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AHLFORS-REGULAR DISTANCES ON THE HEISENBERG
GROUP WITHOUT BILIPSCHITZ PIECES

ENRICO LE DONNE, SEAN LI, AND TAPIO RAJALA

ABSTRACT. We show that the Heisenberg group is not minimal in looking down.
This answers Problem 11.15 in Fractured fractals and broken dreams by David and
Semmes, or equivalently, Question 22 and hence also Question 24 in Thirty-three yes
or no questions about mappings, measures, and metrics by Heinonen and Semmes.

The non-minimality of the Heisenberg group is shown by giving an example of an
Ahlfors 4-regular metric space X having big pieces of itself such that no Lipschitz
map from a subset of X to the Heisenberg group has image with positive measure,
and by providing a Lipschitz map from the Heisenberg group to the space X having
as image the whole X.

As part of proving the above result we define a new distance on the Heisenberg
group that is bounded by the Carnot-Carathéodory distance, that preserves the
Ahlfors-regularity, and such that the Carnot-Carathéodory distance and the new
distance are biLipschitz equivalent on no set of positive measure. This construc-
tion works more generally in any Ahlfors-regular metric space where one can make
suitable shortcuts. Such spaces include for example all snowflaked Ahlfors-regular
metric spaces. With the same techniques we also provide an example of a left-
invariant distance on the Heisenberg group biLipschitz to the Carnot-Carathéodory
distance for which no blow-up admits nontrivial dilations.
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REGULAR DISTANCES ON THE HEISENBERG GROUP 3
1. INTRODUCTION

In [DS97] David and Semmes proposed a concept of BPI (big pieces of itself) spaces
as a notion of rough self-similarity for metric spaces. The definition of a BPI space
requires any two balls of the space to contain big pieces that are biLipschitz equivalent,
see Definition for the precise definition. Self-similar fractals and Carnot groups
are easy examples of BPI spaces. David and Semmes also introduced BPI equivalence
and a partial order for BPI spaces called looking down. Both of them will be defined
in Section [2 Two BPI spaces are BPI equivalent if large parts of the two spaces are
biLipschitz equivalent. A BPI metric space X looks down on another BPI metric
space Y if X and Y have same Hausdorff dimension and there is a closed subset
of X that can be mapped to a set of positive measure in Y via a Lipschitz map.
BPI equivalence of spaces X and Y implies that X and Y are look-down equivalent,
meaning that X looks down on Y and Y looks down on X. However, Laakso has
shown that the converse is not true in general [Laa(02).

The partial ordering of BPI spaces raises the interesting question of what are the
possible minimal spaces in this ordering. A space X is mimimal in looking down if
every space Y on which X looks down is look-down equivalent to X. For example,
from the result of Kirchheim [Kir94] we know that Euclidean spaces are minimal
in looking down. A quantitative version of Kirchheim’s theorem was later given in
[Sch09] in which it was shown that if a map f : [0,1]" — X has positive Hausdorff
n-content, then it has a quantitatively large biLipschitz piece.

David and Semmes asked in Problem 11.15 of [DS97] if the Heisenberg group H is
also minimal in looking down, when equipped with sub-Riemannian distances, also
called Carnot-Carathéodory distances. This was also asked as Question 22 of [HS97].
We show that this is not the case.

Theorem 1.1. The subRiemannian Heisenberg group is not minimal in looking down.

This theorem has important implications in the development of a theory of rectifi-
ability based on the Heisenberg group. Recall that a metric measure space (X, d, 1)
is countably n-rectifiable if there exist a countable set of Borel subsets A; C R™ and
Lipschitz maps f; : A; — X such that u (X\ U; fi(4;)) =0 and p < H" where H" is
the Hausdorff n-measure (we review the definition of Hausdorff measure in the next
section). It was shown in [Kir94] that, by further countably decomposing each f;(A;)
if necessary, one may assume that each f; is biLipschitz.

One can easily create a definition of being H-rectifiable by letting each A; be a
Borel subset of the Heisenberg group H and setting n = 4, the Hausdorff dimension
of H. However, we now see that there exists a metric measure space (X,d, u) with
positive Hausdorff 4-measure that is the Lipschitz image of a subset of H but is not
the countable union of biLipschitz images of subsets of H. Thus, “Lipschitz rectifia-
bility” is strictly weaker than “biLipschitz rectifiability” when using the Heisenberg
geometry.
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Using the self-similarity of the Carnot-Carathéodory distance d,. it is easy to con-
struct BPI spaces that can be realized as subsets of H with self-similar type modifi-
cations of the distance d... A critical part in the proof of Theorem is to modify
the distance d.. to get a new distance d in such a way that with the d.. distance the
space looks down on the space equipped with the distance d, but not the other way.
Such distance is constructed using a shortening technique that has been also used in
[LD13, [LRI16] to give examples of distances not satisfying the Besicovitch Covering
Property. The result obtained here with the shortening technique is the following.

Theorem 1.2. Let (H,d..) be the subRiemannian Heisenberg group. There exists a
distance d on H such that

(1) d < dee;

(2) (H,d) is Ahlfors 4-reqular;

(3) if A C H is a subset with H1(A) > 0, then d and d.. are not biLipschitz
equivalent on A.

Recall that a metric measure space (X, d, 1) is Ahlfors Q-regular for some @ > 0 if
there exists some C' > 1 so that

érQ < u(By(z,7)) < Cr9, Ve X, Vre (0,diamy(X)).

It is easy to see that if (X, d, u) is Ahlfors Q-regular, then so is (X, d, ’Hf’l?) and so we
can just talk about Ahlfors Q-regular metric spaces.

Thus, we construct an Ahlfors 4-regular metric space X onto which (H, d..) Lip-
schitz surjects, but for which this surjection has no biLipschitz pieces. Theorem
answers Question 24 of [HS97] negatively (although the same negative answer is pro-
vided by the negative answer to Question 22 given by Theorem [L.1).

It should be noted that this behaviour changes when one requires that the target X
is another Carnot group. Indeed, one can then use a similar argument as in [Kir94],
with inspiration from [Pau04], to show that Lipschitz maps from the Heisenberg group
to another Carnot group with positive 4-measure image have biLipschitz pieces. This
statement can also be made quantitative as was done in [Mey13], [Lil5].

Another situation where Lipschitz maps have biLipschitz pieces is when the spaces
are Ahlfors regular, linearly locally contractible topological manifolds and the target
has manifold weak tangents, see the work of G.C. David [Dav15| (this David is not
the same David of David-Semmes). We note that in Theorem the constructed
space (H, d) neither has manifold tangents nor is linearly locally contractible.

The construction of the distance d in Theorem [L.2 relies on the fact that in the
Heisenberg group we can shorten the distance between two points that differ only in
the vertical component without affecting the distances far away from the two points.
By taking this property as an assumption we obtain a more general result.

Theorem 1.3. Let (X, p) be a metric space and QQ > 0. Assume
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(1) (X, p) is Ahlfors Q-regular;
(2) there exists A € (0,1) such that for all p € X and all 0 < r < diam,(X) there
ezist q1,q2 € B,(p,r) such that

p(q1,q2) > Ar

and
p(p1,p2) < p(p1, q1) + p(p2, ¢2), Vp1,p2 & By(p, 7). (1.1)
Then there exists a distance d on X such that
(1) d < p;

(2) (X,d) is Ahlfors Q-regular;
(3) if A C X is a subset with ’HPQ(A) > 0, then d and p are not biLipschitz
equivalent on A.

We will first prove Theorem [I.3] in Section [3] After having proven Theorem [I.3]
the proof of Theorem follows by showing that there is a metric on H, biLipschitz
equivalent to the Carnot-Carathéodory metric, that satisfies . This will be done
in Section [l Theorem will then be proven in Section [fl Other examples of
spaces satisfying the condition in Theorem[I.3]are snowflakes of Ahlfors-regular metric
spaces, e.g., the real line equipped with the square root of the Euclidean distance, see

Theorem [4.1]

David and Semmes also asked in Problem 11.17 of [DS97] for which sy,...,s, €
(0, 1] the space

i=1
is minimal in looking down. Based on our results we can deduce that if s, = --- =
s, # 1, then, since the space is a snowflake of Euclidean space, it is not minimal in
looking down. We would conjecture that such coordinate-wise snowflakes are minimal
in looking down if and only if s; = 1 for all 7. We shall not further investigate this
problem in this paper.

In the second part of the paper we consider distances on H that have extra homo-
geneity structure. For example, we assume that left translations are biLipschitz. We
show that with the assumptions of Theorem such distances are locally biLipschitz
equivalent to the distance d...

Theorem 1.4. Let d be a distance on the Heisenberg group H such that d < d.. and
Hi(B..(0,1)) > 0. Assume that the left translations in H are biLipschitz with respect
tod. Then d and d.. are biLipschitz equivalent on compact sets.

We remark that the assumptions in Theorem [1.4] are necessary. Indeed, if we don’t
assume d < d.., then as a counterexample one can take two sub-Riemannian distances
on H that have two different horizontal bundles. If we don’t assume H4(B..(0,1)) > 0,
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then a counterexample is given by every Riemannian left-invariant distance. More-
over, the distance min{1, d..} shows that the conclusion of the theorem may not be
global.

Theorems [I.1] and[L.4] are stated for the sub-Riemannian distance d... However,
it follows immediately that proving these theorems for a distance that is biLipschitz
equivalent to d.. will also prove the theorems for d... Thus, we will actually prove
these statements for a different distance d;,, which is biLipschitz equivalent to d..,

that we define at (12.3)).

We conclude the paper by showing that for distances that are biLipschitz equivalent
to d.. the metric differentiation does not hold in general. Kirchheim’s result in [Kir94]
can be stated as the fact that every semi-distance d in R™ that is smaller than the
Euclidean distance is metrically differentiable, i.e., at almost every point its blow-
up is a homogeneous semi-distance. Similarly, by [Pau0l], we know that on Carnot
groups semi-distances smaller than d.. are metrically differentiable but only in the
horizontal directions. Regarding non-horizontal directions, from [KMO03] we know
that there is a distance in the Heisenberg group that is a counterexample to metric
differentiability, although it is not biLipschitz to d... As the last result of this paper
we give in Section [6.2 another pair of counterexamples to metric differentiability that
are biLipschitz equivalent to d.. and whose blow-ups even fail self-similarity, which is
a weaker property than homogeneity. If {0}~ denotes the standard one-parameter
family of isomorphisms of H, see Section , a (semi-)distance d is self-similar if
there exists some A > 1 for which d(d,(p),dx(q)) = Ad(p, q), for all p,q € H. In the
following result, by a blow-up of a distance d we mean any point-wise limit of the
functions )

(p1,p2) = Yd(Qj(SAj (P1), 4565, (p2)),
j
as A\; — 0 and ¢; € H.

Theorem 1.5 (Failure of Kirchheim-metric differentiation for biLipschitz maps).
There exist two distances dy,dy on H that are biLipschitz equivalent to d.. such that

(1) The distance dy is left-invariant, but no blow-up of dy is self-similar.
(2) No blow-up of dy is left-invariant nor self-similar.

