HARDY-LITTLEWOOD MAXIMAL OPERATORS
ON TREES WITH BOUNDED GEOMETRY

MATTEO LEVI, STEFANO MEDA, FEDERICO SANTAGATI,
AND MARIA VALLARINO

ABSTRACT. In this paper we study the LP boundedness of the cen-
tred and the uncentred Hardy-Littlewood maximal operators on the
class Top, 2 < a < b, of trees with (a,b)-bounded geometry. We find
the sharp range of p, depending on a and b, where the centred maximal
operator is bounded on LP(¥) for all T in T, ;. Precisely, the lower end-
point is log, b if b < a® and co otherwise. In particular, we show that if
b > az, then there exists a tree in Y, for which the uncentred maximal
function is bounded on L? if and only if p = co. We also extend these
results to graphs which are strictly roughly isometric, in the sense of
Kanali, to trees in the class Tq .

This paper is dedicated to the memory of A. M.

1. INTRODUCTION

The purpose of this paper is to prove sharp LP bounds for the centred
and the uncentred Hardy—Littlewood maximal operators on a class of trees
with bounded geometry.

Let ¥ be a locally finite tree, i.e. a connected graph with no loops, in
which every vertex x has a finite number v(z) of neighbours; v(z) is called
the valence of x. We endow ¥ with the standard graph distance d and the
set of its vertices with the counting measure p. We denote by B,(x) the
(closed) ball with centre z and radius r, i.e. By(z):={y € T:d(z,y) <r}.
For the sake of notational convenience, we write |E| instead of u(E) for
every subset F of T.

For each function f on ¥, we consider its centred and its uncentred (HL)
maximal functions, defined by

1 1
M =5 J dp and A = J dy,
J(@) = 8up BT L 100 and AT (@)= sup e |y
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respectively.

Sharp LP bounds for .# and .4/ are well known for the homogeneous tree
Tp, b > 2, i.e. the tree such that v(z) = b+1 for every vertex x. Specifically,
the weak type (1,1) boundedness of .Z has been established independently
by A. Naor and T. Tao [NT, Theorem 1.5], and M. Cowling, Meda and
A. Setti [CMS1, Theorem 3.1], and is also a consequence of the analysis of
the Green operator for certain random walks on trees performed in [RT].
Furthermore, the operator .4 is of restricted weak type (2,2), hence, by a
simple interpolation argument with the trivial L>°(%;) bound, it is bounded
on LP(%y) for p > 2. The restricted weak type (2,2) estimate is a direct
consequence of a result of A. Veca [V, Theorem 5.1], who proved that the
modified maximal operator .#5 (see (2.3) below for the definition of .Z,,
o > 1), which dominates ./, is of restricted weak type (2,2). Levi and
Santagati [LS] proved that Veca’s results for the operator .#5 is optimal in
the scale of Lorentz spaces and, more generally, investigated the mapping
properties of .#, between Lorentz spaces. Their couterexamples may be
adapted to prove that .4 is unbounded on LP(%F;) for all p in [1,2].

J. Soria and P. Tradacete [ST, Theorem 4.1] showed that the method of
proof of [NT, Theorem 1.5] is amenable to generalisations to certain nonho-
mogeneous trees, and even graphs, with bounded valence function. Indeed,
they proved that .# is of weak type (1,1) provided a certain “technical”
condition is satisfied. Though this condition is remarkably general and very
interesting, quite a lot of work is needed to check that it is satisfied in con-
crete cases. Further work in this direction was done by S. Ombrosi et al.
[ORS, ORJ, who proved an analogue on the k-rooted tree of the Fefferman-—
Stein inequality and considered the problem of establishing weighted LP
estimates for the centred maximal operator.

We also mention recent work of D. Kosz [K1, K2, K3], who produced ex-
amples of discrete metric measure spaces, where .# and/or .4 are bounded
on LP for every p in any preassigned interval of the form (po,oc], where
po > 1. His investigation includes also finer statements involving restricted
weak type estimates, or weak type estimates at the endpoint pg. However, it
is worth observing that such metric measure spaces are not locally doubling.

Notice that there are examples of trees ¥ with unbounded valence func-
tion v such that .#, and a fortiori .4, is unbounded on LP(¥) for every
p € [1,00): see the example at the beginning of Section 3. It may be inter-
esting to mention that in this example the counting measure is not locally
doubling.

The considerations above suggest that it may be interesting to find out
reasonably wide classes of trees or graphs, where sharp LP bounds for .#
and/or .4 can be proved. Our focus will be on the class T, of all trees T
such that 3 < a+1 < v(z) < b+1 for every vertex = (we shall always assume
that @ + 1 and b+ 1 are attained). Trees in Y, are said to be of (a,b)-
bounded geometry: they have exponential volume growth, and the counting
measure 4 is locally, but not globally, doubling. Notice that if @ < b, then
the group of isometries of ¥ may be very small, and the group theoretic
techniques from abstract Harmonic Analysis not available (see [MZ, FTN],
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and the references therein, for more on the group of isometries of homoge-
neous trees). The main question is whether sharp LP bounds for .# and
4 hold for all trees in T, 3, and, in case this fails, which subclasses of T,
share similar LP boundedness properties for .#Z and .4. We set

7 := log, b; (1.1)

note that 7 is always > 1, and 7 < 2 if and only if b < a2. Since, for a = b,
the class T, only contains the homogeneous tree ¥;, where a complete de-
scription of the LP boundedness properties of .# and ./ is already available,
we shall always assume that a < b, i.e. 7 > 1, unless otherwise specified.

We prove that if a < b < a2, equivalently if 1 < 7 < 2, then . is
of restricted weak type (7,7), and it is bounded on LP(¥) for p > 7 (see
Theorem 3.2 (i)). This result is proved by estimating .# with an appropriate
convolution operator on the homogeneous tree ¥y, to which the sharp form
of the Kunze-Stein phenomenon (see [CMS1, Theorem 1]) applies.

The result is optimal, in the sense that if a < b < a?, then there exists
a tree G, in the class Y, such that .# is unbounded on LP(&, ;) when
1 < p < 7 (see Proposition 3.3 (i)). The tree S,y is described just above
Proposition 3.3. Furthermore, if ¢ is a number such that 1 < ¢ < 7, then
we can find a number s < g, arbitrarily close to ¢, and a tree T in Y, ; such
that .# is bounded on LP(%) if and only if p > s (see Proposition 3.4).

In view of these results, it would be reasonable to conjecture that if,
instead, b > a2, i.e. 7 > 2, then .# is bounded on L at least for some
finite, large enough, p. To our surprise, this turns out to be false. Indeed,
we can prove that if 7 > 2, then .# is bounded on LP(S,;) if and only if
p = oo (see Proposition 3.3 (ii)).

Instead of assumptions on the geometry of the tree based on pointwise
bounds on the valence, as in Theorem 3.2 (i), it may be interesting to formu-
late LP boundedness results in terms of lower bounds on the volume growth
of geodesic balls. In particular, we complement Theorem 3.2 (i), by show-
ing that if T is in Y,; and there exist positive constants o and C' such
that }Br(x)‘ > C' o for all nonnegative integers r and all points x in ¥, and
b < o2, then . is bounded on LP(%) for all p > log,, b (see Theorem 3.2 (ii)).
Notice that a must be > a, so that log, b < 7 and the additional assumption
on the lower bound on the volume growth of ¥ yields a wider range of p’s
for which . is bounded on LP(%).

A related problem consists in establishing weak type (1,1) boundedness
results under assumptions on the volume growth of geodesic balls. In this
paper we shall draw an interesting consequence of [NT, Lemma 5.1] and [ST,
Theorem 4.1], and show that if ‘Br(x)‘ is of the same order of magnitute
as ', uniformly in 7 and z, then .Z is of weak type (1, 1) (see Theorem 3.6).

We point out that the LP boundedness properties of .# on a specific tree
in Y44 do not solely depend on the ratio b/a. For instance, no matter how
big b/a is, the operator .# is of weak type (1,1) on the semi-homogeneous
tree U, with valences a + 1 and b+ 1 (see Section 3 for the definition of
Bop). This result is a straightforward consequence of Theorem 3.6 men-
tioned above.
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Rather, the boundedness properties of .Z are, in a way or another, related
to the fact that for points z, y in ¥ at distance r, the balls B, (x) and B, (y)
may have very different volumes. In fact, for “many” pairs of points x and y,
the ratio |B,(x)|/|B;(y)| can be of the same order of magnitude as (b/a)",
as 7 becomes large. This seems also related to the failure of the “equidistant
comparability condition” (ECP for short) considered in [ST, Definition 2.6].
In general, the LP boundedness of .# and .4 depends in a very subtle way
on the geometry of a given tree, or graph, and, more specifically, on the
location of vertices with different valences within the tree.

