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Abstract: This article is concerned with the Dirichlet eigenvalue problem associated with the co-Laplacian
in metric spaces. We establish a direct partial differential equation approach to find the principal eigen-
value and eigenfunctions in a proper geodesic space without assuming any measure structure. We provide
an appropriate notion of solutions to the co-eigenvalue problem and show the existence of solutions by
adapting Perron’s method. Our method is different from the standard limit process via the variational
eigenvalue formulation for p-Laplacian in the Euclidean space.
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1 Introduction

1.1 Background and motivation

In this article, we consider the principal eigenvalue and eigenfunctions associated with the co-Laplacian

with homogeneous Dirichlet boundary condition in metric spaces. One of our major contributions is a

general framework that can be applied to study this eigenvalue problem in a large variety of metric spaces.

Throughout this article, the metric space (X, d) is assumed to satisfy the following two conditions:

¢ (X, d) is a geodesic space, namely, for any x, y € X, there exists a Lipschitz curvey : [a, b] — X such that
y(a) = x, y(b) = y and d(x, y) = €&(y), where £(y) stands for the length of y.

¢ (X, d) is proper, that is, for any x € X and r > 0, the closed metric ball B,(x) is compact. Here and in the
sequel, we denote by B,(x) the open metric ball centered at x with radius r > 0.

Before stating our main results, let us first go over the background on the topic and describe our
motivation of this work. The study on the eigenvalue problem for the co-Laplacian is initiated by the
work [37] (and also [27]), where the limits of eigenvalue and eigenfunctions for the p-Laplacian as p — oo
are investigated in the Euclidean space. More precisely, for any given 1 < p < co and a bounded domain
Q c R",viathe Rayleigh quotient we can obtain the first p-eigenvalue, written as A,? (the pth power of Ap), by

j [VulPdx

Qipdx HE 7S] Wé’p(Q)\{O} . (1.1)
[N

R
ApP = min
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The minimizers for (1.1), which solve —div(|Vu|P=2Vu) = ApP|ulP~?u in Q with u = 0 on 3Q, are called
p-eigenfunctions or p-ground states. It is shown in [27,37] that A, converges as p — oo to

Ao = —, (1.2)

where R, > 0 is the radius of the maximum ball inscribed in Q:

R, = maxmin|x - y]|.
xeQ yeodQ
Thus, the value A, is considered as the principal eigenvalue of the co-Laplacian and is called
oo-eigenvalue.
Moreover, it is also proved in [27,37] that a subsequence of normalized p-eigenfunctions converges
uniformly, as p — oo, to a positive viscosity solution u of the following obstacle problem:

min{|Vu| — A, —Agu} = 0 in Q, 1.3)
u=0 on 0Q, 1.4)

where A u denotes the co-Laplacian of u € C¥(Q), i.e., Asu = {V2uVu, Vu). Such positive solutions obtained
from the limit process are called co-ground states in the literature. The higher eigenvalues and eigenfunc-
tions arising in the limit are studied in [36]. An interesting observation about (1.3) is that the eigenvalue A,
appears in the first-order component rather than the co-Laplacian part of the minimum. Throughout this
article, we call [Vu| — Au with A > 0 the eikonal operator on u. One can see at least formally that, under the
transformation U = logu, |Vu| = Au can be expressed as the standard eikonal equation |[VU| = A.

The above results on the principal co-eigenvalue problem are later developed for more general non-
linear elliptic operators [5,13,18,19,24,39,53] and for more general boundary conditions [25,31,51]. However,
on the other hand, less is known about this problem in general geometric settings. We refer to [6] for
generalization under the Finsler metrics. In metric measure spaces, the convergence of A, to Ay, is
addressed in [2,33] and results related to the limit for higher p-eigenvalues are recently provided by the
second author [49]. In these results, the equipped measure structure plays a fundamental role to allow the
variational approach.

It is worth pointing out that the full convergence of normalized p-eigenfunctions as p — oo is still
unclear in general even in the Euclidean space. This is related to a long standing open question on the
uniqueness of co-ground states up to a multiplicative factor, or in other words, the simplicity of the
oo-eigenvalue A.,. An affirmative result is given by Yu [54] for Q c R" in certain particular shapes when
the distance to 0Q is a viscosity solution of (1.3) and (1.4). Rather than investigating the convergence of
p-eigenfunctions, one may try to directly prove the uniqueness of viscosity solutions of (1.3) and (1.4) up to
a constant multiple. However, a counterexample has been constructed in [34] to show that it fails in
general. In addition to [34,54], further progress has been made toward this uniqueness problem; see, for
instance, [22-24,40-42]. A characterization of the co-eigenvalue problem is provided by [16,17] based on
the optimal transport theory. The connection between the infinity Laplacian and mass transfer problems
through convex duality is addressed in earlier papers such as [14,26,30].

In this work, from a more geometric perspective, we look into the co-eigenvalue problem in general
metric spaces with minimal structure assumptions. Our approach actually applies to an arbitrary proper
geodesic space without any measure structure, which constitutes a major difference from the known results.

This study is motivated by the following observations. First, the co-eigenvalue A, in (1.2) is a com-
pletely geometric quantity and requires nothing more than the space metric. We naturally expect that in a
general metric space (X, d), the expression of the co-eigenvalue turns into

1
" maxypd(x, 0Q) (15)

The denominator represents the radius of the maximum inscribed metric ball, which we still denote by R,
i.e.,

Ry = d(x, 9Q).
max (x, 0Q2) (1.6)
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Here and in the sequel, d(x, E) denotes the distance from a point x € X to a compact set E ¢ X, namely,
d(x, E) = minycgd(x, y).

Second, both the eikonal operator and the co-Laplacian appearing in the nonlinear obstacle problem
(1.3) can be understood under merely the length structure. In recent years, several notions of solutions to
the eikonal equation in geodesic or length spaces are proposed [29,32,46]. Concerning the oco-Laplace
equation, we refer to [52] for a tug-of-war game interpretation in length spaces. It is also well known
that co-harmonic functions in the Euclidean space can be characterized by comparison with cones
[3,4,20]. This characterization is extended to sub-Riemannian manifolds [9,10] and general metric spaces
[38,35]. None of these results essentially require measures on the spaces.

Besides, the Dirichlet eigenvalue problem can be set up without relying on the limit process via
p-Laplacian. Recall that in the Euclidean space the principal eigenvalues for linear elliptic operators are
found [7] without using the Rayleigh quotient but the maximum principle; see [11,12] for further results on
the principal eigenvalue problem for fully nonlinear equations. The eigenvalue is characterized as the
maximum value of A € R that admits existence of positive viscosity supersolutions.

Based on the observations above, we establish a new approach to the eigenvalue problem that is
applicable to general geodesic spaces. Our strategy is as follows. Instead of passing to the limit for the
p-eigenvalue problem as p — oo as in [37], we follow [11,12] to investigate, in a more straightforward
manner, the maximum value A that guarantees the existence of positive supersolutions of

min{|Vu| - Au, -Au} =0 in Q. 1.7)

We adopt this method to avoid the use of measures that are required to formulate the variational p-eigen-
value problem. It turns out that such a critical value A > 0 does coincide with A, as in (1.5).

Once the eigenvalue A, is justified, we can discuss positive solutions of (1.3) that also satisfy the
boundary condition (1.4). Such solutions are regarded as co-eigenfunctions in our general setting. Adapting
Perron’s method, we construct solutions of (1.3) by taking the infimum of all supersolutions satisfying
appropriate conditions that essentially play the role of normalization. In order to make our PDE-based
arguments above worKk, it is crucial to find an appropriate notion of solutions of (1.7), which we will clarify
in a moment.

As in the Euclidean case, we do not know whether the co-eigenfunctions are unique up to a constant
multiple in general. The setting becomes simpler when X is a finite metric graph, thanks to the finiteness
and one-dimensional structure of the space. In our forthcoming work [45], we study further properties of
oo-eigenfunctions and the simplicity of A, in this particular case.

1.2 Main results

In order to present our main results, let us first introduce the notion of solutions to (1.3) in geodesic spaces.
Assume that (X, d) is a proper geodesic space. Let Q ¢ X be a bounded domain. We seek solutions of (1.7) in
the class of locally Lipschitz functions in Q. Let us briefly clarify our definitions of solutions below; see
Section 2 for more precise descriptions.

As usual, our definition can be divided into a supersolution part and a subsolution part. When defining
a supersolution u, we require it to fulfill the supersolution properties for both the eikonal and the infinity
Laplace equation. The former can be simply defined by

[V7ul = Au (1.8)

in Q, where |V-u| denotes the subslope of u, given by

[V-u|(x) = limsup max{u(x) — u(y), 0}
y—x d(x,y)

See also the definitions of slope |Vu| and superslope |V*u|, respectively, in (2.4) and (2.5).
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One can analogously use the subslope to define subsolutions and solutions of the eikonal equation.
This type of solutions of eikonal equations is called Monge solutions. Such a notion is studied in the
Euclidean space [15,50] and is introduced in [46] for general metric spaces. See [46] also for the equivalence
with other notions of metric viscosity solutions proposed in [1,28,29,32]. For the reader’s convenience,
we include several basic results on the eikonal equation in metric spaces in Appendix A.

Regarding the co-Laplacian supersolution property (or co-superharmonicity), we adopt the character-
ization of comparison with cones from below. This requires that an co-superharmonic function u satisfy

main(u - ¢) > Ha}(i)n(u -¢)

for any open subset O cc Q (i.e., O c Q) and any cone function
p=a+xdx,-) inQ (1.9)

witha € R,x < 0and X € Q\O. Consult [35,38] for more details on the properties of comparison with cones
in connection with the absolute minimizing Lipschitz extensions in metric spaces.

