LARGE POROSITY AND DIMENSION OF SETS IN METRIC
SPACES

TAPIO RAJALA

ABSTRACT. A. Salli proved in [14] an asymptotically sharp dimension estimate
for sets in R™ with large porosity. We generalize this result to a collection of
metric spaces. From the metric space we assume, among other properties,
that it can be locally mapped into R™ in a way that allows us to use Euclidean
projections. We show that R™ with any norm satisfies these conditions as well
as every Heisenberg type group. We also discuss the necessity of the conditions
by examining various metric spaces where the estimates fail.

1. INTRODUCTION

Lower-porous sets have holes of certain relative size in all small enough scales.
They differ from upper-porous sets, which have holes only in some sequences of
scales. For the dimension of lower-porous sets we can find upper bounds that
depend on the porosity. These cannot be found for upper-porous sets. This can
be seen by constructing a maximally upper-porous set in R™ that has dimension
n (see [12, §4.12]). In this paper we will work only with lower-porosity and
therefore every time we speak of porosity we mean lower-porosity.

When one looks at the dimension results for large porosity one notices that
there are essentially two different methods utilized to prove them. The use of
conical densities is the first one and it was introduced by P. Mattila in [11] where
he proved that when a set in R™ has porosity close to its maximum the dimension
of the set cannot be much bigger than n — 1. This result was later improved by
A. Salli in [14]. He used the fact that a uniformly porous set in R™ lives locally
closer and closer to some convex sets when porosity tends to its maximum value.
We call this the second method. It gave the dimension estimate

dim, A <n-—-1+

(1.1)
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for p-porous sets A C R™ with a constant C' depending only on n. Here dim,, is
the packing dimension.

The idea of using conical densities was reused by A. Kdenméki and V. Suomala
in [10] to prove that a k-porous set in R™ having k-porosity close to % must have
dimension at most close to n — k. By k-porosity we mean that there are holes in
k orthogonal directions in reference balls. Again this result was improved using
the second method in [8] by E. Jarvenpdd, M. Jarvenpad, A. Kédenméki and V.
Suomala.

For porous measures the second method has been used extensively. First
time it was used indirectly in [3] where J.-P. Eckmann, E. Jérvenpdd and M.
Jarvenpéé defined porosity of measures and proved a result similar to (1.1) for
doubling measures. They showed that the porosity of a doubling measure u
can be obtained in terms of porosities of sets that have positive p-measure.
Recalling the result of Salli then gives the dimension estimate. E. Jarvenpaa and
M. Jarvenpaa gave a proof for a similar estimate for the packing dimension of
general measures in [5], but the proof actually works only for Hausdorff dimension
as explained in [6]. Again the second method was used in the form of first proving
that large part of the mass of any porous measure inside a small dyadic cube is
near some convex polyhedron.

D. Beliaev and S. Smirnov stated a proof for a similar result for general mean
porous measures in R™ in [2]. In mean porosity we require holes to appear only
in some percentage of (for example) dyadic scales. They tried to estimate mean
porous measures by mean porous sets, which is in fact not possible as is shown
by an example in [1]. Although the proof for mean porous measures was flawed,
the paper generalized the result of Salli to mean porous sets.

The estimate for the packing dimension of mean porous measures was finally
proven by D. Beliaev, E. Jarvenpada, M. Jarvenpaa, A. Kdaenmaki, T. Rajala, S.
Smirnov and V. Suomala in [1]. Also here the second method was used. The
first method was recently used also for porous measures by A. Kdenmaki and V.
Suomala in [9].

The purpose of this paper is to indicate that the second method can be used in
more general settings to estimate the dimension of porous sets in certain metric
spaces. We prove that the estimate of Salli holds in normed vector spaces and
Heisenberg type groups. The idea in the proof is to use Euclidean projections to
a set of directions to move a cover of a porous set to hyperplanes of R".

