to the following. Note that if f is bounded,
then the integrability condition of f given in the following lemma holds for
any choice of ¢ satisfying the conditions set out in the lemma. In the lemma
below, p € (p,p*) is the exponent associated with the trace operator as
in (8.5), and p' = p/(p—1) is the Holder dual of p and p’ the Holder dual of
p.

For ease of notation, in the following, integrals over balls B with respect
to u stand in for integrals over B N €2, and integrals with respect to v stand
in for integrals over B N 0f).
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Lemma 8.6. Suppose that fag fdv =0 with f € L¥ (09), and sett = 7;,__;{.
Let u be a solution to the Neumann boundary value problem with boundary
data f. For x € 09, k,h € R with k > h, and 0 < R/2 < r < R <
diam(09), set

1/p
k = — kP d k = — k)4 dv.
uk,v) (é CRL: u) k) 7{9 LR
Then

u(k,r) < C (u<hR>) -1/ [

k—h

1-0/p 1/p
sl R ROy, R

Y(h, R
k—h

)>t/ﬁ [ B R) + B h, R)l/”} 7

87wtk < e ( e

where k = s/(s —p) and the constants N1, Ny are positive and independent of
f,u, x, v, and R, while Cy r > 1 is independent of u, x, and r.

The choice of k = s/(s — p) comes from the Sobolev-Poincaré inequality
on ), namely, (kp,p)-Poincaré inequality; see [42]. We remind the readers
that the parameter s is the lower mass bound dimension of y from (8.4).

Proof. As in the proof of [53, Lemma 5.10], we pick a cut-off function 7 that
is Lipschitz on €, with n = 1 on B(x,7), 7 =0 on 2\ B(z, (R +r)/2) and
apply Holder’s inequality and the (kp, p)-Poincaré inequality to n (u — k)4
to obtain

b < (AT .
]é(x,r)(u B di 3 <u(B(x,r))> R ][B(x,(R+r)/2) IV (n(u—k)1)[” dp.

Here A(k,7) = {y € Q : u(y) > k} N B(z,r). Invoking the Leibniz rule
(with [Vn| < 2(R — 7)™ ' XB(s,(R+r)/2)\B(z,r)) and the version of De Giorgi-
type inequality from [53, Theorem 5.3|, we now obtain

b (AR T R -
ulk, " 2 <M(B(wﬂ“))> [(R o Jé(x,m(“ kY dn
1
* M(B($, R)) /B(:L‘,R) ‘f’(u - k)+ dV:| .

Now applying the codimensionality (8.3), we obtain

b (BAED) TR .
S (Mary)  me e

4 Rp—@][ Fl(u— k)s du} |
B(z,R)
Now, as in [53, bottom of page 2446], we see that when h < k,

Atk 25
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Combining the above two inequalities proves the first of the two inequalities
in (8.7) (note that we have used the doubling property of p as well as the
facts that R/2 <r < R and u(k, R) < u(h, R), ¥(k, R) < ¢(h, R) here.

Now we turn our attention to ¥ (k,r) where the bulk of the modification
lies. We set Xg := (p~' — p*~!)(s — ©). By Holder’s inequality and (8.5),
Holder’s inequality again, and then by the definition of u(k, ),

=7

_ P - p
7#(’% ’I”) S <][ (u - k)i dV) <][ |fXA(k,7‘) |p dy)
B(z,r) B(z,r)
1

L =\
5 I/(B(x,?")) p (7{3( )’fXA(km)’p dy) X

1

P 1
o (/ W<u—k>+\pdu> +u<B<x,r>>ﬁf (u— k)4 dp
B(z,r) B(x,r)

1

-, i rRo
S (f | xawn? dV) — </ V(= k) du) +u(k,r)
B(z,r) = B(z,r)

v(B(z,r))?

e — |

S

Combining this inequality with the De Giorgi-type inequality from [53, The-
orem 5.3| yields

~ v o B(z, R))Y/P
Ulhyr) S (ﬁ o PacenP dv> g A

+ oy (B(x, R)YPPy(k, R)Y/P|.

Here we have also used the facts that nu is doubling and R/2 < r < R. Now
using the co-dimensionality of v with respect to u, we obtain

- v No+0/p ~
U(k,r) S (f Xl du> )+ B ) P, )
B(z,r) -

+ rRou(B(z, R)YP~ Py (k, R)l/p} .

As p > p and v(092) < oo, we have
(8.8)

1/p’
Y(k,7) S (][ | Fxagmn P dV)
B(z,r)

Note that by assumption, f € Lp/(E)Q). Asp > p, it follows that f € L (9Q).