We consequently call u a supersolution to (1.7) if it satisfies both (1.8) and comparison with cones from
below in Q. This notion looks very different from the usual viscosity supersolutions, since it is not defined
pointwise by means of test functions. In contrast, we need to define subsolutions of (1.7) pointwise and
choose an appropriate class of test functions. While in the Euclidean case one can test a subsolution at
Xo € Q by a C? function v satisfying —~A,v(xo) > O so as to obtain

[Vv(xo)| < Au(xo), (1.10)

finding the corresponding test class in general metric spaces is however not straightforward. We overcome
the difficulty by adopting the class of co-superharmonic functions introduced above to test the candidate
function in a strict manner.

We say that u is a subsolution of (1.7) if whenever there exist an co-superharmonic function v and
Xo € Q such that u — v attains a strict local maximum at xy, we have

r1_1)r£1+31’1(}£)|v V| < Au(xo). 1.11)

The left-hand side looks slightly complicated. Actually, (1.11) reduces to (1.10) in R" for a test function
v € C2(Q). In our current setting, the lower semicontinuous envelope of the subslope needs to be utilized
due to the lack of smoothness of v.

Our definitions of supersolutions and subsolutions of (1.7) prove to be an appropriate generalization of
those in the Euclidean case. Indeed, we can show the equivalence between both types of definitions in the
case when X = R" based on the results in [4,20,38]; see Section 4 for details.

Moreover, our new notions enable us to solve the co-eigenvalue problem in general geodesic spaces.
Using our notion of supersolutions of (1.7), we define the co-eigenvalue in Q by

A = supfA € R:there exists a locally Lipschitz positive supersolution of (1.7)}. (1.12)

This value turns out to coincide with (1.5), which is consistent with the Euclidean result.

Theorem 1.1. (co-Eigenvalue). Suppose that (X, d) is a proper geodesic space and Q ¢ X is a bounded
domain. Let A, > O be given by (1.5). Let A be defined by (1.12). Then A = A, holds.

Our proof of Theorem 1.1, which is elaborated in Section 3.1, consists of two steps. We first verify that
Ugist(X) = Aood(x, 3Q), x € Q, (1.13)

is a supersolution of (1.3). This implies immediately that A > A.,. The reverse inequality is shown by
proving the non-existence of supersolutions of (1.7) when A > A,. It actually follows from a fundamental
property of supersolutions at any x, € Q satisfying

d(Xo, 0Q) = Ro. (1.14)
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Here and in the sequel, we call such a point an incenter of Q. In fact, for an incenter point xy, by comparing
any positive supersolution u with the cone function ¢ in (1.9) with a = u(xy) and any x < —|V-u|(xo), one can
prove that

[V-ul(xo) < u(xo)/Reo = Asci(Xo),

which yields A < A, by (1.12).

Our second main result is on the existence of positive solutions of (1.3) satisfying the boundary con-
dition (1.4). As usual, by solutions of (1.3), we mean locally Lipschitz functions that are both supersolutions
and subsolutions. The positive solutions of (1.3) satisfying (1.4) are called co-eigenfunctions in our current
setting. In order to obtain the existence, we adapt Perron’s method by taking the pointwise infimum of all
supersolutions under the constraint

= =1 M(Q),
u mﬁaxu on M(Q) (1.15)

where the set M(Q) is the so-called high ridge of Q, containing all incenters in Q, i.e.,

M@Q)={xeQ:dx,0Q) = mgx d(-,0Q) = R..}. (1.16)

In other words, we set, for any x € Q,
Us(x) = inf{u(x) : u is a positive supersolution of (1.3) satisfying (1.15)}. (1.17)

We then obtain the following result.

Theorem 1.2. (Existence of co-eigenfunctions). Suppose that (X, d) is a proper geodesic space andQ ¢ X is a
bounded domain. Let u,, : O — R be defined by (1.17). Then, u., is continuous in Q and is a positive solution
of (1.3) satisfying (1.4) and (1.15).

The proof of Theorem 1.2 streamlines Perron’s method; see, for example, [21] for a general introduction
and [4,47,48] for applications to infinity Laplace equations in the Euclidean space. But some arguments
need to be slightly adapted. One noteworthy issue is about the regularity of solutions. Instead of carrying
out Perron’s method in the class of semicontinuous sub- or supersolutions, we choose to construct solutions
of (1.3) directly in the class of locally Lipschitz functions, as shown in (1.17). This is possible because the
property of comparison with cones implies local Lipschitz regularity. This result is presented in Lemma 2.4.
In fact, in Lemma 2.5 we prove more for an co-superharmonic function u in Q: it satisfies

[Vu| = |V uy| (1.18)

and the slope |Vu| is upper semicontinuous in Q; see also [46] for remarks on (1.18) in relation to the
semiconcavity regularity. We use the regularity result to obtain the local Lipschitz continuity of u,, after
showing its co-superharmonicity. We also include a result (Proposition 2.6) on Harnack’s inequality for
oo-superharmonic functions to show that uy, > 0 in Q. Our new version of Harnack’s inequality, which
applies to general metric spaces, generalizes the results in [8,44] in the Euclidean case.

In view of Theorem 1.2 and (1.17), we see that u, is the minimal positive solution of (1.3) satisfying the
boundary condition (1.4) and the constraint (1.15). The constraint (1.15) essentially normalizes any eigen-
function u so that

lullre@ = 1. (1.19)

One may wonder whether u,, is the only solution satisfying (1.4) and (1.19). In general, it fails to hold.
We can generalize our method to find a solution under a partial constraint

u=maxu=1 inY
c (1.20)

instead of (1.15), where Y is a compact subset of M(Q). Letting

ul (x) = inf{u(x) : u is a positive supersolution of (1.3) satisfying (1.20)}, (1.21)
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we can follow the same proof to show that u is also a solution of (1.3) and (1.4). In general, it happens that
ul + u,, when M(Q) is not a singleton and Y ¢ M(Q). In Section 3.3, we present a concrete example in a
finite metric graph, which can be regarded as a refined counterpart of the Euclidean example in [34].

In addition to the results above, we also show in Theorem 3.10 that, under an additional regularity
assumption on Q, A, is indeed the principal co-eigenvalue by proving that it is the least A that admits a
positive solution of (1.7) satisfying (1.4). Such a result is obtained in the Euclidean space [37, Theorem 3.1]
via a comparison principle. In our current setting, we are not able to obtain a general comparison principle
because of the absence of measure structure that is needed for generalization of the Crandall-Ishii lemma.
However, we can still guarantee the minimality of A, by comparing a subsolution and a specific distance-
based supersolution under the extra assumption on Q.

The rest of the article is organized in the following way. In Section 2, we provide precise definitions of
supersolutions and subsolutions of (1.3) in geodesic spaces. Several important properties of co-superhar-
monic functions will also be studied including the Lipschitz regularity and Harnack’s inequality. In Section
3, we prove our main results, Theorems 1.1 and 1.2, and give an example on metric graphs about the non-
uniqueness of solutions. We also discuss the minimality of A,, among all eigenvalues. For the reader’s
convenience, we include Appendix A to recall preliminaries on the eikonal equation in metric spaces.

2 Definition and properties of solutions

In this section, we give a generalized notion of solutions to (1.7) in a proper geodesic space for A € R. It is
well known that the comparison with cones (cf. [4]) can be employed to characterize the co-harmonic
functions; we refer to [35,38] for generalization in general metric spaces. We recall the definition of super-
and subsolutions of

-Au =0 in Q (2.1)

based on this property.

Definition 2.1. (co-Superharmonic functions). Let (X, d) be a proper geodesic space and Q ¢ X be a
bounded domain. A function u : Q — R that is bounded from below is said to be co-superharmonic in Q
(or a supersolution of (2.1)) if it satisfies the following property of comparison with cones from below in Q:
for any X € Q, any a € R, k < 0 and any bounded open set O cc Q with X € Q\0O, the condition

u>¢ ondo (2.2)

for ¢ given by (1.9) implies that

ux¢ in0. 2.3)

Remark 2.2. (Definition of co-(sub)harmonic functions). We can also define co-subharmonic in a symmetric
way. More precisely, we say that any u : Q — R bounded from above is co-subharmonic if —u is co-super-
harmonic. In addition, u is said to be co-harmonic if it is both co-superharmonic and co-subharmonic.

We next provide an immediate consequence of Definition 2.1, which will be used later. Let us recall that
for any x € X and a locally Lipschitz function u, the local slope of u at x is given by

: [u(y) — ux)|
[Vu|(x) = limsup——=——= 2.4
TG, y) @4
and the sub- and superslopes of u at x are defined to be
|VEu|(x) = limsupM, (2.5)

. d(x,y)

where [a]. = max{+a, 0} for any a € R.
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Lemma 2.3. (Comparison with special cone functions). Suppose that (X, d) is a proper geodesic space and
Q ¢ X is a bounded domain. Let u : Q — R be co-superharmonic in Q, that is, u is bounded from below and
obeys the comparison with cones from belowin Q. Let Q' cc Q be an open bounded set and x, € Q'. Fork < 0,
ifu> ¢ onoQ’', where

d(0) = u(xo) + xd(xo, x), x€Q, (2.6)

then u > ¢ in Q'. In addition, if u is locally Lipschitz in Q, then for any r > 0 satisfying B,(xo) cc Q, there
exists x, € dB,(xo) such that

u(xo) — u(x) = |V-ul(xo)r.

Proof. This result follows directly from Definition 2.1 with O = Q'\ {xo} and the cone function taken to be ¢
as in (2.6). We then can use the comparison with cones to obtain u > ¢ in Q.

To show the second statement, we assume by contradiction that it fails to hold, which yields existence
of o0 > 0 small such that

u(xo) — u(x) < (IVul(xo) - o)r
for all x € 0B,(xo). We may apply the previous result to show
u(xo) — u(x) < (IV-ul(xo) — 0)d(xo, x)

for all x € B,(xp). This is clearly a contradiction by the definition of |V-u|. O

We next show that co-superharmonic functions in general geodesic spaces are actually locally Lipschitz
continuous. Related regularity results in the Euclidean case involving Harnack’s inequality can be found
in [8,44].

