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Abstract: A relationship between Poincaré inequalities and the topological Hausdorff dimension is
exposed—a lower bound on the dimension of Ahlfors regular spaces satisfying a weak (1, p)-Poincaré
inequality is given.
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1. INTRODUCTION

Let (X, d) be a separable metric space. The subscript of dim indicates the
type of dimension, and we set dim @ = —1 for every dimension.

Poincaré inequalities are the forms of the Fundamental Theorem of Cal-
culus that work in general metric spaces. Indeed, a one-dimensional Poincaré
inequality is a direct consequence of the Fundamental Theorem of Calculus:

Remark 1.1. Let f : [a,b] — R be differentiable. The Intermediate Value
Theorem gives a point ¢ € [a,b] with f(c) = f; f, the average of f on [a,b].
The Fundamental Theorem of Calculus then yields

ibﬂ@—iﬂ

which is inequality (1.1)) found below, with p = A = K = 1.

b
dx<w—wf|ﬂ,

There is an inherent connection between Poincaré inequalities and topo-
logical Hausdorff dimension because both concepts take connectivity into ac-
count. In order to discuss Poincaré inequalities, we include the following
definition, which can be found in [4, p. 55].
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DEFINITION 1.2. Given a real valued function w in a metric space X, a
Borel function p : X — [0, 00] is an upper gradient of w if

ulw) ~ uy)| < [ pds

Y

for each rectifiable curve 7 joining x and y in X.

To prove the main result, we will use the upper pointwise dilation as a
suitable upper gradient (see [2, p. 342]).

Facr 1.3. If f : X — Ris alocally Lipschitz function, the upper pointwise

dilation
Lip f(z) = limsup sup 1f(@) = f)l
r—0 yeB(x,r) r

is an upper gradient of f.

The following definition of a weak Poincaré inequality is from [4, p. 68],
and a broader definition can be found in [2, p. 84].

DEFINITION 1.4. Let (X, i) be a metric measure space and let 1 < p < oo.
Say that X admits a weak (1,p)-Poincaré inequality if there are constants
0< A<1and K >1 so that

]ﬁB (= urg| dp < K (diam B) (é g du> " (1.1)

for all balls B C X, for all bounded continuous functions v on B, and for all
upper gradients p of u, where uyp is the average value of u on the set \B.
Also assume p(B(z,r)) > 0 whenever r > 0.

It is not difficult to show that if a space supports a weak Poincaré
inequality, then it is connected, and 0B(z,7) # @ whenever r < % diam X
[5, Proposition 8.1.6]. Such spaces are also quasiconvex, i.e., any two points
can be connected by a curve of controlled length [5, Theorem 8.2.3]. Like
the Hausdorff dimension, Poincaré inequalities are preserved by bi-Lipschitz
maps, but the constants A and K may change after application of a Lipschitz
map. For a precise statement, see [2, Proposition 4.16].

Recently, results have surfaced that explain the relationship between Poin-
caré inequalities and some particular fractals. Mackay, Tyson, and Wildrick
investigated the potential presence of Poincaré inequalities on various car-
pets—metric measure spaces that are homemorphic to the standard Sierpinski
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carpet. In short, a carpet of this kind is constructed in the same manner as
the Sierpinski carpet, except at each step the scaling factor need not be 1/3.
Requiring that the sequence of scaling factors a = (ay, ag,...) contain only re-
ciprocals of odd integers that decrease to zero, one obtains a carpet (Sa, |-, 1)
with Euclidean metric | - | and measure u, where u arises as the weak limit
of normalized Lebesgue measure on the precarpets. For the construction, see
[8]. They provided a complete characterization of these carpets in terms of
(1, p)-Poincaré inequalities as follows.

THEOREM 1.5. (MACKAY, TysoN, WILDRICK []])

(i) The carpet (Sa,| - |, ) supports a (1,1)-Poincaré inequality if and only
ifaell
(ii) The following are equivalent:

(a) (Sa,| |, 1) supports a (1, p)-Poincaré inequality for each p > 1.
(b) (Sa,|- |, p) supports a (1, p)-Poincaré inequality for some p > 1.
(c) a€

To see how topological Hausdorff dimension is related to connectivity, one
need only consider Theorem 3.6 in [I]. That theorem gives an equivalent
definition of topological Hausdorff dimension for separable metric spaces:

dim;g X = min{d : 3A C X such that dimg A <d -1
and dim¢(X \ A) < 0}.

