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Abstract

We investigate the validity of the Liouville property for a class of elliptic equations with
a potential, posed on infinite graphs. Under suitable assumptions on the graph and on the
potential, we prove that the unique bounded solution is # = 0. We also show that on a special
class of graphs the condition on the potential is optimal, in the sense that if it fails, then there
exist infinitely many bounded solutions.

Mathematics Subject Classification 35A01 - 35A02 - 35B53 - 35J05 - 35R02

1 Introduction

Let (G, w, t) be a fixed infinite weighted graph, with edge-weight w and node (or vertex)
measure 1. In this paper we study bounded solutions to elliptic equations with a potential of
the following form:

Au—Vu=0 in G, (1.1)

where the potential V is a nonnegative function defined in G and A denotes the Laplace
operator on G.

The uniqueness of solutions of Eq. (1.1) has been investigated by two of us in the recent
paper [31]; in this paper, it is proved that u = 0 is the only solution to Eq. (1.1), whenever
u belongs to a certain K(';(G, 1) space, where ¢ is a weight which tends to O at infinity and
p € [1,+00). Also the case u € £°°(G, n) can be considered, provided that the graph
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satisfies a suitable property. In any case, an essential hypothesis for the arguments used in
[31] is the existence of some c¢; > 0 such that

V(x) >c; forall x € G. (1.2)

Hence, the aim of the present paper is to understand when u = 0 is the unique bounded
solution of problem (1.1), without supposing hypothesis (1.2). To do this, we have to use
completely different methods than those exploited in [31].

We say that the Liouville theorem (or property) holds for Eq. (1.1), whenever u = 0 is the
only bounded solution of the same equation. Thus, in other terms, we are concerned with the
validity of the Liouville theorem for Eq. (1.1).

Before describing our results and methods of proof, let us contextualize our problem
within the literature. As it is well-known, many phenomena in various fields of applied
sciences can be modeled by means of graphs (see, e.g., [5, 24, 29]). For this reason, partial
differential equations posed on graphs have recently attracted the attention of many authors.
In particular, qualitative properties of solutions to both elliptic and parabolic equations have
been addressed, see e.g. [11-13, 15, 18, 22, 28, 36] and [1, 4, 6, 16, 17, 27, 33, 40, 43],
respectively. Moreover, the monographs [10, 23, 34] are important contributions to this topic.

In [19] and in [21], under suitable assumptions on the graph, it is shown that the parabolic
problem

ou=Au inG x (0, 00)
u=~0 in G x {0}

has at most one solution fulfilling a suitable growth condition. An analogous result can be
found in [4], where the time derivative is replaced by discrete differences. Furthermore,
in [23, Theorem 12.15, Corollary 12.16, Theorem 12.17] it is shown that, under suitable
assumptions on G, if u is a subsolution of Eq. (1.1) with V = 0 which satisfies u € £ (G, )
and u > 0, then ¥ must be constant.

Similar uniqueness results have been established also on manifolds (see, e.g., the seminal
L?-Liouville theorems in [25, 26, 41, 42] and the papers [7-9, 32, 37]), in bounded domains
of R" (see [2, 3, 35, 38]), and for nonlocal operators (see [30, 39]).

Now, let d denote a pseudo metric on G, and let B, (x() be the ball centered at xo € G
with radius r (see Sect.2 below). Concerning the potential V', we suppose that

V(x) > cod “(x,x9) forall x € G\ Bg,(xo),

for some ¢p > 0, Ry > 0 and « € [0, 1]. Under this assumption on V we prove that, if there
exists some constant A € (0, 1) such that

> M) < oo, (1.3)
xeG\ B (xo)

then u = 0 is the only bounded solution of Eq. (1.1). Let us comment that, with respect to
the results in [31], we removed hypothesis (1.2), thus allowing the potential V' to vanish at
infinity with a certain rate; the price to pay for considering such more general potentials is
condition (1.3), the geometrical meaning of which will be described Remark 2.5 below.

In order to prove the above-mentioned result, we take inspiration from [7]. However,
since in [7] the problem is posed on a Riemannian manifold, many ideas used in that setting
cannot be exploited on graphs, hence important differences arise. More precisely, the line of
arguments we follow to show our main result is the following: introducing the function

v(x,t) :=eu(x)—1 forall xeG, te[0,T],
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we first show that the positive part of v, namely v, is a subsolution of Eq. (1.1) in an
appropriate sense (see Lemma 4.2). Then, we obtain a key a priori estimate for v4 (see
Proposition 4.1), where test functions & = &(x, ) and n = n(x) are employed. Then we
select a suitable function &, which can be regarded as a sort of supersolution of an “adjoint
parabolic equation” (see Lemma 5.1). On the other hand, n will be chosen to be a “cut-off"
function (see Lemma 5.2). Then the conclusion follows by means of appropriate estimates.

A key point in our strategy of proof of uniqueness is to show that if u# is a bounded
solution of Eq. (1.1), then there exists a solution v to the same problem such that 0 < v < 1
(see Proposition 3.1). To show this, we first need to establish a weak maximum principle, see
Lemma 3.3, and a strong maximum principle, see Lemma 3.4. Let us mention that Proposition
3.1, Lemmas 3.3, 3.4, 4.2 can have an independent interest.

We also show that the bound (1.3) with & € [0, 1] is optimal. More precisely, on a special
class of graphs, we prove thatif V decays like d ~* (x, xo) forsome o > lasd(x, x9) — 400,
then there exist infinitely many bounded solutions to problem (1.1). To be specific, for any
y > 0 there exists a u solution to (1.1) such that u(x) — y as d(x, xg) — +o0. Its proof
is based on the construction of a suitable barrier at infinity, which is related to the class of
graphs we consider. To the best of our knowledge, on graphs, such type of results, which
consists in prescribing a Dirichlet condition at infinity, and the explicit construction of such
kind of barrier are totally new.

The paper is organized as follows. In Sect. 2 we describe the graph framework and we state
our main result. Section 3 is devoted to the auxiliary results for elliptic equations previously
described. In Sect. 4 we obtain the key apriori estimate for vy (x, t). We introduce and study
our test functions in Sect.5. The main result is proved in Sect. 6. Finally, in Sect. 7 we show
the optimality of condition (1.3).

2 Mathematical framework and the main result

2.1 The graph setting

Let G be a countably infinite set and u : G — (0, 400) be a given function. Observe
that i can be viewed as a Radon measure on G so that (G, ) becomes a measure space.
Furthermore, let

w:GxG—[0,+00)

be a symmetric, with zero diagonal and finite sum function, i.e.

1) okx,y) =w,x) for all (x,y) € G x G,
(1) w(x,x) =0 forall x € G; @.1)
(iii) Y o(x,y) < oo forall x € G.

yeG

Thus, we define weighted graph the triplet (G, w, u), where w and u are the so called edge
weight and node measure, respectively. Observe that assumption (ii) corresponds to ask that
G has no loops.