As far as the uncentred maximal function is concerned, we prove (see
Theorem 4.1) that as soon as a < b, then there is a tree §, (introduced just
above Theorem 4.1) in the class T, such that .4 is bounded on L”(§, ) if
and only if p = oco. This is even more striking, for we prove that the centred
maximal operator ./ is of weak type (1,1) on F,p (see Theorem 4.1 (ii)).

Finally, we investigate the robustness of the results obtained so far. A
natural issue is whether the LP boundedness of either .# or .4 on a tree ¥
is preserved if we modify ¥, but not too much. In Section 5 we consider
graphs & that are strictly roughly isometric to trees T in the class T, and
prove that if either .# or .4 is bounded on LP(¥), then the corresponding
maximal operator is bounded on LP(®) (see Theorem 5.4, which contains a
slightly more general result). A strict rough isometry between ¥ and & is
a (possibly non-surjective) map ¢ : € — &, which approximately preserve
distances (see Definition 5.1) and such that ¢(¥) is at controlled distance
from each point of &.

Finally, it is worth recalling that homogeneous trees Ty, b > 2, are discrete
counterparts of symmetric spaces of the noncompact type X. Although %
is not roughly isometric in the sense of Kanai to any symmetric space of
the noncompact type, quite often the analysis at infinity of many operators
on X and of related operators on ¥ show similar features and can be treated
by similar methods. The relationship between symmetric spaces and homo-
geneous trees appears to be even stronger by looking at Harmonic Analysis
on noncompact semisimple Lie groups on the one hand and on the group of
isometries of homogeneous trees on the other. A deep insight into a specific
problem in one setting often gives hints to treat related problems on the
other. In particular, the aforementioned results for ¥, are versions in the
discrete case of homologous results on X. Specifically, the weak type (1,1)
result for the (analogous of) the maximal operator .# is proved in [Str], the
restricted weak type (2,2) estimates for .#5 in the case where X has real
rank one was proved by A. Ionescu [I2]. Since .#5 dominates .4, the latter
operator is also of restricted weak type (2,2), and, interpolating with the
trivial bound on L*>°(X), bounded on LP(X) for p > 2. The L” boundedness
of 4 in the higher rank case for p > 2 is proved in [I1].

Interesting related results on a class of cusped manifolds with nonconstant
curvature can be found in [L1, L2, L3]. In these papers, H.-Q. Li exhibits
examples of manifolds M with cusps, where the range of p’s for which .#Z
and .4 are bounded on LP can be any interval of the form (pg,o0), or
(2po, 00), respectively, where pg is a number in [1, 00), depending on certain
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parameters related to the geometry of M. Our results are reminiscent of
his. However, it is worth observing that, except for a few special cases, the
metric measure spaces considered by H.-Q. Li have, in a way or another,
unbounded geometry.

The paper is organised as follows. Section 2 is devoted to background
material and preliminary estimates. The centred and the uncentred max-
imal operators on trees in the class T,; are studied in Sections 3 and 4,
respectively. Finally, Section 5 is devoted to the proof that strict rough
isometries between graphs satisfying mild additional assumptions preserve
the LP boundedness of the centred and the uncentred maximal operators.

We use the “variable constants convention”, and denote by C a constant
whose actual value may vary from place to place and which might depend on
factors quantified before its occurrence, but not on factors quantified after.

2. PRELIMINARIES

Throughout this paper T will denote a tree, i.e., a connected graph with
no loops. We identify a tree with the set of its vertices, and declare that
two points on ¥ are neighbours if and only if they are connected by an edge.
We shall denote by v(z) the valence of the vertex z, i.e. the number of
neighbours of z. We shall always assume that 2 < v(x) < oco.

The tree T carries a natural distance d: for each pair of vertices x and y
we denote by d(x,y) the number of edges between x and y. It will be often
convenient to consider a fixed but arbitrary reference point o in ¥; then we
shall write |x| for d(x,0). For each x in T and each nonnegative integer r,
the sphere S;(x) with centre = and radius r is defined as follows

Sp(z) ={yeT:d(z,y) =r}.
Then B,(x) = U S;j(z) is the (closed) ball with centre z and radius 7.
5=0

Between any two points x and y in ¥, such that d(x,y) = n, there is a
unique geodesic path of the form xg, x1, ..., x,, where xg = x, z, = y, and
d(zi,x;) = |i — j| whenever 0 < 4,5 < n. A geodesic ray v in T is a one-
sided sequence {7, : n € N} of points of T such that d(~;,v;) = |i — j| for
all nonnegative integers ¢ and j. We say that = lies on v, and write x € v,
if x = 7, for some n in N. Geodesic rays {7, : n € N} and {7/, : n € N} are
identified if there exist integers ¢ and j such that v, =+, ; for all n greater
than j. This identification is an equivalence relation. In every equivalence
class, there is a unique geodesic ray starting at o.

We describe the horocycles in €. Given a geodesic ray w, we define the
height function h,, by the formula
ho(z) = lim (m — d(z,wn));

m—r0o0
hy, is the discrete analogue of the Busemann function in Riemannian geom-
etry. Then the w-horocycles are the level sets of the function h,; for h in Z
we set

¥i={xeT:hy(z)=h},
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and T decomposes disjointly:

T={J 9%

heZ

If w and W' are equivalent, i.e., for some integers i and j, w, = wj,,; when
n > j, then
ho(z) = lim (m — d(z,wn,))

m—00

_ . . _ ! . _ .
- mlgnoo ((m + Z) d(ZL‘, wm+z)) v

= hw/ (.T) — i,
and it follows that ¥ = 56‘;1’;_1 In particular, equivalent geodesic rays deter-
mine the same family of horocycles, and the same horocyclical decomposition

of T, even though the indices depend on the choice of the representative in
the equivalence class.

Caveat: given a tree ¥, we implicitly assume that we have chosen a refer-
ence point o and a geodesic ray w in ¥, and consider the associated horocyclic
decomposition of T. For notational convenience we shall denote simply by A
the height function relative to w and by $; the corresponding horocycles.

Notice that if x € §;, then v(z) —1 neighbours of z, called successors of ,
belong to $;_1, and one neighbour, called predecessor of x, lies on £;41. We
denote by p(z) and s(z) the predecessor of x and the set of successors of x,
respectively. Notice that p(z) and s(x) depend on the choice of w: in order
to simplify the notation, we do not stress this dependence.

Note that p(p(a:)), also denoted p?(z), is just a vertex in ;2. The Eth
ancestor of z is the point p*(z) := p(pF~!(x)). Sometimes we shall also
write p°(z) in place of z.

Set s'(x) := {z} and s'(x) := s(x). If k > 2, then we define s*(z)
iteratively:

k
s"(x) = U s(y).
yesk—1(x)

We shall frequently need to estimate |S, ()| for various z € T.

Lemma 2.1. The following decomposition holds

r

Sp(x) = U [Sr(2) N Op(a)+on—r] -
k=0

Furthermore Sy(z) N Hp@)—r = " (x), Sp(x) N Hpyer = {p'(@)} and, if
1<k<r-—1, then

Sp(@) N Dpgayran—r = " F (P (@)) \ s (M (@),
Therefore

r—1
S@ =@+ 3 )L

k=1 yes(pk(z))
y#pk—1(2)
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Proof. Suppose that y is a point in S,(z). Then the intersection of the
geodesics [z,y] and [z, w) is of the form [z, p¥ ()] for some integer k between 0
and r. Loosely speaking, we can reach y first moving towards w by k steps
along the infinite chain [x,w), arriving at the point p¥(x), and then moving
down r — k steps along a geodesic starting at p*(z).

Therefore h(y) = h(p*(x)) — (r — k) = h(z) + 2k — r. This proves the first
decomposition.

Next, observe that the horocycle $j,(,)_, can be reached in r steps from
x only moving down along a geodesic, and all the points in s"(z) can be
reached. Thus, S, (z) NDn(z)—r = s"(z), as required. Note also that the only
point on the horocycle ;)4 at distance r from z is p" (z).

Now suppose that 1 < k < 7—1. Notice that S,(x) N $j(y)+or—r is the set
of all points in s"*(p¥(z)) that are not (r — k — 1)-successors of p*~!(x).
Therefore if v belongs to Sy.(z) N $Hjp(g)+26—r, then it must be a successor of
generation r —k—1 of a point in s(p*(z)) \ {p"~'(2)}. The required formula
follows directly from this. O

In the sequel, a and b will always denote positive integers. Suppose that
2 < a < b. We say that T has (a, b)-bounded geometry if a+1 < v(x) <b+1
for every x in ¥, and the valence function attains the values a+ 1 and b+ 1.
In the case where a = b, we say that ¥ is a b-homogeneous tree of degree
b+ 1, and denote it by %p; each vertex in ¥, has exactly b+ 1 neighbours.

