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THE p-HARMONIC BOUNDARY FOR
QUASI-ISOMETRIC GRAPHS AND MANIFOLDS

MICHAEL J. PULS

ABSTRACT. Let p be a real number greater than one. Sup-
pose that a graph G of bounded degree is quasi-isometric with
a Riemannian manifold M with certain properties. Under
these conditions we will show that the p-harmonic boundary
of G is homeomorphic to the p-harmonic boundary of M. We
will also prove that there is a bijection between the p-harmonic
functions on G and the p-harmonic functions on M.

1. Introduction. Let (X,dx) and (Y,dy) be metric spaces. A
map ¢: X — Y is called a quasi-isometry if it satisfies the following two
conditions:

(1) There exist constants a > 1, b > 0, such that, for x1, 22 € X,
1
de($1,$2) —b <dy(o(z1), 0(22)) < adx(z1,22) + b.

(2) There exists a positive constant ¢ such that, for each y € Y, there
exists an « € X that satisfies dy (¢(z),y) < c.

Let G be a graph, and let x be a vertex of G. The set of neighbors of x
will be denoted by N, and deg (x) will denote the number of neighbors
of x. We shall say that G is of bounded degree if there exists a positive
integer k such that deg (z) < k for every vertex x of G. A pathin G is a
sequence of vertices x1, 22, ... , %, where ;41 € Ny, for 1 <i<n—1.
A graph G is connected if any two given vertices of G are joined by
a path. All graphs considered in this paper will be countably infinite,
connected and of bounded degree with no self-loops. Two vertices x
and y in G are connected by an edge if and only if y € N,. Assign
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length one to each edge of G; then G is a metric space with respect
to the shortest path metric. Let dg(-,-) denote this metric. So if z
and y are vertices in G, then dg(x,y) is the length of the shortest path
joining = and y. We will drop the subscript G from dg(-,-) when it is
clear with which graph G we are working. If A is a set of vertices of G,
then #A will denote the cardinality of A.

Let M be a complete, connected and non-compact, smooth Rieman-
nian manifold of dimension n > 2. Using the Riemannian distance,
which we will denote by d (-, ), M is also a metric space. We will use
dx for the Riemannian volume element. For x € M, B,(z) will denote
the metric ball centered at z of radius r; and Vol (S) will be the volume
of a measurable set S C M. In addition to the conditions in the first
sentence of this paragraph, all manifolds considered in this paper will
also have the following properties:

(V) There are positive increasing functions Vo (r) and Vi (r) on (0, co)
that satisfy
Vo(r) < Vol(Br(z)) < Vi(r)

for all x € M.

(P) For r > 0, there exists a real number C,. such that, for any y € M
and any smooth function f on B, (y),

/ If(x)—fldwgcr/ |V f(x)|da,
Br(y) B (y)

where f = (Vol (B,(y)))™! Jp. ) (@) dz.

These properties are satisfied by any complete manifold M where the
Ricci curvature of M is uniformly bounded from below by —(n—1)K?,
where K > 0, and the injective radius of M is positive.

Let p be a real number greater than one. In Section 2 we will define
the p-harmonic boundary for both graphs and manifolds. It was shown
in [6, Theorem 2.7] that if G and H are quasi-isometric graphs, then
their p-harmonic boundaries are homeomorphic. On the other hand, [5,
Theorem 2] says that if M and N are quasi-isometric manifolds, then
their p-harmonic boundaries are homeomorphic. A reasonable question
to ask is the following: if a graph G of bounded degree is quasi-isometric
with a complete Riemannian manifold M, how are their p-harmonic
boundaries related? Reinterpreting Theorem 2 of [4] into our setting,
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it was shown that if G is quasi-isometric with M, then the p-harmonic
boundary of G is empty if and only if the p-harmonic boundary of M
is empty. Theorem 1.1 of [2] says that if there is a quasi-isometry from
G to M then the p-harmonic boundary of G contains one element if
and only if the p-harmonic boundary of M contains one element. In
this paper we extend these results by proving

Theorem 1.1. Let G be a graph of bounded degree, and let M be
a complete Riemannian manifold with dimension at least two and that
has properties (V) and (P). If G and M are quasi-isometric, then their
p-harmonic boundaries are homeomorphic.