Let x, y be two points in G; we say that

e X is connected to y and we write x ~ y, whenever w(x, y) > 0;
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e the couple (x, y) is an edge of the graph and the vertices x, y are called the endpoints of
the edge whenever x ~ y;
e a collection of vertices {x;};_, C G is a pathif x; ~ xp41 forallk =0,...,n — 1.

We are now ready to list some properties that the weighted graph (G, w, 1) may satisfy.
Definition 2.1 We say that the weighted graph (G, w, u) is

(1) locally finite if each vertex x € G has only finitely many y € G such that x ~ y;
(ii) connected if, for any two distinct vertices x, y € G there exists a path joining x to y;

For any x € G, we define
e the degree of x as
deg(x) := Z w(x,y);
yeG
o the weighted degree of x as

deg(x)

D = .
2= "0

A pseudo metric on G is a symmetric, with zero diagonal map, d : G x G — [0, 400),
which also satisfies the triangle inequality

d(x,y) <d(x,z)+d(z,y) forall x,y,z€G.

In general, d is not a metric, since we can find points x, y € G, x # y suchthatd(x,y) =0.
Now, let us consider any path y = {x;};;_, C G, and a symmetric functiono : G x G —
[0, +00) such that

o(x,y) >0 ifandonlyif x ~ y.

Then we define the lenght subordinated to o as

n—1

lo(y) =Y 0 (xk, Xig1)-

k=0

A pseudo metric d = d, is called a path pseudo metric if there exists a symmetric map
o0 :G x G — [0, 400), with o(x, y) > 0if and only if x ~ y, such that

dy(x,y) =inf {I,(y) : y is a path between x and y}.
Finally, we define the jump size s > 0 of a pseudo metric d as
s:=sup{d(x,y): x,y € G,w(x,y) > 0}. 2.2)

For a more detailed understanding of the objects introduced so far, we refer the reader to [14,
20, 21, 31]. We conclude the subsection with the following

Definition 2.2 A pseudo metric d on (G, w, ) is said to be intrinsic if

w(x,y)d*(x,y) <1 forallx € G. (2.3)

u(x) o
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Observe that hypothesis (2.3) can be compared with an analogous condition on Riemannian
manifolds. Indeed, given any fixed reference point xo € G, let us consider the map

G > x — d(x, xg).

Then, we have

1
IVd(x, x0)> = —— Y o(x, »ld(y, x0) — d(x, x0)]*
(x) yeo
< Zw(x, y)dz(x, y) forany x € G.
u(x) e

Therefore, condition (2.3) ensures that
|Vd(x,x0)|2 <1 foranyx € G.

Such a property is clearly fulfilled on Riemannian manifolds.
For any xo € G and r > 0 we define the ball B, (xp) with respect to any pseudo metric d
as

B, (x0) :={xe G:dx,xyg) <r}.
In this paper, we always make the following assumptions:
(i) (G, w, ) is a connected, locally finite, weighted graph;

(ii) there exists apseudometric d such that the jump sizes is finite ; 2.4)

(iii) the ball B,(x) with respectto d is a finite set, forany x € G, r > 0;

here we have used Definitions 2.1 and 2.2.

2.2 Difference and Laplace operators

Let § denote the set of all functions f : G — R. For any f € § and forall x, y € G, let us
give the following

Definition 2.3 Let (G, w, ) be a weighted graph. For any f € §,

o the difference operator is

Vayf = f() — f(x); (2.5
e the (weighted) Laplace opemlor on (G, w, p) is
Af(x):= ﬁ Z[f(y) Ff(X)]w(x,y) forall x € G.

Clearly,

Af(x) = pres )Z(V”f)a)(x y) forallx € G.

We also define the gradient squared of f € § (see [4])

IVf@I = e )Zwu NV )P, x€G.

It is straightforward to show, for any f, g € §, the validity of
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e the product rule

Vay(f8) = f(X)(Viyg) + (Vay S)g(y) forallx,y e G;
e the integration by parts formula
1
Y IAF@I@RE = =3 Y (Vi NV glr. y), 2.6)
xeG x,yeG

provided that at least one of the functions f, g € § has finite support.

2.3 The main result

We have already stated in (2.4) the main hypotheses on the weighted graph (G, w, n). Con-
cerning the potential V, we suppose that

Ves,
Vix)>0 forallx e G, 2.7
V(x) > cod %(x,x0) forall x € G\ Bg,(x0),

for some xo € G, Ry > 0,cp > Oand @ € [0, 1].
We can now state the main result of this paper.

Theorem 2.4 Let assumptions (2.3), (2.4) and (2.7) be satisfied. Let u be a bounded solution
of problem (1.1). Moreover, suppose that there exists A € (0, 1) such that (1.3) holds. Then

u(x) =0 forany x € G.
We end the Introduction with a couple of remarks on Theorem 2.4.

Remark 2.5 Tt is worth noting that, if condition (1.3) holds, there exists a constant C > 0
such that the following estimate holds

Vol(B, (xg)) := Z w(x) < Ce™” forallr > 1.

x€B;(xo)

Hence, condition (1.3) can be regarded as a volume growth condition.

Remark 2.6 Observe that condition (1.3) with o € [0, 1] is sharp. In fact, on a special class
of graphs fulfilling this condition, the so-called model trees, if V decays like d~%(x, xo)
for some @ > 1 as d(x, xo) — 400, then there exist infinitely many bounded solutions to
problem (1.1). More precisely, for any y € (0, +00) there exists a solution « to (1.1) such
that

u(x) — y as d(x,xg) - +o0.
Since y > 0 is arbitrary, in particular nonuniqueness for Eq. (1.1) follows. See Sect.7 for

more details. To the best of our knowledge, in the literature such methods used on graphs
cannot be found.
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3 Auxiliary results

In this section we collect several preliminary results of independent interest which shall be
used in the proof of our main result, namely Theorem 2.4.

Proposition 3.1 Let assumption (2.4)-(i) be fulfilled. Assume that there exists a nontrivial
bounded solution of Eq. (1.1). Then there exists a solution v of Eq. (1.1) such that

O<v<l1l in G. 3.

Analogously to [2, 7], the proof of Proposition 3.1 is crucially based on the unique solvability
of the Dirichlet problem for

L:=A—-V(x),
that is,

Lu=f inQ

u=g inG\Q G2

(where Q2 C G is an arbitrary finite setand f, g € §), together with some maximum principles
for £. Since we were not able to find a precise reference for these results, and in order to
make the paper as self-contained as possible, we present here below the full proofs.

To begin with, we give the following definition

Definition 3.2 We say that u € § is a solution of Eq. (3.2) if,

Z ox,y)[u@y) —ux)] —Vxulx) = f(x) forevery x € 2, 3.3)

yeG

1
m(x)
and u = g in G \ Q. Moreover, we say that « is a supersolution (subsolution) to Eq. (3.2), if
the = in (3.3) is replaced by < (>) and u > g (<) in G \ Q.
We now establish the following Weak Maximum Principle.