Lemma 2.4. (Local Lipschitz continuity). Suppose that (X, d) is a proper geodesic space and Q ¢ X is a
bounded domain. Let u : Q — R be oo-superharmonic in Q, that is, u is bounded from below and obeys the
comparison with cones from below in Q. Then, u is locally Lipschitz in Q. More precisely, for any x € Q,
y € B,(x) with 0 < 2r < d(x, 0Q),

max{u(x), u(y)} — infqu dx, y). (2.7)

[u(x) - u(y)| <

A symmetric result for an co-subharmonic function u in Q; in this case, u is still locally Lipchitz in Q and
satisfies (2.7) with u replaced by —u.

Proof. Suppose that u is a supersolution that is bounded from below in Q. Let us take x € Q and any s > 0
satisfying d(x, 0Q) > s. We consider a cone function defined by

$(2) = u(x) -

u(x) — infqu dx, 2).
S

Then, u > infou = ¢ holds on 0B,(x). Therefore, by Lemma 2.3 with xo = x and Q' = Bs(x), we obtain

u(x) — infqu
s

u(y) —ux) = - d(x,y) (2.8)

whenever y € Bs(x) and s < d(x, 0Q).
Let us take r > 0 small with 2r < d(x, dQ) and y € B,(x). Then, (2.8) immediately implies that

Md(y, X). 2.9)

u(y) —u(x) = -
On the other hand, since d(y, 0Q) > d(x, 0Q) — d(x, y) > r, it follows from (2.8) again that

d(x, y). (2.10)

u(x) - u(y) = _u(y) — infou
r

We conclude the proof by combining (2.9) and (2.10). O
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A further regularity property of co-harmonic functions is as follows.

Lemma 2.5. (Slope regularity of co-harmonic functions). Suppose that (X, d) is a proper geodesic space and
Q ¢ X is a bounded domain. Letu : Q — R be co-superharmonic in Q. Then, in Q the slope and subslope of u
coincide, i.e., (1.18) holds, and they are both upper semicontinuous. A symmetric result for an co-subharmonic
function u in Q, that is, |Vu| and |V*u| coincide and are upper semicontinuous in Q.

Proof. We only consider the case when u is co-superharmonic, because the argument is symmetric for
o0o-subharmonic functions.
By Lemma 2.4, u is locally Lipschitz in Q. Fix xo € Q arbitrarily. It is clear that

[Vu|(xo) = max{|V*u|(xo), [V u|(xo)}. (2.11)

In what follows, let us show that
[V7ul(xo) = |V*ul(xo). (2.12)
For any € > 0 small, we can find r > 0 such that

u(x) = u(xo) — (IV-ul(xo) + &)d(x, xo)

for any x € B,(xo). Let us take
me,r = u(xo) — (IV7ul(xo) + &)r.

For any z € B,(xo) close to xo, let

(Z) - ms,r

6,00 = u(z) - = d(x, z)

z

for x € B,(x), where we setr, = r — d(xo, z). It is not difficult to see thatu > ¢, on 9B,.(z). We apply Lemma 2.3
to obtain

u>¢, in B, (z). (2.13)

In particular, for any z sufficiently close to xo we have u(xo) > ¢,(xo), which yields

u(z) — u(xg) < Md(xo, z)
and therefore
[u(z) — utxo)l: _ u(z) — me, < u@) - uto)l +(Vul(xo) + £) r
d(xo, 2) I, r — d(xo, 2) 0 r—dxo, 2z)

Sending d(z, xo) — 0 and then € — 0, we are led to (2.12). We immediately obtain [V u| = |Vu| in Q due to
(2.11) and the arbitrariness of xy € Q.

We now show the upper semicontinuity of |[V-u|. It follows from (2.13) again that
u(Z) - ms,r

uz) — u(x) < uz) - ¢,(x) = dx, z)

z
for all x near z, which implies that

ui) - me;r  u(z) - ulxo) + (IVul(xo) + &)r

IVul(z) < -
r — d(xo, 2) r — d(xo, 2)

Letting z — x(, we have

limsup|Vu|(z) < [V u|(xg) + €.
Z—Xo

We complete our proof of the upper semicontinuity of |V u| in Q by noting that € > 0 and xy € Q are
arbitrary. u
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In addition, we generalize, in the context of general geodesic spaces, a result in [8,43,44] on Harnack’s
inequality for the co-Laplace equation.

Proposition 2.6. (Harnack’s inequality). Suppose that (X, d) is a proper geodesic space and Q is an open
subset of X. Assume that u : Q — R satisfies the comparison with cones from below. Assume that u > 0 in
BR(X()) with BR(X()) c Q. Then,

u(y) < 3u(x) (2.14)

for any x,y € B,(xo) and r > 0 with 4r < R. In addition, if Q is connected, u is lower semicontinuous, non-
negative on Q, and supou > 0, thenu > 0 in Q.

Proof. Fix y € B,(xo) arbitrarily. Let us define

k= min u(z) - u(y)
z€0B3:(y)

and consider a cone function
mini{x, O
b= uy) + T Dgc ),

It is clear that u > ¢ holds on 0B5,(y). By Lemma 2.3, we then have u > ¢ in B;,(y).

If x >0, then for any x € B,(xo), we have ¢(x) = u(y) and thus u(x) > u(y), which immediately
implies (2.14).

If x < 0, for any x € B,(xp), we have

U0 2 900 = uy) + 20 y) = (1 S Juy) + L) min ) > 2,
3r 3r 3r 2€dB3,(y) 3
Hence, we obtain (2.14) again.

Let us prove the second statement. Because u is lower semicontinuous, the set
Q' ={xeQ:ukx) >0}

is open in Q. If Q # Q’, then since Q is connected, there is a point x € Q' n Q. Consequently, we have
u(x) = 0, which is a contradiction to the first statement. We thus have completed the proof. O

We next turn to the definition of supersolutions of (1.7).

Definition 2.7. (Supersolutions of co-eigenvalue problem). Let Q be a domain in a proper geodesic space
(X, d). A locally Lipschitz function u in Q is called a supersolution of (1.7) if u is co-superharmonic in Q and
(1.8) holds everywhere in Q.

Remark 2.8. Thanks to Lemma 2.4, we may drop the local Lipschitz condition in the definition above
provided that u is known to be bounded from below in Q. In particular, any nonnegative co-superharmonic
function in Q is locally Lipschitz .

The idea of adopting the subslope rather than the entire slope to define the so-called Monge solutions of
eikonal-type equations stems from the work [50] in the Euclidean space and is recently applied to general
complete length spaces in [46]. We refer to [1,28,29,32] for alternative viscosity approaches to Hamilton-
Jacobi equations in metric spaces.

In contrast to the notion of supersolutions, it is less straightforward to define subsolutions in a general
metric space. We use the class of co-superharmonic functions itself to test locally the candidate function in
a strict manner.
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Definition 2.9. (Subsolutions of co-eigenvalue problem) Let Q be a domain in a proper geodesic space
(X, d). Alocally Lipschitz function u in Q is called a subsolution of (1.7) if whenever there exist xo € Q,75 > 0
small and an co-superharmonic function v in B, (xo) ¢ Q such that u — v attains a strict local maximum at
Xo, inequality (1.11) holds.

A locally Lipschitz function u in Q is called a solution of (1.7) if it is both a supersolution and a
subsolution.

If [V-v| is known to be lower semicontinuous at xg, then (1.11) can be rewritten as |Vv|(xo) < Au(xo).
However, in general we only have upper semicontinuity of [V-v| due to Lemma 2.5 and the lower semi-
continuity of solutions may fail to hold.

Let us construct more oo-superharmonic functions for our later use.

Lemma 2.10. (co-Superharmonic functions by composition). Suppose that (X, d) is a proper geodesic space
and Q ¢ X is a bounded domain. Let v be a positive co-superharmonic function in Q. Let h € C*((0, supgv))
satisfy

Hx) >0, KH'{¥Xx) <0 forallxe. (2.15)

Then, for any cone function given by (1.9) with a e R, x <0 and X € Q, h(v) — ¢ cannot attain a local
minimum in Q\{x}. In particular, h(v) is co-superharmonic in Q.

Proof. Suppose by contradiction that there exists a bounded open set O cc Q such that h(v) — ¢ attains a
minimum at xy € O for a cone function given in (1.9) witha € R, k < 0 and X € Q\O. By changing the value
of a, we may assume that h(v(xg)) = ¢(xo) and h(v) > ¢ in B,(xo) with r > 0 small such that X ¢ B,(x).
Then by assumptions, h admits an inverse function h™l, of C? class, near v(xy). It follows that
v(xg) = hY(¢p(x0)) and v = h™i(¢p) in B,(x,). In addition, noting that h™! is strictly convex near ¢(xo), by
letting r > O further small if necessary, we obtain v > h™(¢p) > 1, in B.(xo)\{Xo}, where we define
X N .
x) = v(xg) + ————(d(x, X) — d(xq, X)), x € B,(xp).
Yo(x) = v(xo) h’(v(xo))( (x, X) - d(xo, X)) r(Xo)
On the other hand, we have v(xy) = 1,(xo). We therefore can take a cone function ), = 1, + € with apex
atX ¢ B,(xo) and € > 0 sufficiently small so that i, < v on dB,(xo) but 1,(xo) > v(xo). This means that v fails

to obey the comparison with cones from below, which is clearly a contradiction to the assumption that v is
oo-superharmonic. O

Because |V-h(v)| = h'(v)|V7v| holds for any h € C’(R), the result above amounts to saying that any
composite function h(v) serves as a test function for subsolutions in Q provided that v is co-superharmonic,
[V7v] > 0 in Q and h satisfies (2.15).