In Section 2 we introduce the notion of porosity and state our theorem and
some of its corollaries. Section 3 will deal with porosity in normed vector spaces
and Section 4 in Heisenberg type groups. In Section 5 we prove our main theorem
and in the last section, Section 6, we give examples illustrating that the dimension
results for large porosity do not generalize to geodesic regular metric spaces nor
to bi-Lipschitz images of R™.
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2. POROSITY IN METRIC SPACES

Let (X, d) be a metric space. First we note that Bx q)(z,r) is a closed ball in
X centred at x with radius r. If we are using only one metric d in our space, we
may also write Bx (x,r). By S""! we mean the unit sphere in R™. Let us now go
through some relevant definitions. Following the convention introduced in [13],
we define for a set A C X, a point x € X and a radius r > 0

por(A, z,r) = sup{o > 0 :there is y € X such that Bx(y,or)NA =10

2.1
and or +d(z,y) <r}. (2.1)
The porosity of A at a point x is defined to be
por(A,z) = limlg)nf por(A, x,r) (2.2)
and the porosity of A is given by
por(A) = ireljf;1 por(A, x). (2.3)

We call A C X porous if por(A) > 0, and more precisely, o-porous provided that
por(A) > p. From (2.1) we see that there can be only o-porous sets with o < %
We call a set A maximally porous, if por(A4) = 1.

As in [12, §5.3], we define for a bounded set A C X, A >0 and r >0

k
M*MA,r) =inf{kr*: A C UBX(xi,r) for some z; € X and k € N}
i=1
with the interpretation inf() = oo. The (upper) Minkowski dimension of a
bounded set A is
dimyg(A) = inf{\ : limsup M*(A,r) < co}.
r|0

The packing dimension of A C X is given by

dimy,(A) = inf{sup dimys(4;) : A; is bounded and A C | ] A;}.
‘ i=1
We use the notation H? for the d-dimensional Hausdorff measure and dimg
for the Hausdorff dimension, see [12] for the definitions. Recall that for all sets
A C X we have
dimpg(A) < dim,(A).
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Next we fix some notation in R". We denote the convex hull of £ C R" by
conv(E) and the boundary of E by 9(E). Let x € R, v € S" ! and «a €]0, 7.
With these parameters we define a cone

C(z,v,a) ={y € R" | dg(y, L(z,v)) < sin(a)dg(z,y)},
where
L(z,v) ={z+tv e R" |t € [0,00][}

and dg is the Euclidean metric. The orthogonal complement of E is denoted by
E*+ and the Euclidean inner product between vectors z,y € R™ by (z|y).

Let (X,d) be a metric space. The following definition gives the maximum
amount of disjoint balls of radius R in X such that the centres of the balls can
be mapped for fixed y € R" and R > 0 into Bgn(y, R) with a map f:Y — R",
where Y C X. Define for every R > 0 and y € R"”

N(R,y, f) = max{m | 21,...,xm € Y such that f(z;) € Brn(y, R)
and Bx(z;, R) N Bx(z;, R) = 0 for i # j}.

Next we state our main theorem. After that the assumptions of the theorem are
motivated by corollaries and the role of each assumption is clarified in a remark.
More examples satisfying the assumptions will be given in the last section of the
paper. There the dimension estimates derived from the Theorem 2.1 are not of
the type (1.1).

Theorem 2.1. Let (X,d) be a separable metric space. Assume that there are
constants ro, R;, R,, ¢, t >0,0< s <1 andn € N so that every x € X and
0 < r < ro have the following properties: If y,z € Bx(x,ry) and dx(y,z) = r,
then for every e €]0, 1]

Bx(z, (1 —€)r) N Bx(y, ce’r) # 0. (2.4)

There exists an injective map [y, : Bx(xz,4r) — R"™ so that for all0 < R <r
and y € Bx(x,2r)

BR"(fﬂc,r(y)v Rir) N Jer(Bx(z, 4r)) C Jer(Bx (v, 7)), (2.5)

fer(Bx(y, R)) C Bra(fur(y), RoR) (2.6)
and

conv (fm(BX (y,7))UBgrn (frr(y), Rir)) N for(Bx(z,4r))
= for(Bx(y,7))-

Assume for everyy € R" and 0 < R <r

N(R,y, far) < c(%)t_n. (2.8)

(2.7)
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Then for any o-porous subset A C X we have
C

log(175;)

where the constant C depends on n, R;, R,, s, t and c.

dimy, A <t—1+ (2.9)

Remark 2.2. Assuming separability is natural when we want to get dimension
estimates. Assumption (2.4) guarantees that the porous set lives in a suitable
neighbourhood of the holes. Assumptions (2.5), (2.6) and (2.7) allow us to use
Euclidean projections when finding a cover for the porous set.