A significant advantage of imposing a Poincaré inequality like is the
flexibility that exists in choosing the function v and one of its upper gradients
p. To apply to the topological Hausdorff dimension of a given space X,
one can apply the inequality to the boundary of an arbitrary open set U of
X to determine a lower bound on dimyg OU. If a non-trivial lower bound on
dimg QU is achieved, then so is a lower bound on dim;g X . In the next section
we apply this technique and exploit the Poincaré inequality to accomplish
exactly that goal.

A closely related concept was recently investigated by Lotfi in [7], which
generalized the topological Hausdorff dimension by combining the definitions
of topological dimension and p-Hausdorff dimension. They presented upper
and lower bounds for the so-called p-topological Hausdorff dimension of the
Sierpinski carpet, and gave a large class of measures i, where the associated p-
topological Hausdorff dimension of the Sierpinski carpet coincides with these
lower and upper bounds.
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The main result requires that a space X satisfies a weak (1, p)-Poincaré
inequality, and that it is Ahlfors regular. The following definition can be
found in [4, p. 62].

DEFINITION 1.6. If X is a metric space admitting a Borel regular measure
1 such that
C~'RY < u(Bg) < CRY

for some constant C' > 1, for some exponent b > 0, and for all closed balls Bgr
of radius 0 < R < diam X, then X is called Ahlfors b-reqular.

An Ahlfors b-regular space has Hausdorff dimension b [4, p. 62], and is
doubling:

DEFINITION 1.7. A metric measure space (X,d,u) is doubling if there
is C > 0 such that 0 < p(B(z,2r)) < Cu(B(x,r)) for all z € X and
for all r > 0.

There is much interplay between Ahlfors regularity and weak (1,p)-Poincaré
inequalities in metric spaces. For example, in [6], Lohvansuu and Rajala re-
cently studied the duality of moduli in this context, where the Ahlfors reg-
ularity constant is assumed to be greater than one. They proved that there
is something of a dual relationship, with exponents p and p* = p%l, between
the path modulus and the modulus of separating surfaces.

It can be challenging to obtain nontrivial lower bounds on the topological
Hausdorff dimension. In the presence of Ahlfors regularity, however, this prob-
lem becomes more tractable. We now state the main result, which provides a
lower bound in terms of the regularity and Poincaré constants.

THEOREM. Let (X, u,d) be a complete, Ahlfors b-regular, (1, p)-Poincaré
metric measure space. Then dim;g X > b—p+ 1.

Due to Ahlfors regularity, equality is achieved if p = 1 because dim; X <
dimy X = b. On the other hand, it is not clear whether a space exists that
yields equality for any p > 1.

2. PRELIMINARIES

The symbol B(z,¢) denotes the open ball centered at = of radius €. For
x € R", the Euclidean modulus of z is denoted |z|. Unless otherwise stated,
distance in the metric space Y is denoted dy or simply d. We use the notation
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sz][Efduzu(lE)/fdu

for the average value of an integrable function f on E C X, where (X, d, u) is a
metric measure space. For any A C (X, d), the set As is the d-neighborhood of
A in X. The symbol xy represents the characteristic function of any U C X.

In order to define topological Hausdorff dimension, we include the defini-
tion of Hausdorff dimension:

DEFINITION 2.1. The p-dimensional Hausdorff measure of X is

HP(X) = (%i_r}léinf{Z(diamEj)p X C U E; and diam E; < 6 forall j};
j=1 j=1

the Hausdorff dimension of X is dimy X = inf{p : HP(X) = 0}.

An interesting combination of the Hausdorff and topological dimensions,
called topological Hausdorff dimension, was introduced in [1]:

dim;y X = inf{d : X has a basis U such that dimyg oU < d—1VU € U}.

By Theorem 4.4 in [I], the topological Hausdorff dimension always falls
between the topological dimension (dim;X) and the Hausdorff dimension
(dimg X):

THEOREM 2.2. (BALKA, BuczoLicH, ELEKES[I])) For any metric space X,
dim; X < dim;g X < dimg X. (2.1)

In certain favorable circumstances, the Hausdorff and topological Haus-
dorff dimensions are additive under products. For any product space X x Y,
we use the metric

d((x1,y1), (x2,y2)) = max(dx (x1,22),dy (y1,y2))-

For sake of completeness, we include Theorem 4.21 from [I] and several
product formulas for Hausdorff dimension (see e.g. [3, Chapter 7]).