It is convenient to define the functions S°, V?: N — [1,00) by

1 ifr=0 :
1 ifr=0
Vb(r) = r+1 r_ SP(r) =
(r) % >, (r) {(b+ Dol ifr > 1.
(2.1)
It is straightforward to check that
V' <VO(r) <30 VreN. (2.2)

Denote by B%(z) and S%(z) the ball and the sphere with centre x and
radius 7 in T;. Note that |Bi(z)| = V®(r) and |Si(z)| = S°(r) for every
nonnegative integer r and for every z in ¥.

We say that a tree ¥ possesses the Cheeger isoperimetric property if there
exists a positive constant ¢ such that ’8E’ >c ‘E‘ for every subset E of T,
where OF denotes the boundary of | i.e. the set of all points in E with at
least a neighbour in T \ E. The largest constant ¢ for which this inequality
holds for all F is called the Cheeger isoperimetric constant of ¥, and is
denoted by cg in the sequel.

Proposition 2.2. Suppose that 2 < a < b and T is a tree in the class Yqy.
Then ¥ possesses the Cheeger isoperimetric property.

Proof. A direct proof can be found in [RT, Lemma 13]. The result is
also a straightforward consequence of the analysis performed by R.K. Woj-
ciechowski in his thesis [Wo, Theorem 4.2.2 and Example 4.2.3]. O
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In this paper the modified centred mazximal operator with parameter o > 0,
defined on a tree ¥ by

1
F(x) = sup ————— du, .
AT =0 BT L 1 @

will play an auxiliary, albeit important, role. Notice that .#; = .# .

We refer the reader to [SW, Chapter V] for the basic definitions concerning
Lorentz spaces. Given a positive number « and a function f on a simple
graph & (i.e. an undirected graph without self-loops and multi-edges), we
set Ef(a) := |{z € & : |f(x)| > a}|. Recall that the LP" (&) (quasi-) norm
may be defined as follows

° r _ 1/r
Wi = (] e er-ta0)

if 1 <r < oo, and HfHLp,oo(@) = sup « ‘Ef(a)‘l/p. We shall primarily be
a>0

concerned with LP'1(®) and LP°(&). Recall that an operator is of weak
type (p,p) if it is bounded from LP(®) to LP*>°(&), and, in the case where

1 < p < o0, that an operator is of restricted weak type (p,p) if it is bounded
from LPY(®) to LP>°(8).

3. BOUNDEDNESS OF .# ON TREES WITH BOUNDED GEOMETRY

It is straightforward to produce examples of trees with the property
that .# is bounded on LP(%¥) if and only if p = oo. Consider, for instance,
the tree T, characterised by the following property: there is a geodesic ray
v := [xo, 21, 22,...] in Tsuch that v(x) = 3 for every x ¢ v, and v(z;) = j+3
for j =0,1,2,.... We consider the horocyclic foliation induced by ~. Ob-
serve that

1 1
MO, (1) = sup Op, (YY) = ——— Ve e %.
=R | 2 ) B

In particular, if 7 > 1 and x is a successor of z; different from x;_1, then
My, (x) = |Bi(x)| 7t = (v(z) +1)~! = 1/4. Thus, if p € [1,00), then

j+1

H///%Hi > Z ‘///(smj(x)‘p: qp
z€s(wj)
z#zj71

which diverges as j tends to infinity. Since ||d4;[|, = 1, the operator .Z is
unbounded on LP(T). A fortiori, # is not of weak type (1, 1), for otherwise,
interpolating with the trivial bound on L*(%T), .# would be bounded on
LP(%), p> 1.

We emphasise that the tree T considered in this example has unbounded

geometry, in the sense that sup v(z) = oo, i.e. geodesic balls of radius 1
<
can have arbitrarily large mass. Therefore the counting measure on ¥ is not

locally doubling.
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In the sequel we shall consider only locally doubling trees T with exponen-
tial growth. Notice that there are examples of such trees in the class T4,
for every a > 1. In fact, in this section we shall assume that a > 2.

We need more terminology. Fix a reference point o, in the homogeneous
tree Tp. For each vertex y # oy, consider the set

E(y) :=={v € %y : |v| > |y| and y lies on the geodesic joining o and v}.

Remark 3.1. Observe that a tree T in the class T, is isometric, although
not canonically, to a subtree ¥ of Tj.

To see this, fix reference points op in ¥, and o in €. Label the neighbours
of op by 98, ... ,ygﬂ, and the neighbours of o in T by y1,...,y,(). If v(0) =
b+ 1, then we do nothing. If, instead, v(0) < b, then we remove from T,
the sets E(yé?), j=v()+1,...,b+1. The map ¢ that associates o} to
o, and y? toy;, j=1,...,v(0), is an isometry between the ball B;(0) of ¥
and the finite subtree Ec; of Ty consisting of the vertices {0, 9, . .. ,yfj(o)}.

We iterate this procedure: assume that we have extended _#7 to an isom-
etry _Zj between the ball By (o) in T and a subtree §'§ of T, which contains
only vertices at distance at most k from o,. Suppose that x is one of vertices
in T at distance k from o, and let 21, ..., z,(;)—1 be its neighbours at distance
kE+1 from o. Consider #j(x), which is a point in T} at distance k from
op, and label its neighbours at distance k + 1 from op by zll’ N zg. Remove
from ¥, the branches E(z?), j =v(x),...,b. Then define Zj11(2;) = z;?,
j=1..,v(zx)—1.

Repeat this procedure for all points in S(0), and denote by %’;H the
subtree of ¥; which contains ‘E’g, and all the points in _#;41(Sk41(0)). The
map _#i11, whose restriction to By(o) agrees with _#;, and is defined on
Sk+1(0) as explained above is an isometry between Bj41(0) and %{f“.

Finally, define
T3,
k=1

and 7: % — T by J(x) = Zi(x) if x is at distance at most k from o. It
is straightforward to check that ¢ is an isometry between T and ¥.

Recall the definition of 7 (see (1.1)).
Theorem 3.2. Suppose that T is a tree in Toyp. The following hold:

(i) if a < b < a?, then the operator .4 is of restricted weak type (,7)
if 7> 1 and of weak type (1,1) if 7 = 1, and it is bounded on LP(T)
for every p € (1,00];

(i) if there exist positive constants o and C such that |By(z)| > C o
for all vertices x and nonnegative integers r, and b < o2, then the
operator A is of restricted weak type (Pap,Pab) if Pap > 1 and of
weak type (1,1) if pap = 1, where payp = log, b, and it is bounded
on LP(T) for every p in (pa.p, 00].
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Proof. Since the result for homogeneous trees is well known (see [NT, The-
orem 1.5] and [CMS1, Theorem 3.1]), we can assume that a < b.

First we prove (i). Clearly .# is bounded on L>°(T), so that the full result
follows by interpolating between this and the endpoint result for 7. Since T
is isometric to a subtree of T} (see above), we can assume that ¥ is actually
a subtree of ¥;. Hence any function f on ¥ can be trivially extended to a
function f* on T, as follows

fHa) = f(@)1s(z) Ve e,
Notice that HfHLp,q = HfﬁHqu for all indices p and q such that 1 <
P, q < o0.

Observe that each vertex x in ¥ has, at least, a + 1 neighbours, so that
|B-(z)] > V(r) (see (2.1), with a in place of b, for the definition of V®).
Now, (2. unphes that

2)
Veir) >a" =0T =37V 3T >3 YT vy wre N (3.)
Hence
1B, (z)| > 37" Vb)Y vreN. (3.2)
Then .
M (@) = sup —— j £() dpuly
( reN |Br(2)| JB,(2) W) )
< 3Y7 sup

_ 1 g ,
reN Vb(r)l/T JBE(x) ‘f (y)\du(y),

the last inequality follows from (3.2) and the trivial fact that

j @) duy) = J ) duy)
r(m) Bb)

(for f* vanishes on T, \ ¥). Denote by .#? the modified centred maximal
function (with parameter o) on ¥;. Altogether, we have proved that

M) <3V alfiz)  VeeZ (3.3)
If b= a2, then 7 = 2, and
3= [ £ o) < H//QbquLQvOO(T)
< | £ oy
<22 oy rooecyy 190 220
= ||.2

N

ez eyzzoemy 1Fl2ae)

for every f in L*!(%), as required. Note that the second and the fourth
inequality above are trivial; the third follows from Veca’s result [V, Theo-
rem 5.1].