The first inclusion (2.5) says that there is a Euclidean ball with radius R;r
inside an image of a ball of radius r. We take the intersection with the whole
image here to allow the maps f, , to have, for example, holes inside their images.
To estimate to the other direction we assume (2.6), which says that the images
of small balls are included in a slightly bigger Euclidean balls.

According to the equality (2.7), the images of balls of radius r are relatively
convex with respect to the whole image. Moreover, taking the union with the
Euclidean ball of radius R;r guarantees the existence of big enough cones inside
the images of the balls, see inclusion (5.1). Here we again have the intersection
with the whole image for the same reason as in (2.5). Growth bound (2.8) gives
an estimate on the relative change of the number of balls needed for a cover when
we move from R" to X.

As the first corollary we have a generalization of the estimate (1.1) to normed
vector spaces.

Corollary 2.3. Let ||-|| be a norm in R™. Then for every o-porous subset A C R™
we have a dimension estimate

dimpb A<n—14 ————,
" log(1=5;)
where the constant C depends only on n.

The second corollary shows that with the functions f,, in Theorem 2.1 we
can prove estimate (1.1) in R™ with modified group structures. In particular, we
prove the estimate in Heisenberg groups.

Corollary 2.4. Let G = R"™ x R™ be a Heisenberg type group with S as its
bilinear form. Then for every o-porous subset A C G we have

_C
log(175;)

where the constant C' depends only on n, m and S.

dimp A <n+2m—1+

We will prove these corollaries in detail in the next two sections of the paper.
Note that in the first corollary the constant C' depends only on the dimension of
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the space and not on the norm || - ||. We prove the following third corollary of
the Theorem 2.1 here.

Corollary 2.5. Let (X,d) be a geodesic metric space. Assume that X is bi-
Lipschitz equivalent to R™ and that the images of balls under the bi-Lipschitz
mapping [ are convex. Then for all o-porous subsets A C X we have

C
log(1=5;)
where the constant C' depends only on n and the bi-Lipschitz constant of f.

dim, A <n -1+

Proof. Let us check that the assumptions of the Theorem 2.1 are satisfied. The
space (X,d) is clearly separable and because of geodesity the condition (2.4)
holds with ¢ = 1 and s = 1. As f,, we can take the restrictions of the bi-
Lipschitz map f. Let L be the bi-Lipschitz constant of f. Then the assumption
(2.5) is satisfied with R; = 7 and the assumption (2.6) with R, = L. Assuming
convexity of the images of the balls in X under f guarantees that the condition
(2.7) holds. A simple volume comparison argument gives condition (2.8) with
t = n and ¢ depending on n and L. 0

3. POROSITY IN NORMED VECTOR SPACES

Before any investigation is done on porous sets with different norms it is natural
to ask if different norms give different porosity on sets. This is indeed the case
as easily seen for example by looking at ({0} x R) U (R x {0}) € R? which is
maximally porous in maximum norm, but not in the Euclidean one.