Lemma 3.3 Let assumption (2.4)-(i) be fulfilled. Let Q@ C G be a finite set, and let u € § be
such that

<0 inQ
Lu=0 in (3.4)
u>0 inG\Q.
Then
u>0 inQ.

Proof We proceed essentially as in the proof of [10, Lemma 1.39]. We set m := ming u;
observe that m is well-defined since the set 2 C G is finite. Suppose, by contradiction, that
m < 0. Then the set

F={xeG:ux)=m}#9
is such that

ifxe Fandye G, y ~x,theny € F. (3.5)
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Indeed, let x € F be fixed, hence u(x) = m < 0. Due to (2.7), (3.4) and recalling that
w(x,y) > 0if y ~ x, we have

0> Lulx)=Aulx)—Vx)u(x)

w(x, y)(u(y) —u(x)) = V(x)ux)

m yeG
= —Deg(x)u(x) + T Zw(x Yu(y) — V(x)u(x)
y~x
> —Deg(x)u(x) + ﬂ Za)(x Vu(y).
y~x

Therefore, since u > min Qandu > 0 > m in G \ 2, we obtain

mDeg(x) = Deg(x)u(x) > ﬁ Za)(x, Yu(y) > mDeg(x),

y~x

from which we derive that

> o, yu(y) = mdeg(x). (3.6)

y~x

In view of (3.6), since u > m in G, we conclude that u(y) = m forevery y € G, y ~ x, i.e.
3.5).

Now, let us consider some x € F and y € G \ , hence u(x) = m < 0 and u(y) > 0.
Due to (2.4), there exists a path {xk}zzo such that

X0 =X, Xp =Y.

Since xg = x € F, we can apply (3.5) and infer that x; € F. By repeating this argument,
we get that x; € F for every i = 0, ..., n, hence in particular that x, = y € F and thus
u(y) = m < 0 which yields a contradiction. O

We now prove the following Strong Maximum Principle for £-harmonic functions.
Lemma 3.4 Let assumption (2.4)-(i) be fulfilled. Let u € § be such that

Lu<0 inG,

3.7
u=>0 inG. 3-7)

Then eitheru =0in G oru > 0in G.

Proof Let u be a solution of (3.7). Then, due to Lemma 3.3, u > 0 in G. Let us now assume
that there exists xo € G such that u(xg) = 0. Moreover, we consider the set

F={xeG:ux)=0}<aG.

Observe that xo € F. By arguing as in the proof of Lemma 3.3, by using that ming 4 = 0,
we get, equivalently to (3.5), that

if ye G and y ~ xo, then y € F.

Consequently, since G is connected, we conclude that F = G, and hence u = 0in G. |
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Due to Lemmas 3.3 and 3.4, we can now prove the following

Proposition 3.5 Let assumption (2.4)-(i) be fulfilled. Let Q2 C G be a finite set. Let f : Q2 —
Rand g : G\ 2 — R be arbitrary functions. Then there exists a unique solution u € § fo
problem (3.2) in the sense of Definition 3.2.

Proof We begin by observing that, given any u € §, we can write

1
Lu(x) = Aux) = V0u(x) = —— Y o (x, y)uy) —ux) = V)ux)
w(x) e
= —Degwu(n) + 3 25 v (outn) (3.8)
o w(x)
= —(Deg(x) + V())u) + Y _ Plx, pu) + Y Px, yu(y),
yEQ ye¢Q
where
(x,y)
P(x,y) = .
=

Thus, we see that u € § is a solution of (3.2) ifand only if u = gin G \ Q2 and

— (Deg(x) + V@x)ux) + Y Plx, pu(y) = f(x) = Y P(x, »)g(y) ¥V xeQ.

yeQ v¢Q
(3.9)

We now claim that the validity of (3.9), which only involves the values attained by u on €2,
can be rephrased as a linear equation in a suitable finite-dimensional vector space.

In fact, if we denote by §q the set of all real-valued functions defined on €2, it is immediate
to recognize that §q is a real vector space, and

Fo = span{xy) : x € 2)

(here, x4 stands for the indicator function of the set A € G). Thus, since €2 is finite, we
derive that §q has finite dimension n = card(£2). On this space §q, we then define the map

A:Fa = Fa.  (Aw)(x) = —(Deg(x) + V(0))u(x) + Y P(x, u).
yeQ
Clearly, A is linear; moreover, identity (3.9) can be rewritten as
Au=hpg — wherehy o= f(x)— > P(x,y)g() € Fa.
yEQ
Summing up, we have that u € § is a solution of problem (3.2) if and only if
u=ginG\Q and Aulg) =hy,. (3.10)

Using this ‘abstract’ formulation of the Dirichlet problem (3.2), we can easily complete the
proof of the proposition. First of all we observe that, owing to the Weak Maximum Principle
in Lemma 3.3, the linear operator A is injective: indeed, if u € §q is such that Au = 0 (that
is, Au(x) = 0 for every x € Q) and if we define i := ulg, from (3.8) we have

Li = Au =01in ;
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thus, since # = 0 in G \ €2, an immediate application of Lemma 3.3 shows that & = 0 in G,
and hence u = 0 in Fq. From this, since §q has finite dimension, we derive that A is also
surjective, and thus there exists a unique function u € §q such that

Au=hy,. 3.11)

Extending this unique function u by setting u(x) = g(x) forevery x € G \ L, from (3.11)
we conclude that (3.10) is satisfied, and thus u is the unique solution of (3.2). ]

With Proposition 3.5 at hand, we can finally prove Proposition 3.1.

Proof of Proposition 3.1 Letu € § be a non-trivial bounded solution of problem (1.1), and let
s := supg u € (0, +00). Without lost of generality, we may assume s = 1, indeed, it would
be sufficient to replace u with g Moreover, if u has constant sign on G, then the function

v = sgn(u)u,

is a solution of (1.1) satisfying (3.1). Indeed, it is immediate to recognize that v is a non-trivial
solution of (1.1), and 0 < v < 1 on G. Then, by the Strong Maximum Principle in Lemma
3.4, we conclude that v > 0 on G. If, instead, u changes sign in G, we fix M such that

0<M <supuy =1,
G

and, for every n € N, we let v, € § be the unique solution of problem
Lv=0 in B, (p),
v=(u— My inG\By(p).

where p € G is a point arbitrarily chosen. The existence and uniqueness of v, foreachn € N
is guaranteed by Proposition 3.5, since the balls B, (x) are finite sets, see (2.4).
We now claim that, for every n € N, the following properties holds:

(i) 0 < v, < 1 pointwise on G;
(ii) v, < v,u41 pointwise on G.