3 Eigenvalue and eigenfunctions

In this section, we study the eigenvalue problem (1.3) associated with the infinity Laplacian. We generalize
the notion of the radius of the maximal inscribed metric ball in Q; namely, we take R, as in (1.6), which can
also be expressed by

R, = maxd(x, 0Q).
xeQ

We introduce a notion of the principal eigenvalue and show that it is indeed the value A, given in (1.5). We
later provide a definition and some properties of the corresponding eigenfunction.
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3.1 The eigenvalue

Let us begin with our notion of the principal eigenvalue associated with the co-Laplacian in geodesic
spaces.

Definition 3.1. (co-Eigenvalue). Let (X, d) be a proper geodesic space and Q ¢ X be a bounded domain. The
value A € R given by (1.12) is called the principal eigenvalue for the co-Laplacian in Q with the Dirichlet
condition (1.4).

Although here we call A the principal eigenvalue, its minimality among all eigenvalues is not obvious.
In general, it is not clear to us whether there exists a positive solution of (1.7) and (1.4) for some A < A. We
will prove the minimality of A in Theorem 3.10 under an additional assumption on Q.

Our first main result, Theorem 1.1, states that the co-eigenvalue A as in (1.12) coincides with A, the
reciprocal of R, > 0 in (1.6). In order to prove Theorem 1.1, we present the following result.

Proposition 3.2. (Existence of typical supersolutions). Suppose that (X, d) is a proper geodesic space and
Q ¢ X is a bounded domain. Assume that g € C(0Q). For A > 0, set

u(x) = Iyrelgg{g(y) +Ad(x,y)} for x € Q. 3.1)
Then, u is co-superharmonic and |V-u| = A holds in Q.

Proof. The function u given by (3.1) is known as the McShane-Whitney Lipschitz extension. By Theorem A.1,
we see that u is Lipschitz in Q and |[V-u| = A in Q. It thus suffices to prove that u is co-superharmonic in Q.
Let O cc Q be a bounded open set and fix X € Q\O. Foranya € R and k < 0, let ¢ be given by (1.9).
Suppose that (2.2) holds. We aim to show that (2.3) holds.
Assume by contradiction that this fails to hold. Then there exists xo € O such that

r}(lea(_;<(¢ - w)(x) = (¢ - uw(xo) = u 3.2)
for some u > 0. Due to the maximality at x, it is not difficult to see that
A = [V7ul(xo) < [V-l(x0) < [VPl(xo) = —k. 33
Note that there exists a Lipschitz curve y with ¥(0) = xq, ¥(1) = X and £¥) = d(xo, X). Let
to=1inf{t > 0:y(t) ¢ O}.
Then y, = y(tp) € 90. It is clear that
d(x, xo) = d(X, ¥p) + d(¥p, Xo0)- (3.4)
Moreover, we have d(y,, y) < d(¥,, Xo) + d(xo, y) for all y € 00, which, by (3.2), implies that
u(yp) = rygiag{g(y) + Ad(yp, )}
< Ad(yp, Xo) + gg{g(y) + Ad(xo, y)}
< Ad(Yp, Xo0) + a + kd(X, xo) — U.
It follows from (3.3) and (3.4) that
u(yp) < kd(x, xo) — kd(yy, Xo) + a — U = a + kd(X, y,) — U,
which is clearly a contradiction to (2.2). (|

Remark 3.3. (A distance-type supersolution). Applying Proposition 3.2 with g = 0 on 0Q, we can see that,
for any A > 0, u = Ad(-,0Q) is co-superharmonic. Also, since A, d(-,0Q) < 1in Q, u satisfies
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[V7ul > A > AAood(-,0Q) = AU

in Q. In particular, we see that ugis; given by (1.13) is a supersolution of (1.3).
We now proceed to the proof of Theorem 1.1.

Proof of Theorem 1.1. In view of Remark 3.3, it is clear that A, < A. Let us now prove A < A,. Suppose that
there exists a locally Lipschitz positive supersolution u of (1.7) for some A > 0. Let x5 € M(Q) be an incenter
of Q, which satisfies (1.14).

Fix € > 0 arbitrarily small. Noting that u > ¢ holds on dBy(xy) with s = Ry, — &, where

P = u(xo) - u(xo) d(x, xo) for x € Q,
S
by Lemma 2.3, we have
u(x

Vi) = g
Letting € — 0, we end up with

[V7ul(xo) < Aco(xo), (3.5)
which implies that A < A,. It then follows from (1.12) that A < A,. O

3.2 Existence of eigenfunctions

Let us now investigate the existence of eigenfunctions. In this section, we aim to prove Theorem 1.2, which
states that u,, defined by (1.17) is a solution of (1.3) and (1.4). We remark that u,, is well defined, since by
Remark 3.3, the function class for the infimum in (1.17) is non-empty.

Let us now use Perron’s method to prove Theorem 1.2. We begin with the supersolution property of u,.

Theorem 3.4. (Supersolution property of infimum). Suppose that (X, d) is a proper geodesic space and
Q ¢ X is a bounded domain. Let uy, : O — R be defined by (1.17). Then u, is a positive supersolution of (1.3)
satisfying (1.15).

To prove Theorem 3.4, we prepare two results regarding the pointwise infimum of supersolutions to the
oo-Laplace equation and to the eikonal equation, respectively.

Proposition 3.5. (Supersolution preserving of infimum for co-Laplacian). Suppose that (X, d) is a proper
geodesic space and Q ¢ X is a bounded domain. Let S; be a family of nonnegative co-superharmonic functions
in Q. Then w(x) = inf{u(x) : u € S;} is also co-superharmonic in Q.

Proof. We only need to show that w enjoys the property of comparison with cones from below. To see this,
fix abounded openset O cc Qand x € Q\O and take a cone function ¢ as in (1.9). If w > ¢ on 00, then by
definition u > ¢ on 90 for all u € S;. It follows that u > ¢ in O for all u € S;, which in turn implies that
w=>¢inO. O

Proposition 3.6. (Supersolution preserving of infimum for eikonal equation). Suppose that (X, d) is a proper
geodesic space and Q ¢ X is a bounded domain. Let Sg be a family of nonnegative locally Lipschitz functions
satisfying (1.8) in Q for some A > 0. Assume that w(x) = inf{u(x) : u € Sg} is locally Lipschitz in Q. Then w is
also a nonnegative function satisfying the same inequality in Q.
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Proof. It suffices to prove that W = logw satisfies |V"W| > A in Q. Fix any x, € Q and take r > 0 arbitrarily
small. For anyu € Sg, letting U = logu, we see that U is locally Lipschitz and satisfies|V-U| > A in B,(xp). It is
clear that W is the pointwise infimum over all such U.

As shown in Proposition 3.2 (and in Theorem A.1), the McShane-Whitney Lipschitz extension of W given
by

W)= min {W(y) + Ad(x,y)}, x € Bi(xo),
y€dB,(x0)

satisfies |V-W| = A in B,(xp). Besides, it is easily seen that W < W < U on 0B,(xp). We then can adopt the
comparison principle, Theorem A.2 (or [46, Theorem 4.2]), to deduce that W < U in B,(xy), where we recall
that U = logu for each u € Sg.

By taking the infimum over all such u, we obtain W < W in B,(xo). In particular, there exists y, € dB,(xo)
such that

W(xo) = W(xo) = W(y,) + Ad(xo, ;)
and therefore
W) - W)
dixo,y)
Sending r — 0, we obtain
w -W
[V-W|(xo) = limsupM >
r—0 d(XO) yr)

We complete the proof due to the arbitrariness of xy in Q. O
We are now in a position to prove Theorem 3.4.

Proof of Theorem 3.4. By definition, it is clear that u,, satisfies (1.15). In view of Proposition 3.5, we see that
U, is co-superharmonic. Using Lemma 2.4, we obtain local Lipschitz continuity of u,,. By Proposition 2.6
and the fact that u,, = 1 on M(Q), we further deduce that u,, > 0 in Q. Using Proposition 3.6, we have
[V U | = Aooleo in Q. Our proof is thus complete. O

We complete the proof of Theorem 1.2 by combining Theorems 3.4 with 3.7, which states that u,, is also
a subsolution of (1.3) in the sense of Definition 2.9.

Theorem 3.7. (Subsolution property of infimum of supersolutions). Suppose that (X, d) is a proper geodesic
space and Q ¢ X is a bounded domain. Let us, : Q — R be defined by (1.17). Then u, is continuous in Q and is
a subsolution of (1.3) satisfying (1.4).

Proof. We have shown in Theorem 3.4 that u,, is a positive supersolution of (1.3). Note that the definition of
Uoo, together with Remark 3.3, yields o, < Ugist = Asod(+,0Q) in Q. It is then easily seen that u,, € C(Q) and
Uy, = 0 on 9Q.

Let us focus on the subsolution property of u,,. Suppose by contradiction that u,,, is not a subsolution of
(1.3). This means that there exist r, 0 > 0 small and x, € Q with B,(xy) cc Q such that

Uoo(X) — U(X) < Uco(Xo) — UXo) =0
for all x € B,(xo)\{xo}, where u is an oco-superharmonic function satisfying
[V7u| > Aol + 0 in By(xg). (3.6)
It follows that
[V U |(X0) = [V7ul(X0) = Asolen(X0) + . (3.7)
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As shown in the proof of Theorem 1.1, we obtain (3.5) if xo € M(Q). Thus, (3.7) yields xo ¢ M(Q). We
thus can take r > 0 small such that B,(xy) N M(Q) = @.
We next take € > 0 small such that

U-€2>Uy, on Q\B, .(xp). (3.8)

We further take

oo min{u.,(x), u(x) — &} if x € B,(xo),
400 =1 00 if x € O\B,(xo).