Because in this section we use different norms let us denote the Euclidean one
by || - ||g. Let then

B(z,r)={yeR" : |ly — x| < r}
and
Bg(z,r)={y € R" : |ly —z||p < 1}

be the closed balls in R".
For a given norm || - || in R™ and a subspace V' C R" we define the outer radius

Rojj(V)=min{R >0 : B(0,1)NV C Bg(0,R)}
and the inner radius
Rijj(V) =max{R >0 : Bg(0,R)NnV C B(0,1)NV}.
Clearly 0 < Ry |(V) < R, (V) < 00 and
R ) (RO - <[ [l < Boyp (R - []-

These radii have similar nature as the radii R, and R; in the assumptions of
Theorem 2.1.
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Remark 3.1. With every norm || - || in R™ all the balls are convex: Let z,y €
B(x,r) and t € [0, 1]. Then

Ity + (1 =)z — || < [[ty = taf| +[|(1 = 1)z = (1 = )a][ =
=ty =2l + A =0z — 2| <7

Proving Corollary 2.3 with a constant depending also on the norm is very easy.
The independence of the norm comes from shrinking and stretching the space.

Proof of Corollary 2.53. We construct the function f,,, independently of x and
r, so that it shrinks the original norm || - || in n — 1 orthogonal directions.
Let us first choose the directions wuq,...,u,_1. Let u; be such a vector that
lJut]| = 1 and |Ju1]|g = Ro,p. (R™). Next take us € {us}+ so that ||us|| =1 and
lJuz| | = Royp|({u1}*). We continue choosing rest of the vectors inductively, that
is, up € {u1,...,up—1}" so that [|ug|| = 1 and [|ug||g = Royp({u, - uk—1}t)
forall k=2,...,n—1.

Next we start modifying the norm in a reversed order. In the wu,_;-direction
Ry ({ut,un—1}+)
Ro, 1. ({ut - un—2}H) "

shrink the norm first by The first shrinking gives a norm

|| - [li. By shrinking a norm || - || by a constant ¢ in the direction of v we mean
the following: as the result of shrinking we get a norm || - ||, defined as
z
el = lly + 211

where z = y+zwithz € {nu:n € R} and y € {v}l. Next shrink the norm || ||,
Ri»lHll({ul,...,un_z}l)

in u,_o-direction by = i Qunnay D) This gives a norm || - ||2. Continue the
o,||-]11 yeeyUn—
Ri . u +
procedure and finally shrink the norm || - ||,—2 in uy-direction by %.
Ol lIn—2
From the convexity of balls it then follows that we end up with a norm || - ||, for

which we have

RZ‘7||.||S({'LL1, e ,uk}L)
V2

R (fun, - yug—a}1) >

and
Ro g, ({un, - we1}) < VBRo 1 ({ua, - - ue} )

for all k € {1,...,n—1}. Look at Figure 1 for this geometric conclusion. Inside
the darker area we can have a ball of radius %Ri,“.us({ul}ﬂ and, on the other

hand, when shrinking the light gray area it must be contained in a ball of radius
VB5R, . ({u1}*). Note that the constants are not sharp. The two inequalities
together yield

Ro s ({uns - oy ug—1}+) Ros({was ooy ug )
R (uns oo ug—1 ) = \/ERz‘,H-HS({uh e U )

(3.1)
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Figure 1: Shrinking in the direction of u; (right). By convexity the darker area
must be inside the new ball and the original ball must be contained in the lighter
area.

for all k € {1,...,n — 1}. Next observe that
RZ'7||.||S({U1, e ,un_l}L) == R07||,||S({U1, e ,Un_l}L),

since {u1,...,u,_1}* is a line. Finally combine this with (3.1) to get
Boy 1, (R™) not
—e £ < (10) = . (3.2)
Ry, (R™)

By shrinking the space the same way we shrank the norm we get an isometry
between the original normed space and the new one. In particular, porosity does
not change when moving from one space to the other nor does the dimensions of
sets.