Taking this claim for granted for a moment, we can easily complete the proof of the propo-
sition. In fact, owing to (i)-(ii) we deduce that the sequence {v, }, is increasing and bounded
on G; as a consequence, the function

v(x) = nl}r_{}w v(x) x €@,

is well-defined, and it satisfies 0 < v < 1 on G. Moreover, since

Ly (x) = Avy(x) — V(x)v,(x)

—— ) o, Y)W (Y) —v,(x)) = V(X)vu(x) =0 Vx € By(p), neN,
m(x) e

(3.12)

and since the sum which defines the Laplacian A is actually a finite sum (recall that the graph
G is locally finite), by letting n — +o00 in (3.12) we readily obtain

+00
Lv(x)=0 Yxel| JB.(p)=G,

n=1
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and thus v is a solution of problem (1.1). Finally, reminding that 0 < v < 1 on G and
using the Strong Maximum Principle in Lemma 3.4, we conclude that v € § is a solution of
problem (1.1) also fulfilling (3.1). Hence, we are left to prove the claimed (i)-(ii).

Letus show (i). We first observe that, since Lv, = Oin B, (p) andsincev, = (u—M)4+ >0
in G \ B, (p), from the Weak Maximum Principle in Lemma 3.3 we infer that v, > 0in G.
On the other hand, since the constant function ¢ = 1 satisfies

L =-V(x) <0 in B,(p),
{>w—M)y  inG\ By(p),

by applying the Weak Maximum Principle in Lemma 3.3 to the function ¢ — v, we imme-
diately conclude that v, < ¢ = 1 pointwise on G.
Now, let us prove (ii). First of all we observe that, since ¢ = u — M satisfies

C:M_MS(M_M)+ lnG\Bn(p)7

by applying the Weak Maximum Principle in Lemma 3.3 to the function v, 41 — { we derive
that v,411 > ¢ = u — M in G; thus, since we already know that v, > 0, we obtain

Up4+1 > (u — M);+ pointwise on G. (3.13)

Owing to (3.13), and applying once again the Weak Maximum Principle in Lemma 3.3 to
the function v, 41 — v, with Q = B, (p), we then conclude that v, < v,41 in G.

This ends the proof.

4 A useful apriori estimate

Now we have established Proposition 3.1, we turn to prove an apriori estimate for nonnega-
tive and bounded solutions to (1.1) which will play a key role in the proof of Theorem 2.4.
Throughout what follows, we set

S :=G x [0, +00); 4.1)
and, for any given 7 > 0,

St =G x|[0,T].

Proposition 4.1 Let assumption (2.4) be in force. Let u be a solution of Eq. (1.1) such that
0 <u < 1. Moreover, let T > 0 and define

v(x,t) :=e'u(x) —1 forall (x,t) e Sr.
Finally, letn € §, and & : ST — R be such that

(i) n >0, suppn is finite ; 4.2)
(i) &(x,) e (0, 7)), &%) e (0, T forany x € G; (4.3)
(i) [7*(y) — >V — D1 >0 forallx,y € G, x ~y, t €[0,T]. (4.4)
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Then

Do VOV T ) = Y Vo @vd (x, 0eF 0 u(x)

xeG xeG

xeG yeG

T
< [) Zvi(x,z)n%x)em-”{vmst(x,rm(xw;Zwu,yme“-“”‘“*”]z di

T
+2 / > v 0 InG) = ne)Po(x, y) dr. (4.5)
0

x,yeG

To prove Proposition 4.1 we need an auxiliary result (of independent interest) which shows
that, if v is any solution of the parabolic equation

Voju—Au=0 inG x[0,T], (4.6)

then vy := max{v; 0} is a subsolution of the same equation (in a suitable sense).
This is the content of the following

Lemma4.2 Let v : St — R be a solution of Eq. (4.6) such that the map t — v(x,t) is
C([0, T)) for any x € G. Then, for any fixed x € G,

Vorvp(x,t) — Avyp(x,t) <0 forae t€[0,T].

Proof We separately consider three cases.
Case 1. Let (x,t) € G x (0, T) be such that

v(x, 1) > 0. 4.7)
Then, by the continuity of the map # — v(x, ¢), there exists § > 0 such that v(x, ) > 0 for
any t € (t—§, t+9). Therefore, v(x, ) = v4(x, ) forany t € (t —§, t + ). Consequently,
since the map ¢ — v(x, t) is C1([0, T]), we also have that

qvx, 1) = dvi(x, 1). 4.8)

Now, due to the fact that v4(y, t) > v(y, t) forany y € G, by (4.7), (4.8) and (4.6), we have

1
Vojvy(x,t) — Avg(x,t) = Vou(x, t) — — Z[v+(y, 1) —vi(x,D]ox,y)
p(x) e
< Vov(x, 1) — ﬁ Xcz;[v(y, 1) —v(x, H]wx,y) =0.
ye
Case 2. Let (x,t) € G x (0, T) be such that
v(x,1) <O. 4.9)

Then, by the continuity of the map ¢ — v(x, ¢), there exists § > 0 such that v(x, ) < 0 for
any t € (t — §8,t + §). Therefore, vy (x,t) = 0 for any t € (r — §, ¢ + §). Consequently,
since the map ¢ — v(x, 1) is CL([0, T]), we also have that

dvi(x,1) = 0. (4.10)
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Now, due to the fact that vy (y, ) > 0 for any y € G, by (4.9) and (4.10), we have

1
Vatv+(x! Z) - AU+(X, [) = _m Z[U+(y’ [) - U+(x, t)]w(x! y)
1
=0 [v+(y, D]w(x,y) < 0.
pix yeG
Case 3. Let x € G fixed. We consider the set U, = {r € (0, T) : v(x, t) = 0}. We have that
ov(x,t) =0 forae. t € U,. (4.11)
Then we can find V, C U, such that

A(Vy) = A(Uy) and 9;v(x, t) = 0 for every t € Vs (4.12)

(here, A denotes the one-dimensional Lebesgue measure). Thus, since v (y, t) > 0 pointwise
on G x (0,T), by (4.11) and (4.12), for any # € V,, we have

Vovp(x, 1) — Avy(x, 1) = _ﬁ Z[v+(y, ) —vye(x,D]o(x,y)
yeG
= ( ) Y vy, D], y) <0.
M yeG
Hence the thesis follows from the combination of the three cases. ]

Proof of Proposition 4.1 We first observe that, due to Lemma 4.2, for any x € G,
V(x)ovye(x,t) — Avp(x,t) <0 forae.t €[0,T]. (4.13)

We multiply (4.13) by the function (x, 1) — v (x, 1) n*(x)ef ™D 1 (x) and we integrate on
the time interval [0, T']. Thus we get