Both Theorem [1.4] and Theorem [I.5] are proved in Section [6]

2. PRELIMINARIES

We begin by recalling the definition of Hausdorff measures on a metric space (X, d).
Let Q > 0. Then for A C X, one defines

HI(A) := lim inf {Z(diamd E)?:AC UEZ an open cover, diamy(E;) < s} .

+
s—0 i—



REGULAR DISTANCES ON THE HEISENBERG GROUP 7

We say that H? is the Hausdorff Q-measure of (X, d). It is known that the Hausdorff
(Q-measure is Borel regular although it may not be locally finite. ~We shall denote
the open ball in the metric space (X,d) by By(z,r) := {y € X : d(y,z) < r} and
more generally, the open r-neighbourhood of a set A C X by By(A,r) :={y € X :
dista(A,y) < r}.

A biLipschitz map f between metric spaces (X,d) and (X', d’) is said to be C-
conformally biLipschitz with scale factor A > 0 if f is C-biLipschitz between the
metric spaces (X, Ad) and (X', d’). Another term, coming from Banach space theory,
for the same notion is quasi-similarity.

Definition 2.1 (BPI space). An Ahlfors Q-regular metric space (X, d) is said to be
a BPI (“big pieces of itself”) space if there exist constants C' > 1 and 6 > 0 such
that for all 1,29 € X and 0 < 11,79 < diamy(X) there is a closed set A C By(x1,71)
with HZ(A) > 6r% and if there is a C-conformally biLipschitz embedding f: A —
By(x2,12) with scale factor 7y /r;.

Definition 2.2 (BPI equivalence). Two BPI spaces (X, d) and (X', d’) of the same
dimension () are called BPI equivalent if there exist constants § > 0 and C' > 0 such
that for each x € X, 2/ € X’ and radii 0 < R < diamy(X), 0 < R’ < diamg(X’)
there exist a subset A C By(z,R) € X with H$(A) > OR? and a C-conformally
biLipschitz embedding f: A — By (2, R") with scale factor R'/R.

Definition 2.3 (Looking down). Let (X,d) and (X’,d’) be BPI metric spaces of
Hausdorff dimension ). The space (X,d) is said to look down on (X' d’) if there
is a closed set A C X and a Lipschitz map f: A — X’ such that f(A) has positive
Hausdorff Q-measure. If also X’ looks down on X, then X and X' are called look-down
equivalent.

2.1. The Heisenberg group and its distances. The Heisenberg group H is the
simply connected Lie group whose Lie algebra is generated by three vectors X,Y, Z
with only non-zero relation [X,Y] = Z. Via exponential coordinates it can be iden-
tified as the manifold R? equipped with Lie multiplication:

1
pP-q= (Ip + Zg, Yp + Ygs Zp T Zg + i(xpyq - ypxq)> .

It follows easily from the definition that the origin (0,0,0) € H is the identity element
and that the center of the group is

Z(H) = {(0,0,2) : z € R}.
For each A > 0, the Heisenberg group has an automorphism defined as
Sx(z,y,2) == (A, Ay, \22). (2.1)
A left-invariant (semi-)distance d is homogeneous, with respect to , if forall A >0
d(6x(p),0x(q)) = Ad(p,q),  Vp,q € H. (2.2)
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Our main example of homogeneous distance is the following. We introduce the box

norm
Ipll == max {|z, ], [y], /]2 } -

We define the box distance as

dy(p,q) == |[p~q]) -
Clearly, d, is left-invariant and it satisfies (2.2). To check that it satisfies the triangle
inequality we need to show that

lp-all < llpll + llqll -
First,

|Zpql = |2p + 24| < 2p| + [xq] < |lpll + gl
and analogously for the y component. Second,
1
zp + 24 + 5(TpYq — Tq¥p)

|Zp~q| = \/ 9

\/|Zp| + |zq| + |xp||yq| + |xq||yp|

2 2
< VIl + llgll* + 2 Izl 14l
< Alpll + llqll -

IN

Explicitly, the box distance is

1
21— 22 — *(35192 — Toy1)

db(p17p2) = maX{fﬂUl - $2\, ‘yl - y2’7 \/ 5 } . (2-3)

One can easily show that d, and d.. are biLipschitz equivalent using the fact that
both distances are homogeneous and left-invariant.

Let m: (H,dy) — (R% |- |s) be the projection onto the zy-plane. One easily sees
that this is a 1-Lipschitz homomorphism.

Given a homomorphism L : H — H, one can define the Jacobian to be
H4 (L(Bg, (0,1
J(L) _ dbfL ( db( )))
Ha, (B, (0,1))
Let f : (H,dy,) — (H,d,) be a Lipschitz map. Pansu proved in [Pan89] that for

almost every « € H there exists a Lipschitz homomorphism Df(z) : H — H (the
Pansu-derivative of f at z) so that

Df(x)(g) = lim b a () f(1:(9))).

This result was extended to Lipschitz maps whose domains are measurable subsets
A C H by Magnani in [Mag01]. Magnani also used the Pansu-derivative in conjunc-
tion with the Jacobian to get the following area formula:

| NG A ) = [ J(Df (@) da, (@), (2.4)
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Here, N(f, A, y) is the multiplicity of f with respect to the set A.

2.2. Shortening distances. Given a metric space (X, p), a symmetric function c :
X x X — [0,00) such that ¢ < p will be called a cost function. We denote by S all
those pairs of points (z,y) € X x X such that c¢(x,y) < p(z,y)

S ={(r,y) e X x X : c(x,y) < pz,y)}.

An element in S will be called shortcut (or flight or tunnel). If we have N € N and
Zo,T1,...,on € X then the N-tuple x = (xg, z1,...,zy) will be called an itinerary
from the extreme points xy to zx and we set Ext(x) := (29, xy) and £(x) :== N. We
will denote by Z the collection of all itineraries in X, i.e.,

T :={(xp,21,...,2n5) : NN, z; € X}.
The cost of an itinerary x = (zg, x1,...,2yn) € L i8
c(x) = Zc(xi_l, ;).
i=1
The distance d associated to the cost function c¢ is defined as
d(z,y) == inf{c(x) : x € Z, Ext(x) = (z,v)}. (2.5)

Remark 2.4. Tt is not too hard to verify symmetry and the triangle inequality for d
and so d is a semi-distance on X. If there is another distance d’ on X such that

d'(x,y) < c(z,y), Va,y € X,
then by the triangle inequality for d’, we also have that
d(x,y) < d(x,y), Ve, y € X,

and so d is then a distance.

We shall assign to each shortcut a natural number that we call level of the shortcut.
Namely, a function L: § — N will be called a level function. Larger levels will usually
indicate shortcuts over smaller distances.

3. BREAKING BILIPSCHITZ EQUIVALENCE USING SHORTCUTS

In this section we prove Theorem . Let (X, p) and X be as in the assumptions
of Theorem [L.3]
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3.1. Constructing the shortcuts. Let («,)5°; be a non-increasing sequence of real
numbers in [0, 1). The number o, will be the ratio of the cost of the level n shortcut
compared to the original distance of the shortcut.

Let us define the shortcuts one level at a time. We define inductively the level n
shortcuts §,, C X x X, for n € N as follows. We set ¢ > 8 to be a constant that we
now fix. Inductively, let N, := {z;} to be a set of points in

U U Bz yhom (3.1)

j:1 (x,y)eSj

such that p(z;,z;) > 4\" and X C (J; B,(x;, cgA"). For n = 1, the condition (3.1)
becomes vacuous as there is no Sy, hence N is just a 4\- separated set that is also a
cgA-net for X. Necessarily, we shall need that cg > 4 and in general more restrictions
of cg are necessary to ensure existence of such an N,,. We show later in Lemma, [3.2
that there is always a choice of the constants A and cg for which the set N, exists.

Using assumption (2) of Theoremwe select for each i points ¢; 1, ¢i2 € By(x;, A")
such that

p(gin, Giz) > At
and

p(p1,p2) < p(p1,Gin) + p(P2, Gi2) for all py,ps ¢ Bp(xi, A"). (3.2)
Now define the level n shortcuts as
Sn={(¢i1,q2) : i} U{(qi2, q1) : i},
their corresponding costs as
C(Qi,la %,2) = C(Qi,27 %,1) = Oéuﬂ(%,h %,2)
and their level as

L(gin, 4i2) = L(Gig, 4ia) := 1.
Finally, let

S:=J S
n=1

We also set defined c(z,y) = p(x,y) for pairs (z,y) ¢ S. Finally, we define d as in
5

Remark 3.1. The construction gives us uniqueness of shortcuts. That is, if (z,y) € S,
then (z,z) ¢ S for all z # y. This follows easily from ({3.1).

We now prove the existence of the sets N, for certain choices of X and cg.

Lemma 3.2. There ezists some Ao € (0,1/4) depending only on the Ahlfors regularity
of (X, p) such that if we set A < \g and cg = 8 + %, then we can always find N,,.
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Proof. Let pu be a measure on (X, p) so that (X, p, ) is Ahlfors regular (one could
use p = 7-[5;2 for instance). We may suppose by taking A small enough (as we are free
to do) and using Ahlfors regularity of (X, p, ) that

w(By(x,r/4)) — p(B,y(y, Ar)) — u(B,(z, Ar)) > 0, Vr,y,z € X,0 <r < diam,(X).

(3.3)

Let A = Uj<n Uy)es, 17, v} By the definition of A, each z € A comes with a pair
x’ € A such that (z,2) € § for some [ < n. We claim that

p(z,y) > 22", Vy € A\ {z,2'}. (3.4)

To see this, taking y € A\ {z,2'}, there exists ¢y € A such that (y,y’) € S for
some k < n. Let z; € N such that z,2’ € B,(z},\) and 2} € N} such that
Y,y € By(ah, \¥). We consider two cases. Suppose first that & = [. By the 4\

separation of A, we then have
p(z,y) > p(at, b)) — p(a, 2}) — p(y, 2h) > AN" = AF = AF = 2)F > 2A771,

Suppose now that k # [. By symmetry we may assume k < [. Then by construction,
zt ¢ B,(y,4\") and thus

p(x,y) > p(ah,y) — pla,ap) > 4N = X' =3)" > 2A"71,

Thus is proven.

Let {z;} be a maximal 4\"-separated net of X \ B,(A,4\"). Let x € X. Suppose
there exists y € A such that p(z,y) < 4\". As A < 1/4, we get by that the
number of balls { B,(p, 4\") } ,c 4 that intersect B,(y, A"~ ') is at most 2. This, together
with , gives that

By X'\ By(A,4X7) £ 0.
Thus, there exists some z € B,(y, \" 1)\ B,(A, 4\"). As {z;} is also a 4\" covering of
X\ B,(A,4\™), we get that there exists some x; such that p(z,z;) < 4\". Altogether,
we get that

1
p(z,2;) < plz,y) + p(y, 2) + p(z, @) < AN+ X771 +4\" = (8 + /\> A"

In the case when x ¢ B,(A,4\"), we are also done as the set {z;} is a 4\"-cover of

X\ B,(A,4)"). 0

3.2. Properties of the new semi-distance. In this section we point out some
properties of the semi-distance d, for example, the fact that it is a distance when «,,
are positive. We define the subset of alternating itineraries

Zy:={(zo,....,on) €Z : N odd, (z;_1,2;) €S <= j even}.