We set t = ’;,:ff as in the statement of the lemma. As p < p and p’ > 1, we

have that ¢t > 0. Moreover, as p’ > 1, it follows that ¢ < 1. Now by Holder’s

R—r

No+0O/p
(1 + R) u(k, R) 4+ r™oup(k, R)Y/P
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inequality and the fact that (p —¢t)/(1 —t) = p/,

t 1—t
][ |fXA(k,r)|ﬁ dv < (][ LfIx Ak, dl/) <][ |f| @ —0)/(=1) d1/>
B(z,r) B(z,r) B(z,r)

51

t ) Iﬁ
=<f‘ |fmah@m> (f |ﬂpw)
B(z,r) B(z,r)

~

. P

p'—1

<C (][ | fIx Ak dV) <][ | fIP d’/) :
B(z,r) B(z,R)

®-1)/(»'-1)
@ﬁ:o<f UWW>
B(z,R)

Then by the above,

t
][ |fXA(k,r)|ﬁ dv < Cfr (][ [fIxak,) d”) :
B(z,r) B(z,r)

When h, k € R with h < k, we have

We set

1
fIxagrydv < —— fl(u—=h)ydv = <
Fro i v < g f il =y e = R < B

Combining this with inequality (8.8), we obtain
- h. R t/p' RRo+6/p
W(k,r) < C},/Ig <wk(—,h)> (1 +——— | u(k,R) + RN0¢(I<;, R)l/p

R—7r
As R < diam(02) < oo and R > R — r, we obtain the second part of (8.7)
by choosing Ny = Xy and X; = Ry + O/p. O

Now we are ready to prove the boundedness of u on B(z, R) even when f
is not bounded. To do so, fix kg € R. We fix d > 0 for now, but we will add
some conditions in on d towards the end. For non-negative integers n we set

Ty = §(1 +27M),  ky=ko+d(1—27").

Note that 0 < kpy1 — kn = 2=t g and 0 < 7, — Tntl = 2-("+2) R Then
from the above lemma, we see that

Wk, rng) < © (2o Tn) o (2" 2k, 1) + RO (i, ) 7
n+1l,'n+l) > 2_(”+1)d ny'n ny’n .

Setting @« =1 — 1/k < 1 and noting that R < diam(912) < oo, we obtain
9(n+1)a

U(knJrh TnJrl) <C |:2R+2U(kna rn)H_a + U(km Tn)aw(km 7"n)l/p:| s

da

and as 2”72 > 1, we obtain

on(a+1)
da

(8.9) u(kpt1,mny1) <C {u(k;n, )1 u(k, rn)aib(kn,rn)l/p} .
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Similarly, setting 5 = t/p’ < 1, we have from the above lemma that

(8.10)
on(B+1)
w(k"+1’ r”+1) < Cf’R d/B U(l{}n, Tn)d](knu Tn)ﬁ + 1/}(1437“ ’r'n)BJrl/p .

Lemma 8.11. There exist a choice of positive real numbers d, o, and T such
that with k,, r, as defined above for each non-negative integer n, we have

u(kn,mn) <27 7"u(ko, R),  $(kn, ) < 277"p(ko, R).
Note that with d, o, and 7 as in the above lemma, we obtain that

0= li_)m w(kn,rn) = u(ko + d, R/2),

form whence we can conclude that u < kg +d on B(x, R/2). Hence, to prove
the boundedness of u on B(z, R/2) it suffices to prove the above lemma.

Proof. If u(ko, R) = 0, then u < ky on B(x, R), and we have the bounded-
ness. Therefore, without loss of generality, we assume that u(kg, R) > 0. If
Y (ko, R) = 0, then again for each n we have ¢(ky,r,) = 0, and the required
inequality for 1 would be satisfied, and then we can directly focus on the
part of the proof below that is relevant to u(ky,r,). Hence we now assume
also that ¢(ko, R) > 0, and prove the claim via induction on n. The base
case n = 0 holds trivially. So suppose that n is a non-negative integer such
that the claims hold for n; and we wish to then show that the claims also
hold for n + 1.
By (8.10) and by the hypotheses holding for n,

n(B+1)
Y(kny1,rng1) < o pE 2= (T8O (Ko, R)Y (Ko, R)P 4 27T BHLP)y (g, R)Bﬂ/p}
C

S diﬁ 2—n(0’+7’6_6—1)w(k0’R)Bu(kO’R) + 2—n(7,3+7’/p—,3—1)¢(k07R)ﬂ+1/p:|

—7(n QTC-—RO"T———T UkvR
§2 (+1)¢(k'07R) dﬁ 2 (+B o )w(k(oOR>1)_5

4 gl p=B1=r) e R)6+1/p—1} ,

Similarly, by (8.9) and by the hypothesis,
C

U(k'n—f—l,rn—i—l) < 27U(n+1)u(k‘07R)dig 27n(a+0a7a7170)u(k0’R)a
+ 9-n(oartr/p-a-1-q) ¥ ko, B)7
u(kO,R)lia '
We choose o and 7 such that
ct+oa—a—1—02>0, JaJrzfozflfJZO,
p

c+18—-—B—-—1—72>0, Tﬁ+zfﬁflf7'20.
p

Such a choice is possible because 8 = t/p < 1 < p' = p/(p — 1), see the
conditions listed at the top of [53, page 2450]. Subsequently, we choose d
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large enough so that

ko, R) 1 Y(ko, R)'/P

& > C |ulky, R + 00 ko, R)PH/p—1 2320

ji u( 07 ) + 'l/}(kO,R)l_ﬁ +¢( 07 ) u(ko,R)l_o‘

to complete the proof of the lemma. O
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