Assume now that b < a2, i.e. 7 € (1,2). Denote by o, a fixed, but

otherwise arbitrary, reference point in %p. For each nonnegative integer r
consider the functions ®, and ® on ¥, defined by
].Bb(o )
G, = " ® :=sup P,.
IO IE ek
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Clearly ®(z) = V°(|z|)~"/7, where |z| denotes the distance from = to o
in T

Observe that ® belongs to L™°(%}). Indeed, F) := {x €Ty : P(x) > )\}
is empty when A > 1, and it is equal to the ball Bm( )( op), Where m(A) is
the largest integer r such that V°(r) < A=7. Clearly

1B,y (00)] <ATT WA,

so that H@HLT,OO(%) < 1. Since

( )1/7’

where * denotes the convolution on ¥ (see [CMS2, formula (2.5)]), the sharp
form of the Kunze—Stein theorem on the group of automorphisms of T} (see
[CMS2, Theorem 1]) implies that

1/ @]

AP () = sup j 1y >|
b

reN

du(y) < \fﬁl*(f}elg ®,)(z) = |f*|x®(x),

ooy S Op 1@l roemy 11l -

where C), is independent of ff. By combining the last two estimates and
(3.3), we obtain

1A || ooy < 3Y7 (1AL o
<3 H///ffﬁHLmo(sb)
< Cp3'7 HfﬁHLﬂl(Tb)
=Cp3'/7 1Al ey

as required.

Next we indicate the modifications to the proof of (i) needed to prove (ii).
We use the same notation as in (i). The main observation is that the lower
estimate for |B,(x)| implies the upper estimate

1 J C C
| e S = |
|By(z)] T(m)| | ar Br(m)| | br/Pass sz(m)| |
the equality above follows from the trivial fact that b'/Pat = o. Now,

1
b > 3 V°(r), whence the following pointwise bound holds

M f(x) < C.%;a’bfﬂ(x) Vo € %,

and we can argue, mutatis mutandis, as in the proof of (i). O

Theorem 3.2 (i) above is sharp, as shown in Proposition 3.3 below.

Preliminarily, we need to introduce the tree &, that will play an impor-
tant role in what follows: &, may be thought of as a discrete counterpart
of the Riemannian manifold considered by Stromberg [Str, Remark 3]. The
main idea is to allow only two possible valences, namely a+1 and b+ 1, and
to keep the points with valence a + 1 suitably “well separated” from those
with valence b+ 1. Specifically, we require that v(xz) = b+ 1 for all points x
belonging to the horocycles $);, j > 1, and v(z) = a + 1 for all the other
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vertices z. We denote by &, and &; the sets of all vertices in &,; with
valence a + 1 and b + 1, respectively.

Proposition 3.3. The following hold:

(i) if a < b<a®and p € [1,7), then A is not of restricted weak type
(p,p) on Sy (hence A is unbounded on LP(S,yp));

(ii) if b > a?, then M is not of restricted weak type (p,p) on Sayp for
every p € (1,00); hence A is bounded on LP(Sg,y) if and only if
p = o0.

Proof. Consider the geodesic ray w = {0, p(0),p*(0), p3(0),...}.
First we prove (i). For large even positive integers n, set
E, = s"(p"(0)).
Observe that E, is contained in £, and that |E,| = b". We estimate
M Spn (o) (z) for all z in Ey,.

Suppose that = belongs to F,,. Then ’s”(x)‘ = a", because z and all its

successors lie in &,. Furthermore p*(z), k = 1,...,n, lies in &, together
with all of its successors up to the step k — 1, whereas its successors of steps
ranging from k up to n lie in S,. Therefore if 1 < k < n/2, then

S0 (2) N Hpayr2n—n| = (b— 1) b a2, (3.4)

Now we distinguish two cases, according to whether b < a? or b = a?. In

the first case, by Lemma 2.1,

n/2 n—1
|Sn(2)] = a™ + Z (b—1)b"ta" 2k 1 (b—1) Z pr—k-1 4 q
k=1 k=n/2+1
1—(b 2\n/2
=a" [1 +(b-1) sz/_ab)} 4 pn/2-1
S ﬁa,b a/na
1 a*—b
where Ba,b = ﬁ h Thus
1 CGa,b cGa,b —_n
A0 2 G G 2 ] T ¢ T

c
Sab a " If
a,b

M were bounded from LP'Y(S,p) to LP>®(&,;) for some p € [1,7), then

there would exist a constant C, independent of n, such that

‘{y € 6a,b : %6p”(o)(y)2)\n}‘ < C)‘;Lp

Since the level set {.#0,n(0)>An} contains E,, and |En’ = b", we should
have b" < C \,”, which, however, fails for n large as soon as p < 7.

where cg, , denotes the Cheeger constant of G,;. Set A\, :=

By arguing similarly, we see that in the second case, i.e. when b = a2,

|Sn(a:)‘ < na" for all large n. By choosing A}, := cg, , n~ta™™, and following
the steps above, we can still conclude that p > 7.
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Next we prove (ii). The idea of the proof is similar to that of (i), but
with an important variant. For large positive integers m and n, let E,, be
as in (i), and set

Fn,m = Sn—&-m(pn(a))‘

It is straightforward to check that ’an| = b"a™. We shall estimate .Z1p,
on Fy, ,, and choose m suitably as a function of n.

We need to estimate ‘Sm+2n(x)| for every x in Fj,,,. For the sake of
simplicity, we write provisionally h in place of m + 2n. Notice that

m m+n—1
|Sh(x)| = (a—1) Zah -1) Z pmmlgh=2itm
3:1 j=m+1
h—
+(b—1) Z i
j=m+n

Observe that, changing variables (j —m — 1 = k),

m+n—1 n—2
(b - 1) Z bjfmf1am+2n72j+m _ 2n 2 Z ( )
j=m+1
on_o (b/a?)" 1 —1
=(b=-1 2n—2 (—
N T
a’b
bn 1
b—a?

which is clearly < b"*!, because a and b are integers and b > a?.

estimates yield the bound
}Sh T ‘ < 24" + 207t

Simple

Recall that 7 > 2, for b > a®. Set mg := [n(7 — 2)] and hg = mg + 2n, and
note that mg is the biggest nonnegative integer such that a0 < b™. Then,
by the Cheeger isoperimetric inequality,

Bo(@)| < 3L, | (@] <21+ 8) g, 1.

Therefore, if x € F}, ,,, then

1 |En‘ C&,
Mg, (x) > J 1g, dp = 2 o
[ Bho (#)] ), (2) |Bno(z)| ~ 2(1+)
and Fppmy C {A1p, > Aap}, where Mgy = ce,,/[2(1 +b)]. If A were
bounded from LP1(&,;) to LP*>°(&,;) for some p € [1,00), then there
would exist a constant C', independent of n, such that

C
00 = | S [ 15, 2 0} £ 55 Bl = 55

This inequality fails for r large, because a° tends to infinity as n tends to
infinity.

This concludes the proof of (ii), and of the proposition. O
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Our next goal is to produce examples of trees T in T, ; with the property
that .# is bounded on LP(¥) if and only if p > ¢, where ¢ is “any” rational
number in (1,7). This will be pursued in the next proposition. First, we
need a few preliminaries.

For positive integers m and n, consider the tree 4" in Ty characterised

by the property that v(z) = b+ 1 if either h(x) > i, or —k(m+mn)—n <
h(z) < —k(m+mn), k=1,2,..., and v(x) = a + 1 otherwise. Define
o= (ampm)V/ (min), (3.5)
We claim that
|B(x)] >a"™™ ™™ WreN Veeul;" (3.6)
Clearly, given a nonnegative integer r, the balls of radius r with smallest
volume are contained in {y € W'%" : h(y) < 0}. Furthermore, if B,(x)
is such a ball, then |B,(z)| > |s"(z)|. If k is a positive integer such that
E(m+n) <r < (k+1)(m+n), then
|ST(.CL‘)} > (ambn)k _ (ambn)\_r/(m+n)j > qf ~mn,
If, instead, 0 < r < m + n, then
|B,(z)] >1>a"™"
The claim follows by combining these estimates.

Suppose now that o < b < a2, or equivalently, adopting the notation
introduced in Theorem 3.2 (ii), pap = log,b < 2. Then we can apply
Theorem 3.2 (ii), and conclude that .# is of restricted weak type (pa.p, Pab),
and it is bounded on LP(L;%") for every p in (pa,p, oo].

Notice that if 7 < 2, i.e. if b < a?, then the condition b < a? is satisfied
for every pair m,n of positive integers.

Proposition 3.4. Suppose that a and b are integers such that 2 < a < b <
a® and that q is in (1,7). Then for every ¢ > 0 there ewists s such that
l1<g—e<s<qandatree¥ in Y,y such that A is bounded on LP(%) if
and only if p > s.

Proof. For each pair of positive integers m and n, consider the number «
defined in (3.5). The tree ;%" is in the class T,y and its geodesic balls
satisfy the lower estimate (3.6). Notice that a < a, whence log,, b < log, b <
2: the last inequality follows from the assumption b < a?.