Facr 2.3. If E C R, FF C R™ are Borel sets, then
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Let dimy X be the upper box-counting dimension of X (see e.g. [3]).

Fact 2.4. For any sets £ C R™ and FF C R™
dimy(E x F) < dimg E + dimpgF.

We call a Cantor set in [0, 1] uniform if it is constructed in the same way as
the usual middle-thirds example, allowing for any scaling factor 0 < r < 1/2.

Since uniform Cantor sets have equal Hausdorff and upper box dimensions,
Facts 2.3] and [2.4] yield the following formula.

Fact 2.5. If F C R is a uniform Cantor set, then for any £ C R"

In light of Facts[2.3]and we observe the following convenient additivity
property.

FacT 2.6. If X C R” and Y C R™ are Borel sets with dimg X = dimpX,
dimH(X X Y) =dimyg X + dimg Y. (2.3)
The condition dimy X = dimpX holds for a wide variety of spaces.

THEOREM 2.7. If X is a nonempty separable metric space, then
dimy g (X x [0,1]) = dimg(X x [0,1]) = dimyg X + 1. (2.4)

In particular, for any value ¢ > 2, R = X x [0,1] can be chosen such that
dim;g R = c.

The first equality in is due to Balka, Buczolich, and Elekes [1].
Because dimg[0,1] = dimp[0,1] = 1, the second equality in is read-
ily obtained considering Fact

Recall that the Hausdorff dimension is invariant under bi-Lipschitz maps.

DEFINITION 2.8. An embedding f is L-bi-Lipschitz if both f and f~! are
L-Lipschitz, and we say f is bi-Lipschitz if it is L-bi-Lipschitz for some L.
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3. A LOWER BOUND ON TOPOLOGICAL HAUSDORFF DIMENSION FOR
POINCARE AHLFORS REGULAR SPACES

To provide a nontrivial lower bound on dim;zz X, it suffices to consider
an arbitrary bounded basis element U for the topology on X, and show that
dimg OU > b — p, where b and p are the regularity and Poincaré constants of
X, respectively.

THEOREM 3.1. Let (X,u,d) be a complete, Ahlfors b-regular, (1,p)-
Poincaré metric measure space. Then dimsg X > b—p+ 1.

Proof. Let U be basis for the topology on X, and consider a bounded
element U € U, U # X. Choose § > 0 small enough that § < 3 diam(U), and
both U \ (8U)s and Us  are nonempty. Let 0 < A < 1 and K > 1 be as in
Definition and choose zp € U \ (0U)s. Choose R > 0 large enough that
B(z9,R) D Us and B(zg, R) \ Us # @, and put B = B (20, B/»). Then R is
large enough that Us C AB = B(zo, R).

Fix an arbitrary finite covering D of QU by open balls as follows:

D ={D; = B(x;,2r;) : x; € 90U}, 2r; <6 for alli. (3.1)

We will show that there is a constant C' > 0 such that ", (diam D;)*~? >
C. Note that X is doubling because it is Ahlfors regular, and X is proper be-
cause it is complete and doubling [0, Lemma 4.1.14]. Therefore U is compact
because it is closed and bounded. Given a finite covering D of OU satisfying

(3.1]), define the functions

Ti

ui(x) = min{ , 1} and u = max (max ui, XU) .
7

Notice that u; is %—Lipschitz, u is bounded, and wu is continuous because
D is a finite covering.
Considering that 0 < u < 1, we have 0 < uyp < 1, and hence

I dnz o ( | d
u—u s e— u—u
AB ML= 1AB) \ JizerBu(z)=1} AL

T
u—u
1AB) \ JizerBuu()=0} ALt

~ u(AB) [(1 = uxp)p({u(z) = 1}) + urpp({u(z) = 0})]
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> ()I\B) min {u({u x) = }),,u({u(x) = 0})}

> min {p(ABNU), w(AB N (Us)°) } (3.2)

1
1(AB)

> ()I\B) min {x(U), p(AB\ Us) }.

The fact that X is b-regular provides a constant M > 1 with M~ 10 <
w(B,) < Mr® for any ball of radius 7. In particular u(AB) < MR’ and
w(U) > 0 because U is open and non-empty. Also, recall that § and R were
chosen so that AB\ Us = B(zo, R) \ Us is open and nonempty. So there is a
point z; and an integer N > 0 such that

B(z1,1/N) C AB\ T .