It is clear that #i is continuous and positive in Q. One can also easily observe that u,, satisfies (1.15) and
U(x0) < Ux(Xo) — €. (3.9)

Let us prove that ii is a supersolution of (1.3). By Proposition 3.5, we deduce that ii is co-superharmonic
in B,(xo). Moreover, for any x, y € B,(x), we have

U(x) — u(y) =z minfue(x) — Uso(y), u(x) — u(y)},
which yields
(V72| () = ming|V-ue|(x), [V ul()}
for all x € B,(xp). Since |V uy| = Al and (3.6) holds, it follows that
V7| = Aol (3.10)

in B,(xo). Noting that @ = u,, in Q\B,_¢(xo) due to (3.8), we thus see that (3.10) holds in Q.
It remains to verify that @i is co-superharmonic in Q. Suppose that there exist a bounded open set
O cc Q,x € Q\O and a cone function as in (1.9) such that @i > ¢ on d0. Since @i < u,,, we have u,, > ¢ on

00. Noting that u,, is co-superharmonic, we obtain u, > ¢ in O and in particular
ii >¢ in O\B,_«(xo). (3.11)

It follows that u — € > ¢ on 00 \ B,_¢(xo), which implies the same inequality on o(B,_.(xo) N O).

Since u is co-superharmonic in B,(x), we obtain u — € > ¢ in B,_.(x¢) N O. Combining this with (3.11),
we are led to @i > ¢ in O. Hence, we conclude that # is a positive supersolution of (1.3). Noting that & also
satisfies (1.15) and (3.9), we reach a contradiction to the definition of u., as in (1.17). Our proof is now
complete. O

Remark 3.8. (Partial incenter constraints). Our argument above can be used to construct more solutions of
(1.3) when M(Q) is not a singleton. Recall that M(Q), defined by (1.16), is the high ridge of Q. In fact, for
any given compact subset (3#)Y ¢ M(Q), replacing condition (1.15) by (1.20) in (1.17), we can take u} as in
(1.21). (It is clear that ul, = u,, whenY = M(Q).) Then, following the proof of Theorems 3.4 and 3.7, we can
prove in a similar way that u}, is also a positive solution of (1.3). In Section 3.3, we present a concrete
example on metric graphs to show that u}, and u,, are really different in general.

3.3 Non-uniqueness under partial incenter constraints

In the Euclidean space an example is built [34] in a dumbbell-shaped domain showing that in general there
may be multiple linearly independent solutions to (1.3) and (1.4). In our general setting, this observation
corresponds to the existence of solutions under partial incenter constraints as described in Remark 3.8.

In a manner similar to [34], for some particular domain Q one can obtain at least one more solution to
(1.3) if condition (1.15) is weakened in the definition of u,,. We present subsequently, on a metric graph, an
analogue of the example in [34] for non-uniqueness of solutions.
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Example 3.9. Let X = (V, &) be a finite graph with V = {0} U {Vj};j_0,11,12,+3 and & = {ej}j0,+1,+2,:3 satisfying

[0, Vj] for j =0, +1,
g =1V, V1 for j=+2, +3, (3.12)
V.4, ] for j =-2,-3.

Then, equipped with the intrinsic metric d, (X, d) is clearly a geodesic space. Let Q be the interior of X;
namely,

Q = X\{Vj}jo0,41,42,43,  0Q = {Vj}j=0,41,42,43-

Assume that the length ¢; of each edge ¢; is given by £ = €41 = £,, = 1, £,3 = 3. We parametrize each ¢;, using
its length, by [0, ¢] with t = 0 and ¢t = ¢;, respectively, corresponding to the left and right endpoints in
expression (3.12).

One can show that R, = 2, Ao, = 1/2 and there are two incenters B. lying, respectively, on e.3 with
d(P., Vi3) = 2. We can also prove that u,, given below is a solution of (1.3):

—lt + 1 for x on e,
4 4
lt + 1 for x on e,y
U (X) = | 41 41
——t+ = for x on e,
2 2
1
_Elt -1 +1 for x on e,

where t represents the parameter for x on each ¢; according to the parametrization given previously. See
Figure 1 for an illustration of the function graph of u,,. Note that ug; in (1.13) is not a solution and we have
U < Udist ON €41.

On the other hand, if we take Y = {P,}, then we can construct another solution uY:

Uso(X) for x on ¢ with j =0, +1, +2, +3,
—11‘ + 1 for x on e,
v 8 4
U (X) = 4
(%) —lt + 1 for x on e,
8 8
1 1
—-=|t-1+ = for x on es.
8 4

See Figure 2 for the graph of u’.

Figure 1: Graph of u...

Figure 2: Graph of u’.
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Hence, in general, we cannot expect uniqueness of solutions of (1.3) up to a constant multiple. In the
Euclidean spaces, the co-ground states (as the limits of p-eigenfunctions) are supposed to be symmetric in
space. The function uo‘; above, which is not symmetric, thus corresponds to a non-variational solution on
the metric graph.

3.4 Principal eigenvalue

In this section, under an additional assumption on Q, we show that A, is indeed the smallest co-eigenvalue
in the sense that any subsolution of (1.7) associated with A < A, is nonpositive in Q.

In the Euclidean case, this result is proved by establishing a comparison principle for general subsolu-
tions and supersolutions of (1.7) [37, Theorem 3.1]. We are however not able to implement the same
machinery in our general setting due to the absence of measure structure, which is needed to invoke the
Crandall-Ishii lemma. Instead, our proof consists in a comparison argument for an arbitrary subsolution
and a specific distance-based supersolution under the assumption that Q can be extended to a “good”
domain. To be more precise, we introduce the following regularity assumption for a bounded domain
O < X. Below let N(O) denote the r-neighborhood of O in X for r > 0; namely,

NO) ={x e X :d(x,0) < r}.

(A) For any xo € O and ¢ > 0, there exist r, > 0 and a domain Efo(()) ¢ X such that the following condi-

tions hold:
O c E£(0) c NA0), (3.13)
d(xo, 9E£(0)) = d(xo, 30), (3.14)
d(x, 9E£(0)) > d(x,30) if x € By(xo)\{xo} satisfies d(x, 30) = d(xo, 30). (3.15)

Assumption (A) requires certain smoothness of the domain O. It can be better understood in the Euclidean
space. Note that the sector region

0 =1{(x,%) €eR2:x? +x3 <1 and either x; < 0 or x, < 0 holds}

fails to satisfy this assumption; it is easily seen that, at each xo = (a, b) witha, b < O and a®> + b> < 1/2, no
matter how the extension E ,fO(O) is constructed, one cannot obtain (3.14) and (3.15) at the same time. On the
other hand, we can show that a bounded domain O fulfills (A) for X = R", provided that it satisfies the
exterior sphere condition at each of its boundary points; choosing a closest point y, € 90 to X, and taking
the exterior sphere tangent at y,, we can extend O with dEy, (O) containing a portion of the exterior sphere
near y,.

Theorem 3.10. (Principal eigenvalue). Suppose that (X, d) is a proper geodesic space. Let Q ¢ X be a
bounded domain satisfying 0Q = 3Q. Assume that for any 8 > 0, there exists Qs ¢ X such that O c Qs
N5(Q), 0Qs = 3Qs,

ind(x, 9Qs) > 0
mind(x, oQs) > (3.16)

and O = Qg satisfies the regularity assumption (A). Let A < M. Ifu € C(Q) is a subsolution of (1.7) andu < 0
on oQ, thenu < 0 in Q.

Proof. Assume by contradiction that there is a subsolution u of (1.7) such that supqu > 0. Multiplying u by
an appropriate constant, we may assume that u < 1in Q.
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Let Q4 be the domain described in the assumptions. Set

Reo,s = maxd(x, 0Qs), A= 1
xe Qs Roo,6
Let us first show that
Rews > R as 66— 0. (3.17)
Since Q = [N5-0N5(Q), the assumption 3Q = 3Q implies
oQ = a( N Ng(Q)). (3.18)
6>0

Suppose that x € Q and y € 0Q satisfy d(x, y) = d(x, 0Q) = R.,. In view of (3.18), we see that for any p > O,
there exists § > 0 small such that B,(y)\ N5(Q) # &, which, by the condition Q5 ¢ N5(Q), vields B,(y)\ Qs # @.
Wethus can find z € B,(y)\Qssuchthatd(y, B,(y)\Qs) = d(¥, z). Thus, any point, except z itself, on a geodesic
joining y and z must belong to Qs. This shows that z € dQs and therefore d(y, 0Qs) < p. We have shown that

d(y,0Qs) > 0 as 6§ — 0. (3.19)
Since
Roo,& < d(X, aQ&) < d(X’ Y) + d(y’ aQ&) = Roo + d()’, aQ&)y

by (3.19) we complete the proof of (3.17). We therefore can fix § > 0 and 0 < a < 1 sufficiently close to 1
so that

a
Al 5 = R > A (3.20)

00,68

In view of (3.16), we can next take L > 0 large such that u < Ld(-, 3Qs)* in Q. This implies that there
exist ¢ € (0, L] and xq € Q such that

mgx(u - ¢d(-,006)%) = u(xg) — cd(xg, 0Qs)* = 0.

For € > 0, let
he(t) = ct®* + e(t - d(xp, 9Qs))?, t> 0.

We take € > 0 small such that h/(d(xo, 3Qs)) < O.
Let us next consider Ey (O) as in (A) for O = Qs and denote Q, = E; (Q5). Let

R = maxd(x, 3Q,), A, = é
xeQ, R,

Using the same argument in the proof of (3.17), we deduce that R, — Re,5 as € — 0. We thus can adopt
(3.20) to obtain

al, > A (3.21)

for any € > 0 small.
Let ry > 0 be as in (A). Taking r € (0, rp) small, we have

u(x) — he(d(x, 9Qs)) < u(xo) — he(d(xo, 9Qs)) 3.22)
for any x € B,(xp)\{xo} that satisfies
d(x, 0Qs) # d(xo, 0Q5). (3.23)
In addition, when r > 0 is small, we obtain, for all x € B,(xg),

h(d(x, 305)) > 0,  R(d(x, 30s)) < O.
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Applying (3.13) and (3.14) with O = Qs, we have d(-,00;) > d(-,0Qs) in Q and d(xo, 0Q,) = d(xo, Qs).
We therefore can use (3.22) to obtain

u(x) = he(d(x, 90)) < u(xo) — he(d(xo, 3Q)) = 0 (3.24)

for all x € B,(xp) satisfying (3.23). Noting that (3.15) also holds with O = Qg4, we see that (3.24) actually holds
for all x € B,(xo)\{xo}.