By Theorem 3.2 (i), the maximal function ./ is bounded on LP(LL7}")
for p > pap :=log, b and it is of restricted weak type (pap, Dap)-

Notice that any rational number in the interval (0,1) can be written in
the form m/(m + n), for suitable positive integers m and n. Now,
logh logb
M ogq + —2

m+n m+n
The denominator of the latter ratio is a convex combination of loga and
log b with rational coefficients. As m and n vary, the denominator is dense
in the interval (loga,logbd), so that the set of all numbers of the form log, b

log, b=

logh’

loga
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is dense in (1,7). Hence for every ¢ > 0 we can choose m and n so that
Pap € (¢ —€,q], and define s := pqp.

It remains to prove that ./ is unbounded on LP(S(73") for p < s. We
follow the strategy of the proof of Proposition 3.3 (i).

For large positive integers k, set r := 2k(m + n). Fix a reference point o
in Hy and consider

E, :=5"(p"(0)).

Observe that E, is contained in £y, and that |E,| = b". We estimate
M Sy () () for all z in E.

By arguing much as in the proof of Proposition 3.3 (i), it is not hard to
prove that there exists a constant C, 5, depending on a and b, such that

!Br(:z:)| < Cypa’.
Observe that s < 2. If z belongs to E,,, then

1 -1 —r
'ﬂépT(o) (.1?) > m > Ca,,b @ .
Set A, := Ca_bl a~". If .# were bounded from Lp’l(LlZ?l’,n) to LPoo(L") for
some p € [1,s), then there would exist a constant C, independent of r, such
that
{y € 453"+ Ml Sy (o) (1) =M} | S C AP

Since the level set {4 5pr(0)2)\r} contains E,, and |Er‘ = b", we should have

b < C AP, equivalently b” < C oF". This inequality fails for  large as soon
as p < s. U

We now complement Theorem 3.2 (ii), by proving a simple sufficient
condition, concerning the volume growth of geodesic balls of trees in the
class Y, that guarantee that .# is of weak type (1,1). Our result is, in
fact, a rather direct consequence of the method developed in [NT] (see, in
particular, Lemma 5.1 and the proof of Theorem 1.5, and its generalisation
in [ST, Theorem 4.1]).

For the sake of completeness, we include a complete proof of the next
lemma.

Lemma 3.5. Suppose that T is in Y,p. Assume that o and co are constants
such that
1Sy (z)] < caa” Vee® VreN
Then
‘{(x,y) € Ax B :d(x,y) = 7“}! < 8ca /|A||B| ar

for all finite subsets A and B of ¥ and every r in N.

Proof. Think of ¥ as a rooted tree at o.

Suppose that |z| = j and denote by zy :=o,..., z; := x the points on the
geodesic joining o and x. For each point y in S, (z) N Sk(0), denote by z Ay
the vertex with biggest distance from o that belongs to both geodesics [o, ]
and [o0,y], and set m :=d(z,z Ay). Then z Ay = z;_,, and

r=d(z,y) =d(z, zj—m) +d(zj—m,y) =m+k—(j —m) =2m+k — j.
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Thus, given 7, j and k, the integer m is uniquely determined, viz. m =
(r+j —k)/2. Consequently if |x| = j, then all the points in S,(z) N Sk (o)
belong to the sphere with centre z;_,, and radius r —m. Hence, if |z| = j,
then

H{y € Sp(@) : [yl =k} < ca” ™. (3.7)
A similar reasoning yields that if |y| = k, then
{z € S (y) : x| = j}| < 2™ (3.8)

For every pair (j, k) of nonnegative integers define
A; = AnSj(o), By, := BN Sk(0),
and
Ejkr:={(z,y) € Aj x By, : d(z,y) =r}.
Furthermore, set E, := {(x,y) € A x B :d(x,y) = r}. Observe that

Ejkrl= D D s =D, D 1l

w€A; yEBy yEBy, TEA;
Now (3.7) and (3.8) imply that
‘ENM} < comin (]Aj] o™ | By am).
Clearly

o0
[Br = > |k

J,k=0

T
= > Bk

m=0 j,k: k=j+r—2m

I
<a Y >0 min(j4]a" ™ [Byla™).
m=0 j,k:k=j+r—2m
Define e; := \Aj‘/ozj and dj := ]Bk\/ogk7 and assume that kK = j + 1 — 2m.
Then
min (‘Aj‘ Ozr_m’ ’Bk‘ am) = min (ar—m-f—jej’ Oém+kdk)
_ a(k+j+7“)/2 min (ej, dk),

the last equality follows from the fact that r — m + j = m + k. Altogether,
we see that

|E.| < cpa™? Z (k+3)/ % min(eg, d;).
7,k=0

Henceforth, we proceed exactly as in the last part of the proof of [NT,
p. 759-760]. We include the details for the reader’s convenience.

We claim that

o
> a2 min (¢, di) < 8+/]A[B].
J,k=0
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Indeed, for some /3 to be chosen later,

o0
S a2 min(e; d) < S 0l 2g 4 ST altRZ
7,k=0 Jik: j<k+8 jiki j>k+8
S ITTULD SRTED SR DL
k=0 i<k+p 7=0 k<j—pB

o o0
<4 <a5/2 deak +a B2 Zajej)
k=0 §=0
—4 <a6/2]B| + a—ﬁ/zyA\).
Optimizing in 3, we obtain that £ such that o®/? = /|A]/|B] is the best

constant. This gives the desired conclusion. U

Theorem 3.6. Suppose that T is in T,p. Assume that there exist positive
constants «, ¢1 and co such that

o <|Sp(z)] < c2a” Vre¥, VreN. (3.9)
Then A is of weak type (1,1).

Proof. Set
Selr) = sup 1 (Z |AﬂST(x)\)2,

A,BCT:0<|A|,|B]<oco |A||B| e B S ()]

and observe that (3.9) and Lemma 3.5 imply that

&x(r) < 64(2)2 a . (3.10)

Then, by [ST, Theorem 4.1], there exists a constant C' such that

m///Ole(cc);Ll,oo(s) < C sup 27 Z & (r) cé/Qo/’/2
neN reN:a">27"1/cy

< C sup 2"/? Z a2
neN reN:a”>27=1/cy
< C sup 2V227 /2
neN
which is finite. Here .#° is the spherical maximal operator, which domi-
nates .# pointwise, as one can easily show by writing balls as disjoint union
of spheres. O

As a consequence, we show that for every pair (a,b) of integers, with
2 < a < b, there are trees in the class T, 3, where .# is of weak type (1, 1).
The main idea is to arrange matters so that vertices with different valences
are not too neatly separated.

A simple example is the semi-homogeneous tree U, ; with valences a and b,
i.e. a tree in which every vertex has either valence a 4+ 1 or b + 1, and such
that adjacent vertices have different valences.
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Indeed, it is straightforward to check that there exist positive constants
c1 and ¢z, depending on a and b, such that

e (ab)"/? < ’BT(:L‘)| < ¢y (ab)"/? Vee S VrelN (3.11)

Theorem 3.6 then implies that .# can be of weak type (1,1), no matter how
large the ratio b/a is.

4. THE UNCENTRED MAXIMAL FUNCTION

Clearly .4 dominates .# pointwise. However, contrary to what happens
on doubling metric measured spaces, .4 may be much larger than .#. For
instance, .# is bounded on LP(T}) for all p > 1, whereas .4 is bounded on
LP(%) only for p > 2.

Furthermore, if T belongs to the class T, then it is straightforward to
check that there exists a constant C' (depending only on a and b) such that

N f(x) < C Mor f(x) Ve e T

here 7 is as in (1.1). This follows directly from the remark that if r is a
nonnegative integer and B is a ball of radius r containing the point z, then
the ball By, (x) contains B, and |B| > C' | By, (z)|Y/?7),

Thus, LP bounds for the modified maximal operator .#5, imply similar
bounds for .#". In particular, .#5 is of restricted weak type (2,2) [V, The-
orem 5.1] on the homogeneous tree ¥p, whence so is .4 (for in this case
7 =1). By interpolation .4 is bounded on LP(%;) for all p > 2.

It is natural to wonder what happens in the case where a < b. It would
not be unreasonable to conjecture that for each tree ¥ in the class T, ; with
b < a? there exists a threshold ¢ < oo such that .4 is bounded on LP(¥)
for all p > q. However, this fails, as we show in Theorem 4.1 below: there
exist trees in the class T, such that .4 is bounded on LP(%) if and only if
p = 0o0. Furthermore Theorem 4.1 points out the striking difference that can
occur between the LP boundedness properties of the centred and uncentred
maximal functions on graphs with exponential volume growth. As already
mentioned, this difference occurs also in the case of homogeneous trees (.#
is of weak type (1, 1), 4" is of restricted weak type (2,2) and unbounded on
LP(%y) for p < 2, see [LS]), but it can be much wider for nonhomogeneous
trees.