We choose f;, to be the identity in the new normed space. Take R; =
R; ). (R") and R, = R, (R™). The condition (2.4) is satisfied with constants
¢ = s = 1 because of the linear structure. By construction the assumptions (2.5)
and (2.6) are satisfied. The assumption (2.7) was proven to hold in Remark 3.1.
The condition (2.8) is satisfied with ¢ = n and ¢ depending on n, R, and R;
as seen by a volume comparison principle . By scaling the whole space so that
R; = 1 the inequality (3.2) gives an absolute estimate for the constant R, and
hence the constant C' depends only on n. |
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4. POROSITY IN HEISENBERG TYPE GROUPS

We will follow the definitions of [15] for a Heisenberg type group and assume
that

G =R"xR™
with a group law
(z,9) 0 (2,y) = (x + 2",y +y' + S(z,2)),

where S(z,z') is a skew-symmetric bilinear function from R™ x R"™ to R™ with
integer coefficients when expressed in the standard bases of R™ and R™. With
these assumptions G is said to be a Heisenberg type group. We will use one of
the natural metrics on the group G which is given by

dG(au b) = [a_l © b]
with
[e] = max{][z]| g, [[¢][ 5} for ¢ = (2,¢) € G,
Clearly the Hausdorff dimension of the space G is n+2m. The (first) Heisenberg
group is just H! = R? x R! with the bilinear form
S((21,22), (21, 25)) = 2(2 )z — 1125).

Proof of Corollary 2.4. Recall that

1
da((a1,a2), (y1,92)) = max{||yy — a1||g, ||y2 — a2 — S(ar, y1)||5}

for all (a1, a2), (y1,¥2) € G. Hence a ball centred at (y1,y2) € G looks like a
diamond with sides of Euclidean balls. Define a constant

C(S) = max{[[S(b,¢)[|z : |[blle = [lc]|le = 1}

and a mapping fo, : Bg(0,4r) — R"™™ by fo,(y1,y2) = (y1, %2). This mapping
stretches the space in the direction where we use the square root metric so that
balls with radius r look almost Euclidean. By translating we define f, ,.(y) =
for(z7toy) for every z € G. Let us now check the assumptions of Theorem 2.1.

The assumption (2.4) is satisfied by taking ¢ = v/2 and s = %. This is due
to the fact that the worst case is in the square root direction of the metric. To
prove that (2.5) holds with the constant R; = min{3, ﬁ(s)}, take y € B(0,2r)

and z € Bg(0,4r) so that dgn+m (fo,(v), for(2)) < Rir. Now

1
da(y, z) = max{||y1 — z1l|e, ||y2 — 22 — S(y1, 21)|| 5}

r 1
< max { 2, (llyz = 2l + | llz = i llsC(S))* |
2

< max{g, <% +27‘4OT(S>C(S)>2} <r.




10 TAPIO RAJALA

Next we show that the assumption (2.6) holds with a constant R, = 2(C(S)+1).
Taking y € Bg(0,2r) and z € Bg(0,4r) so that dg(y, 2) < R < r, we obtain

1
dgntm (for(Y), for(2)) < lln — 216 + ;Hy2 — 2|lp

1

< R+ (B + 1, )lIx)
1 2

< Bt = (B4 llllllvs - 511eC(S))
1

<R+ - (Br+2rRC(S) ) = RR.

Because of the shape of the balls assumption (2.7) clearly holds. Finally, we con-

" : _ _ R (Bgnam (0,1) (Ro+ 1)
firm that the condition (2.8) holds with ¢t = 2m+n and ¢ = H"(BR}}((II))HW(BRWL DR

Take y € R"™™, 0 < R < rand z1,...,z; € G so that Bg(z;, R)NBg(xj, R) =0
when ¢ # j and fo,(x;) € Bgetm(y, R). Notice that the bilinear form S has no
effect to the Euclidean Hausdorff measure of the balls which gives

HO™ o B, ) = H (B (0, )M (B (0.1)) o

r

and, on the other hand, because (2.6) holds we have
f()’T(Bg([Bi, R)) C B]Rn-&-m(f(],r(l'i), ROR) C BRn+m (y, (Ro + 1)R)
Comparing the volumes we get

I < H" "™ (Brntm (0,1))(R, + 1)"t™ Rrmyem C<L>m
= HY(Bg(0,1))H™(Bgm(0,1)) Rrt2m — "\R
and the proof is finished. [l

5. PROOF OF THE MAIN THEOREM

Before we start proving Theorem 2.1 we introduce one more notation. From
the two relative radii R; and R, given in Theorem 2.1 we define an angle

o = tan™! <&)
R,
From the convexity assumption for the images of the balls (2.7) we see that for
every z € conv(f,,(Bx(y, 7))\ {fer(¥v)}

v
C(z, Tolls’ a) N Bre(z, ||v]|g) N for(Bx(x,4r)) C for(Bx(y,7)), (5.1)
where v = f,,(y) — z. See Figure 2 for this conclusion.