Denote v, = hy(d(-,0Q;)). By Lemma 2.10, v, is co-superharmonic in B,(x,). Moreover, in view of Remark
3.3 and the fact that |V-d(-,0Q,)| = 1 in B,(x,), we have

V-Vl (x) = acd(x, 30:)*1V-d(-,0Q,)](x) + 2e(d(x, 3Q,) — d(xo, 3Q5))|V-d(-,00,)|(x)
> ach.d(x, 0Q.)" + 2e(d(x, 3Q,) — d(xo, 0Qs))
= al v (x) — aeA(d(x, 3Q) — d(xo, 0Q5))? + 2e(d(x, 3Q,) — d(xo, 0Qs))

for any x € B,(xp), which by (3.21) and (3.24) yields

lim inf (V| — Au) > (al, — Du(xg) > 0. (3.25)
r—0B,(xo)
On the other hand, since v, serves as a test function of u at xo € Q, we apply the definition of subsolu-
tions of (1.3) to obtain

lim inf (JV7v| - Au) < 0,
r—0B:(Xo)

which is a contradiction to (3.25). O

We remark that the condition 9Q = dQ in the result above is necessary to guarantee (3.17) and the
continuity of the eigenvalue A, with respect to the extension Qg; this condition is also assumed in [37,
Theorem 3.1] in the Euclidean case. In fact, if 3Q # 9Q, then (3.17) fails to hold in general, as shown in the
following example. Let

Q={0,%) eR?: x7 +x3 < J\{(, %) €eR?2: 0<x <1, X=0}

Then one can easily see that R, = 1/2 and R, s > 1 for any extension Qs of Q satisfying (3.16). For the same
reason, we also assume that 3Qs = dQ4 so that R, approximates Ry, sase — 0.

4 Consistency with the Euclidean case

By Theorem 1.1, we have seen that our co-eigenvalue is consistent with that in the Euclidean case. In this
section, we further show that our definition of eigenfunctions in geodesic spaces, as given in Definition 2.9,
is also a generalization of the notion proposed in [37] in the Euclidean space.

Let us recall the definition of viscosity supersolutions of (1.7) in the Euclidean space, which is implicitly
given in [37] as follows. See [21] for definitions of viscosity solutions to general nonlinear elliptic equations.
Let Q be a bounded domain in R" and A > 0.

Definition 4.1. (Definition of Euclidean viscosity solutions). A locally bounded lower semicontinuous
function u: Q - R is called a viscosity supersolution of (1.7) if whenever there exist xo € Q and
@ € CX(Q) such that u — ¢ attains a strict local minimum in Q at x,, both

[Ve(xo)| = Au(xo) (4.1)
and

~Aoop(x0) = 0 (4.2)
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hold. A locally bounded upper semicontinuous functionu : Q — R is called a viscosity subsolution of (1.7)
if whenever there exist xo € Q and ¢ € C%(Q) such thatu — ¢ attains a strict local maximum in Q at xo, either

[Vo(xo)l < Au(xo) (4.3)
or
—Doop(x0) < 0

holds. A function u € C(Q) is called a viscosity solution of (1.7) if it is both a viscosity supersolution and a
viscosity subsolution.

Remark 4.2. As is well known in the theory of viscosity solutions, one may use the semijets instead of the
test functions to define super- and subsolutions. More precisely, u € C(Q) is a viscosity supersolution (resp.,
subsolution) if for any xo € Q, we have

Ip| = Au(xg) and —-(Xp,p) =0
(resp., |p| < Au(xo) or —(Xp,p)<0)

for every (p, X) € J> u(xo) (resp., (p, X) € J*u(xo)). We refer to [21] for a detailed introduction on the
semijets J>*u(xo) c R" x 8", where S™ denotes the set of all n x n real-valued symmetric matrices.

The definition above is indeed consistent with the standard framework of viscosity solutions. For a
general fully nonlinear elliptic equation

F(x, u, Vu(x), Vu) =0 in Q c R",

where F: Q x R x R" x 8" — R is continuous, we define a viscosity supersolution (resp., subsolution) u
by demanding

F(x, u(x),p,X) =0 (resp., F(x,u(x), p, X) < 0)
for all (p, X) € J> u(x) (resp., (p, X) € J>*u(x)). See again [21] for details.

The main result of this section is as follows.

Theorem 4.3. (Equivalence of solutions). Let Q ¢ R" be a bounded domain and A > 0. Let u be a positive
locally Lipschitz function in Q. Then u is a solution of (1.7) in the sense of Definitions 2.7 and 2.9 if and only ifu
is a viscosity solution of (1.7) as defined in Definition 4.1.

Before starting to prove this theorem, we first present the following equivalence result on co-super-
harmonic functions, which is essentially obtained in [4].

Lemma 4.4. (Equivalence of co-superharmonic functions). Let Q ¢ R" be a bounded domain. Then, u is
oo-superharmonic in Q c R" in the sense of Definition 2.1 if and only if u is a viscosity supersolution of (2.1),
that is, whenever there exist xo € Q and ¢ € C*(Q) such that u — ¢ attains a strict local minimum at xo,
inequality (4.2) holds.

Proof. In [20, Theorem 3.1] and [4, Theorem 4.13], it is proved that u is a viscosity supersolution of (2.1) if
and only if u satisfies the property of comparison with cones from below. Note that in these results each test
cone ¢ in an open subset O is in the form of (1.9) with a, x € R and X € Q\O.

In order to complete the proof, it suffices to show that in the Euclidean space this more restrictive
condition (with k € R) of cone comparison is equivalent to the version with x > 0 as stated in Definition 2.1.
This can be found in [38]; see the remarks after Definition 2.3 in [38], where a sufficient condition is given
for the equivalence of both types of comparison with cones in more general metric spaces. O
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We first show the equivalence between the notions of supersolutions.

Proposition 4.5. (Equivalence of supersolutions). Let Q c R" be a bounded domain and A > 0. Let u be a
positive continuous function in Q. Then u is a supersolution of (1.7) in the sense of Definition 2.7 if and only ifu
is a viscosity supersolution of (1.7) as defined in Definition 4.1.

Proof. Let us first show “=.” Suppose that u is locally Lipschitz and co-superharmonic, and (1.8) holds in Q.
Assume that u — ¢ attains a strict local minimum at xo € Q for some ¢ € C*(Q). By Lemma 4.4, we have
(4.2). Also, it is not difficult to see that

IVl (xo)l = [V-9l(xo0) = [Vul(xo),

which, together with (1.8), immediately yields (4.1). Hence, we conclude that u is a viscosity supersolution
of (1.7).

We next prove “<.” Suppose that u is viscosity supersolution of (1.7). Applying Lemma 4.4 again, we
deduce that u satisfies the property of comparison with cones in Q. In particular, u is locally Lipschitz by
Lemma 2.4. It remains to show (1.8) in Q.

Fix xo € Q arbitrarily. Thanks to the co-superharmonicity of u, for any o > 0 small, we can find r > 0
small such that

u(x) > u(xo) — (|Vul(xo) + 0)d(xo, x)
for all x € B,(xo)\{xo}. It amounts to saying that ¢, — u attains a strict maximum in B,(x,) at xo, where
$,(x) = ulxo) — (IV-ul(xo) + 0)d(xo, X), x € B;(x0).

Let us consider
¥ — V12
@, ) = 4,00 - uy) - EELE

for € > 0 and x, y € B,(xo). Suppose that (x., ),) is a maximizer of @ in B,(xo) x B,(x). By a standard
argument of viscosity solutions, we have x, ), — xo as € — 0. In particular, we obtain x., ), € B,(xo)
when € > 0 is taken small.

Since

_ 2
yHmw+1%¥L—%m>

attains a local minimum at y = y,, we can apply the supersolution part of Definition 4.1 to deduce that

2 —
M > Au(y,). (4.4)
On the other hand, the maximality at x = x, of
x = ),
X = 4,00 - u(y) -

yields
2 _
@ < [V, 10x) = [Vul(xo) + 0. (4.5)

Combining (4.4) and (4.5), we are led to
[V-ul(xo) + 0 = Au(y,).

Our proof is thus complete if we send € — 0 and then ¢ — 0 in the relation above. O

We next show the equivalence for subsolutions, using a comparison-type argument.
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Proposition 4.6. (Equivalence of subsolutions). Let Q c R" be a bounded domain and A > 0. Let u be a
positive locally Lipschitz function in Q. Then, u is a subsolution of (1.7) in the sense of Definition 2.9 if and only
if u is a viscosity subsolution of (1.7) as defined in Definition 4.1.

Proof. We again begin with the proof of “=.” Assume that u is locally Lipschitz and there exist x, and
@ € C3(Q) such thatu — ¢ attains a strict local maximum at xo. If ~Ao,@(Xo) > 0, then —A¢ > 0 in B,(x,) for
some r > 0 small. In view of Lemma 4.4, we know that ¢ is oo-superharmonic. It thus follows from
Definition 2.9 that
lim inf (|V-¢@| - Au) < 0.
r—>0+B,(x0)(| (P| ) (46)
This implies (4.3), since |V-¢| = |V¢| is continuous.
Let us show the reverse implication “<.” Let u be locally Lipschitz in Q. Assume that there exist xy € Q,
r > 0 small and a function ¢ that is co-superharmonic in B,(xq) such that u — ¢ attains a strict maximum in
B.(xp) at xq. It follows that
max (u — @) < u(xo) — ¢xo).
0By(xo)
By Lemma 4.4, we see that —-A,,¢@ > 0 in B,(xo) holds in the viscosity sense. We aim to obtain (4.6).
By contradiction we assume that there exists ¢ > 0 small such that |V-¢| — Au > ¢ in B,(xp). In parti-
cular, we see that [V¢| > o holds in the viscosity sense in B,(x,). Without loss of generality, we may also

assume that 0 < ¢ < 1in B,(xo). For A > 1 and a < 1, we set ¢, = h(¢) with h given by
h(t) = (Ata +1— A%, t> 0.