In Section 2 we will also define what it means for a function to be
p-harmonic on G and M. Our other main result for this paper is:

Theorem 1.2. Let G be a graph of bounded degree, and let M be
a complete Riemannian manifold with dimension at least two and that
has properties (V) and (P). If G and M are quasi-isometric, then there
s a bijection between the bounded p-harmonic functions on G and the
bounded p-harmonic functions on M.

This paper is organized as follows: In Section 2 we give some prelim-
inaries concerning the p-harmonic boundary and p-harmonic functions.
In Section 3 we define k-nets and give some results concerning xk-nets
that we will need. We prove our main results in Section 4.

2. Preliminaries. Let 1 < p € R. In this section we will define
the p-harmonic boundary and p-harmonic functions. Furthermore, we
will state some properties of these concepts that will be needed later in
the paper. We will also set some notation to be used in this paper and
give some facts that will be needed concerning estimates on volumes of
metric balls.

We begin by defining certain function spaces that will be used in our
definitions. For more detailed explanations about these function spaces
and about the p-harmonic boundary, see [6, Section 1] for graphs and,
for Riemannian manifolds, see [5, Section 1] or [7, Chapter III.1].

Let M be a complete Riemannian manifold. Denote by D,(M) the set
of continuous real-valued functions on M for which Vf € LP(M), where
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V f is the distributional gradient of f. Set BD,(M) equal to the set of
bounded functions in D,(M). Under the usual operations of function
addition, pointwise multiplication of functions and scalar multiplication
BD,(M) is a commutative algebra. Furthermore, BD, (M) is a Banach
algebra with respect to the following norm

18D, = IV Fllp + [I.fllo

where || - || denotes the sup-norm and || - ||, is the LP-norm. Let
C.(M) be the set of continuous functions on M with compact support.
Denote by B(CC(M)DP) the closure of C.(M) in BD,,(M) with respect
to the following topology: A sequence (f,) in C.(M) converges to
f € BD,(M) if supg | fn — f| = 0 as n — oo for each compact subset
K in M, (f,) is uniformly bounded on M and

n—oo

lim /M IV (fn — f)(@)|P de — 0.

We now proceed to define analogous function spaces for a graph G
of bounded degree. Let V be the vertex set of G, and let € V. For
a real-valued function f on V we define the pth power of the gradient
and the p-Dirichlet sum by

IDf@)P = > [fy) - f@)?,

YyEN,

L(f,V)=>Y_|Df()P.

zeV

In this setting D, (G) will be the set of functions f for which I,(f, V) <
oo. Under the following norm D,(G) is a reflexive Banach space

1£llp, = L(f. V) + | f(0)P)/7,

where o is a fixed vertex of G. Let BD,(G) be the set of bounded
functions in D,(G). It is also the case that BD,(G) is a commutative
algebra under the operations of function addition, pointwise multipli-
cation and scalar multiplication. With respect to the following norm
BD,(G) is a Banach algebra

£, = Lp(f, V)Y + | flloos
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where || - ||« is the usual sup-norm. The set C.(G) will consist of all
functions on V' with compact support. Denote by B(Cc(G)p ) the
closure of C.(G) in BD,(G) with respect to the D,-norm.