T
/ V(x) dv4 (x, Doy (x, 1) n?(x)e S0 p(x) di
0

T
< / Awy (. 1) vy (x0T () d
0

We sum over x € G, so

> / V(%) dvg (x, Dug(x, 1) 7 (0)eE 0 u(x) di

xeG
<> / Avp(x, 1)) vy (x, 1) > () p(x) dt.
xeG

Notice that, since n(x) is finitely supported, the series in the latter inequality are actually
finite sums. Therefore, we obtain

/ D V@) dog(x, v (e, ) 7 ()eE ) () d
xeG

T 4.14)
< [0 3 A v 0 ) .

xeG
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Set
I:i=Y" Ay (x. 1) vp(x, 1) ()ef ) pu(x).
xeG

Then, by (2.5) and (2.6),

1 2 ,
=3 2 [Tau PO o, y)
x,yeG

1
=5 2 @O0 () (Veyvs) (Vayef) 0. y)
x,yeG

(4.15)

1
3 Z vy (x, t)eS(y”) (VX),er) (nynz) wkx,y)=J1++ J3.
x,yeG

In view of (2.5), we obviously have
Vil = () + n)]1n(y) = n(x)] forall x,y € G. (4.16)

By Young’s inequality with exponent 2, for any §; > 0, we have, for every ¢ € [0, T],

1
h=-3 )ZG U (8, DN (1) (Vayv1) (Viye®) o (x, y)

1
=3 D v O () (Vayvy) [es(y’t) - es(x’t)] w(x,y)

x,yeG

1
= =3 2 v P (Veyvg)ef? [1 — es("”)‘“””)] o(x, y)

x,yeG
81 2
=7 Z [Vayvi ] *(0)ef O o (x, y) 4.17)
x,yeG
1 2
tg 2 B [1=ET O PR e, y)
x,yeG
31 2 ,
= [Viyvg] ?(»ef D w(x, y)
x,yeG
1 2
+ 5, XE:G v_z,,_(x, 1) [1 - eé(y")_g(x‘t):l nz(x)es(x’t) w(x,y).
x,y

Similarly, due to (4.16), by Young’s inequality with exponent 2, we have, for every 6, > 0
and forevery t € [0, T],

1
Jy=—5 3 ve (0O (V) ) + 001 () = ()] @, )

x,yeG

8
= Z2 Z s [vxyv+]2 (n(y) + n(X)]2 w(x,y)

x,yeG
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A Z SO0 (x, 1) [n(y) — n()1* w(x, y)

x,yeG
= %2 E00 Vv P [P 0) + 0] @, )
x,yeG
1
i S0V, ) () = 1)1 0(x, y)
x,yeG
_ & Et) 4 E(D) 21 2 2
=2 2[00+ ] [V P [0 + )] o )
X, VGG
Z E0DV (e, 1) () — () w(x, ). (4.18)
x,yeG

From (4.4) we can easily infer that

[P () +n*()] [ef@’»” + ef(m] <2 {nz(y)eg(y’t) + nz(x)eé(x’t)} . @19)

By using (4.18) and (4.19),

Z Vous P {R00ef 00 + 206t 0 ) o, y)
X,ye

= Z SO00E (e, ) ) = @ o, )
xyeG
=5 Z [Vous 2 0)eECD w(x, y)

x,yeG

— > ECNT D In(y) = n@)1 o, ).

2 x,yeG

(4.20)

By combining (4.15), (4.17) and (4.20) we get, for every ¢ € [0, T],

> Avg(x, vy (x, D) u(x)

xeG

1
= ) Z [nyv+]2772()’)eg(y't)w(x, y)
x,yeG
)
+ 5 2 Var PR e o, »)
x,yeG
1 X 2
+ — Z vi(x, 1) [1 — eg(}”)fg(x’t)] 2 (x)ef D w(x, y)

48 x,yeG

4.21)

2 ,
+ 8 Z [nyv_k] 2 (1eEYD w(x, y)
x,yeG

1
+ @ Z vi(xr t) [fl()’) - n(x)]z eé(y”) a)(x7 y)
x,yeG
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We now choose §; = 1 and §, = % in such a way that —% + %‘ + 82 = 0. Consequently,
(4.21) yields, for every ¢ € [0, T],

=" Avi(x, Do (x, ) P (e u(x)

xeG
1 2 ) 2
_ A0 =E(xD) 2 §(x,1)
=1 2 v [1= 0 R0 o, y) 422)
x,yeG
+ Y v ) ) — )0 w(x, y).
x,yeG

By substituting (4.22) into (4.14), due to the linearity of the integral operation, we get

T
/ D V) dvg (x, ) vy (e, NP 0)eE 0 u(x) di
0

xeG

T
1 2
< / 7 2 v [1=EOE R o, ydr (403)
0 x,yeG

T
+ / D vl 0l — )P w(x, y)dr.
0

x,yeG
We now consider the left-hand side of (4.23). Thus we have

T
/ D V@) dr (e, ) v (x, D )eE 0 p(x) di
0

xeG

T
- Z V(x)nz(x)p,(x)/ () (x, 1) vy (x, 1)eE D dr
0

xeG
T

= % Z V(X)nz(X)M(X)/ (Ui)t(x, 1) 0D gy

: - O 4.24)
) Z VOt ovd (e, T) &1 u(x)

xeG
- % Z V(X)UZ(x)vi(x, 0) €00 1 (x)
xeG

T
-3 /0 S VPR (x, 08 (v, 1) 0D ) dr.

xeG

By combining together (4.23) and (4.24), we then obtain

>V @vi . T) e pe) = Y Vot (v (x,0) 50 i)
xeG xeG

T
< /0 > P wd () 6D [V(x>s[(x,t>u(x>+ % o[- =0 e,y | ar

xeG yeG

T
#2 [0 Rl - P Vo, y) i
0

x,yeG

This is precisely (4.5), and the proof is complete. O
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5 Some distinguished test functions

Let us now prove the existence of suitable test functions & and 5 which are admissible in
(4.5) and which satisfy some ad-hoc properties.

Throughout the sequel, we let xo € G and Rg > 0 be as in assumption (2.7); furthermore,
we choose parameters M > 0,7 > 0, 8 € (0, 1], A > 1 and

r > 25+ Ro, G.D
where s is defined in (2.2). Setting
d(x) :=d(x, xo) forevery x € G,

we then define

p(x)

E(x,t) = _MAT —,

forany x € G, t € [0, T),

i d) <, (52)

where p(x) := max{d” (x), r/} = {df‘(x) if d(x) > r

Concerning the function &, we have the following key lemma.