We approximate ¢ by ¢, in B,(xo) with A > 1 and a < 1 close to 1, we have

max(u — ¢,) < max(u — @,).
AL = R (4.7)

Since
R(t) = A(Ata + 1 - AT > A2 > 1,

KH'(t) = l(a “DAMA - DAt + 1 - A2 <0
a

hold for all t = ¢(x) with x € B,(x(), we see that
V-g,| —Au=h(@)IVel-Au>|Vel -Auzo (4.8)
and
Aoy, > 0 (4.9)
hold in B,(xp) in the viscosity sense. For each € > 0, let us consider

x — v
WX, ) = ulx) - @,(y) - %
for x, y € B,(xo). We can find a maximizer (x., y,) of ¥; in B,(xo) x B,(xo). As in the proof of Proposition 4.5,
we apply a standard argument for comparison principle of viscosity solutions as well as (4.7) to deduce that
Xe, Y, — Xo as € — 0 and therefore x., y, € B,(xp) for € > 0 sufficiently small.
Noting that

Y
y - ulxs) - @,(y) - %

attains a maximum at y = y,, we apply (4.8) to obtain
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2 = > Au(y,) + o. (4.10)
€

We next adopt the Crandall-Ishii lemma [21] to obtain (p,X) € J>"u(x,) and (g, Y) € J> ¢,(3.)
satisfying

pog= X (4.11)
£
and
(5 5)<elh 7)
0 -Y) e\-1 I
for some C > 0. It follows that
X<Y. (4.12)

Using the viscosity inequality (4.9) at y, in the form of semijets as in Remark 4.2, we are led to
—(Yq, @) > 0, which by (4.11) and (4.12) implies —(Xp, p) > 0. Applying the alternative definition of sub-
solutions of (1.7) with semijets on u, we thus obtain

2 —
2 “ Xl _ ) < dux). “.13)
&

Combining (4.13) and (4.10), we end up with
Au(xe) = Au(y,) + o.

We reach a contradiction by letting € — 0. O

Funding information: The work of Qing Liu is supported by JSPS Grant-in-Aid for Scientific Research (No.
19K03574, No. 22K03396). The work of Ayato Mitsuishi is supported by JSPS Grant-in-Aid for Scientific
Research (No. 20K03598). This work was also supported in part by funding (Grant No. 197102 and
No. 205004) from Fukuoka University.

Conflict of interest: Authors state no conflict of interest.

References

[1] L. Ambrosio and ). Feng, On a class of first order Hamilton-Jacobi equations in metric spaces, ). Differ. Equ. 256 (2014),
no. 7, 2194-2245.

[2] L. Ambrosio and S. Honda, New stability results for sequences of metric measure spaces with uniform Ricci bounds from
below, In: Measure Theory in Non-Smooth Spaces, Partial Differential Equations and Measure Theory, De Gruyter Open,
Warsaw, 2017, pp. 1-51.

[3] S.N.Armstrong and C. K. Smart, A finite difference approach to the infinity Laplace equation and tug-of-war games, Trans.
Amer. Math. Soc. 364 (2012), no. 2, 595-636.

[4] G.Aronsson, M. G. Crandall, and P. Juutinen, A tour of the theory of absolutely minimizing functions, Bull. Amer. Math. Soc.
(N.S.) 41 (2004), no. 4, 439-505.

[5] M. Belloni and B. Kawohl, The pseudo-p-Laplace eigenvalue problem and viscosity solutions as p — oo, ESAIM Control
Optim. Calc. Var. 10 (2004), no. 1, 28-52.

[6] M. Belloni, B. Kawohl, and P. Juutinen, The p-Laplace eigenvalue problem as p — o in a Finsler metric, ). Eur. Math. Soc.
(JEMS) 8 (2006), no. 1, 123-138.

[7] H. Berestycki, L. Nirenberg, and S. R. S. Varadhan, The principal eigenvalue and maximum principle for second-order
elliptic operators in general domains, Commun. Pure Appl. Math. 47 (1994), no. 1, 47-92.



570 —— Qing Liu and Ayato Mitsuishi DE GRUYTER

(8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

[33]
[34]

[35]

[36]

[37]

T. Bhattacharya, An elementary proof of the Harnack inequality for non-negative infinity-superharmonic functions,
Electron. J. Differ. Equ. 8 (2001), 44.

T. Bieske, The Carnot-Carathéodory distance vis-a-vis the eikonal equation and the infinite Laplacian, Bull. Lond. Math.
Soc. 42 (2010), no. 3, 395-404.

T. Bieske, F. Dragoni, and J. Manfredi, The Carnot-Carathéodory distance and the infinite Laplacian, ). Geom. Anal. 19
(2009), no. 4, 737-754.

I. Birindelli and F. Demengel, First eigenvalue and maximum principle for fully nonlinear singular operators, Adv. Differ.
Equ. 11 (2006), no. 1, 91-119.

I. Birindelli and F. Demengel, Eigenvalue, maximum principle and regularity for fully non linear homogeneous operators,
Commun. Pure Appl. Anal. 6 (2007), no. 2, 335-366.

D. Bonheure, J. D. Rossi, and N. Saintier, The limit as p — oo in the eigenvalue problem for a system of p-Laplacians, Ann.
Mat. Pura Appl. (4) 195 (2016), no. 5, 1771-1785.

G. Bouchitté, G. Buttazzo, and L. De Pascale, A p-Laplacian approximation for some mass optimization problems, ). Optim.
Theory Appl. 118 (2003), no. 1, 1-25.

A. Briani and A. Davini, Monge solutions for discontinuous Hamiltonians, ESAIM Control Optim. Calc. Var. 11 (2005), no. 2,
229-251, (electronic).

L. Bungert and Y. Korolev, Eigenvalue problems in L: optimality conditions, duality, and relations with optimal transport,
Mathematics, 2021, https://arxiv.org/abs/2107.12117.

T. Champion, L. De Pascale, and C. Jimenez, The ee-eigenvalue problem and a problem of optimal transportation,
Commun. Appl. Anal. 13 (2009), no. 4, 547-565.

F. Charro and E. Parini, Limits as p — oo of p-Laplacian eigenvalue problems perturbed with a concave or convex term,
Calc. Var. Partial Differ. Equ. 46 (2013), no. 1-2, 403-425.

F. Charro and I. Peral, Limit branch of solutions as p — o for a family of sub-diffusive problems related to the p-Laplacian,
Comm. Partial Differ. Equ. 32 (2007), no. 10-12, 1965-1981.

M. G. Crandall, L. C. Evans, and R. F. Gariepy, Optimal Lipschitz extensions and the infinity Laplacian, Calc. Var. Partial
Differ. Equ. 13 (2001), no. 2, 123-139.

M. G. Crandall, H. Ishii, and P.-L. Lions, User’s guide to viscosity solutions of second order partial differential equations,
Bull. Amer. Math. Soc. (N.S.) 27 (1992), no. 1, 1-67.

G. Crasta and I. Fragala, On the characterization of some classes of proximally smooth sets, ESAIM Control Optim. Calc.
Var. 22 (2016), no. 3, 710-727.

G. Crasta and |. Fragala, Rigidity results for variational infinity ground states, Indiana Univ. Math. J. 68 (2019), no. 2,
353-367.

J. V. daSilva, ). D. Rossi, and A. M. Salort, Maximal solutions for the ®-eigenvalue problem, Adv. Calc. Var. 12 (2019), no. 2,
181-191.

L. Esposito, B. Kawohl, C. Nitsch, and C. Trombetti, The Neumann eigenvalue problem for the e=-Laplacian, Atti Accad. Naz.
Lincei Rend. Lincei Mat. Appl. 26 (2015), no. 2, 119-134.

L. C. Evans and W. Gangbo, Differential equations methods for the Monge-Kantorovich mass transfer problem, Mem. Amer.
Math. Soc. 137 (1999), no. 653, viii+66.

N. Fukagai, M. Ito, and K. Narukawa, Limit as p — oo of p-Laplace eigenvalue problems and L*=-inequality of the Poincaré
type, Differ. Integral Equ. 12 (1999), no. 2, 183-206.

W. Gangbo and A. Swiech, Optimal transport and large number of particles, Discrete Contin. Dyn. Syst. 34 (2014), no. 4,
1397-1441.

W. Gangbo and A. Swiech, Metric viscosity solutions of Hamilton-Jacobi equations depending on local slopes, Calc. Var.
Partial Differ. Equ. 54 (2015), no. 1, 1183-1218.

J. Garciiia-Azorero, ). ). Manfredi, I. Peral, and ). D. Rossi, The Neumann problem for the e=-Laplacian and the Monge-
Kantorovich mass transfer problem, Nonlinear Anal. 66 (2007), no. 2, 349-366.

J. Garcia-Azorero, ). ). Manfredi, I. Peral, and ). D. Rossi, Partial differential equations-the limit as p — oo for the
p-Laplacian with mixed boundary conditions and the mass transport problem through a given window, Atti Accad. Naz.
Lincei Rend. Lincei Mat. Appl. 20 (2009), no. 2, 111-126.

Y. Giga, N. Hamamuki, and A. Nakayasu, Eikonal equations in metric spaces, Trans. Amer. Math. Soc. 367 (2015),

no. 1, 49-66.