Suppose that a and b are integers such that 2 < a < b. Preliminarily, we
define a tree §, in the class T, that will play a fundamental role in this
section. The tree §,p contains a reference point o with a + 1 neighbours
9o, - - - ,ga With the following property: the vertex go and all the vertices
of the tree on geodesics starting with [0, go] have valence b + 1, and all
the vertices g1, ..., g, together with the vertices on geodesics starting with
[0, g;] for some j € {1,...,a} have valence a + 1. Denote by §, and § the
set of vertices in §,;, with valence a 4+ 1 and b + 1, respectively. Clearly

Sab = Ta U Sb.
Theorem 4.1. Suppose that 2 < a < b. The following hold:
(i) A is unbounded on LP(Fqp) for all p in [1,00);
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(it) A is bounded on LP(F,p) whenever p € (1,00), and it is of weak
type (1,1).

Proof. Recall that 7 denotes log, b, and observe that 7 > 1.

First we prove (i). For large integers n, consider the sets
Ey:={z€F:|z|=n} and F,:={z€F,:|z|=[27—-1)n]},
where |-] denotes the integer part function. Clearly
|Ey| =b""" and |F,|=al@Dn)

We want to estimate from below the measure of the level set {4 1g, >
c}, where c is a suitable positive constant, independent of n, that will be
determined below.

For z in F;,, consider the unique point y on the geodesic joining x and o at
distance |7 n] from z. Of course y depends on x, but this has no consequence
for what follows. Observe that

dlo,y) =271 —=Dn|—|7n] <27 —1)n—7Tn+l=7mn—n+1,
so that
d(y, Ey,) = d(y,0) +d(o, E,) = |21 —1)n] — [tn]+n<7tn+1.

Set R, := |7n| + 2. The estimates above imply that Bp, (y) contains both
x and E,. Therefore, given x in F},, there exists y such that

1 | En|
JVlEn(a;)ZJ 1p dpy=——.
By the Cheeger isoperimetric property (see Proposition 2.2), ‘BR(yﬂ <
C;;al,b|SRn (y)’ Thus, it remains to estimate ’SRn (y)| from above. Denote
by Yo = ¥,---,Vd(oy) = 0 the points on the geodesic [y, o]. Observe that,

starting from y, we can distinguish the points v in Sg, (y) according to the
following:

(i) visin §,, and the intersection of the geodesics [y, v] and o, y] is {y};
(ii) v is in §,, and the intersection of the geodesics [y, v] and [o, y| is the
geodesic [y, y] for some k in [1,d(y,0)];
(iii) v is in Fp.
Therefore

d(y0)

‘SRn (y)‘ =af + Z (a — 1) aftn=F=1 4 pln—d(y.0)=1
k=1

— gfn—1 (1 _ a—d(y,o) + (L) + bRn—d(y,o)—l.

(4.1)

Recall that d(o,y) = [(27 — 1) n] — |7 n], and observe that [(27 — 1)n]| =
|27 n] —n. Now 2[s| < 2s for every real number s, so that, taking the
integer part of both sides, we see that 2|s| < |2s]. Therefore

R, —d(y,0) —1=n+2[tn] —[27n]+1<n+1.
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Furthermore afi < a™"*2 = @?b". These estimates, together with (4.1),
imply that

1Sk, ()] < (2a® +b) b™.
Altogether, we can conclude that

I L b s
AL )2 o g2y o = S Qa2 ) on © (2a 4 0) b
for every z in F;,. Now, set ¢ := (2623:’1))6 Since A 1f, > con Fy,
a
P
P )
eI, ||

If 4" were bounded on LP(§, ;) for some p in [1,00), then there would exist
a constant C', independent of n, such that ‘Fn‘ <C ‘En‘ By the definition
of T,

2
|Fy| = alC0nl 5 1 (E)”
T a\a
Therefore the following should hold

1 b2\ b\
7<—) <Cbv, equivalently (7> <C
a\a a

for all large n, which is a contradiction, because a < b.
Next we prove (ii). Recall that §,, = §a U Fp. For x in §qp, set gp(x) :=
d(z,$p) and g4(x) := d(z, Fa)-

For any nonnegative f in L'(F,p), write f = fo + fp, where f, :== f 15,
and f;, := f1g,. Since

{af >Nyl fa> N2y u{af, > N2},

it suffices to prove that there exists a constant C' such that

C
{2 € Fap : A falz) > N/2}] < < lfallrg,,) — ¥A>0, (4.2)
and that a similar estimate holds for fj.
In order to prove (4.2), we estimate .# f,(xz) when z € F, and = € §
separately. Suppose first that € §,. It is straightforward to check that
|BR(:U)} > V*R) VR >0,
and |Bg(z)| = V4(R) if R < gy(z). Therefore
1 J' 1
fadNSJ fadp Vo € §q.
|Br(2)| JBa@) VAR) By

Consider the homogeneous tree %, a reference point o, in it, and the neigh-
bours wy, ..., w, of o, in T,. The subset T, \ E(wp), where E(wyp) is the
branch of T, of all points y such that the geodesic [o0q, y] starts with [og, wo],
is isometric to §, via an isometry ¢ that maps o to o4, and the neighbours
g1,---,9a of 0in F4p to the neighbours wy, ..., wq of 04 in €.

Consider the function f§ on T, that vanishes on E(wp) and is equal to
fa(z) at the point ¢ (z). Then the average on the right hand side of the
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estimate above agrees with the average over the ball with centre #(x) and
radius R of the function ff on T,. Thus, M fo(x) < .///fg(/(x)) for every
z in §,. Since HngLl(‘Ia) = HfaHLl(ga) and the centred maximal function
on ¥, is of weak type (1, 1),

{2 € Fa: M falx) > N2} < {y € Tu: A fi(y) > \/2}]
<<
= Wallpis,) (4.3)
C
Y HfaHLl(ga) :

Suppose now that x € §,. Observe that if R < g,(z), then {BR(;U)} =

VP(R). Furthermore, if R > g,(z), then Bg(z) contains all points y in §,
with |y| = |z| + R such that the geodesic [o,y| contains . The number of
such points is b%, and notice that b% > (1/3) V¥(R) (see (2.2)). Therefore

1
M fo(x) <3 sup J fadp
) R2ouw) VP (R) Jg,

3
< Vo(ou(a)) [fall gy V2 €S0,

because the support of f, is contained in §,. Hence

{z €3y M fu(z) > N2} C {:c €81 V' (0a(@) < (6/7) ||fall o5, }
so that, referring to the homogeneity of Ty,
o € 8o ule) > 2} < 6/3) [l e, -

By combining the estimate above and (4.3), we conclude that

C
({2 € Basp : M fal0) > M2} < S NSl g, -
as required.

Next we consider f,. We proceed much as above for f,, and estimate
A fp(x) when z € §p, and z € §, separately.

Suppose first that z € §p. Clearly ‘BR(SL')‘ = V®(R) in the case where
R < g4(z), and |Br(z)| = b > (1/3) VP(R) (see (2.2)) if R > ga(z).
Therefore !BR(:U)} > (1/3) VP(R) for every R, whence

1 J 3
— fodp < J hdy  Vreg
|Br(2)| JBa@) V(R) J3,nBr(x)

We can identify §; isometrically to a subset of the homogeneous tree Ty
by identifying the vertex gg in §,p with the reference point oy, in %, and
removing from ¥} the set E(zg) (here zg,..., 2, are the neighbours of 0 in
%p). Denote by _# this isometry, and by fg the function on ¥} that vanishes
on E(z) and is equal to fy(z) at the point ¢ (z).

Then the average on the right hand side of the estimate above agrees with
the average over the ball with centre ¢ (z) and radius R of the function f£
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on Ty. Thus, A& fp(z) < S%fg(j(x)) for every x in . Since HfbﬁHLl(‘Zb) =

”fbHLl(gb) , and the centred maximal function on ¥} is of weak type (1,1),

o € By : M fo(w) > A/2}] <

{y €%y .///fg(x) > )\/6}‘

C
< S sty (49
C
Y ”fbHLl(gb) :
Finally, suppose that z is in §,. Clearly ‘BR(x)} = V?(R) in the case
where R < gp(z), and |BR(x)} > V%(op(2)) if R > op(z). Thus,

M fr(x) = sup ‘Bal(x)‘ L fodp
R b

R>gy(x)
C

< Valor(a)) [foll 1z, Vo € B

Hence

17ell 15,.,) !

{a; € §a: A fp(x) > )\/2} C {sc € Sa: Va(gb(x)) < 3

so that, referring to the homogeneity of T,

1oll 115..,)
3 .

By combining the estimate above and (4.4), we conclude that

{2 € o : A fr(x) > A/2}| <

C
|({o € Sap s A hol2) > N2} < S [l g,y -

as required. O

We end this section with a slight variant of [V, Theorem 5.1].