Colloquially speaking, for each of these alternating itineraries, one walks at every odd
step and flies at every even step. Note that we allow for the stationary walks, i.e., the
itinerary can have x;_; = x;, for some j odd. Hence, every itinerary can be modified
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to be an alternating itinerary with no increase in cost by merging consecutive walks
and adding a stationary walk between consecutive shortcuts. Note then that z; lies
in some shortcut if 1 < i < N.

We also define the subset of non-self-intersecting itineraries

Ty ={(xo,...,xn) €ETa : m #xjforalli#j
except possibly (7,7) € {(0,1), (N —1,N)}}.

Thus, elements in 7', are alternating itineraries that do not revisit a site in X.
However, being alternating they are of the form no shortcut, shortcut, no shortcut,
shortcut, etc etc. Hence, we need to allow the first (and last) jump to be possibly
trivial, if we need to start (or end) with a shortcut.

Our first result is that there is a subitinerary of any alternating itinerary that is
itself alternating and non-self-intersecting.

Lemma 3.3. For all x € Zy, there exist X' € T/ so that Ext(x) = Ext(x) and
c(x') < e(x).

Proof. We will prove that if x € Z, is self-intersecting, then there exists a strictly
shorter itinerary y € Z, with Ext(y) = Ext(x) and ¢(y) < ¢(x). By iterating this
procedure, we get the lemma.

Suppose first that there exist 1 <7 < j < N — 1 so that z; = x;. There are a few
cases to check. If 7 and j are both even, then we can remove (x;, 11, ..., 2;_1) from
the itinerary to get y. If ¢ and j are both odd, we remove (x;11, ..., z;).

If i is odd and j is even, then j > i+ 3. If (z;_1,2;41) ¢ S, then we remove
(@i, Tis1, ..., ;) from the itinerary and are done. If (x;_1,2,41) € S, then we replace
(%, ...,x;) in the itinerary with (z;_;,x;11) and are done as j > ¢ + 3. If i is even
and j is odd, both (x;_1,x;) and (x;,z,41) are shortcuts. Hence, z; = x; implies
that (z;,z,41) € S, whence z;_; = x;41 by uniqueness of shortcuts (see Remark .
Then, note that ¢ — 1 is odd and j + 1 is even, so we are back in the previous case.

Now suppose there exists 1 < i < N so that g = ;. In the case 7 is odd, then

we can consider the itinerary (xg, z;, Ti11,...,2y), which is alternating and has no
greater cost. We then consider the case i even, so that (z;_1,x;) € S. We then we
can consider the itinerary (zo, z;11,...,2Zy), which is alternating and has no greater
cost.
The case when there exist 1 <7 < N so that z; = z is similar. ]
We can define the level function of an alternating itinerary x = (zo,...,zn) € Za

as the function

Le:{l,...,[N/2]} - N
k — L(ng_hl‘gk).
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We say that a function f:{1,...,n} — R is decreasing-increasing if there is some
k e {1,...,n} for which f|p s is decreasing and f|j41, is increasing (both not
necessarily strictly monotonically). We can then define a further subset of itineraries
with decreasing-increasing level functions:

I*:={x €T : Ly is decreasing-increasing}.

We first show that, if the level function on a non-self-intersecting alternating itinerary
is not decreasing-increasing, then there exists a shorter (non-self-intersecting) alter-
nating itinerary with the same endpoints of no greater cost.

Lemma 3.4. Suppose x = (xq,...,xn) € L)y and there exists j € 2N — 1 such that
L(wj42, wj43) 2 max(L(wj, 2j11), L(Tj14, Tj15)).-

Then the itinerary x' = (x},...,xv_o) € Iy where
Y 0 N—-2 A

4 = Tk kE{O,...,j—i—l},
L+2 ke{j+277N_2}7

satisfies Ext(x) = Ext(x’) and ¢(x') < ¢(x).

Proof. That Ext(x) = Ext(x’) is obvious from construction. Consider the subitinerary
Y = (%j41,Tj42, Tj43, Tjpq). Suppose first that (r;41,2;44) € S. Consequently, since
(zj44,245) € S and since shortcuts are unique (see Remark [3.1]), we must have that
Zji5 = Tj+1, which contradicts the hypothesis that x is non-self-intersecting.

Thus, we may suppose that (27 ,,,2},,) = (7;41,744) ¢ S and so x' € T);. We
claim that ¢(z;41,2;44) < ¢(y), which proves the lemma. Let x € N, be the point
for which the shortcut (z,42,2;13) was found in B,(z, A\"). Then n = L(x;19, x;43).

We claim that ;11,244 ¢ B,(x,A\"). By symmetry we only need to show that
Tjy1, ¢ By(x, A\"). By assumption, we have L(x;,z;4+1) < n. So first suppose
L(zj,zj11) <n. Then x was found in the complement of

By (2, 2A") U By(w41, 2A"),
which implies z;41, ¢ B,(x, \"). If instead L(z;,x;+1) = n, then let y € N,, be the
point for which the shortcut (z;,x;41) was found in B,(y, \"). We may assume that
xr # y, as otherwise {z;,z;11} = {42, 13}, which contradicts x being non-self-
intersecting. Hence, we have that p(z,y) > 4\" and so
B,(z,\") N B,(y, \") = 0.
As xj41 € B,(y,\"), we get that z; 11 ¢ B,(z, \").

The conclusion follows from (3.2)) if we set x; = 2, ¢;1 = Tj12, Gi2 = Tj3, D1 = Tjt1,

and py = xj,4. Indeed, we have

B2
(1, Tjea) = p(Tji1, Tjpa) < p(Tj41, Tja2) + p(Tj43, 7j54) < (),
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where we used that (v;11,2;14) ¢ S. O

Lemma 3.5. For any x = (xg,...,xNn) € Ly, there exists X' € T* such that Ext(x) =
Ext(x), ¢(x') < ¢(x), and

#L k) <2, Vk € N. (3.5)

Moreover, if x € T!y, then x and x' have the same first and last shortcuts.

Proof. Given an initial x € Z4, we may suppose it is in Z/; by Lemma [3.3] We then
iterate Lemma [3.4] until we get an itinerary x' = (xo,...,xy) for which there are no
indices that satisfy the hypothesis of Lemmal[3.4] As the length of the itinerary shrinks
by 2 with each application of Lemma[3.4] we get that we have to stop after some finite
number of iterations. It is elementary to see that if Ly : {1,..., | N/2]} — N satisfies

Ly (i+ 1) < max(Ly (i), Ly (i + 2)), Vie{l,...,|N/2] — 2},
then L, is decreasing-increasing, which means that x’ € Z*.

Now suppose #L;,l(k:) > 3 for some k € N. Hence, there are 3 jumps of level k.
Since x’ is decreasing-increasing, two of these jumps are consecutive. By symmetry
we assume that the third jump is later. Namely, we have that there exists some
1,7 € 2N so that j + 2 < ¢ and

L(J7j7$j+1) - L($j+2a $j+3) = L(Iul‘iﬂ) =k.

Notice that since x’ is decreasing-increasing, then L(z;i4,2;15) < k. Therefore, the
index j satisfy the hypothesis of Lemma [3.4] But this contradicts the assumption on

x'.

Finally, if we originally already had x € Z/;, we only repeatedly applied Lemma[3.4]
Then, since each application of Lemma keeps the first and last shortcut of x
unchanged the resulting itinerary x’ has the same first and last shortcut as x. U

Proposition 3.6. Suppose a,, > 0 for all n € N. Then the function d is a distance
on X.

Proof. The validity of the triangle inequality follows from the definition of the distance
as defined in (2.5)). Symmetry is due to the symmetry of the cost function. What
needs to be checked is that x # y implies d(z,y) > 0. In order to show this, suppose
that z,y € X with p(z,y) > 0. Let n € N be such that

A" 1
< — .
T S 5P y)
Let (ay,) be the sequence of positive numbers used to construct the cost function in
Section Consider the positive number

1 1
€ := min (2 ker[?,inril} ak)\k+17 Zp(lg y)) .

4
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Let x = (x,...,xx) € Z* with Ext(x) = (z,y), c¢(x) < d(x,y) + ¢, and #L ' (k) < 2
for all £ € N, which exists by Lemma (remember that using stationary walks every
itinerary can be modified to be an alternating itinerary of no greater cost, because of
triangle inequality).

On the one hand, if L '([1,n—1]) = (), then the alternating itinerary does not have
shortcuts at odd steps and it has them at even steps only of level greater that n and
with multiplicity at most 2. Hence, we get

1

d(z,y) > cx)—e> > plzjr,25) —e>plx,y) — Y plej1,z;) — 1Y)
7 odd J even
3 e 3 A1
> = —2N 2N\ > = —4 > -
> ol@y) ]; A= pley) =4 = Jp(ey) > 0,

where we used that a point in a shortcuts at level k has p-distance less than \*
from the center of the ball in which the shortcut was found. On the other hand, if

LY([1,n —1]) # 0, then, if (z,_1,7,) is a shortcut at level I < n of x, we have
1 1
d(z,y) > c(x) —e > c(xp_1,20) — 3 ker[lll,inIL] ANt > S ke?ﬁgll] A\ S )

where we used that c(x, 1, 2¢) = aup(z_1,70) > oyl In both cases d(z,y) > 0 as
needed. O

Lemma 3.7. Let x € X and 0 < r < \" with n € N. There exists at most one pair
{q1,q2} such that (q1,q2) € S, L(q1,q2) < n and {q1,q2} N By(z,7) # 0.

Proof. Suppose to the contrary that there exist two disjoint (¢1, ¢2), (G1,G2) € S with
L(q1,92), L(q1,G2) < n (3.6)
and q1,q; € By(z,r). Then
d(qr, 1) < d(qi,z) +d(z,q1) < 2r < 2A".
Let x = (xq,...,xy) € Z* with g = ¢1, xy = ¢ and
c(x) < 2™ (3.7)

We now consider a possibly slightly longer itinerary y by attaching the shortcuts
(q1,q2) and (g1, G2) to x if they were not used in x. In other words, in two steps

< — (i TR B if (21, 72) = (q1, ¢2)
Y = (Jo,-- -+ Ux) = '
(CJ2,C]2,Q1,SE1,...,:L'N), otherwise

and

]y, if (xy_2,28-1) = (G2, G1)
y = - U )
(y07 ce ’yN—17q17q27q2)7 otherwise.
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By construction y € Z',. Therefore by applying Lemma to y we know that there
exists y’ € Z* such that ¢(y’) < ¢(y), where Ext(y’) = Ext(y) and the first and last
shortcuts of y' and y are the same. We conclude that the itinerary x may be replaced
with no extra cost by an itinerary x'= (xy,...,2y,) that is decreasing-increasing,
starts at ¢; and ends at ¢ and that, due to (3.6), we have L' ([n, 00]) = 0.