In what follows X will either be M or G. A character on BD,(X)
is a nonzero homomorphism from BD,(X) into the complex num-
bers. Denote by Sp(BD,(X)) the set of characters on BD,(X).
With respect to the weak -topology, Sp(BD,(X)) is a compact Haus-
dorff space. The space Sp(BD,(X)) is known as the spectrum of
BD,(X). Let C(Sp(BD,(X))) denote the set of continuous functions
on Sp(BD,(X)). For each f € BD,(X), a continuous function fcan
be defined on Sp(BD,(X)) by f(T) = 7(f). Each x € X defines an
element in Sp(BD,(X)) via evaluation by x; that is, if f € BD,(X),
then z(f) = f(x). It turns out that, under this identification, X is
an open dense subset of Sp(BD,(X)). The compact Hausdorff space
Sp(BD,(X)) \ X is known as the p-Royden boundary of X, which we
will denote by R,(X). Now, B(C.(X), ) is closed in BD,(X) with re-
spect to the BD,-norm. The p-harmom'pc boundary of X is the following
subset of the p-Royden boundary

o~ J—

9p(X):={r € Ry(X) | f(r) = 0 for all f € B(C.(X)p )}.

P

It can be shown that 0,(X) = @ if and only if 1 € C.(X)p , where 1
is the constant function that always takes on the value one on X. In
this case it follows from [4, Theorem 2| that 0,(G) = 9,(M) because
X is p-parabolic if and only if 1 € C.(X), . For the rest of this paper,
it will be assumed that X is not p—paragolic. From now on we will

implicitly assume the following

Lemma 2.1. Let x € 0,(X), and let (x,) be a sequence in X that
converges to x. Then dx(o,z,) — 00 as n — oo, where o is a fized
point in X.

Proof. Suppose that there exists a real number M such that
dx(o,zn) < M for all n € N. Define a function X € C.(X) by
Xm(y) = 1if dx(o,y) < M and Xp(y) = 0 if dx(o,y) > M. Then
Xaz(z) = limy, 00 Xas(2n) = 1, a contradiction. Thus dx (o0, z,) — 0o
as n — 0o. o
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Now suppose X = M, and let W1P(M) be the set of functions
f € LP(M) for which Vf € LP(M). If h is a continuous function
in W,"P(M) that is a weak solution of

—div(|Vh|P™2Vh) =0,

then we shall say that h is p-harmonic. On the other hand, if it is the
case X = G, then h is defined to be p-harmonic if

Z |h(y) — h(x)|P~2(h(y) — h(z)) =0 forall z € V.

YEN,

In the case 1 < p < 2 we make the convention that |h(y) —
h(@)[P~2(h(y) — h(z)) = 0 if h(y) — h(z) = 0.

Let BHD,(X) be the set that consists of all bounded p-harmonic
functions on X that are contained in D,(X). We now state some
properties of p-harmonic functions and the p-harmonic boundary that
will be needed in the sequel. For proofs of these and other properties,
see [6, Section 4] for graphs and [5, Section 2] for manifolds.

Theorem 2.2 (p-Royden decomposition). Let f € BD,(X). Then
there exists a unique u € B(C’C(X)Dp) and a unique h € BHD,(X)
such that f =u+ h.

Using the p-Royden decomposition, the following characterization of
functions in BD,(X) that vanish on 9,(X) can be obtained.

Theorem 2.3. Let f € BDy(X). Then f € B(Ce(X)p, ) if and only

-~

if f(7) =0 for all T € 9p(X).

Observe that it follows immediately from the theorem that if h €
BHD,(X) is the p-harmonic function in the p-Royden decomposition
of f € BD,(X), then f(7) = h(r) for all 7 € 9,(X). Furthermore, the
following is also a consequence of the previous theorem

Corollary 2.4. A function in BHD,(X) is uniquely determined by
its values on 0p(X).
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Note that if 0,(X) contains only one element, then BHD,(X) con-
sists precisely of the constant functions on X.

3. k-nets. For the proofs of our main results we will need to use
k-nets. In this section we will explain what a x-net is and give some of
its properties that will be useful for our needs.

A netis a countable set I with a family {Ny}ser of finite subsets N,
of I' such that, for all g,h € I', g € N}, if and only if h € Ny. For g € I,
each element of N, is called a neighbor of g. It is possible to think of a
net as a countable graph with vertex set I' by connecting vertices g and
hinI' by an edge if h € N,. Thus the definitions given in Section 1 for
properties of a graph, such as a path, carry over to a net.