Theorem 4.2. Suppose that 1 < a < b, that b > 2, and that T is a tree
in the class Toyp. Assume that there exists a positive constants C' such that
|BT(x)| > CU" for all vertices x and nonnegative integers r. Then the
operator A is of restricted weak type (2,2).

Proof. Suppose that x is in ¥, and Bp is a ball of radius R containing zx.
Then

1 1 1
Bl Jo 7100 < G | 100 < e |

As explained just above Theorem 3.2, ¥ is isometric to a subtree of Ty, so
that we can actually assume that ¥ is contained in ¥;. Hence any function
f on T can be trivially extended to a function f* on T, as follows

) = f(2)1s(x) V€T

)|f‘ dp. (4.5)

2r(®
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Notice that HfHLM Hf HLM for all indices p and ¢ such that 1 <

p,q < 00. Now, observe that bft > ch’(2R)1/2 for some positive constant c.
This and (4.5) imply that

1 J‘ C

Bt | Ml s g | [l

}BR’ BR‘ | Vb(2R)!/2 BZQ)R(Q?)‘ ‘

By taking the supremum with respect to R in N, we see that
N f(z) < CMfx) Vrefg.

Therefore

ClA oo S 1427 ] 2oy

< H///z”f”Hme)
o P 1
< "}///2 H‘LQl (Tp); L22°(Tp) HfHL21 (%)

the third inequality above follows from Veca’s result [V, Theorem 5.1].
This concludes the proof of the theorem. O

We remark that if T is as in the statement of Theorem 4.2, then .# is of
weak type (1,1), by Theorem 3.6.

5. ROBUSTNESS OF THE RESULTS

The methods developed so far seem to be nonamenable to a straightfor-
ward extension to graphs. However, simple examples show that there are
graphs, which are not trees, where the analogues of the results so far proved
for trees hold. This raises the question of finding reasonably general classes
of graphs, which share with trees properties similar to those discussed in the
previous sections.

Our analysis in this section is based on the notion of rough isometry, in
the sense of M. Kanai [K] (see Definition 5.1 below).

First, we need more notation and terminology. We consider only simple
graphs &, i.e. undirected graphs without self-loops and multi-edges. There
is a natural distance on simple graphs: d(z,y) denotes the length of the
shortest path joining z and y. Note that, contrary to what happens on
trees, there may be many paths of minimal length joining any two points.
For any « in &, the ball and the sphere with centre x and radius r will be
denoted by B,(x) and S,(x).

We shall consider only connected graphs with (1,Q)-bounded geometry,
i.e. we assume that
2<v(z)<Q@Q+1 Vo € 6. (5.1)

We need a few simple geometric properties of &, established below. For the
sake of notational convenience, for every nonnegative integer m, we set

Qerl -1

Qngi=—7".
’Q Q_l
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Since each vertex in & has at most Q) + 1 neighbours, the volume of balls of
radius r in & is controlled by V@(r), i.e. the volume of balls with the same
radius in €. Thus,

|B.(x)| <VP(r) Vred® VreN. (5.2)
Also note that
|Bria(@)| € Qg |B,(@)]  VneN, (5.3)
Indeed,
r+n
|Brin(@)| = |Be()| + Y |9(@)] < |B(x)] + | ()] ZQ”
j=r+1

now (5.3) follows directly from this and trivial inequality |Sr(x)| < |By(z)|.
Notice that if x and y are points of & at distance at most K, then

Olo |Br(2)| < |B(y)| < Qg |Br(x)|  VreN. (5.4)
7Q
Indeed, B,(y) C B,+x(x), by the triangle inequality, so that

1B ()| < [Brik(z)] < Qk.@ |Br(z)];

the last inequality follows from (5.3). By reversing the role of  and y, we
obtain

1By (2)] < Qk,Q |Br(y)l;
the left inequality in (5.4) follows directly from this.

Definition 5.1. Suppose that & and &’ are two connected simple graphs,
with distances d and d’, respectively. A map ¢ : & — &’ is a strict rough
isometry if there exist nonnegative numbers K and ( such that

K :=max {d'(p(®),2) : 2’ € &'} (5.5)
is finite, and

d(z,y) — B <d(p(z),0(y) <d(z,y)+8 Vr,yed.  (5.6)

Points in & and in &’ will be customarily denoted by nonprimed and
primed lower case latin letters, respectively. If z’ is a vertex in &', we
denote by B,(z') and S,(z’) the ball and the sphere with centre 2’ and
radius r. Without loss of generality we shall assume that 3 is a positive
integer. The next lemma contains a few simple geometric properties of ¢.

Lemma 5.2. Suppose that ¢ is a strict rough isometry between & and &'
with (1,Q) and (1,Q’)-bounded geometry, respectively. The following hold:

(i) |7 ()] < VL(B) for every y in p(&);
(i) {Bk (p(z)) : © € 8} is a covering of & with the finite overlapping
property. Furthermore

[{z € &2 € Br(p(x))}| < V9(B) VY(K). (5.7)
Proof. To prove (i), observe that if v and w are points in & such that

o(v) = @(w), then the left inequality in (5.6) yields d(v,w) < . Thus,
w belongs to Bg(v), and (i) follows directly from (5.2).
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Next we prove (ii). By (5.5), the sequence {Bk(¢(z)) : z € &} is a
covering of &'.

Now suppose that 2’ is a point in &'. If 2’ belongs to B (¢(z)), then ¢(z)
belongs to B (z'). Since |Bg(2)| < V@' (K), there are at most V¥ (K)

balls of the given covering containing z’. Then (5.7) follows from this and (i).
(]

Remark 5.3. We observe that if ¢ : & — &' is a strict rough isometry with
constants K and £, then there exists a strict rough isometry ¢’ : &' — &
with constants 5 and 8 + 2K.

We first define ¢’. If 2’ € (&), then ¢! (2’) is contained in the ball Bs(x)
(see the proof of Lemma 5.2 (i)). Then we choose a point x in ¢~!(z’) and
set ¢'(2') = x. Notice that for each ' € ¢(®), the point ¢'(2’) can be
chosen in at most V?(3) ways.

If 2/ € &\ p(B), then, by (5.5), there exists a point w’ in p(B) such that
d'(x',w") < K. Then we choose a point w € ¢~ !(w'), and set (') := w.
In general, this choice may not be unique, but this has no consequences in
what follows.

Next, we prove that ¢’ is a strict rough isometry. Suppose that x € .
Then ¢’(¢(z)) belongs to Bs(x), so that

d(z, ' (&) < d(z, ¢ (p(x))) < B

Now, consider 2’ and ¢’ in &’. By the construction of ¢’ (and the fact that ¢
is a strict rough isometry with constants K and f3), there exist w’ € Bg (')
and 2’ € B (y') belonging to (®), and points w € ¢~ !(w') and z € ¢~ 1(2/)
such that ¢'(z’) = w and ¢'(2') = z. Then

d(¢'(2"),¢'(y)) = d(w, z) < d'(p(w), p(2)) + 8= d (W', ") + B;

the inequality above follows from the fact that ¢ is a strict rough isometry.
The triangle inequality now implies that

d(w',2) <d W, o) +d @ y)+dy,2) <d@,y) +2K.
By combining these estimates we see that
d(¢' (@), ¢’ () < d(2',y) + 2K + B.
Similarly,
d(2y) <d@ w')+d W, ) +d(Zw) <dW, )+ 2K,
and
d (', 2) =d (p(w),¢(2) < dw,2) + 8 =d(¢(2),¢' () + B
so that
d(¢' (@), ¢’ () > d(2',y) — 2K — B.

The next theorem is the main result of this section. Preliminarily, we
need more notation. Suppose that ¢ : & — &’ is a strict rough isometry, as
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in Definition 5.1, and that f is a function on &’. Then 7f will denote the
function on ¢(®), defined by

(wamU:—J; L Mldn W e o) (5.8)

Given a function f on &', and a nonnegative integer R, consider the func-
tions Arf and /R f, defined by

1
AR i= o | iflan e,
| Br(z)| JBac)
and
1
dpf(Z) = sup J |fldp Vi e®:
Besp:Bs2 |B| I

here Br denotes the collection of all balls of radius R in &’.

Theorem 5.4. Suppose that & and &' are connected simple graphs with
(2,Q) and (2,Q")-bounded geometry, respectively, and that p : & — & is a
strict rough isometry. Assume that 1 < p < oo, and that 1 <r < s < 0.
The following hold:

(i) if A is bounded from LP" (&) to LP*(&), then A is bounded from
LP7 (') to LPH(&);

(i) if A is bounded from LP" (&) to LP*(&), then A is bounded from
LP7 (') to LP#(&');

Remark 5.5. In view of Remark 5.3, the implications above can be reversed.

Proof. In this proof y will denote both the counting measure on & and on &'.

