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Abstract

A tiling 7 of the Euclidean space gives rise to a function f., which is constant 1/ |T|
on the interior of every tile 7. In this paper we give a local condition to know when
fr, that is defined by a primitive substitution tiling of the Euclidean space, can be
realized as a Jacobian of a biLipschitz homeomorphism of R?. As an example we show
that this condition holds for any star-shaped substitution tiling of R2. In particular
the result holds for any Penrose tiling.

1 Introduction
Definition 1.1. Let 7 be a tiling of R%. Define a function f, : R¢ — R by

i) {’}l’ there exists a tile T in 7 such that z € int(T)
\r) =

0, otherwise

where |T'| is the volume of T', and int(7T) is the interior of T

We study the question whether the function f,, of a given tiling of R?, can be realized as
the Jacobian of a biLipschitz homeomorphism of the space. This question is related to the
following question about separated nets: Given a separated net Y C RY, is it biLipschitz
equivalent to Z%? i.e., is there a biLipschitz bijection ¢ : ¥ — Z%? The connection
between these questions can be divided into two parts. First, it was shown by Burago and
Kleiner in [BK98] and independently by McMullen in [McM98], that every separated net is
biLipschitz to Z% if and only if every function f € L>(R), with inf f > 0, can be realized
as a Jacobian of a biLipschitz homeomorphism of RY. From this they deduced that there
is a separated net which is not biLipschitz equivalent to Z¢. Secondly, if 7 is a tiling of
R? and Y is a separated net which is obtained from 7 by placing one point in each tile,
then knowing that f. can be realized as a Jacobian implies that Y is biLipschitz to Z¢
(see [BK02] Lemma 4.1, and [McM98] Theorem 4.1). It was shown in [S11] that primitive
substitution tilings give rise to separated nets which are biLipshitz equivalent to Z2. In



view of the discussion above, McMullen raised the question whether the functions f. are
Jacobians. This question is answered affirmatively in this paper.

In this paper we will not consider general functions f but rather only functions which,
via Definition 1.1, come from tilings of R? with finitely many distinct tiles, up to isometry.
To motivate this, recall that every tiling 7 of R? gives rise to a separated net Y, simply
by placing a point in each tile. It is easy to verify that any two such nets are in the same
biLipschitz equivalence class. We claim that the converse is also true, namely, for every
separated net Y one can define a tiling 7y such that any Y7, is biLipschitz equivalent to
Y. The tiling 7y can be defined in a similar way to the Voronoi cells. Divide the plane to
small enough dyadic cubes ), with respect to the constant that determines the minimal
distance between two points in Y. To every y € Y assign the tile

T, = U {closed cubes @ : @ is closer to y than to any other z € Y} .

Squares with equal minimal distance to several points, can be added arbitrarily to a T}, for
one of the y’s with minimal distance from it. It is easy to see that the tiling 7y, which is
defined by these tiles, satisfies the requirements, and also has finitely many different tiles.
By the result from [BK02] and [McM98] that we mentioned above, if Y is a separated net
which is not biLipschitz to Z¢, then fry cannot be realized as a Jacobian. Moreover, it
follows from this construction that when studying which nets are biLipschitz equivalent to
7%, it is enough to consider separated nets that come from tilings with finitely many tiles.

Since not all f; can be realized as a Jacobian, we restrict ourselves to a special class
of tilings - substitution tilings. In our main theorem, Theorem 1.2, we show that f. of a
primitive substitution tiling can be realized as a Jacobian if a local condition on the basic
tiles is satisfied.

In [BK02] Burago and Kleiner gave a sufficient condition for a separated net to be
biLipschitz equivalent to Z?. In fact, they gave a condition that says when a function
f : R? — (0,00), which is constant on unit lattice squares and with inf f > 0, can be
realized as a Jacobian of a biLipschitz homeomorphism of the plane. Their proof uses a
sequence of partitions of the plane to larger and larger dyadic squares. The main idea of our
proof is to look at this partition to dyadic squares as a special case of a substitution tiling
of the space. The second ingredient of our proof is a property of primitive substitution
tilings that was obtained in [S11], see Proposition 2.5.