Let M be a complete Riemannian manifold. We shall say that a
subset I of M is k-separated for k > 0 if dpr(g,h) > Kk whenever g
and h are distinct points of I'. Now assume that I' is a maximal k-
separated subset of M. By setting Ny = {h € I' | 0 < dum(g,h) < 3x}
for each g € I', we have a net structure on I'. We define I' to be a
k-net if I' is a maximal k-separated subset of M with the net structure
given above. It is easy to see that a k-net in M is connected due to
our standing assumption that M is connected. If I' is a k-net, then it
is also a countable, connected graph. Thus, I' is a metric space with
respect to the shortest path metric. A couple of facts about x-nets that
we will need later are:

(1) Let T’ be a x-net in M. Then, for a given r > 0, there exists a
constant C,. such that #(I' N B,(z)) < C, for all x € M.

(2) Let T be a k-net in M. Then the inclusion map ¢:T" — M is a
quasi-isometry.

The first fact can be proved by using the argument from [3, Lemma 2.3]
since Vol (Bgr(z)) < [Vi(R)/Vo(r)]Vol (B, (x)), where 0 < r < R < 0.
This fact shows that I' is a graph of bounded degree and that, for
each x € M, there exist at most C, elements g in T' for which B, (g)
contains z. The second fact is [3, Lemma 2.6], where it was assumed
that the Ricci curvature was bounded from below; it was also proven
in [1, Lemma 2.13] without any curvature assumptions on M.

Let k be a small positive number, and let I' be a k-net in a complete
Riemannian manifold M. Let 1 < p € R. The rest of this section is
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devoted to describing how to map functions from BD,(I") to BD,(M),
and vice versa. For each g € T', pick a smooth function n, € C.(M)
such that 0 < ny, <1, 7y =1 on By(g), ny = 0 outside of B(s,)/2(9),
and that |Vn,| < ¢, where ¢ is a constant that does not depend on g.
For x € M define

_ T]g(a:)
Sl = @

Now |V¢&,]| is uniformly bounded. Indeed,

Ve, | < |Vng|(z77h>1 g |V77h|(z77h) -2

heTl hel heTl
<|Vngl+ > [Vl

her
< (k+2)c,

where k is a constant that satisfies #N, < k for all g € I'. Let
f:T = R. Define a smooth function f: M — R by

(3.1) fl@)=>" flg)& (),

gel’
where x € M. We are now ready to state and prove
Proposition 3.1. If f € BD,(T"), then f € BD,(M).

Proof. Let g € T, and suppose = € By(g). Now

Vi@ = Y Fn)Véu()

heN,U{g}

S (F(h) - F(9)) Ven ().

hEN,

The last equality is due t0 ), e . gy f(9)én(x) = f(g) and >_heN,u{g}
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Vén(xz) = 0. We now obtain

wrer < (3 100 -Tova i)

heN,

< <(th Fh) - 7<g>|p) l/p
(x |v<h(m>|q)1/q)p

hEN,
< |DF(g)[P(ck'/9)P,

where (1/¢)+(1/p) = 1 and k is a constant with #N, < k forall g € T'.
It now follows that

[Ivswpa < [ @i < @i Y 076)
B.(g

gel’ gel’

Hence, f € BD,(M). o

Corollary 3.2. If f € B(Ce(T')p, ), then f € B(Ce(M)p, ).

Proof. By the proposition, f € BD,(M). Now let (f,) be a
sequence in C,.(T') that converges to f. For each n, f,, € C.(M) because
fn € Co(T'). We will now show that f € B(C.(M)p, ). By using the
argument from the above proposition, we see that !