We remark that the itinerary x’ cannot have only stationary walks. Indeed, oth-
erwise the itinerary cannot move away from {q, g}, since distinct shortcuts are
separated. Let j € 2Z be the smallest even integer so that z’; # 2% ;.

Now there exist points 21, 22 € {q2, G2, 75, T3, - . ., Thr_o } such that (2}, 21), (2}, 1, 22) €
S and ki, ky < n, where ky := L(), z1) and ky 1= L(2,, 20).

Let a,b be the centers of the balls in which the shortcuts (2}, z1), (4, 22) were
found with radii A** and A2, respectively. Let us distinguish two cases. Assume first
that k; = ks =: k, so that a and b are 4\* separated. Hence, we have

p(a), 241) > pla,b) — pla, &) — p(b, 2 1y) > 4N = AF = A > 2% > 2a™,

Suppose now k; # ko, say that k; < ks, the other case is similar. Recall that b was
found outside B(z/,4X*) in the construction of the shortcuts. Hence, we have

p(), 2l ) = p(b, o) — p(b, o y) > 4N — AF2 > 30 > 3)™,
In either case we have
¢(x) = o(x) 2 pla @) = 207,
which is in contradiction with . U

The next lemma will be used for the proof of the Ahlfors Q)-regularity in the next
section.

Lemma 3.8. For all x € X and r > 0 there exist yi,yo € X such that

By(z,1) C Ba(z,7) C B, ({y1, 52}, (24+8/(A =A%) 7). (3.8)
Proof. The first inclusion B,(z,r) C By(z,r) follows from the fact that by construc-
tion d < p.

Let us show the second inclusion. Suppose first that » > 1. Let z € By(x,r). By
Lemma there exists x = (zg,...,zn) € Z* with Ext(x) = (z, 2), ¢(x) < r, and
#L (k)< 2 for all k € N. Then

plz,2) < ;P(%‘fb%) < D plwin,a) + Y0 plajo, )

j odd J even

00 /\ )\—1
< 4 k< 4—— < (244
< e(x) + kz_:l)\ <r+ 1_)\_<+ 1_/\>r,

since A < 1<r, and hence (3.8) holds with y; = y, = .
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Now suppose that » < 1 and let n € NU {0} be such that
AL < N
By Lemma there exists at most one pair {y;,y2} such that (y1,y2) € S and
L(y1,y2) <n and By(z,r) N {y1, 52} # 0. (3.9)

If such pair {y;,y2} does not exist, we define y; = y, = x. Take z € By(z,r). By
Lemma there exists x = (xo,...,2n) € T* with Ext(x) = (z, 2), ¢(x) < r, and
#L (k)< 2 for all k € N. Note that as ¢(x) < r, we get that z; € By(z,r) for all i.

Suppose first that x does not contain the shortcut (yi,ys2). Then as z; € By(x,r),
all the levels of x are at least n and so we have

p(r,z) < ;P(%‘—h%‘) < > plwin )+ Y plrgoa, )

j odd j even

> AT 4
< 43 N <r+4 <1 :
< co(x) + kz:;l r+ 1_>\_<+)\_)\2)r
since A" < r. Now suppose by symmetry that d(y;,z) < d(y,x). Then there exists
an itinerary y € Z* with Ext(y) = (x,y1), c(y) < r, #L;'(k)< 2 for all k € N. By
changing y; to y» if necessary, we may assume that y does not contain the shortcut
(y1,y2). Then a similar analysis gives that

4
p(x,y1) < (1 + )\_)\2> T

and so

()(Z ) < 2 (1 + ) 7
7y1 )\ )\2 *
Thus, (3.8) holds.

Now suppose x contains the shortcut (yi,y2) at z;_1,x; for i even. Then the
itinerary x' = (x;, %;, Tit1,....xn) is in Z*. As x; € By(x,r) for all j and x is non-
self-intersecting, we have by that the levels of all the shortcuts of x” are at least
n. Now by a similar analysis as above, we get

4
diStp({yl, yg}, Z) S ,O(CC“ Z) < (1 + )\_)\2> r. O

3.3. Ahlfors Q-regularity of (X,d). Recall that the function d is a distance if in
the constructions we took «,, > 0, see Proposition [3.6] In Theorem d is required
to be a genuine distance, and in the proof of the theorem we can choose for example
a, = 1/n. However, in the proof of Theorem|1.1|in order to prove that (X, d) is a BPI
space we need all the «,, to be comparable. Combining this with the requirement that
a, — 0 as n — oo, we are forced to define o, = 0. Hence, in general, the function d
is a semi-distance, thus we consider the quotient space, which we denote by (X, d).
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We now give the proof of the Ahlfors @Q-regularity of the space (X, d), assuming
that (X, p) is Ahlfors Q-regular.

Notice that the projection map (X, p) — (X,d) is 1-Lipschitz. Thus we can push
forward the measure 'Hg, which is then a Borel regular measure on (X, d). In what

follows, we shall not make distinction between (X,d) and (X,d), nor between H%
and its push forward measure, since all our arguments are set-wise.

Assuming that (X, p) is Ahlfors Q-regular, there exists a constant C' < oo such
that

1
57"@ < HPQ(BP(I,T)) < Cr9,
for all z € X and 0 < r < diam,(X). Hence by Lemma (3.8 we have
1
ETQ < HI(By(z,1)) < C2(2+ 8/(A = A?))9r?,
for all z € X and 0 < r < diam,(X). Thus (X, d) is also Ahlfors Q-regular.
3.4. No biLipschitz pieces. Let A C X be such that H¥(A) > 0. Our aim is

to show that d and p are not biLipschitz equivalent on A. For this purpose take a
density-point z of A. Then for any € > 0 there exists r. > 0 such that

B,(z,7) C B,(A,er), for all r € (0,r.).
Now, for all n € N there exists (¢,1,¢n2) € S wWith L(gy 1, ¢n2) = n such that
{Gn1,@n2} C By(x,2cgA™).
If 3cg A" < re, there exist z,, 1, 2,2 € A such that
P(Tn1,qni) < 3cge” and p(Tn 2, gn2) < 3cge™.

Then

P(Tn1,Tn2) > plan1s Gn2) = P(Tn1s Gn) = P(Tn2s Gna) > A" = Begel”
and
d(qn,1s Gn2) + d(Tn1, qna) + d(Tn2, Gn2)

<
< np(Gniy Gna) + (o1, Gni) + p(Tn2, @n2)
< 20, \" + 6cge™.

d(xn,la xn,Q)

Therefore we have
d(Tp1,Tn2) < 20, A" + 6cpeA™  2ay, + 6cpe
p(l‘n,hxnﬂ) T oAt — GcpeA N A — Gcge '

As o, — 0, by letting n be sufficiently large and € be sufficiently small, we get
that a,, + 6cge is sufficiently small and so the distances d and p are not biLipschitz
equivalent on A. This concludes the proof of Theorem [I.3]



REGULAR DISTANCES ON THE HEISENBERG GROUP 19
4. EXISTENCE OF SHORTCUTS

We will now verify that the shortcuts necessary to employ Theorem can be
made in the subRiemannian Heisenberg group and in any snowflaked Ahlfors regular
metric space.

4.1. Shortcuts in the Heisenberg group.

Proof of Theorem [1.3 We will verify that the assumptions of Theorem [I.3]hold in the
Heisenberg group with A\ = % Let p € H and r > 0. By left-translation invariance

of the distance d, in H we may assume that p = (0,0,0). Take ¢ = (0,0,0) and

g2 = (0,0,72/4). Now let p1,ps & By, (0,7). Since dy(qr,q2) = \/r2/4 = r/2, by
the triangle inequality we have that dy(p1,q1) > /2 and dp(p2,q2) > /2. Write
p1 = (21,41, 21) and py = (9,2, 22). Then the equation for the box distance is given

by (2.3]). Trivially, we have
(71 — 22| < g | + |22 < dy(pr, @1) + do(p2; @)
and

12 — 1| <l + |2l < do(pr, @1) + di(p2, G2)-
By using the triangle inequality and the estimate r?/4 < dy(qy1, p1)ds(q2, p2) we also
get

1
21— Ry — 5(95192 - 90291)

IN

21| + | 12|+12+1| I |+1| |[y1
z Z9 — =T - —|T —|T
1 2 1 1 5 111Y2 5 2[|Y1

IN

dp(p1, Q1)2 + dp(pa, C]2)2 + dp(q1, p1)dp(ga, D2)
1
+§db(Q1>P1)db(Q27P2) +

= dy(p1, q1)* + 2dy(q1, p1)dy
= (dp(qr,p1) + dp(qo,2))* -

db(Ql>pl)db(QZ>p2)

DN | —

G2, 2) + dy(p2, @2)*

—~

Thus we have
dy(p1,p2) < do(q1,p1) + d(q2, p2)
as required by the assumptions of Theorem [1.3] O

4.2. Shortcuts in snowflaked Ahlfors regular metric spaces.

Theorem 4.1. Let (X, d) be an Ahlfors Q-reqular metric space with Q > 0 and let
§ € (0,1). Then the snowflaked metric space (X,d°) satisfies the assumptions of
Theorem |1.5. Consequently, there exists a distance d' on X such that d' < d°, (X, d')

is Ahlfors Q/d6-regular, and for any A C X with Hng/a(A) > 0, we have that d' and
d® are not biLipschitz equivalent on A.
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Proof. First of all, it is trivial that (X, d°) is Ahlfors @Q/é-regular. Let us then check
the assumption (2) of Theorem [1.3] Since (X, d) is Q-regular, there exists C' > 1 such
that

£r% < HY(Bale, ) < O (4.1)

for all z € X and 0 < 7 < diamg(X). We shall set A := (2C)~2/¢(1 — §)°. Take
p € X and 0 < r < diamy(X). Define ¢g; = p and take

g2 € Ba(p, (1= 6)r3) \ Ba(p, (20)"%2(1 = §)r3).