The next lemma will deal with the Euclidean projection part of our proof. For
similar conclusions, see for example [5, Theorem 2.2] and [1, Lemma 3.4].
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Figure 2: A cone opening with an angle a to the direction of the image of
centre of the ball is included in the image of the ball. Here z is chosen to have
the maximum distance to f,,(y) which is the extreme case.

Lemma 5.1. With the same assumptions as in Theorem 2.1 let r < rg, v € X,
¢>0,0<s<1,0<p<3 andR—R;m“T Assume that { Bx(x;,7r) | i € I}

is a collection of balls with {x; | i € I} C Bx(x,2r). Let

D = 8<conv(fw(BX z, R)) \UCOHV Jor(Bx (x5, ))))

el

Then there are at most ¢'(1 — 20)~*("=Y disjoint Euclidean balls with centres in
D and radius c(1 — 20)°r, where ¢ depends only on R;, Ry, n,c and s.

Proof. First we cover the space R™ with N cones

C; = C(l‘,’l}j, g)’
4
where vq,...,vxy € S" ! and N depends on o and n. Fix j = 1,..., N and select

a subcollection of balls
Bj = {Bx(.Ti,T) ‘ Z ~ I and fx,r(xi) € C]}
For any point
yeD;=0( |J conv(fen(B)) Neonv(fe,(Bx(z, R)),
BGB]'

there exists a ball Bx(z;,r) € B; so that y € d(conv(f,,(Bx(z;,7)))). Because
dp(far(7:),y) > Rir the angle between v; and f,,(x;) — y is at most §. This
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fx,r (xz)

Figure 3: The choice of r and R is based on the worst case scenario.

follows from the choice of r and R. (See Figure 3.) Let v = f,,.(z;) — y. By the
inclusion (5.1) we have

Oy, o=@ N Ba (. 1olls) 0 Far (Bx(,20)) € for (Bl )
These geometric conclusions together give
C(y,v5,5) OV Ban(y, Rir) N fop (Bx(2,20)) C fup (Bx(ws,1)):
Now that we have cones opening to a fixed direction v; the projection
proj; : D;j — {vj}t 2 2 — (2|v))v;

satisfies the following inequalities for every zy, 22 € D,

dp (proj, (1), proj, (e2)) < di, 22) < (sin(5)) dis(proj; (1), proj, (42)),

see Figure 4. Hence it is a bi-Lipschitz map with Lipschitz constant (sin(%))_1

Take M; disjoint Euclidean balls Bgn(w;, (1 — 20)°r) with centres w; € D;.
Because proj; is (sin(%))fl—bi—Lipschitz the balls Bgn-1(proj;(w;),sin(§)c(1 —
20)°r) are also disjoint. On the other hand, by (2.6) they are all centred in

Bgn-1 (pl"Ojj (fa:,fr (ZL’)), ROR)‘
Hence

Vo< c’( R,R
77 7 \sin($)e(1 — 20

n—1
) > _ C//(l o 2Q)7s(n71)7
sr
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proj (1) 4 ~— ¢ 10

proj; () ¢ -—

Figure 4: Cones opening to the direction v; from each point in D; guarantee
the bi-Lipschitzness of the projection.

where ¢ depends on n and ¢’ depends on n,c, R; and R,. Multiplying this
constant by N gives the desired upper bound for the cover of

O\ conv(fer (Bx(w:,))) ) N conv( o (Bx(x, R)).

el

To finish the proof we cover the set
o conv(f,(Bx(x, R))))

with ¢”(1 — 20)~*"~1 disjoint Euclidean balls with radius ¢(1 — 20)®r. The
existence of such cover follows immediately from the assumption (2.6) and con-
vexity. 0