/|V (z)[Pdx < CIL,(f, — f,T),

where C' is a constant. Consequently, [, |V (fn — f)(x)||Pdz — 0 as
n — oo. Let K be a compact subset in M. Set I'x = {g € T |
dy(g, K) < (3k)/2}. Now #I'k is finite because K is compact. Let
xz € K, and let € > 0. Since {4(x) = 0if g ¢ I'x, we obtain

[fale) = F@)] < D [Fale) = F9)l-

g€l
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For h € D,(I') and g € T, there exists a constant C; depending
upon g such that |h(g)] < Cyllh|p,. Thus, (f,) — f pointwise.
Hence, for each g € T'k, there exists a number N(g) such that, for
n > N(g), [Falg) — F(@)] < &/(#Tx). Set N = maxgers, {N(9)}. So,
for n > N, |fn(z) — f(2)] < e for all x € K. Thus supg |fn — f| = 0
as n — oo for each compact subset K in M. By making slight
modifications to the proof of Theorem 1G from [7, page 153], it follows
that f € B(C.(M)p, ). O

P

Let f € BD,(M). Define a function f*:T' — R by

1
3.2 * _ dx.
(3.2) (9) /BM(g)f v

We will now show f* € BD,(T").
Proposition 3.3. Let f € BD,(M). Then f* € BD,(I).

Proof. Let g € I'. By Holder’s inequality and property (P), we get
the following

Va(dm)r /B V@2 Vol (Buslg) /B IV f(2)Pde

1 (9)

-(/ » Vi)

o [ @£ d)

where C'is a constant. Let h € Ng. Then das(g, h) < 3. Consequently
both Bys(g) and By, (h) are both contained in Br.(g). Letting 8 =
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C~PVi(4k)P~1, for convenience we now obtain

24 IVf(x)l”dxzﬁ< [ wiwpra [ |Vf<x>|de)
Br7.(9) Buw(9)

By (h)

-(/ NCE Falds)
~(f NCE Fular)
> ([, V@ -Gl
- INICENAU! dx)p
1

> L ( / @ =) dx)
Volw)? (11 (9) — F*(W)P).

p

>
= 2p71

The last inequality follows from By (g9) € Bax(g) N Bak(h), and three
inequalities up is Jensen’s inequality. Due to I' having bounded degree,
there exists a constant C that does not depend upon f or g for which

;D
Cy /Bm@ Vi@ > Y (1) — £ )P

heEN,

Furthermore, we saw earlier that if x € M, then there exist at most
C7 balls Bz, (g) that contain z, where C7, is a constant that does not
depend upon f or g. Hence,

/|Vf |de>z/ IV f(2)|Pda.

ger Br.(9)

Summing up, we obtain
C: [ IVi@lPds = 1,(7.1).
M

where C5 is a suitable constant. Therefore, f* € BD,(I"). O
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Corollary 3.4. If f € B(Cc(M)p, ), then f* € B(Cc(I)p ).

Proof. Let f € B(Ce(M)p, ); then f* € BD,(I') by the proposition.
We will now show that f* is also an element of B(Cc(I')p, ). Let (fn)

be a sequence in C.(M) that converges to f. For each n, f} € C.(I')
since f, has compact support and I' is k-separated. Arguing as in the
proposition, it can be shown that there exists a constant C' such that

LI - fr)<C /N 19U = D).

Thus I,(fr — f*,I') = 0 as n — co. Let o be a fixed vertex of I', and
let € > 0. A calculation shows that

* * 1
1£20) — f*(0)] < W/Bm (fo — F)(@)) de

Now |fn(z)— f(z)| < € for large n and all x € By, (0) due to the closure
of By, (0) being compact in M. Hence, |f*(0) — f*(0)|P — 0 as n — oo.
Therefore, f* € B(Ce(I')p ). O

4. Proofs of Theorems 1.1 and 1.2. Let G be a graph of bounded
degree, and let M be a Riemannian manifold. Let I' be a maximal x-
separated net in M, where k is a small positive number. Recall that
I" can also be considered as graph of bounded degree with vertex set
I'. Assume for now that 0,(I') is homeomorphic to J,(M). We saw
in Section 3 that the embedding ¢:I' — M is a quasi-isometry, so the
graph G is quasi-isometric with I' because the composition of quasi-
isometries is a quasi-isometry. It follows from Theorem 2.7 of [6] that
0p(G) is homeomorphic to d,(M), as desired. In order to complete the
proof of Theorem 1.1 we need to show that d,(M) is homeomorphic to
0p(I"), which we now proceed to do.