Such ¢, exists since the annulus from where the point is taken has positive measure
by (4.1) and is hence non-empty. In particular, ¢, ¢ € Bgs(p,r) and

d(q,0)" > (20) 90 = 6))"r = o,
Now, take py,ps ¢ By (p, r%). We get that

d(q1,p1), d(qa, pa) > 01'/°,

and so
d(q1,42) < (1= 8)rt/* < ((15 = 1) min(d(q1, 1), d(q2, p2))-
First assume that d(p1,q1) < d(p2, ¢2). Then we get
d(pr,p2)’ < (dlpr, a1) + (a1, ) + d(p2, ¢2))°

< (14 G~ D), @) + d(pr )’

(;d(Pl,Ch) + d(ps, g2))°

.1
d(p27 612)(S + §d(p2, (12)(S 1*d(p1; fh)

1)
< d(pi,q)’ +d(p2, ¢2)°

verifying . In the penultimate inequality, we used a Taylor expansion of z + 2?
centered at d(ps,q2) and the fact that z + 2% is concave so that the higher order
terms of the Taylor expansion are always negative. An analogous calculation takes
care of the case d(pa, q2) < d(p1,q1)- O

IN

5. A BPI SPACE USING SELF-SIMILAR SHORTCUTS IN THE HEISENBERG GROUP

In this section we prove Theorem [I[.1. The idea is to consider a regular subset
K C H, to specify in a self-similar way the shortcuts taken in the construction
of Section [3] and to make all the shortcuts to have zero cost. This will produce a
semi-distance d on K and, after factoring, the desired distance for Theorem [I.1 By
taking the shortcuts to have zero cost we get that the similitude mappings used in
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the selection of shortcuts will almost be similitude mappings also for the new semi-
distance d. This will allow us to show that the quotient metric space (K, d) (obtained
by identifying points of zero distance in (K, d)) is BPI. Then the facts that (H, d,)
looks down on (K, d) and that (K, d) does not look down on (H, d) follow, after some
work, via Theorem [1.3

5.1. Defining a self-similar tiling. In this section we shall construct a self-similar
tiling of the Heisenberg group, in the spirit of Strichartz’s tilings, see [Str92) [Str94]
and [BHITO6]. Define the similitude mappings as

ik -
S = (535 o, ieonren2)
Relabel the similitudes by {S; : i = 1,...,16} = {5} and denote by K the
attractor of {S; 4}, i.e., the nonempty compact set (see [Hut81] for details) satisfying

16
K = Si(K). (5.1)
i=1
Let us show that K has nonempty interior. We will use the map
7 (H,dy) — R?

that is the projection onto the zy-plane and is a 1-Lipschitz homomorphism, when we
endow R? with the /,.-distance. We split the iterated function system {Sijxr} to the
horizontal component {S; ;o : 4,7 € {0,1}} and the vertical component {Spox : k €
{0,1,2,3}}. First of all, the m-projection of the horizontal component of the iterated
function system has the unit square as the attractor and the attractor of the vertical
component is {(0,0)} x [0,1]. Secondly, since the dilation and the group operation
commute, we may consider separately the horizontal and vertical components of the
iterated function system:

Siin(a,y,2) = (o,o, ’i) - (; ;o> 251((0,0,2) - (2,,0))

%
B koo2\ (i ] (5.2)
- (070a4+4> <2a270) 5%(1‘,3},0)
- SO,O,k(07 07 Z) . Si,j,O(‘ra Y, 0)

In this way we see that

K={(5,9.2+1) : (,9,2) € K, t € 0,1]}, (5.3)
where K is the attractor of the horizontal component. The set K has the form
K ={(z,y.0(z,y)) : (v,y) € 0,1 (5.4)

with some Borel function ¢: [0,1]*> — R. Observe that ¢ is bounded since K is

compact. Also, since 0 is the fixed point of Sy and S;;o(K) do not contain 0 if
i # 0 or j # 0, the function ¢ is continuous at 0. Therefore by (5.3) the attractor
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K contains a small ball near 0 and thus K has nonempty interior. Because of the
nonempty interior and the self-similar structure (K, dp) is Ahlfors 4-regular.

5.2. Constructing the shortcuts. For a multi-index i = (i, ...,4) € {1,..., 16},
we shall use the standard notation S; for the composition

Si = Sil OSiQO"'OSik-
With & = 0 we interpret {1,...,16}* to consist of only one element, call it (), and Sy
is then understood to be the identity map.

As we are working in the Heisenberg group, we may take A = 1/2 by the proof of
Theorem . We define z; = S;(3, 3,0) for all i and set N, := {z1}ieq1,.161m-3. We

3:2,0) tor all 1 and set Np = %1 sie(1,..,
define the shortcuts at level n as
11 1
= 1, 0i(=, =, —)) & i 1,....161" 3,
Sn {(m 75(2727256)) 16{ ) Y 6} }

We also set L(z,y) = n for (z,y) € S,. Note that levels start from n = 3. Note
that the construction of the shortcuts for the third level requires a separation of at
least A3 = 1/16. The 1/256 = 1/162 then comes from the 1/2-snowflake behavior
in the z-coordinate. Of course we are also free to take anything larger than 1/256,
but it has to be less than 1/64 as it has to lie in a ball of radius A\* = 1/8 around

(1/2,1/2,0).
We then define the total set of shortcuts as

S = U S,
n=3

We define the cost as ¢(z,y) = 0 for all (z,y) € S. In other words we set «,, = 0
for all n. We also set c(z,y) = dp(z,y) for all (x,y) ¢ S. Let us check that the
construction of Section Bl works with this choice of shortcuts and costs. This will be
established by the following three lemmas for A = 1/2 and c¢g > 8 some sufficiently
large number.

The first lemma shows that the points x; near which we find the level n shortcuts
can be found outside a 4\"-neighborhood of shortcut points of lower levels.

Lemma 5.1. For alln > 3, we have

N ( U U Bdb<{x,y},zn+2>) 0

m<n (z,y)€Sm

Proof. Let Ay C [0,1]? be the centers of the dyadic subcubes of level k. Note that for
each k we have that

11
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As 7 is 1-Lipschitz, it suffices to prove that

A By (U A2 =0

m<n

But this follows from the geometry of (R?, || - [l»). Note that we need the sets Bpz_
to be open, which is fine. O

The next lemma says that the sets N, themselves are 4\"-separated.

Lemma 5.2. For all n > 3 the set N, is 27" *-separated (note: 272 = 4.27"
which is needed for the construction).

Proof. As shown in the previous lemma, the image of N, under 7 is precisely the
centers of the dyadic subcubes of [0,1] of level n — 3. Let z,y € N,, and suppose
m(x) # 7(y). Then

dy(z,y) > [|m(z) — 7(y)l| = 27"
Now suppose m(z) = 7(y) but  # y. Then using we see that the z-coordinate of
x and y are points in the center of the level n—3 4-dic subintervals of [p(7(z)), ¢(7(z))+
1], where ¢ is the function in ((5.4)). Thus, they differ by no less than 47" and so

dy(,y) > V4t = 27nH8 5 g7nt2 O

Finally, we show that the level n shortcut points form a cgA"-covering of K for
sufficiently large cg. This finishes all the properties needed to construct the shortcuts.

Lemma 5.3. There exists some absolute constant cg > 0 so that

K C U  Ba(zi,cs2™),  Vn>3. (5.5)
ie{l,...,16}7—3

Proof. We prove the claim by induction. As K is bounded, we easily get (5.5 for
n = 3 by choosing some cg large enough. Now assume that (5.5) holds for some
n > 3. Then by the self-similarity of K as exhibited in (5.1)) we get

16 16
K = U SZ(K) Q U Sz( U Bdb(l‘i; CEQ_n)>
i=1 i=1  i€{l,..16}n—3

= U By, (1, c27"7")
ie{1,...,16}n—2

Thus (5.5 holds for n + 1. O

Recall that taking zero costs for shortcuts, i.e. a,, = 0 for all n, in the construction
of Section [3]is allowed, but we then obtain only a semi-distance d on K and we need
to consider the quotient space (K,d). From the proof of Theorem we see that
A= % works in the Heisenberg group.
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Now the conclusions of Theorem [L.3] hold for the constructed semi-distance d.
That is, the identity map id: (K,dy) — (K,d) (and hence the quotient projection
7. (K,dy) — (K,d)) is Lipschitz, but not biLipschitz on any set of positive mea-
sure, and the space (K, d) is Ahlfors regular. In particular, (H,d,) looks down on
(K,d). In order to show that (H, dj) is not minimal in looking down, we still need to
prove that (K, d) is a BPI space and that (K, d) does not look down on (H, d3).

5.3. (K,d) is a BPI space. We begin with the following lemma.

Lemma 5.4. Let x € Z* with {(x) > 1 and n = min{k € N : L_'(k) # 0}. There
exists X' = (xy, ..., x%y) € IT* such that Ext(x) = Ext(x), ¢(x) < ¢(x), and for any
J € N such that min(L(xy;_y, 25;), (79,1, Th;,5)) = m > n, then

dy (w5, 41) < 22

Proof. As usual, we will show that if x does not already satisfy the conclusion of the
lemma, then we can find a strictly shorter itinerary in Z* with same endpoints and
no greater cost that x. The lemma then follows by iterating this procedure until one
cannot.

Fix j such that min(L(xh;_,5;), L(75, 4, T5;,5)) = m > n. We may suppose
without loss of generality that there exist k € Ly ~!(n) such that k > j + 1, that is,
Ly is still decreasing from j to j + 1. Thus, L(z2j41, Z2j12) = m.

Let x € N, be the point for which the shortcut (xg;11, 22;42) is found in By, (z, \™).
First suppose that (z2, x9;+3) € S. Then by uniqueness of shortcuts, zaj14 = x9j,
which contradicts the fact that x is non-self-intersecting.

Thus, we may suppose (z2j,Z2j+3) ¢ S. Then as L(zoj43,T2j4+4) < m, we get
that xg;13 ¢ By, (x, ™) as x is non-self-intersecting. If dy(xs;, x9;41) > 2N, then
we get that zo; ¢ By, (z,\") by the triangle inequality. Thus, applying with
q1 = T2j+1, 2 = T2j+2, P1 = T2j, and P2 = T2j4+3, W€ get that we can replace
(T2, Tojt1, Tojt2, Tojrs) I X With (xa;, To;43) to get an itinerary in Z* with lower cost
and two fewer points with the same extremal points. 0

The following lemma says that one can connect z,y € S;(K) by an itinerary that
does not go too far out.

In this section we write |i| = kif i € {1,...,16}*.
Lemma 5.5. There exists some C' > 0 so that for all multi-indices i, for all x,y €

Si(K) and all € € (0,1), there exists an itinerary x = (xo,...,x,) € Z* such that
c(x) < (1 +e)d(z,y), Ext(x) = (z,9), and o, ..., 2, € By, (S;(K),C271).

Proof. We claim that there exists some constant M € N depending only on cg > 0
of Lemmasuch that if e >0, i € {1,...,16}* for k > M, and z,y € S;(K), then
there exists some itinerary x € Z* such that

(1) e(x) < (1+e€)d(z,y),
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(2) Bxt(x) = (2,),

(3) #Lx'(k) <2,  VkeEN,

(4) dyp(zj-1,2;) < 2™ for all j odd such that

m =min(L(z;_s,2;-1), L(xj,xj41)) > n,
where n = min{k : L1 (k) # 0},

(5) dy(zj_1, ;) < 2M/27F for all j odd,

(6) Ly ([0,k — M]) = 0.
Suppose the claim holds and for z,y € S;(K) with i € {1,...,16}* for some k > M,
take such an itinerary x = (zo, ..., 2y) € Z*. We will bound SN, dy (21, 2;) by C27F
for some C depending only on M. The lemma then follows for all i € {1,...,16}*
with & > M from the triangle inequality and for all i € {1,...,16}* with k < M by
the fact that there are only finitely many such i.