Lemma 5.1 Let hypotheses (2.3) and (2.4) be fulfilled; suppose that (2.7) is satisfied with
o € [0, 1]. Let & be the function defined in (5.2). Then

1 ' ) 2
V&G DRE) + 5 Y 0. y) [1 - e$<}~’>—f<”>] <0 forall x€G, 1 € (0,T),

yeG
(5.3)
provided that M = T > 0 is sufficiently small and B = «.
Proof To ease the readability, we split the proof into two steps.
STEP I: In this first step we prove the following estimate
lp(x) — p(M)] < ﬂRg_ld(x, y) forevery x,y € G withx ~ y. 5.4

To this end, it is useful to distinguish two cases.
(i) x € Byr_g(xp). In this case, by triangle’s inequality and (2.2) we have
d(y) <rforeveryy € G, y ~ x;
as a consequence, from the very definition of p we derive
@) = p)l =P 1P =

and this trivially implies (5.4).
(i) x € G\ By_(xp). In this case we first notice that, since the function

R3¢+ max{t,rﬁ}

is Lipschitz-continuous with Lipschitz constant L = 1, by the Mean Value Theorem and
again the triangle inequality we can write

lp(x) — p(M] < 18P (x) — dP (»)| < o P d(x) — d(y)|

(5.3)
< poPldx,y) VYyeg,
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where o > 0 is a suitable point between d(x) and d(y). On the other hand, since we
assuming that x ¢ B,._;(xp) (hence, d(x) > r — ), by (2.2) we have

d(y)>r—2s>Ry VyeG, y~nx. (5.6)

Recalling that 8 < 1, from (5.5) to (5.6) we immediately obtain

-1
() = p(W| < BRY'd(x,y) Yy eG, y~rx,
which is exactly the desired (5.4).
STEP II: In this second step we establish (5.3). To begin with, we point out that

@ —1)? <a?? vaeR;
this inequality, together with (5.4), allows us to write

(1 _ eé(y,t)—é(x,t))2 < E(y, 1) — E(x, t)|282|$(y,t)—§(x,t)|
2
L p()—p )|

=or 02 )zlp(y) ()i

ﬁz 2/3 2M2 2/51(‘3 1Md(x y)
e T ey,

and this estimate holds for every x,y € G and every ¢t € (0, T). Then, using (2.2) and
recalling that d is intrinsic (hence, (2.3) holds), for every x € G and ¢t € (0, T')) we obtain

V(x) & (x, Hp(x) + % > o y) [1 _ eé‘(y,t)—soc,z)]z

yeG

28-2, 2 p—1
Mp(x) B2R) M 26RY " MdGry) 2
<-———=V -0 z To—D  y)d(x,
=0T _ 17 () (x) + SOT 1) yEGe w(x,y)d(x,y)

Mp(x) ,32 2/3 2M2 2,31?‘B "ms (5.7

< _ﬁv( ) ( )_i_meﬂ Za)(x,y)d(x, y)2
yeG
- M p(x)

28R lMs
—M{ V(@) () + ﬁ 2R Zer&n}.

To proceed further, we now fix 8 = « and we exploit assumption (2.7): taking into account
the piecewise definition of p, see (5.2), it is easy to recognize that

V(xX)px) > cod(x)“p(x) =cod(x)™% -max{d*(x),r*} > c9p VxeG; (5.8

as a consequence, by combining (5.7), (5.8) we conclude that

V(x) & (x, Dp(x) + % > o, y) [1 - eé(»t)—é(x,t)]z
yeG
1

ﬂ7
28R M
o Mpx) ) o+ ﬂsz’ 2,71 § <0,
— (AT —1)2 -

provided that

2eoRE 2 o= TETBRE s
B? '

M=T and 0 <M <
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This ends the proof. O

Now that we have proved Lemma 5.1, we turn to prove the existence of a suitable ‘cut-off’
function 7. To this end, taking for fixed all the notation introduced so far, we choose

ry > 2r + 8s

and we define the function
2[r —s —dx)];

rl

n(x) := min{ 1} forany x € G. (5.9)

Owing to [30, Lemma 5.2] (with the choice § = 1/2), we obtain the following result.
Lemma 5.2 Let assumptions (2.3), (2.4) be satisfied. Then, the function n defined in (5.9)
satisfies the following properties:

. 2
@ |Veynl < Zd(x, y)X{%_zssd(x)frl} forany x € G;

) 4
(i) y;;(vxyn)zwoc,y) < O aycaen) Ty x€ G (510)

6 Proof of Theorem 2.4

Due to the results established in Sects.3, 4 and 5, we are ready to provide the proof of
Theorem 2.4. In what follows, we take for fixed all the notation introduced so far.

Proof of Theorem 2.4 By contradiction, suppose that there exists a non-trivial bounded solu-
tion of Eq. (1.1). Then, due to Proposition 3.1, we know that there exists a solution u to the
same Eq. (1.1) such that

0<u <1 pointwisein G. 6.1)

Let us now define v(x, t) := e'u(x) — 1, for any (x,t) € S, for § as in (4.1). We want to
show that

v(x,t) <0 forevery x € supp(V)andt > 0. (6.2)

To do so, let us fix T > 0 (to be chosen conveniently small in a moment), and we arbitrarily
choose r > 2s + Ry, for Ryg > 0 and 0 < s < +o0 as in (2.7) and (2.2), respectively. Let &
be asin (5.2) with 8 = «, A > 1 and with M = T chosen as in Lemma 5.1. Moreover, let us
fix 1 > 0 in such a way that

ry = 2r + 8s, (6.3)

and let n be as in Lemma 5.2. Now, we observe that n and & obviously satisfy conditions
(4.2) and (4.3); furthermore, also (4.4) is fulfilled, since both 1 and & (-, t) are non-increasing
functions of d. Therefore, from (4.5) we obtain

> V@@V TS n) = Y Vemto)vd (x, 00650 u(x)
xeG xeG

T
< / > vi e P (e V<x)sf<x,rm<x)—%Zw(m)[l—ef(y'”*fo‘-”]z dr

xeG yeG
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+2f Z vy (x, NV n(y) — () Pw(x, y) dr. (6.4)

x,yeG
On the other hand, by Lemma 5.1 there exists 7o = To(%) > 0, such that

1
V) (x, D) = 5 Do, [l = FONTEODPE <0 VxeG,1e 7).

yeG
(6.5)
provided that T < Ty. As a consequence, by combining (6.4) and (6.5), we obtain
Vet DD ne) = Y V)t ovd (x, 006550 u(x)
xeG xeG
(6.6)
< 2/ D vl 0E () — )P wlx, y)dt.
x,yeG

We then proceed by estimating both sides of (6.6).

- Estimate of the left-hand side. First of all we observe that, owing to the definition of 1 in
(5.9), we have n > 0 pointwise on G and n = 1 on B,(xg) = {x : d(x) < r}. Now we
observe that, due to (6.1), v4(x, 0) = 0 in G. Moreover, since p(x) = d(x)* in B (xg), we
obtain

Y Ve DES D) = 3 Vn v, 00 ()

xeG xeG

=Y Vom0l (x, T D)
xeG

6.7

> 3 V@ DD ¢

X€By(x0)

=Y Y. V@U@ D),
x€B(x0)

where we have used the shorthand notation y, ; = e *=T > 0.