First we prove (i). We consider the maximal operators

MEf(2) = max Arf(?) Ve (5.9)

and
My f(Z) = sup Arf(Z) Vi e @,
R>K

where K is as in Definition 5.1. Observe that .#f < .#5f + #x f. The

required boundedness properties of .#Z will follow directly from the corre-

sponding properties of .#Z% and .#y, which will be established in Step I

and Step III below, respectively.
K

Step I: boundedness of .#4%. Observe that, trivially, .#%f < Z Arf,

R=0

so that it suffices to prove that Agf is bounded from LP"(®') to LP*(®’)

for R=0,...,K.

Suppose that « > 0 and Arf(2') > a. Then there exists a point w’ in
Bp(%') such that |f(w’)| > a (for otherwise Agf(z') < «). Thus, we have
a map from E4,¢(a) to E¢(c) that associates to 2’ in Ea,f(a) a point w’
in Ef(a). This map may very well be not injective. However, a point w’
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in Ef(a) can be, at most, the image of all the points in the ball Br(w').
Therefore

| Eaps(@)] < V(R) [Ef(a)]- (5.10)
From the definition of the Lorentz (quasi-) norm, and the contractivity of
the injection LP" (&) C LP*(®') we deduce that

1ALl osgery < VIRl ooy < VIR ] ooy

Hence

K
58] ey < Crc 3 NARFN ey < Cc 2P 38 0
R=0

fHLp,'r(le) b

(5.11)
as required.

Step II. Consider a ball Bg(z') in &', with R > K. By Lemma 5.2 (ii),
{Bk (¢(z)) : « € &} is a covering of &'. Therefore there exists z in ® such
that d’'(p(z),2") < K (thus, in particular, ¢(z) belongs to Bg(2')).

We claim that

1 J 1 J
_ du < Cop—r
|Br(')| BR<z'>‘f| 1=K Br @) b

where R' = R+ 2K + 3, and Cg’K = VQ(,B) QQK_’.B’Q Q/BvQ/ QK7Q/.

To prove the claim, first observe that
{y € & : Br(p(y)) N Br(2') # 0} C Briox+s(2). (5.13)
Indeed, if B (¢(y)) N Br(2') # 0, then d'(¢(y),2') < R+ K, whence
d(y,2) < d'(e(y), p(2)) + B < d'(p(y),2") +d' (2", 0(2)) + B < R+ 2K + B,

as required.

(mf)ow)du,  (5.12)

Set
E(Z,R) := {y' € ¢(®) : Bk(y') N Br(Z') # @}.
By (5.13)
¢ (E(2,R)) € Briak+8(2). (5.14)
Since {Bk (y') : ¥’ € (&)} is a covering of &', Bg(z') C U Bk (y).
y'€E(2',R)
Therefore

fldu < J 1l du
JBR(Z’) Z Br (y')

y'€E(2',R)

= Z (mf) () (5.15)

y'€E(2",R)

< Y [®hHoelw):
YE€BR12K+5(2)
the last inequality follows from (5.14). We need to estimate the ratio
Briar+5(2)|/|Br(2')|- By (5.3),

|Briok+s(2)| < Qarip,0 |Br(2)|-
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Since ¢ is at most VO(B)-to-one, |Br(z)| < V¥(B) |¢(Br(2))|. Now, if ¢/
belongs to ¢(Bg(z)), then y' = ¢(y) for some y in Bg(z), and
d(p(y), o(2)) <d(y,2) + B < R+ B,
so that ¢(Bpg(z)) is contained in Bgys(p(z)). Therefore
|Br(2)| < VUB) |Bras(e(2))]

< VB) Q.0 |Br(#(2)]
<V9B) Q.0 Uk |BR(Z/)\ :

we have used (5.3) and (5.4) in the last two inequalities. Altogether, we
have proved that
‘BR+2K+5(Z)‘
| Br(2))|
where Cp i is as in the claim. The claim follows directly from this and
(5.15).

< Cpk,

Step III: conclusion of the proof of (i). By (5.12), to each 2’ in &', we can
associate a point z in & such that d'(2/,¢(z)) < K and

My f(Z) < Core M ((nf) o) ().
Suppose that a > 0 and that 2’ is a point in E 4, s(«). Since the point z
can be associated to at most V9 (K) points 2’ in &/,

Bt 1(@)] < VYE) | E((n pyopy (@) Cs.1)-

Consequently
H‘/{KfHLP»S(le) < VQI(K)l/p <pJO |E///((ﬂ'f)°¥’)(a/c/3vK>

Changing variables and using the definition of the (quasi-) norm of LP*(&’),
we see that

H///KfHLps &) < Cp, Kk VO(E)P |- ((nf) OSO)HLps(@
Since, by assumption, .# is bounded from LP" (&) to LP*(®),
12 ((xf) o @)l sy < N2 por@pyosiey 17F) 0@l oo

/P 51 doy )1/5

Note that }(7rf) o go(z)’ > « if and only if J ‘f‘ dp > «a, equivalently
B (p(2))
if and only if Ax f(¢(2)) > a/|Bk (¢(z))|. Thus,

| Erpop(a)] = [{z € & : Ak f(0(2)) > o/ |Bx (0(2))]}]
< Hz €6 AKf(gp(z)) > Oz/VQI(K)}’
<VYR) {2 € & A f(2) > a/VY(K)};

)

the second inequality above follows from the obvious estimate ‘B K (cp(z)) ‘ <

VQ/(K ), and the third from the fact that ¢ is, at most, V9(3)-to-one. Now,
(5.10), with K in place of R, yields the estimate

{2/ € & : A f(2) > a/VO(K)}| < VO(K) |Ef(a/VO(K))|.
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By combining these estimates, we see that

| Erprog(@)] < VAB)VI(EK) |Ef(a/V(K))

)

whence

H(Trf) o SOHLp,r(@) < VQ/(K)1+1/p VQ(/B)I/p HfHLP’T(Qi’) '
Altogether, we obtain the bound
A5 f || ey < CocVIE) TP VIAP || || s )
which, combined with (5.11), yields (i).

;LPs(®) HfHLPVS(Qj/)a

The proof of (ii) copies the strategy of the proof of (i); we shall only
indicate the nontrivial changes needed and leave the other details to the
interested reader. We consider the maximal operators

NEf(2) = max rf() Ve e & (5.16)

and

N f(2') = sup “rf(Z) Ve d,
R>K

where K is as in Definition 5.1. Observe that A4 f < A/ Kf + A% f.

To prove the boundedness of 4% we proceed much as in the proof of
Step I above. Given o > 0 and a point 2’ such that @z f(2') > «, there

1
exists a ball Br of radius R containing 2z’ such that 5 J |fldp > a.
R JBg

Therefore there exists a point w’ in Bg such that ‘ f(w )‘ > « (for otherwise
the average above would be < «).

Thus, we have a map from E., f(a) to Ef(«) that associates to 2’ in
E., () a point w’ in Ef(«). The point w' in Ef(a) can be the image of,
at most, all the points in the ball Bog(w') (rather than Br(w’) as in Step
I). Therefore

|Eopp(@)] < VE2R) |Ef(a)]. (5.17)

Then we proceed, mutatis mutandis, as in the proof of Step I, using (5.17)
instead of (5.10).

Next, let Bg be a ball of radius R > K containing z’. By Lemma 5.2 (ii),
there exists z in & such that d’(¢(z),2’) < K (thus, in particular, ¢(2)
belongs to Bg(z')). Denote by w' the centre of Br. Another applica-
tion of Lemma 5.2 (ii) guarantees the existence of a point w in & with
d' (p(w),w') < K. Thus, ¢(z) belongs to Briag (¢(w)). Set R = R+
2K + 3. Since ¢ is a strict rough isometry, d(z,w) < R'.

Thus, we associate to any ball Br of radius R containing z’ a ball Bp/
in &, containing z. Then, by arguing as in the proof of (5.12), we can prove
that there exists a constant C’é, i such that

1 ) 1
@ JB |f]dp < C'B’K’BT/‘ JB ((7rf) Ocp) dp.

R/
The conclusion then follows by arguing much as in the proof of Step III
above.
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This concludes the proof of (ii), and of the theorem. O

Theorem 5.4 applies, for instance, to all graphs that are compact per-
turbations of Ty, i.e. to graphs & with the following property: there exist
compact sets K C & and Kj, C T so that & \ K =T, \ Kp.

To prove this, fix a point w in K, and consider the mapping ¢ : T, — &,
defined by

(i) p(z) = x for every z € Ty, \ Kp;
(il) ¢(Kp) = w.

Observe that ¢ is a strict rough isometric between T, and ®. Indeed,
d(p(T), ) < diam(K) for all z in &, and

d(z,y) —n < d(p(z), 0(y)) < d(z,y) +n,

where 7 := diam(K) + diam(K}) + d(k, ky) + 2, and k, ky are arbitrary neighb-
bours of K, Kj lying in & \ K = T, \ K.
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