Proof of Theorem 2.1. Because X is separable it can be covered with a countable
collection of balls of radius ry. It is sufficient to estimate the dimension of A in
these balls separately as long as the estimate does not depend on the ball. We
may therefore assume that A C Bx(xg,ro) for some x5 € X. Divide the set A
into uniformly porous subsets

1
A, = {x€A| por(A,z,r) > pforall 0 <r < E}’

where k € N. We will estimate the Minkowski dimension of A;. The set A, can
be covered with Ny balls Bx(z;, R) with radius

. 1 To
R = mln{n—k,72(1+n)},
where
R,

= Ritan%'
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Define r = nR. Take one covering ball Bx(z;, R) and form two collections of
balls as follows. First define a collection that covers Ay N Bx(z;, R) as

Be = {Bx(y,c2°(1 —20)°r) | y € A, N Bx(z;, R)}
and then a collection of holes as
By = {Bx(zy,0r) | Bx(zy,0r) N Ay =0,y € Ay and or + dx (2, y) < r}.

We may assume that ¢2°(1 — 20)® < 1. To estimate the number of balls needed
to cover Ay N Bx(z;, R) take a maximum subcollection of pairwise disjoint balls
from Be and estimate from above the number of balls, denoted by N, in this
subcollection.

Take a ball Bx(y, c(1—2p)°r) € Be. Then there exists a hole Bx(z,, or) € By
so that Bx(zy, or) N Ar =0,y € A, and or + dx(z,,y) < r, since A is porous in
this scale at point y. For the points y and z, we have

or

dX (Zya y)

which yields together with the assumption (2.4) that

Bx(y,c2°(1 — 20)°r) N Bx(zy, or) # 0.

Therefore with the assumption (2.7) in mind we find for each Bx(y,2°(1 —
20)°r) € B¢ a point

y' € O conv(f (Bx (e D)\ | conv(f,(B)))

BeBy

1 < 2(1 —2p),

so that
y' € conv(fy, (Bx(y,c2°(1 — 20)°r))).
Assumption (2.8) tells us that
N(e2°(1 = 20)°1, 9/, farr) < c1(1 = 20)*07D,
This means that at least
N1 —29)*m (5.2)
balls
Bga(y', c2°(1 — 20)°r)
are disjoint. By Lemma 5.1 the maximum number of these disjoint balls is
co(1 —20) 75D, (5.3)
Together (5.2) and (5.3) imply
N < e3(1 —20) 50D,

Now that we have an estimate for N we are ready to move to a cover of the
set Ay N Bx(z;, R). This is done by tripling the radii of the balls in the disjoint



LARGE POROSITY AND DIMENSION OF SETS IN METRIC SPACES 15

collection. Next take a ball from the new collection and continue covering Ay in
it using the same argument. This way we get for every m € N

NO(Cg(l o 2Q>7s(t71))m
balls of radius
(3e2°n(1 - 20)*)" R

that cover the set A;,. Now with

Cy
A=t—1+———
log(175;)

we have lim, .o M*(Ag,r) = 0 and hence dimy(A4y) < A. Because the constant
¢4 does not depend on k and x( the proof is complete. [l

6. EXAMPLES WHERE DIMENSION ESTIMATES FAIL

It seems natural to expect that there are very simple groups with natural
metrics where the dimension of maximally porous sets may be more than the
dimension of the group minus one. The groups introduced by P. Erdos and B.
Volkmann in [4] serve as a set of examples. They proved that for each 0 < s < 1
there is an additive subgroup Gy C R with Hausdorftf dimension s.

Ezxample 6.1. The groups G, constructed by P. Erdos and B. Volkmann are
chosen using the following representation of real numbers

r=a(x)+ Z Clkkf'f)’
k=2 '

where a;(z) € Z for all i and 0 < a;(z) < i for all ¢ > 2. Define

Gs ={z € R : ag(z) < c(x)k’® or ag(x) > k — c(x)k® for all k > ko(x)}.