S. Honda, Cheeger Constant, p-Laplacian, and Gromov-Hausdorff Convergence, 2013, preprint.

R. Hynd, C. K. Smart, and Y. Yu, Nonuniqueness of infinity ground states, Calc. Var. Partial Differ. Equ. 48 (2013), no. 3-4,
545-554,

P. Juutinen, Absolutely minimizing Lipschitz extensions on a metric space, Ann. Acad. Sci. Fenn. Math. 27 (2002),

no. 1, 57-67.

P. Juutinen and P. Lindqvist, On the higher eigenvalues for the e=-eigenvalue problem, Calc. Var. Partial Differ. Equ. 23
(2005), no. 2, 169-192.

P. Juutinen, P. Lindqvist, and J. ). Manfredi, The e=-eigenvalue problem, Arch. Ration. Mech. Anal. 148 (1999), no. 2,
89-105.


https://arxiv.org/abs/2107.12117

DE GRUYTER Infinity-eigenvalue in metric spaces = 571

(38]

(39]
(40]

(45]
(46]

N
0 x A

(52]

(53]

(54]

P. Juutinen and N. Shanmugalingam, Equivalence of AMLE, strong AMLE, and comparison with cones in metric measure
spaces, Math. Nachr. 279 (2006), no. 9-10, 1083-1098.

E. Lindgren and P. Lindqvist, Fractional eigenvalues, Calc. Var. Partial Differ. Equ. 49 (2014), no. 1-2, 795-826.

E. Lindgren and P. Lindqvist, Infinity-harmonic potentials and their streamlines, Discrete Contin. Dyn. Syst. 39 (2019),
no. 8, 4731-4746.

E. Lindgren and P. Lindqvist, The gradient flow of infinity-harmonic potentials, Adv. Math. 378 (2021), no. 24, 107526.
E. Lindgren and P. Lindqvist, On e°-ground states in the plane, Math. Res. Lett. 2021, preprint.

P. Lindqvist, Notes on the infinity Laplace equation, SpringerBriefs in Mathematics, BCAM Basque Center for Applied
Mathematics, Bilbao; Springer, Cham, 2016.

P. Lindqvist and J. ). Manfredi, The Harnack inequality for -harmonic functions, Electron. J. Differ. Equ. (1995),

Page No. 04, approx. 5.

Q. Liu and A. Mitsuishi, Simplicity of principal eigenvalue for infinity Laplacian on metric graphs, in preparation.

Q. Liu, N. Shanmugalingam, and X. Zhou, Equivalence of solutions of eikonal equation in metric spaces, ). Differ. Equ. 272
(2021), 979-1014.

G. Lu and P. Wang, Inhomogeneous infinity Laplace equation, Adv. Math. 217 (2008), no. 4, 1838-1868.

G. Lu and P. Wang, Infinity Laplace equation with non-trivial right-hand side, Electron. J. Differ. Equ. 77 (2010), 12.

A. Mitsuishi, Certain min-max values related to the p-energy and packing radii of Riemannian manifolds and metric
measure spaces, 2019, preprint.

R. T. Newcomb, Il and ). Su, Eikonal equations with discontinuities, Differ. Integral Equ. 8 (1995), no. 8, 1947-1960.

S. Patrizi, The principal eigenvalue of the ®-Laplacian with the Neumann boundary condition, ESAIM Control Optim. Calc.
Var. 17 (2011), no. 2, 575-601.

Y. Peres, 0. Schramm, S. Sheffield, and D. B. Wilson, Tug-of-war and the infinity Laplacian, ). Amer. Math. Soc. 22 (2009),
no. 1, 167-210.

M. Pérez-Llanos and ). D. Rossi, The behaviour of the p(x)-Laplacian eigenvalue problem as p(x) — e, J. Math. Anal. Appl.
363 (2010), no. 2, 502-511.

Y. Yu, Some properties of the ground states of the infinity Laplacian, Indiana Univ. Math. ). 56 (2007), no. 2, 947-964.



572 — Qing Liu and Ayato Mitsuishi DE GRUYTER

Appendix
A Eikonal equation in metric spaces

In this appendix, we present several results on the eikonal equation in metric spaces that are used in the
proofs of Proposition 3.2 and Theorem 3.4. As mentioned in Section 1, for A > 0 the equation |Vu| - Au = 0
related to the eigenvalue problem can be turned into the standard eikonal equation |[VU| = A via the
transformation U = logu.

We thus consider the eikonal equation

Vul=A in Q (A1)

with the Dirichlet boundary condition u = g on 0Q, where A > 0 and g € C(3Q) are given. We still assume
that (X, d) is a proper geodesic space and Q ¢ X is a bounded domain.

In [46], the notion of Monge solutions of the Hamilton-Jacobi equations in the Euclidean space [50,15]
is also generalized for general length spaces. A locally Lipschitz function in Q is called a Monge solution
(resp., Monge supersolution, Monge subsolution) of (A1) if [V u| = A (resp., A, <A) in Q.

An optimal control interpretation is provided in [32, Theorem 4.2] to construct solutions of general
eikonal equations in metric spaces. It is shown in [46] that such solutions are actually Monge solutions. For
our particular purpose in this work, we below build a slightly different Monge solution u satisfyingu < g on
0Q, which is simply the celebrated McShane-Whitney extension in Q with Lipschitz constant A.

Theorem A.1. (Construction of a Monge solution). Suppose that (X, d) is a proper geodesic space and Q ¢ X
is a bounded domain. Assume that A > 0 and g € C(3Q). Let u be given by (3.1). Then u is Lipschitz in Q and
|V-u| = |Vu| = A holds in Q.

Proof. We first claim that, for any subdomain O with O ¢ Q and any x € O,

u(x) = minfu(z) + Ad(x, 2)} (A2)

For any z € O, by (3.1) there exists y, € 3Q such that
uz) = g(y,) + Ad(z, y,). (A3)
It follows from (3.1) again that
u(x) < g(y,) + Ad(x, y,) < g(y,) + Ad(z,y,) + Ad(x, z) < u(z) + Ad(x, z), (A4)
which due to the arbitrariness of z € O yields

u(x) < mi(_gl{u(z) + Ad(x, z)}.

On the other hand, we can find y, € 9Q such that
u(x) = g(y,) + Ad(x, y,). (A5)

Take a geodesic y connecting x and y,, i.e., y(0) = x, y(1) = y, and £(y) = d(x, y,). There must exist a point of
intersection z, of y and 00, which satisfies

d(x, y,) = d(x, zy) + d(zx, ¥,)-
In view of (A5), we thus can apply (3.1) once again to obtain
u(x) = g(y,) + Ad(zyx, y,) + Ad(x, z) = u(zy) + Add(x, zy) = mig{u(z) + Ad(x, z)}.
VA4S
Our proof of (A2) is now complete.

As mentioned before, (3.1) is just the McShane-Whitney Lipschitz extension. We can certainly obtain
the Lipschitz regularity:

lu(x) — u(z)| < Ad(x,z) forany x,z € Q. (A6)
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In fact, the argument resulting in (A4) applies to all points x, z € Q. Even if x or z appears on 9Q, we can still
obtain y, € 0Q satisfying (A3) and thus obtain (A4). Interchanging the roles of x and z in Q, we obtain (A6)
immediately.

It is then clear that |Vu| < A in Q. Let us now take any x € Q and any r > 0 small such that B,(x) c Q.
Using (A2) with O = B,(x) we have

sup (u(x) — u(z) - Add(x, z)) > 0,
zeB,(x)

which implies that

sup u(x) — u(z) .
zeB 0o\ d(X, 2)

Passing to the limit as r — 0, we end up with |V u|(x) > A for any x € Q. Since |V7u| < |Vu|, we obtain
[V-u| = |Vu| = A in Q, as desired. O

The function u defined by (3.1) obviously satisfies u < g on dQ. Note that in general one cannot expect
that u = g holds on 0Q even in the Euclidean space. A simple example is as follows. Let X be the closed
interval [0, 1] equipped with the standard Euclidean metric and Q = (0, 1). Assume that0 <A < 1,g(0) =0
and g(1) = 1. Then the function u as in (3.1) can be directly computed:

ux)=Ax, xeQ=X-=J0,1].

In particular, we have u(1) = A < g(1). In general, one needs additional assumptions to guarantee the
Dirichlet boundary condition in general metric spaces such as the A-Lipschitz continuity of g on 0Q.
See more details in [46, Section 3.3].

For our application in this work, we next present a comparison theorem for the Lipschitz Monge sub-
and supersolutions in a proper geodesic space.

Theorem A.2. (Comparison principle for eikonal equation). Suppose that (X, d) is a proper geodesic space
and Q ¢ X is a bounded domain. Let u and v be, respectively, a Monge subsolution and a Monge supersolution
of (A1) with A > 0. Assume in addition that u and v are continuous in Q. Ifu < v on 3Q, thenu < v in Q.

Proof. It is clear that u and v are bounded, since u, v € C(Q) and Q is bounded. We therefore may assume
that u, v > 0 by adding a positive constant to them. It suffices to show that yu < v in Q for all u € (0, 1).

Assume by contradiction that there exists y € (0, 1) such that supg(uu — v) > 0. Due to the assumption
that u < v on 9Q, we can find x € Q such that

sgp(yu - v) = uu(x) - v(x). (A7)

Since v is a Monge supersolution of (A1), there exists a sequence {y,} ¢ Q converging to x asn — oo such
that
V) VL

lim — " >21>0.
n—co d(x,y,)

Hence, by (A7) we have

A< limsupM < limsupM < p|Vul(x).

n—co d(x, y,) y—x d(x,y)

Noting that u is a Monge subsolution, we thus obtain A < uA, which is clearly a contradiction. O

One can show similar comparison results in the case of general length spaces without assuming the
spaces to be proper; see [46, Theorem 4.2]. In this general case, the assumptions are slightly more com-
plicated and the proof, involving Ekeland’s variational principle is more technical due to the possible lack
of local compactness of the metric space.
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