By the fifth property, dy(zo, 1) and dy(xy_1, zx) are both less than 2M/227% 5o we

only need to care about the values dy(x;_1, ;) when 2 <i < N — 1. By the third and
the sixth property, we have

o0

Z db<xi717 LUZ) S 2 Z 27‘7' S 2M+127k, (56)

1 even j=k—M+1
and we so only need to care about dy(z;_1,x;) when 3 < i < N — 2 is odd.
We split the sum into two
Z dyp(2i1,75) = Z dp(Ti-1, ;) + Z dy(2i-1, 7;)
3<i<N—2 odd I I%

where I represent all the indices i for which min(L(x;_o, x;_1), L(x;, x;41)) = n and 11
are the rest. By the third property and the fact that x € Z*, the number of summands
in the I sum is at most three. Together with the fifth property, we get that

Zdb(xi—l,%) S 3. 2M/2—k‘ S 2M/2+22—k"
I

Finally, the fourth property says that the distance dy(x;_1,z;) for the odd indices
where min(L(z;_o,2;_1), L(x;, z;41)) > n are controlled by
max (dy (w2, Ti—1), dp(Ti; Tiv1)),

since dp(zj-1,2;) > 2™ if L(x;_1,x;) = m. Thus, we get that

(5-6)
S odp(wior,m) <200 dy(io, x) 2 2MH29h,
7

i even
which finishes the bound on the summation of =% | dy(z;_1, ;).

Let us prove the claim. Let cg > 0 be the constant from Lemma [5.3] Let M € N
be the minimal even number such that

2M/2 > ¢y (5.7)
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and

M- _ oM/2 _ oM/2+6 . (5.8)
As x,y € Si(K), with |i| = k, we get that

d(z,y) < dy(z,y) < cp27". (5.9)

By an application of Lemma on some itinerary with cost no more than (1 +
€)d(x,y), we get an itinerary x = (zy, ...,z y) that satisfies the first three properties.
We then apply Lemma on x (and still calling the result x) to get that the fourth
property is satisfied.

Suppose dp(xj_1, ;) > 2M/2=F for some odd j. Then

()
o(x) > dylxj_1, ;) > 2M/2F > 2

d(z,y),

a contradiction. Thus, the fifth condition is satisfied.

Now suppose L '([0,k — M]) # (. Suppose first that #L_'([0,k — M/2]) > 2.
Then as x € Z*, we then have that there exists some j so that min{L(j), L(j +1)} >
k — M/2 ThUS, (Igj, I2j+1> ¢ S and so

B-IPA-7)
c(x) > c(xgj, woj1) > 4 - oM /2=k ->. 2d

(z,9),

which is a contradiction.
Now suppose that #L1([0,k — M/2]) = 1. Let L(xgj_1,x2;)<k — M. Then we
have by the triangle inequality

2j—3

dp(2,y) > db(x2j—17 9523') - Z dy(2¢, 2011) — dy(22j—2, T2j—1)
£=0

N
- db($2j7$2j+1) - Z db(ﬂﬁéﬂ) = (*)

0=2j+1
We have by the third and fourth property that
25—-3 o
S dy(wg, ) <8 Y 270 =2MATRD
=0 s=k—M/2
N o0
S dy(wme) <80 27 = oMATRES (5.10)
0=2j+1 s=k—M/2

Similarly as in the case #L ([0, k — M/2]) > 2, since (@aj_2, T2j-1), (¥25, Taj11) & S,
we have

db($2j—2, $2j—1) + db($2j7 $2j+1) = C($2j—27 $2j—1) + C($2j7 172j+1)
< 2d(z,y) < 2M/>k,
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Altogether, we get that

(*) Lo 2M7k71 - 2M/27k o 2M/2*k+6 CE27k-
But this is a contradiction because z,y € S;(K) and so dy(z,y) < cp27". O

We can now prove the following lemma that says that there exists large subset of
every Si(K) that can be connected optimally by itineraries only in S;(K).

Lemma 5.6. There exists some multi-index j such that the following property holds.
For anye >0, k € N, i € {1,...,16}*, and any two x,y € Si(S;(K)), there exists
an itinerary x = (xg,...,xy) € T* with c¢(x) < (1 + €)d(z,y), Ext(x) = (z,y), and
Zg, ..., TN € Si(K).

Proof. Let C' > 0 be the constant from the previous lemma. As K has nonempty
interior we may choose z € int(K) and h > 0 so that By (z,h) C K. As K is
compact, there then exists some j so that

By, (S;(K),C2731 C By, (v, h) C K.

Now let z,y € S;(S;(K)) for some arbitrary i € {1,...,16}". Then there exists an
itinerary x = (g, ...,x,) € Z* such that ¢(x) < (1 + €)d(z,y), Ext(x) = (z,y), and
each of the points of x is contained

By, (85(S5(K)), 027 H711) = 8,(By, (S;(K), 027 W) € Sy(K). O

Lemma 5.7. Let j be from Lemma . Then for allk € N and i € {1,...,16}*, we
have that
d(Sl(I)a Sl(y)) - 2_|i|d(xv y)a \V/JT, Yy S Sj (K) (51]‘)

Proof. If x = (x¢,...,xy) is an itinerary from z to y, then S;(x) is an itinerary
from S;(x) to Si(y) with ¢(Si(x)) = 271le(x), since (v, 2:41) € S if and only if
(Si(z:), Si(wi11)) € S, a, = 0 for all n, and dy(S;(z;), Si(wipr) = 27 Hdy (25, 2441).
Thus, we get that d(S; (), S;i(y)) < 27Rld(z,y).

For any € > 0 and S;(z),Si(y) € Si(S;(K)), we get from Lemma that there
exists an itinerary x = (zo,...,zy) from Si(z) to S;i(y) such that c¢(x) < (1 +
€)d(S;(x), Si(y)) and z; € S;(K). Thus, applying S;' to x, we get an itinerary x’
from z to y such that 2, € K and ¢(x') = 21*l¢(x). Thus,

d(z,y) < e(x') = 2Pe(x) < 28(1 + €)d(S;(x), Si(y)).
Taking € — 0 then gives the lemma. U

We can now prove that (K, d) is BPL. Let j be the multi-index from Lemma [5.6]
p1,p2 € K, and 0 < 71,7y < diamy(K). Now by self-similarity in the dp-distance,
there exist a constant ¢; and two multi-indices iy, i, such that S; (K) C By, (p;,7;5),

r; is comparable to 27 and Hj (S, (K)) = c1M], (Ba,(pj,75)) for j € {1,2}.
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By Lemma 3.8 we also have S;,(K) C By(p;,r;) and that the ratio of Hy, and Hj
is bounded away from 0 and from above by constants depending on A.

Therefore by defining A = S, (S;(K)) C Ba(p1,71), we have H3(A) > coH3(Bapr, 1))
for some constant ¢y. Define the map f: A — By(pa,72) as f = Si, o S;ll. Then for
any p,q € A, we have that p’ = S;,'(p) and ¢ = S;.'(¢) are both in S;(K). Thus,

d(f(p)v f(Q)) = d<Siz (p/)v Si2 (q/>>
2—‘12|d(p/7 q/)

ol=lalg(s; (1), S, (¢))
2172l (p, g).

Since 2/*11=12l is comparable to 79/7r1, we are done with showing that (K, d) is BPL

5.4. (K,d) does not look down on (H, d;). By contradiction, suppose that (K, d)
does look down on (H, d;). Then there would exist a closed set A C K and a Lipschitz
map f: (A,d) — (H,dy) with H*(f(A)) > 0. Since d < dy, also fom.: (72 (A),dy) —
(H, dp) is L-Lipschitz, where 7. is the quotient projection. In the following we write
form. as f when we work in m_1(A). Then f is Pansu-differentiable almost everywhere
in 721 (A), see [Mag01]. Moreover, the Pansu-differential D f(z) is bijective on a set
A’ C A of positive measure by the area formula:

0 <3, (1(4) 2 [ JD1(w) dreh @)

Since for all n,m € N the set

> 1
Bum = K\ U U Si(K N By, (0,—))
k=nie{l,...,16}k m
has ’Hflb—measure zero as a porous set, the set

oo oo 0

oo o0 1
A'=A\JUBm=NNU U AnNSi(KnBy(0,—)) (5.12)
n=1m=1 m=1n=1k=n iefl,...,16}* m
has positive measure. Let x € A” be a density point of A”. Since x € A”, by
the definition (5.12) there exists a sequence (n,,)%_; of integers with n,, — oo as
m — oo and a sequence of multi-indices i,, with |i,,| = n,, such that =z € S; _(K)

for all m € N and .
dy(z, ) < —27"m,
m

for all m € N, where z,, = S;, (0).
Let K,, = 6onm (z71A) N K. Then the functions f,,: (K,,,d) — (H,d;) defined as

fu(p) = Oznm (f ()" f(202-0m (p)))
satisfy
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dy(fin (D), fn(@)) = du(62mm (f(2) " f (20a=nm (p))), G2nm (f () 7" f(202-nm ())))
= 2" dy(f (20g-nm (p)), [ (209-nm (q)))
< 2" Ld(203-nm (p), £02-nm (q))
< Ld(S; (@65-nm (p)), S1.  (265-nm (q)))
= Ld(0gnm (x,, 2)p, Ognm (2, 2)q)
< L (d(8gnm (2, 2)p, p) + d(p, @) + d(g, o (2, 2)))

where the first inequality follows from the fact that f is L-Lipschitz and the second
inequality from the fact that

(5.13)

S, (S) CS.
Notice that
d(Ogrm (2, ), p) < dy(Sgnm (2, 2)p, p) = 0 (5.14)
as m — 0o since dy(donm (z,,'7),0) — 0 as m — oo. The convergence in holds
uniformly for p € K by the compactness of K.

Since x is a density point of A” and hence of A, we have that for all p € K there
exists a sequence (p,)>_, with p,, € K,, and dy(pm,p) — 0 as m — oo. Along this
sequence by the fact that D f(z) is homogeneous we get

dy(fin (), DF (@) (pn)) = dy(Sanm (f(2) " f(202-nm (D)), O2im (D f () (82 (P1n))))
= 2" dy(f(2)"" f(@85-nm (Pm)), Df () (3-mm (Pm))) — O,

as m — o0o. Hence also

dy(fn(pm), D (2)(P)) < do(fm(pm), Df (2)(pm)) + do(Df (2)(pm), D f (x)(p)) —>(0, |
5.15
as m — Q.

Combining the estimates (5.15)), and with the fact that d(p,,p) <
dy(pm,p) — 0 we get
dy(Df(2)(p), Df(2)(q)) < do(fi(pm), Df(2)(P)) + db(fru(gm). D f(2)(q))
+do(fin(Pm) fn(Gm))
< d(fm(pm), Df(2)(P) + do(fm(am), Df(x)(q))
+L (d(52nm (2 )P D) + (G Oz (if;zll’)Qm))
+L (d(pm, p) + d(p,q) + d(q; 4m))
—  Ld(p,q), as m — oo.