These groups are dense in R and hence for example {0} x G 1 s %—porous in
G 1 x G 1, but

dimu ({0} x G) = % > 0 = dimu(Gy x G1) — 1.

One immediately sees that the space G% X G% satisfies the assumptions of
Theorem 2.1 with f, , being the identity mapping. The problem is that it satisfies
the condition (2.8) with a constant ¢ > 2 and so Theorem 2.1 only gives

dim,, ({0} x G1) < 1.

In [7] we proved that the same asymptotic behaviour is true for the dimension
of lower-porous subsets of regular spaces as is true in the Euclidean space. The
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result is that there exists a constant ¢ that depends only on the regularity param-
eters so that for every g-porous subset A of an s-regular space X the dimension
is bounded above by

dim,(A) < s —co’.
This gives naturally the asymptotic behaviour when porosity goes to zero. The
following example shows that an s — 1 estimate for large porosity can not be true
in general s-regular spaces.

Ezxample 6.2. For all n € N we define a metric space (S,,,d,). Here S, is the
attractor of function system

1
fﬂR"—>R":£L’I—>§x+CLi,

where

1 1 1
0 € {0.(3.0,...,0),(0. 5.0, 0),.... (0,0, 5)}.

We define the metric d,, as the path-metric induced by the maximum-metric in
R™. Next we make some observations. The metric space (S,,d,) is s-regular,
where s is the dimension of the space

) log(n + 1
dimy(S,) = 7g1(0g2 )

Secondly by leaving one coordinate out and hence restricting the space (.S, d,)
we get (S,—1,d,—1). Because of the definition of the metric we get also that

0Bg, ((1,0,...,0),1) = {0} x S,_1.
It is easy to see that in a geodesic metric space the boundary of any ball is
maximally porous. Next we note that when n — oo
~ log(n +1) —log(n)

N\ 0.

Look at Figure 5 to see what S5 looks like. Notice that in the picture we have
a more symmetric Sierpinski gasket. This is the same space as in the case when
we use the path-metric induced by the Euclidean one.

Again by Theorem 2.1 we get trivial bounds for the porous subsets in Example
6.2 using the underlying Euclidean space R", but the problem is the same as in
Example 6.1. One direction in the Euclidean sense does not have to contribute
by one to the dimension of the space.

J. Viisdla has shown in [16] that porosity is qualitatively preserved by qua-
sisymmetric maps, in particular, by bi-Lipschitz maps. Naturally the porosity
might decrease when taking a quasisymmetric image of a porous set. Neverthe-
less we might ask if our previous results can be generalized to quasisymmetric
images of R™. It turns out that this is not true even for bi-Lipschitz images of R
as is shown by the next example.
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Figure 5: An illustration of space S5 and Sy as 0Bg,((1,0,...,0),1).

Ezample 6.3. Take a A €]0, 5[ and a Cantor A-set C), C R which is the attractor
of the function system {\x, A\x+1—\}. Look at the graph of a stretched distance
function from that set and define the space X C R? as

3—2\
X = {(xvy) eR? : y= de(I,C/\)}-
The metric d in X is given by restricting the maximum metric of R? to X. The

space (X, d) is now bi-Lipschitz equivalent to R with bi-Lipschitz constant
and the Cantor set in X i.e.

C:{(x,y)EX : y:O}
is maximally porous, but still

log(L
dimy (C) = dimp(C)) = 12?;; S0=1-1

An example of space X with A = 1 is given in Figure 6.

The space of Example 6.3 clearly violates the condition (2.4) in Theorem 2.1.
The two previous examples have shown that alone the existence of geodesics in
the space or the existence of a bi-Lipschitz map from the space to R™ is not
enough to ensure a dimension result similar to (1.1). On the other hand, these
two conditions with an extra assumption on the convexity of balls is sufficient
as we proved in the Corollary 2.5. There is still a gap between positive results
and negative examples and it remains open, for example, whether or not one can
drop the assumption on convexity in Corollary 2.5.
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