We begin with two crucial lemmas.

Lemma 4.1. Let (y,) be a sequence in M with dp(0,yn) — 00 as
n — 00, where o is a fized point in M. For each n € N, let x,, € T
that satisfies dpr(zn,yn) < k. Let 1 < p € R. If f € BD,(M), then
[f*(xn) — f(yn)| = 0 as n — oo, where f* is defined by (3.2).
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Proof. For each n € N we have that

)= £l = |Gy o, 0= o)

1
’W /BM (f(@) = flyn)) dz

1
= Vol (B (wn)) /BM(%) (@) = Fgn)l do

- (m /Bmwn) e f(y””pdx) "

Let ry = da(yn,x), and let v,:[0,00) — M be a geodesic parame-
terized by arclength that satisfies 7,(0) = y, and ~,(rz) = z. By
independence of path

/0 VL) A0 db = () — F ().

For notational convenience, set 8 = 1/(Vol (B4x(xy))). Consequently,

a LCE s ) l/p
<(sf " (/ " |me<t>>|dt)pdx)l/p
</ " (ﬁ / " |Vf<%(t>>|pdx)l/pdt

1/p
<5nﬁ1/p(/ ( )|Vf(x)|pdx> .
Bs,. Yn

The second to last inequality is Minkowski’s integral inequality. By con-
dition (V) we have a constant V;(5k) such that V5 (5k) < Vol (Bsk(z))
for all z € M. Hence,

1/p
() — Flu)] < 5/-evo<5n>-1“’( / IVf(x)l”dx) |

500 (Yn)
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Now st () |V f(x)Pdx — 0as dp(0,y,) = co because f € BDp(M).
Therefore, | f*(xn) — f(yn)| — 0 as n — oo. O

Lemma 4.2. Let f € BD,(T'), and let f € BD,(M) be defined by
(3.1). Let x € 9y(L'), and let (x,) be a sequence in I' that converges to
x. Then |f(xn) — f(zn)| = 0 as n — co.

Proof. Let n € N, and let I'y, = {g € I' | g € B(zx)/2(zn)}. Now,

1/p
(g;lf JENIEAEN)
< (Z T~ Fenl ) "

The last inequality follows from &, (x,,) = 0 if g_¢ I, Ifge T \{zn},
then g € N, , so it follows that Egerz [7(9) — F(zn)|P — 0 as

dr(o,z,) — 0 due to fe BD,(I"). Hence, |f(xz,) — T(xn)| — 0 as
n — oo. o

We will now proceed to define a function ®:09,(I') — 9,(M). Let
x € 0p(T), and let (zy) be a sequence in I' that converges to x. Since
Sp(BD,(M)) is a compact Hausdorff space we may assume, by passing
to a subsequence if necessary, that the sequence (z,) converges to a
unique element y € Sp(BD,(M)). Define ®(x) = y. We now prove
that @ is well-defined and y € 9,(M).

Proposition 4.3. The map @ is well defined from 9,(T) to 0,(M).

Proof. Let x and y be as above. We first show that ® is well-defined.
Let (x,) and («]) be sequences in T' such that both (z,) and ()
converge to x. Suppose that (z,,) — y1 and (z],) — y2 in Sp(BD,(M))
and further assume that y1 # yo. Let f € BD,(M) that satisfies
fly1) = 0 and f(y2) = 1. Define f* as in (3.2). Setting y, = x, in
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Lemma 4.1 we obtain lim, e f*(2,) = 0 and lim,_, f*(z}) = 1.
But f* € BD,(I") which means

lim f*(z,) = f*(z) = lim f*(),),

n—00 n—oo

a contradiction. Thus, ® is well defined.