Hence D f(z) is also Lipschitz from (K, d) to (H, d,). Since D f(x): (H,dy) — (H, dp)
is biLipschitz, also the identity map id: (K,d) — (H,d,) is Lipschitz, but we have
shown that this is not the case in Theorem 1.2l
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6. BILIPSCHITZ EQUIVALENT DISTANCES ON THE HEISENBERG GROUP

In the previous sections we constructed and studied distances that were not biLip-
schitz equivalent on large sets. In this final section we turn to study distances that
are biLipschitz equivalent. First we prove Theorem showing that adding to The-
orem the assumption that the left-translations are biLipschitz for the distance d
forces the distances d.. and d to be biLipschitz equivalent on compact sets. After this
we prove Theorem giving examples of distances on the Heisenberg group that are
biLipschitz equivalent with d.. having no self-similar tangents.

6.1. BiLipschitz left-translations: Proof of Theorem [1.4] Since d.. is biLips-
chitz equivalent to the box distance d,, up to multiplying d by a constant we assume
that d < dp.

Using the Baire Category Theorem one can show that there exists L > 1 such that,
if we restrict to a compact set K, then the distance d is L-biLipschitz homogeneous:
each left translation by g € K is L-biLipschitz on K (see [LD11, Lemma 6.7] applied
with the Heisenberg group as X and G). Suppose that the claim of the theorem is
not true. Hence, by the left-biLipschitz invariance of the distances, for all N € N
there exists a point p € By, (0, ﬁ) with dy(0,p) > LNd(0, p).

Write ry := dy(0,p) > 0. We claim that we have that

N

1
U Ba, (0" 57v) € Ba(0,2rw). (6.1)
n=0

Indeed, if ¢ € By, (p™, %TN), for some n < N, then

d(0,q) d(0,p) +d(p,p*) + ... +d" ", p") + d(p", q)
LNd(0,p) + dy(p", q)

db(O,p) —+ T’N/2 < 2’/’]\[.

VANRVANVAN

Moreover, for ¢+ < j < N, we have that
dy(p', ") = dy(0,p7") = dy(0,p) = 1.

Let {q;}iery be a maximal 4ry-separated net of points with respect to distance d
in By, (0,1). First, by for all ¢ € Iy we have that {Bq, (¢:p", 57n)}h_, is a dis-
jointed collection of subsets of By, (¢;,2rn). Second, {B4(q;, 2rn) }iery is a disjointed
collection of subsets of By, (0,2). Hence

1
#INNH;, (Ba, (0, 57v)) < Mg, (Bay, (0,2)).
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Since {By(gi, 8rn) }iery covers By, (0, 1), by definition of Hausdorff measure we deduce
H4(Ba,(0,1)) < liminf #7y(16ry)"
Ha,(Ba, (0,2))

< liminf 16ry)*
< Bt 83 (B, 0, Iry 1O
. 647
= hNnri> 1£f N - 0.
This contradicts the assumption H4(Bg, (0,1)) > 0. O

6.2. Distances without self-similar tangents. In this final section we prove The-
orem [1.5] Namely, we construct two distances dy, dy on H that are biLipschitz equiv-
alent to d.. such that

(1) the distance d; is left-invariant and for all A; — 0 such that the distances
1
Aidl (5)\]' (p)7 5)\]' (Q>)
J
converge point-wise to some p, the distance p is not self-similar;
(2) for all A\; — 0 and ¢; € H such that the distances

1

Tjd2<(b5)\] (p)7 QJ(SA] <Q))
converge point-wise to some p, the distance p is not self-similar nor left-
invariant.

(p,q) —

(p,q) —

We will first construct the distance d; and at the end indicate how the construction
can be modified to obtain the distance ds.

The distance d; is defined via . The initial distance is d;, which is biLipschitz
to d.., and the shortcuts are defined by first taking a sequence of shortcuts from the
origin to points in the vertical direction and then left-translating the shortcuts to
start from every point of the space. Since we want none of the tangents to admit
nontrivial dilations, we have to be careful in defining the sequence of shortcuts.

Let us define the set of shortcuts from the origin as

So={(0,(0,0,47)) : nea'({1}},

where a: N — {0,1} is a function determining whether a shortcut is taken on scale
47", If we were to take a(n) = 1 for all n, then the tangents would be self-similar.

The full set of shortcuts is then defined as

S ={(pq1.pg2) : p €M, (q1,42) V (32, 01) € So}
and the cost function ¢: H x H — [0, 00) for (p,q) € S as

c(p,q) = ;db(p, q).
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The distance d; is then defined as the d in (2.5)).

Since %db < d; < dy, the function d; is a distance and it is biLipschitz equivalent
with dp,, and so with d... By the left-invariance of the set of shortcuts S, the distance
dy is also left-invariant.

Since we want to avoid self-similarity, we define the function a so that every word
written in the alphabet {0,1} appears consecutively in the sequence (a(n))nen only
some limited number of times. This is achieved for example by defining

(0) 1, if there exists k odd and [ € N such that i = (k€ [p<epn + 1)pe
a(i) :=
0, otherwise,

where py is the £:th prime number.

Most of the remainder of the section will be devoted to proving that with this
selection of @ no blow-up of d; is self-similar. On the level of a the needed property
is stated in the next lemma.

Lemma 6.1. Let ¢ > 1. There exists some m > 1 so that for any i > 1, there exists
some j € {i,i+1,...,i +ml} such that a(j) # a(j + ml).

Proof. Let us write

Pp=S (kO] pn+1)pe : k€N
h<t

We claim that { P }sen is a disjointed collection of sets. In order to see this take 0 <

¢ < ¢' < 0o and notice that on one hand for every k € N we have p; | (k€ [p<e pr+1)pe.

On the other hand, since p; | [Th<e P, we have py { (k€' [Th<e pr + 1)pe for all k € N.
Now let ¢ > 1 be given. Define m = [[p<,pn. Then P, = {p, + mlk : k € N}.

Let ¢ > 1 and select j € {i,i+1,...,7+ ml} such that j = p, (mod mf). Then by

definition, 57 € P,. By the fact that the sets Py are pairwise disjoint we have from the

definition of a that

1, if kis odd,

lk =
almtk + pe) {O, if k£ is even.
Thus a(j) # a(j + ¢m). O

The next lemmas will be used to connect the blown up distances to the distance
dyi, and in particular to a.

Lemma 6.2. Let x = (x,...,zx) be an itinerary such that xo = 0 and xy € Z(H).
Then there exists another itinerary'y = (yo,...,ynm) such that Ext(y) = Ext(x),
Y i1 € Z(H) for all i, and c(y) < ¢(x).

Note that as xy = yo = 0, the condition that y; 'y;,1 € Z(H) for all i is equivalent
toy; € Z(H)
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Proof. For the itinerary x = (z,...,2y), we define d, = z;',2;,. Then zy =
x0d1 R dN. Let

A={k:dy€Z(MH)}.
We can define a bijection o : {1,..., N} — {1,..., N} that maps {1,...,|A|} to A
and preserves the ordering of A¢ (thus, o~! shifts A to the beginning in any order).
Note that zn = xody(1) - - - do(n) as we are moving only the dj, that are central.

We now define the itinerary (yo,...,yjaj+1) where yo = 0, yja41 = =y, and y; =
dy(1) " - do)- As we only rearranged elements that are in the center, we get that
YA = (20do)-a4)) " Todo(r) -+ do(v) = doajr1) -+~ do(av)
is precisely the product (in order) of all the noncentral dy.
It remains to show that ¢(y) < ¢(x). We have that

c(Zr—1,2k) = (Yo1 ()1, Yo 1 (k) Vk € A. (6.2)
As dy, ¢ Z(H) for k ¢ A, we get that (xg_1,zx) ¢ S for k ¢ A and so
N
S elwpor, me) = Y dy(zi—r,z) = Y. Ndowll = do(yia yiae1) = c(yiap yyja+)-
k¢ A k¢ A k=] A|+1
(6.3)
Thus, by (6.2)) and (6.3 we get that
[A]+1 N
c(y) =D c(Yr—1, k) Z c(Tp-1, ) = c(x). O
k=1 k=1

Lemma 6.3. There exists a continuous function f: [1,4] — [3,1] with the properties
that f(t) > 3 for allt € (1,4) and

di(0,(0,0,t47")) > f(t)dy(0,(0,0,t47™)) (6.4)
for alln e N and t € (1,4).

) 1 1/ 2t
f(t) = min <\/%, 2”t—|—1)

works. It is immediate from definition that f(¢) > 1/2 for t € (1,4).

Let x = (zg,21,...,2n) be an itinerary from 0 to (0,0,¢4™") where ¢t € (1,4). By
Lemma , we may suppose that +11:Ei € Z(H). Let ¢ be the absolute value of the
z-coordinate of x;lxk,l. Let ¢3; be the maximum of the ¢;’s. Then we have that

>l >4 (6.5)
Suppose first that £;; > 47! then

1 1
e(x) 2 5 227" = %ﬁrn > f(t)dy(0, (0,0,47")),

Proof. We claim that
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and we are done. Then suppose £, € [%4*”, 4”‘“). Then as t € (1,4), we get that
(xpr—1,20) ¢ S. This gives

1+t T+1¢ 1
> P> o =[Sl > e
e(x) 2 ot Vit —\/E\/ ’

and we are done. Finally, suppose that /3, < %4_”. By maximality of £;; we then
have ¢;, < %4_" for all k. Thus we have that

N1/2 2t\/—n
2 22_: t+1 z_:’“— 2

and we are done. O

Lemma 6.4. For alln € a'({0}) and t € (3,2), we have that

—n 1 -n
0, 0,0,647) 2 Z=dy (0, 0,0,047)). (6.6)

Proof. The proof is largely analogous to the proof of Lemma [6.3]

Let (zg,x1,...,2n) be an itinerary from 0 to (0,0,t4™") where ¢t € (1/2,2) and
assume that a(n) = 0. By Lemma , we may suppose that ;' z; € Z(H). Let £y,
and (s be as in Lemma[6.3] so that we have (6.5]).

Suppose first that 5, > 471 Then as t € (1/2,2), we have

Lo e 1 _ 1 _
e(x) > =07 >2" > /127" > —d,(0, (0,0, t47™)),
()_2M_ Z 75 —\/gb(( )

and we are done. Then suppose {y; € [HE247" 4="+1) Then as ¢t € (1/2,2) and
a(n) =0, we get that (xp_1,zy) ¢ S. This gives

1+ 4t 1
> 07 > 27" 2",
) -V 8 \/§\f

and we are done. Finally, suppose that ¢;; < %4*". Thus, we have that ¢, <
%4‘” for all k. Therefore

12 o 8 9 8t2 2 .
>Z€ \/4t+12 Z C2 et f\fz (6.7)

and we are done. O

Lemma 6.5. For every € > 0, there exists some n € (0,1/2) such that if [t| <n and
a(n) =1, then

d1(0, (0,0, (1 +)4™)) < <; + e> dy(0, (0,0, (1 4 £)47™)).
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Proof. One has that
dp(0, (0,0, (1 +t)47™)) = V1 + tdy(0,(0,0,477)).
Consider the itinerary x = ((0,0,0),(0,0,47™), (0,0, (1 +¢)47")). Then

(x) < 5hb(0,(0,0,47)) + (0, (0,0,147)) = (; + m) 0,0, (0,0, 4°).
Thus, we need that
5+ < (5+e) VITE
One sees easily that by taking 1 small enough, we can satisfy this inequality. 0

With the help of the above lemmas we conclude by proving:

Proposition 6.6. No blow-up of dy is self-similar.