- Estimate of the right-hand side. We first observe that, using the definition of & given in
(5.2), since 0 < vy (x,1) < e’ on S, for S as in (4.1), and by exploiting (5.10), we have

f Y v (O (y) — (0P, y) dr

x,yeG

/ S 02 (r, 00N (Ve (r, v) di

x,yeG
/ 3 02 (DD (T2, v) dr
x,yeG
e / Y e (= L) Voot v dr
x,yeG
T Y ex (——)(vxm) o, y)
x,yeG
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4T€2T p(x)
(rl)2 Z <_ T)X{%‘*Zssd(x,xo)yl}(x)“(x)

_ar T o(x)
N (”le)2 Z ( . )X{’<d(x,XO)§r1}(x),lL(X).

Now, since p(x) = d*(x) when d(x) > r, by using (6.3), we obtain that

f Y v, ey — nn)Po(x, y)d
x,yeG (68)

1) d(x)
= E”l)z Z ( - ) (r<d(x,x0)<r} (O (X).

Then, by combining (6.7) and (6.8) with (6.6), we obtain

o

D V) v, D) < Lz D exp ( -2
xeG

2
x€By (x0) ) »

) Xir<d(x)<r } () pu(x), (6.9)

where ¢(T', 1, r) > 0 1is a constant only depending on 7', A and r. Now, if 0 < A < lis as
in (1.3), and if we set

1
A=—>1,
A
then estimate (6.9) boils down to
c(T,A,r) _AgQe
> V@) vl Dipk) < oy D e MWy a2 (O p(x)
x€B, (x0) ! xeG
c(T,x,r) A
= W Z e Ad (XVXO)X{r<d(x)§r1}(x)l"“(x)-

xeG
(6.10)

Furthermore, we recall that r| was arbitrarily fixed, hence by taking the limit as r; — 400
in (6.10) and by assumption (1.3), we get

> V) vl D) =0.

X€ B (x0)
Thus, we readily derive that
v, T) <0 Vx € B (xo) Nsupp(V), 0<T < Ty(h),

where we recall that the number Tj depends on A, which is by now fixed. From this, recalling
also that r > 25 + R( was arbitrarily fixed, we then obtain

v(x,T) <0 Vxesupp(V), 0<T <To(r). (6.11)
Now, let us introduce the ‘shifted’ function
vi(x, 1) = v(x, 1+ To(2)).

Clearly, it is still a solution of the parabolic problem (4.6). In addition, by (6.11), v1(x,0) <0
for every x € supp(V). By applying the very same argument exploited so far, we can infer
that

vi(x,T) <0 Vxesupp(V), 0<T <Tp(2),
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hence
v(x, T) <0 Vxesupp(V), 0<T <2Tp(1).

By iterating this argument, and by using in a crucial way the fact that To(X) > 0is a universal
number remaining unchanged at any iteration (as A > 0 is fixed), we conclude that

v(x,T) <0 Vxesupp(V), T >0.

This yelds (6.2).
We can now easily conclude the proof of the theorem, in fact, due to (6.2) and exploiting
the definition of v, we have

t

0<u<e " foreveryx esupp(V)andr > 0.

Then, by letting t — 400, we deduce that u < 0 on supp(V) # &, but this is clearly in
contradiction with (6.1). This completes the proof.

7 Optimality on model trees

We start by showing a general non-uniqueness criterium which holds for any graph (G, o, )
such that (2.4) is fulfilled. We write x — oo whenever d (x, xg) — +00, for some reference
point xg € G.

7.1 A general non-uniqueness criterium

Let us consider Eq. (1.1). We can prove the following result.

Proposition 7.1 Let assumption (2.4) be in force. Moreover let V € §, V > 0 and R>0. If
there exists a supersolution to problem

1
—Ah=—-1 in G\ By,
%
h>0 in G\ By, (7.1)
lim h(x) =0,
X—>00
then there exist infinitely many bounded solutions u of problem (1.1). In particular, for any
y € R, y > 0, there exists a solution u to problem (1.1) such that

lim u(x) =y.
X—>00
Proof Lety e R, y > 0.Forany j € N, let us consider the following problem

{Au—V(x)u =0 in B, 72

u =y inG\ B;.

Due to assumption (2.4), existence and uniqueness of a solution u; to problem (7.2), in the
sense of Definition 3.2, for any j € N is granted by Proposition 3.5. We now claim that

0<uj(x) <y forany x € G andforany j € N. (7.3)
In fact, since

Auj—V(x)uj =0 in Bj,
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and since u; =y > 0in G\ Bj, from Lemma 3.3, we can infer that #; > 0 in G. On the
other hand, let v(x) := y for any x € G. Then, since V(x) > 0 for any x € G, and since
y >0

1
AV(x) = V()I(x) = —— ) ox, NUG) —v(x)] — V(X)v(x)
(x) yeG (7.4)

=—y V() <0 forany x € G.
Forany j € N,letw := v — u;. Due to (7.2) and (7.4),
Aw —VxX)w <0 in G.
Moreover, w > 0in G \ B;. Hence, by Lemma 3.3, w > 0 in G and, in particular,
uj <y inG.

Therefore, (7.3) follows. Furthermore, for any j € N, let u; be the solution to problem
(7.2) in Bj 1. Thus, in particular, observe that

Aujy —VX)ujy1 =0 in By,
and, by (7.3), uj41(x) < y forany x € G\B;. Letv :=u; —uj1, then
Av—V(x)v=0 in Bj,
v=y—uj+1 >0 in G\ Bj.
Therefore, by Lemma 3.3, v > 0 in G and, in particular, for any j € N,
ujrp <u; in G. (7.5)

Hence, from (7.3) and (7.5), we deduce that the sequence {u} jen is decreasing and bounded
on G. Therefore, there exists u € § such that

u(x) = lim u;(x), x eG.
Jj—+oo

Moreover, u; solves problem (7.2) for any j € N and since the sum which defines the
Laplacian A is finite, by letting j — +o00 we obtain that u is a solution to problem (1.1).
Let & be a supersolution to problem (7.1). Then we define, for any x € G\Bj, with R>0
as in the assumptions,

w(x) :=—=Ch(x)+y. (7.6)

For any j € N such that B; D By, we show that w is a subsolution to problem (7.2) in the
sense of Definition 3.2. Due to (7.1) and since V > 0 in G, we have that

Aw(x) — V(x)w(x) ox, Y[(=h(y) +y) — (=h(x) + )]

- myEG
= V@) (=Ch(x)+y)

=—CAh(x)+V(x)Ch(x)—Vx)y

= V) (C—y)

>0 forany x € Bj\ B,
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provided that C > 0 is big enough. Moreover, u; > win G \ Bj sinceu; =y in G \ B;.
Therefore, by Lemma 3.3, we get

uj(x) > w(x) forany x € G\ Bp. 7.7)
By combining together (7.3) and (7.7) we get
—Ch(x)+y=w) <uj(x) <y forany x € G\ Bp.
By letting j — oo we get
—Ch(x)+y <u(x) <y forany x € G\ By,
thus, in particular, due to (7.1),

lim u(x) = y.
X—> 00

7.2 Model trees and a special supersolution

In this subsection we consider a special kind of graphs, the so called model trees, and we show
that the uniqueness result in Theorem 2.4 is sharp for this choice of graph. More precisely,
we show that the choice « € [0, 1] in assumption (2.7) is optimal, indeed infinitely many
bounded solutions exist whenever o > 1. Let us first define a model tree.