We will now show that ®(z) = y € 0,(M). Suppose y ¢ 0p(M),
then there exists an f € B(CC(M)DP) such that f(y) # 0. Assume

f(y) > 0 and define f* as in (3.2). Since f* € B(Cc(I')p ) it must be
the case lim,— o0 f*(z,) = f*(z) = 0. However, Lemma 4.1 says that
limy, 00 f*(xn) = f(y) > 0, a contradiction. Thus, y € 9,(M). O

We now show that @ is a bijection.
Proposition 4.4. The map @ is a bijection.

Proof. We will begin by showing that & is one-to-one. Let x1,2z9 €
O0p(I') satisfy ®(x1) = P(x2). Assume z; # x2. Then there exists
an f € BD,(I') with f(z1) = 1 and f(z2) = 0. Let (z,) and
(x],) be sequences in T' such that (z,) — =1 and (x),) — 2. Using
f define a function f € BD,(M) by (3.1). By Lemma 4.2 we see
that lim, 0o f(2,) = 1 and lim, o f(2],) = 0. This contradicts the
assumption

lim (z,) = ®(z1) = ®(x2) = lim (x)).

n
n—oo n—0o0

Thus, @ is one-to-one.

We will now show that @ is onto. Let y € 9,(M), and let (y5,) be a
sequence in M with (y,) — y. For each n € N, choose z,, € T" that
satisfies d(@n,yn) < k. We claim that (z,) = y in Sp(BD,(M)). To
see the claim, let f € BD,(M) and define f* € BD,(T") by (3.2). By
Lemma 4.1 both |f(xz,) — f*(xn)] — 0 and |f*(xn) — f(yn)] — 0 as
n — oo. Hence,

|f(zn) = f(yn)| — 0 asn — oo

for all f € BD,(M). Thus lim, o0 (2,) = lim, oo (yn) = y, and the
claim is proved.
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By passing to a subsequence if need be, we assume that the sequence
(z,,) converges to an unique element z in the compact Hausdorff
space Sp(BD,(T")). To finish the proof, we need to show z € 9,(T).
Suppose z ¢ 0,(T), then f(x) # 0 for some f € B(Ce(T')p,). Using
f define a function f € B(C.(M)p ) via (3.1). By Lemma 4.2,

lim,, o0 f(2n) = lim, 00 f(2,,), which implies f(y) # 0, contradicting
y € 0p(M) and f € B(C.(M)p ). Thus, z € 0,(I') and ®(z) = v,

p

which shows that ® is onto. m]

To finish the proof that the bijection ® is a homeomorphism we only
need to show that @ is continuous, since both 9,(I') and 0,(M) are
compact Hausdorft spaces. Let U be an open subset of d,(M), and
let z € ® 1 (U). Fix ¢ that satisfies 0 < ¢ < 1. Let (z,) be a
sequence in I' for which (z,) — = and let y = ®(z) € U. By [5,
Proposition 1] there exists a subset Q of M such that y € Q, where
the closure is in Sp(BD,(M)), and QN §,(M) C U. It was shown
in the proof of this proposition that & = {m | h(m) > e}, where
h € BHD,(M), 0 < h < 1,h(y) = 1 and h = 0 on 9,(M)\ U.
Using this, h a function h* € BD,(I') can be defined by (3.2). Let
V ={z € 0,(T) | h*(z) > ¢/2}. The set V is open due to h* being
continuous. Moreover, it follows from Lemma 4.1 that x € V. Now let
z € V, and suppose ®(z) ¢ U. Consequently, h(z,) — 0 where (z,) is
a sequence in I' that converges to z. It follows from Lemma 4.1 that
h*(z,) < /2 for large n, contradicting z € V. Thus V C ®~1(U) and
the continuity of ® is established. Therefore, ®:0,(T') — 0,(M) is a
homeomorphism and Theorem 1.1 is proved.