Applying regularity gives
1

POBATE) 2 (B, ) = 7 (33)
In light of and , we see that
fu— uxg! dp > = min{u(U), jt (\B\ Ts) )
]{\B ()\B) (3.4)

1 . 1
Zmuwmm{MU%me}—C“

where the constant C’ > 0 is independent of the covering D.

Next, we show that f, 5 [u—uxgldu < C" Y, 27 for some C” > 0. To this
end, recall that the upper pointwise dilation of any locally Lipschitz function
f is denoted Lip f, and note that

Y@@ ) - )
B P B S O
1f(y) = f@)] (3.5)

> limsup sup
r—=0  yeB(z,r) r

= Lip f(x).
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The fact that u; is T%_—Lipschitz, along with equation ({3.5)), show Lip u;(x) <
% for all x. Also Lip u < max; Lip u;, and Lipu;(z) = 0 for z ¢ D;. Ahlfors
regularity implies u(D;) < M (2r;)? for all 4, and therefore

p
/ | Lip ulP du = / (Lip )P du < / [maX(Lip uz‘)] dp
B B L
< /BZ(Lip u;i)P dp < Z/X(Lip u;)? dp (3.6)
<y D <MYy

Finally, with the Poincaré inequality (1.1)), (3.4)), and (3.6]), the regularity
lower bound ;(B) > M~ (B/x)? gives

l/p
C’ §][ |lu —uyp| dp < K(diam B) <][ | Lip ulP du)
AB

1/p
< B ( | Lip ul? du)

/p
K (28/) b—p
NV (R/)\>b/p <2bM Z Ti > (3.7)

7

l/p
K (RN o b
= M (B\)7" (M) (Z ' )

1y
=" (Zré’p) )

Therefore 0 < C < 3, rg’*p , where C' = (¢’/c”)? is independent of the
covering D.

Suppose p(X) < oo. We will show that for any D; € D, the radius r; is
bounded above by a constant multiple of diam D;, where the constant depends
only on X. To this end, consider the ball s;D;, where s; = (diam D;)~!. Then
s;D; has radius m, and Ahlfors regularity provides

1 T b
= < D) <
M (diamDi> < plsiDi) < p(X) < oo, (3.8)

ri < M7°pu(X)"" diam D; .
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In light of (3.8)) it is evident that

0<C< er—p < Z <M1/b,u(X)l/b)b_p (diasz‘)b_pa

and hence 0 < >, (diam D;)*~P. Therefore dimy OU > b — p for any such U,
from which it follows that dim;g X > b—p+ 1.
If u(X) = oo, put E = B(zp,a), 0 < a < diam X, and notice that
E is complete and inherits both the Ahlfors b-regularity and (1, p)-Poincaré
properties from X (with the same constants M,b,p, and \). By Ahlfors
regularity p(F) < Ma® < oo, so E satisfies the assumptions of the theorem in
the case that has already been proven. Finally, monotonicity of tH-dimension
shows that
dimsg X >dimyg E>b—p+1.
1

If p = 1, then equality holds in Theorem because (2.1)) guarantees
that dimy;r X < dimpg X = b, but whether equality can be achieved for some
(1, p)-Poincaré space (X, ) with p > 1 is a mystery.

QUESTION 3.2. Is there a number p > 1 with a space (X, u) for which
equality holds in Theorem [3.1f

In order to answer Question one needs a supply of spaces that support
weak (1, p)-Poincaré inequalities for p > 1. Theorem provides one source
of potential examples.

It is tempting to try to answer Question with a carpet Sa = (Sa, ||, 1)
that supports a weak (1, p)-Poincaré inequality with p > 1. A problem arises,
however, once one computes the tH-dimension of this space. Indeed, since
Sa is Ahlfors 2-regular []], dimy S, = 2, and in order to have equality in
Theorem we would need dim;gy Sa = 3 — p. Let C, be the Cantor set in
[0, 1] obtained from the sequence of scaling factors a. Since (Ca X [0,1]) C Sa
we see that dimyg Sa > dimy g (Ca % [0, 1]) = 2 by monotonicity and additivity
of tH-dimension. Therefore dim;z S, = 2, and the equation dim;g Sa =3 —p
is untenable because we assumed p > 1.
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