Let (T, wop, 1) be a weighted graph as in Sect. 2, with . (x) = ¢ (for ¢ > 0). We assume
that the edge weight wq satisfies, together with (2.1), the following additional property:

wo(x,y) € {0, 1} foreveryx, y € G.
and we denote by d the distance on T subordinated to wy, that is,
d(x,y) =inf { log(¥) 1 v = {xk};_p is a path between x and y } ,
where [, (y) = ZZ;(I) o (X, Xk+1)- Accordingly, we define
S,(xp) ={xeT:dx,xg) =r} (xo € G, r > 0).
We then say that the graph T is a model tree if the following properties holds:

a) T contains a vertex xg, known as the root of the model;
b) denoting by m(x) the number of edges which have x as endpoint (for every x € T), the
number m (x) is constant on S, (xg) = S,, that is

if x € S(x0)={x€T:d(x,xg) =r}, then m(x) =m(r).

If T is a model tree, we define the branching at the distance r from the root, and we denote
it by b(r), as the number of edges connecting each vertex in S, to a vertex in S,1; we also
agree to set b(0) = m(xp). Thus, for any r > 0, we have that

m(r) = b(r) + 1.
We say that the model tree is homogeneous if the branching is constant, that is,

b(r) = b for every r > 0, for some b € N.
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Throughout what follows, we will deal with a model homogeneous tree with branching b,
which will be denoted by (7}, wo, tt.); accordingly, we denote the ball B, (xg) of radius r
centered at the root xo of 7} simply by B,.. We explicitly notice that, by definition, we have

*) wo(x, y) = lifand only if d(x, y) = 1; (7.8)
x) if wp(x,y) =1, then d(y, xo) = d(x, x0) £ 1; (7.9)

Moreover, for every x € Tj, \ {xo} we also have

x) card{y € Tp : d(x,y) = 1,d(y, x0) = d(x,x0) + 1} = b,

(7.10)
x) card{y € Tp : d(x,y) = 1,d(y, x0) =d(x,x9) — 1} = L.
We can now prove the following lemma.

Lemma 7.2 Let (Tp, wo, jtc) be a graph as above with branching b > 2, andletV € §, V >
0 on Ty. Assume that, for some o > 1 and Ry > 2, we have

V(x) < Cod *(x,x0) forany x € G\ Bg,. (7.11)
Then there exist C > 0, R > 0 and B > 0 such that
h(x) := CdP(x,x), xe€G\B;
is a supersolution to problem (7.1).
Proof Let x € G \ Bg, be fixed. Setting d(-) := d(-, x0), and observing that
dy) >dx)—1>1 VyeT y~x

(recall that Ry > 2 and see (7.9)), by the Mean Value Theorem we have

c
Ah(x) = — > wo(x, MIAF(y) —d P (x)]

¢ yeG
& (7.12)
=—B— Y wolx, E () —d)],
Me veG
for some & in between d(y) and d(x). Clearly,
Do, METPTIAG) —dWl = Y wolx, »ETPTAG) —d()]
veG d(y)>d(x)
+ Y @l ETPTIAY) - d()]
d(y)<d(x)
=:ST+5S. (7.13)

Moreover, by exploiting (7.9), (7.10) (and since 8 > 0), we have
D St= Y e, Nd P MG —d0)] =bd P () =bld) + 1177
d(y)>d(x)

() S™ = Y wolx, d PN @MA(y) —dx)] = —d 7 (x).
d(y)<d(x)

(7.14)
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By combining (7.12), (7.13) and (7.14), we then obtain
Cp

c

Ah(x) < — {=b[d(x) + 117F7 a7 (0)} . (7.15)

We finally observe that, given any € > 0, there exists R> Ry such that

1< (o) + 17771 <1+4¢ wheneverd(x) > R; (7.16)
dﬂ+1(x)
thus, if x € G\ By < G \ Bg,, by (7.15), (7.16) and (7.11) we obtain
_CRPp
2Copc '

1 CB anp, b
e Ah(x) < fccod (x)d (x) ( T+s + 1) <

provided that
2b -3
3

2Copc
Re—B-18"

Note that ¢ > 0 since b > 2, while 8 > 0 since o > 1. This completes the proof. O

&= >0,0<ﬂ§a—l,é:

From Proposition 7.1 and Lemma 7.2 we obtain the next

Corollary 7.3 Let (Tp, wo, itc) be a graph as above with branching b > 2, and let V €
T, V > 0on Tp. Assume that condition (7.11) is fulfilled.

Then, there exist infinitely many bounded solutions u of problem (1.1). In particular, for
any y € R, y > 0, there exists a solution u to problem (1.1) such that

lim u(x) =y.
X—>00

7.3 A counterexample

On account of Corollary 7.3, we can easily show that the requirement o € [0, 1] in assumption
(2.7) cannot be dropped, that is, this assumption is optimal if one restricts to a particular class
of graphs.

To illustrate this fact, let (7}, wo, 1£1) be a homogeneous model tree with branching b > 2
(and weighted counting measure . = 1), and let xo be the root of the model. Given any
number « > 1, we then consider the function V € § defined as follows:

V(x) = (14d(x,x0) "

(where d is the usual distance on trees). Clearly, assumptions (2.3) and (2.4) are satisfied
in this context; moreover, V : T, — R is a strictly positive potential on Tp, but the last
condition in assumption (2.7) is obviously violated (since & > 1).

We now observe that, since @ > 1, the series (1.3) is convergent for every choice of
A € (0, 1): in fact, recalling that | = 1, we have the following computation

Z e—Ada(x,xo)M(x) _ i( Z e—Ada(x,xo)M(x))

xeG\Bj(xp) n=1 {x:d(x,xo)=n}
00 00
=Y M ulx: dxxo) =n)) =Y be M,
n=1 n=1
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and the series ), b"e=7" converges by the Ratio Test.

On the other hand, since b > 2 and since V is a strictly positive potential on 7}, satisfying
condition (7.11) (with Ry = 1 and Cp = 1), we are entitled to apply Corollary 7.3, ensuring
that there exist infinitely many non-trivial bounded solutions to Eq. (1.1). Hence, the condition
a € [0, 1] is optimal in this context.
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