The proof of Theorem 1.2 pretty much follows the same path as the
proof of Theorem 1.1. Let G be a graph of bounded degree, and let M
be a complete Riemannian manifold. Let I' be a maximal k-separated
net in M, where « is a small positive constant. The graph with bounded
degree T is quasi-isometric with G so by the theorem [6, Theorem 2.8]
there is a bijection between BH D, (G) and BH D,(I"). To complete the
proof of the theorem, we must establish a bijection between BH D, (I)
and BH D, (M), which we will now proceed to do.

Let h € BHD,(I'). Define a function h € BD,(M) by (3.1). Denote
by m(h) the unique element of BHD,(M) given by the Royden’s

decomposition of h. Define ¥: BHD,(I') - BHD,(M) by ¥(h) =
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w(h). We will now show that ¥ is one-to-one. Let z € 0,(I),
and let (z,) be a sequence in I' that converges to z. Let ® be the
homeomorphism from 0,(I") to 0,(M) given earlier in this section.

Since ¥ (h)(®(z)) = h(®(x)) for all x € 9,(T), it follows that
(4.1) |V (h)(zn) — h(zy)] — 0 as n — oc.

Combining this with Lemma 4.2 we obtain |W(h)(z,) — h(z,)] — 0
as n — oo. Thus W(h)(®(x)) = h(z). Let hi,hs € BHD,(T'), and
assume W(hy) = ¥(hy). Then hy(x) = ha(x) for all x € 9,(T'). Hence
U is one-to-one because a p-harmonic function on I' is determined by
its values on 9, (I).

All that is left to do is show that ¥ is onto. Let u € BHD,(M) and
define u* € BD,(I') by (3.2). Denote by h the element in BH D, (T")
given by the Royden decomposition or u*. Let y € 0,(M), and let
x € 0p(I') such that ®(x) = y. Pick a sequence (x,) in I' for which

(xn) = z. Now U(h)(y) = m(h)(y) = h(y) since y € 0,(M). By (4.1)
and Lemma 4.2 we see that

(4.2) |7 (h)(z) — h(2n)] — 0 asn — oo.

(4.3) |u*(zn) — u(x,)| — 0 as n — oo.

It is also true that

(4.4) |h(zy) —u*(2)| — 0 as n — oo,
due to u* = h on 9,(I"). Combining (4.3) and (4.4) with (4.2) we obtain

(4.5) |u(zp) —m(h)(zn)| — 0 as n — oco.

Thus, u(y) = ¥(h)(y) for all y € 9,(M). Hence, ¥(h) = u by [5,
Lemma 1]. The proof of Theorem 1.2 is finished.

Acknowledgments. I would like to thank the referee for some useful
remarks concerning this paper.



1632 M.J. PULS

REFERENCES

1. Ilkka Holopainen, Rough isometries and p-harmonic functions with finite
Dirichlet integral, Rev. Mat. Iberoamer. 10 (1994), 143-176.

2. Ilkka Holopainen and Paolo M. Soardi, p-harmonic functions on graphs and
manifolds, Manuscr. Math. 94 (1997), 95-110.

3. Masahiko Kanai, Rough isometries, and combinatorial approximations of
geometries of noncompact Riemannian manifolds, J. Math. Soc. Japan 37 (1985),
391-413.

4. , Rough isometries and the parabolicity of Riemannian manifolds, J.
Math. Soc. Japan 38 (1986), 227-238.

5. Yong Hah Lee, Rough tsometry and p-harmonic boundaries of complete
Riemannian manifolds, Potential Anal. 23 (2005), 83-97.

6. Michael J. Puls, Graphs of bounded degree and the p-harmonic boundary,
Pacific J. Math. 248 (2010), 429-452.

7. L. Sario and M. Nakai, Classification theory of Riemann surfaces, Die Grundl.
Math. Wissen. 164, Springer-Verlag, New York, 1970.

DEPARTMENT OF MATHEMATICS, JOHN-JAY COLLEGE-CUNY, 524 WEST 59TH
STREET, NEW YORK, NY 10019,
Email address: mpuls@jjay.cuny.edu




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [432.000 648.000]
>> setpagedevice