Proof. Assume to the contrary that there exists a sequence (\;),en, with A; — 0 such
that the distances

1
Tjdl (5/\]‘ (p)> 5)\j (Q))

converge point-wise to some p, and the distance p is self-similar with some constant
A> 1

Let us now find a contradiction by using the assumed self-similarity. For this
purpose let us first take a point (0,0, s?) € H appearing as limit of points to which
there is a shortcut from the origin. In other words, take

(p,q) —

s€[1,2Yn ﬁ U240+ ke NL (6.8)

j=1i>j

We claim lim; . - (0, (0,0, X25%)) = 1d4(0, (0,0, 5%)).
First, note that a(4(k 4+ 1)) = 1 for all £ € N. Indeed, in the definition of a, if we
take [ = 1, then p; = 2. By definition of a, we have that a(2(k + 1)) = 1 for all odd

k, which implies that a(4(k 4+ 1)) =1 for all £ € N.

Let € > 0. By definition of s, there exist ju,, kn, — 00 so that A;'274¢kn+h) — ¢
Thus, for m sufficiently large, we have

2

B €
Ajs = 271+ D] < 100"

If ¢ < 1, then as s € [1,2%], we get by the previous inequality and the triangle
inequality that

VINZ 82— 4-ibnt D] = /]\; s — 274kt D); s 4 274D <€)y . (6.9)
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As a(4(kn, + 1)) = 1, one gets that d; (0, (0,0,4~*F= D)) = 14,(0, (0,0, 4~4F*nT1)Y)),
As d; satisfies the triangle inequality and the inequality d; < dp, we get for sufficiently
large m that

AMdi(0,(0,0,07 s%) < ATN(di(0, (0,047 H)) 4+ dy (0, (0,0, A7 s* — 47 EmtLY))

1 —4 (K41 ) oAt
< DY dy (0, (0,0, 474 *= D)) 1 4,0, (0,0, 82 — A5 2474kt 1Y)
9 1
< 5d(0,(0,0, X247 ) 4 ¢

1 — _
< §(db(0’ (0, 0, 32>> + db(((), 0, 32)7 (0’ 0, /\j734 4(km+1)))) Le
1
<

5al,,(o, (0,0,5%)) + 2.

As this holds for all € > 0, we get limy, o0 A d1(0,(0,0,A3 s?)) < 1d,(0, (0,0, s%)).
A similar argument gives the opposite inequality.

Thus, we indeed have

1 1
P(O, (07 07 32)) = hm ydl(oa (Oa 07 )\352)) = §db(07 (Oa 07 52))'

J=00 \j

Let us then use the function f of Lemma [6.3] to show that there exists ¢ € N such
that A\ = 2°. Supposing this is not the case, we have A\ = t2° for some t € (1,2) and

¢ e N. By s is of the form s = lim,,,_, )\Z-_ml2_4(km+1), with 4,,, k,, = 0o. Then,
by the continuity of the function f we have

1
p(0,(0,0,)%s%)) = lim )\—dl(o,((),(),)?)\fsz))

1
= lim —dy(0,(0,0,8?); s*4))

m—oo0 )\

1
= lim —d(0,(0,0,* <

m—oo )\

_ Tm2 —4(km+1)
24(km+1)) 44 ))

. )\imS 2
nll_f}})o vf t? <2—4(km+1)> ) dy (0, (0,0, )\2>\?m32))

1
2\ 1; 2422
- f(t )]llglo )\db(ov (0707)\ )‘js ))

= f(tHAdy(0,(0,0,5%)) > ;Adb(o, (0,0,5?)) = Ap(0, (0,0, 5%)),

contradicting the fact that p is self-similar with the dilation .

Therefore A = 2¢ for some ¢ € N. Now we employ the properties of the function a.
Let m € N be the constant from Lemma 6.1} Since p is self-similar with factor 2¢, it
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is self-similar also with factor 2°". By Lemma we have that there exists some 7
such that (1 +n)" =4 for some N € N and if a(n) = 1, then

d1(0,(0,0, (1 +)4™™)) < 0.51d,(0, (0,0, (1 +)4™™)),  Vte (=n,n).  (6.10)
Take jo € N such that for all j > jy we have

p(0,(0,0,4(1 4 n)*s?)) | |
X510, (0,0, 41(1 + n)exzs2) © (1 100t T ) : (6.11)

100’ 100

for all (i,k) € {0,1,...,2ml} x {0,..., N — 1}. Fix some j > jo large enough so
that for the n € Z such that ()\;s)* € [47""1,4™"), we get that n > 2m/l. Now by
Lemma [6.1 we have that there exists some ¢ € {0,...,m(} such that a(n — i) #
a(n — i — mf). We may suppose without loss of generality that a(n — i) = 1 so
a(n —i—ml) = 0. Note that j, n, and i are now fixed.

From the definition of n we have that 4°A\7s* € [47""1 47"*"). Also, (1 —n)4~"*
and (1 + n)4 """ differ by a multiplicative factor larger than 1+ 7. As
{1+n)r:ke{0,..,N—1}}
increases from 1 to —— > 4(1 — n) in multiplicative increments of 1 + 7, we then

1+
have by the pigeonhole principle that there exists some k € {0,..., N — 1} such that

41+ n)kXs? € (1 —n)4 ", (1 +n)4 "+). Thus, because a(n — i) = 1, we have
that

. .
p(0,(0,0,4 (1 +n)*s*) < 1.01A;'dy(0,(0,0,4°(1 +n)*A3s%))

(6.10) .
< 0.52A7'd, (0, (0,0,4°(1 +1)*A3s%))

= 0.52d,(0,(0,0,4°(1 +n)*s?)). (6.12)
On the other hand, because a(n — i — mf) = 0 and
. 1 ) )
i+ml ky2 .2 —n+i+ml —n+i+ml
4451 4 ) Ajs® € (24 tml g Lyt ),
we have that
€€ 99 1
> —=—=dy
100 /3
> 0.55 dy (0, (0,0, 47™(1 + n)*s?)),
0.55 - 2™ d,, (0, (0,0, 4°(1 + 1)*s?)).
2m€

p(0, (0, 0,4 (1 +1)"s?)) (0,(0,0,4™(1 +1)*s%))

Then by the self-similarity of p with ratio we have

p(0,(0,0,4(1 +n)ks?)) = 27™p(0,(0,0,4™™(1 + n)ks?))
> 0.55d,(0, (0,0,4°(1 + n)"s?)).
This contradicts (6.12]). O



38 ENRICO LE DONNE, SEAN LI, AND TAPIO RAJALA

In order to obtain the distance ds of Theorem we use only a subset of shortcuts
used in the definition of the distance d;. Let D, denote the centers of the dyadic
cubes in R? of side length 27"

Define the level n shortcuts as the symmetrization of

S, = {(z,y,2),(x,y,2)q) : (x,y) € Dy, z € R,qg=(0,0,£4"")}.

We then construct the set of shortcuts as

S= U S.
nea~t({1})

As in the construction of dy, the cost function ¢ : H x H — [0, 00) for (p,q) € S is
N 1
&(p, @) = 5db(p,9).
The distance dy is then obtained as the distance d in (2.5, but now with using é.

Since S C S and thus ¢ > ¢, we have
1
idb < dy < dy < dp.

We will also need the following lemmas.

Lemma 6.7. There exists some absolute § > 0 so that if for any n € N, if (z,y) €
Bpz (D, + (27%71,27771),627") and t € (1/2,2), then

B(,,2), (2,924 147) 2 —=dy(0,(0,0,647), VaER
V3
Proof. Let (a,b) € D, + (27"1,27"71) be so that (x,y) € Bgz ((a,b),d27") (d to be
chosen later) and let x = (g, ..., xy) be an itinerary from (z,y, z) to (z,y, z +t47").
Suppose first that there is some 7(z;) ¢ Brz ((a,b),27"7"). As any non-vertical
movement is not a shortcut, we have from the fact that 7(x¢) = 7(xx) € Bgrz_((a,b),627")
that if we choose ¢ sufficiently small, then

1 1 1
o(x) > (1 —-26)27" > —=v2-27" > —t4-" = —d,(0, (0,0, t47")).
(x) = ( 27" > 7 Z 7 7 b(0, ( )
This would prove the statement of the lemma. Thus, we may suppose that the
projection of x under m does not go outside Brg((a,b),27"").

But now the proof is reduced to that of the proof of Lemma [6.4] Indeed, by the
hypothesis of this subcase, the itinerary x cannot contain any level n shortcuts and
so the ¢(x) bound, which lower bounds ¢(x), is enough. O

Lemma 6.8. For every € > 0 there exists n € (0,1/2) so that if |t| < n and a(n) =1,
then for all (z,y) € Brz (Dy,n27") and z € R we have

da((z,y,2), (z,y,z+ (1 +1)47")) < (; + e) dy(0, (0,0, (L +¢)47")).
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This follows by essentially the same proof as Lemma [6.5]

Since the shortcuts are horizontally located on the centers of the dyadic cubes, we
have from an easy argument using Lemmas and that no blow-up of ds is left-
invariant. Indeed, similarly as in the proof of Proposition [6.6], we can find a shortcut
of distance s € [1,2%] at the limit, that is s € 72y Uis;{\; '274*+D : k € N}. This
time, instead of finding a limit point (0,0, s?) of shortcuts from the origin, we find by
compactness a pair of points (x, v, z), (z,y, 2+ s?) in By, (0,2°) appearing as the limit
of endpoints of a sequence of shortcuts. Then one can get a subsequence \;, — o0
so that s = limy, 0o A7 '274*= T Remembering that a(4(k,, + 1)) = 1, Lemma
tells us that

p((z,y, 2), (z,y,2 + 5%)) < <; + 6) dy(0, (0,0, 5%)).

One then considers the points (s/2,5/2,0) and (s/2,s/2,s?). Note that s/2 =
1My, 00 A; 1274 Em D=1 Thus, for m sufficiently large, \;,, - (s/2,5/2) € B(Da,,+1)+

(274 kmF1) =1 9=4km+1)=1) " 5o—4(km+1)) and so we get that
1
V3

In order to see that no blow-up of dy is self-similar we argue similarly as for the
distance dy. First suppose that a blow-up is self-similar with some constant A > 1. As
noted above, we find by compactness a pair of points (z, y, 2), (z,y, 2+s?) in By, (0, 2°)
with s € [1,2%] appearing as the limit of endpoints of a sequence of shortcuts. Observe
that Lemma holds also for dy since dy > d;. As in the case of dy, it then follows
via Lemma that A = 2¢ for some ¢ € N. A contradiction with self-similarity
then follows again by the properties of the function a. This concludes the proof of
Theorem [L3

p((x+5/2,y+5/2,2+0),(x+5/2,y +5/2,2+ 5%)) > —=dy(0, (0,0, 5%)).
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