In the main results that are stated below we use basic terminology from the theory of
substitution tiling. We refer the reader to §2 for the definitions of those terms. In the
context of substitution tiling, every tile T" has a natural partition to smaller tiles, induced
by the partitions of the substitution rule on the finite collection of basic tiles. We say that
a function f : T — R is a weight function if it is constant and positive on the interiors of
the tiles in the partition of T

Theorem 1.2. Let 7 be a primitive substitution tiling of R%. Suppose that there is a
constant C with the following property: for every basic tile T, and for every weight function
f:T — (0,00), there is a biLipschitz homeomorphism ¢ : T — T with

A maXf>C
s min f )

(1) oloT =id, Jac(p) f ae and bz’Lz’p(go)ﬁ(



Then there ezists a biLipschitz homeomorphism ® : R% — R? with Jac(®) = f- a.e.

Remark 1.3. The assumption in the theorem s stronger than what actually needed. In
the proof we only use the assumption for weight functions with values which are averages of
fr on tiles of the T, ’s. In particular, we only use it for bounded functions, f(x) € [1/L, L],
where L > 0 depend on T.

Theorem 1.4. For any primitive star-shaped substitution tiling T of R?, there is a biLip-
schitz homeomorphism ® : R? — R? such that Jac(®) = f, a.e.

Corollary 1.5. For any Penrose tiling T there is a biLipschitz homeomorphism ® : R?> —
R? such that Jac(¢) = f- a.e.

We remark that in the private case where we tile R? by lattice cubes (each cube is
divided to 2¢ cubes), f, is a constant function. However, one may ask when a weight
function which is constant on lattice cubes is a Jacobian? This question was answered very
recently in [ACG11], where they extend the main result of [BK02] to higher dimensions.
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2 Preliminaries and Previous Results

A set T C R%is a tile if it is homeomorphic to a closed d-dimensional ball. A tiling of a set
U C R? is a countable collection of tiles, with pairwise disjoint interiors, such that their
union is equal to U. A tiling P of a bounded set U C R? is called a patch. We call the set
U the support of P and we denote it by supp(P). Given a collection of tiles F, denote by
F* the set of all patches by the elements of F.

Let £ > 1 and let F = {T1,...,T}} be a set of d-dimensional tiles.

Definition 2.1. A substitution is a mapping H : F — ¢ 'F* such that supp(T;) =
supp(H(T;)) for every i. Namely, it is a set of dissection rules say how to divide the tiles
to other tiles from F, with a smaller scale. We may also apply H to collections of tiles.
The constant £ is called the inflation constant or the dilation constant of H.

Definition 2.2. Let H be a substitution defined on F. Consider the following set of
patches:
P={EH)™(T):meN,TeF}.

The substitution tiling space Xy is the set of all tilings of R? that for every patch P in
them there is a patch P’ € P such that P is a sub-patch of P’. Every tiling 7 € Xy is
called a substitution tiling of H.

Consider the following equivalence relation on tiles: T; ~ T if there exists an isometry
O such that T; = O(T;) and H(T;) = O(H(Tj)). We call the representatives of the



equivalence classes basic tiles, and denote them by {71,...,7,}. By this definition, we can
also think of H as a set of dissection rules on the basic tiles, and extend it to collections of
tiles as before. For a tile T" in the tiling we say that T is of type i if it is equivalent to T;.

Proposition 2.3. If H is a primitive substitution then Xy # 0 and for every T € Xy and
for every m € N there exists a tiling 7, € X that satisfies (EH)™ (1) = 7.

Proof. See [Ro04]. O

Given a tiling 7 = 19 € X, for every m € N we fix a tiling 7,,, as in Proposition 2.3.
Tm 18 called the m’th inflation of 7.

Definition 2.4. A subset Y C R? is called relatively dense if there is an R > 0 such that
dist(x,Y) < R for every = € R%. Tt is uniformly discrete if there is an r > 0 such that for
every y1 # y2 € Y we have dist(y1,y2) > r. Y is a separated net if it is relatively dense
and uniformly discrete.

A tiling of R? by finitely many tiles gives rise to a relatively dense set by placing one
point in each tile. Moving each point a bounded distance in its corresponding tile one also
gets a separated net, and it is easy to see that any two such nets are biLipschitz equivalent
to each other. That is, there is a bijective map ¢ between them such that ¢ and ¢~! are
both Lipschitz maps. Giving a tiling, we fix one separated net as above and denote it by
Y. As we mentioned in the introduction, there is a deep connection between the question
whether Y is biLipschitz equivalent to Z¢ and the question that we study here.

We use |T'| to denote the area of T' (defined by the Lebesgue measure) and #F for the
number of elements in a finite set F. We use the separated net Y, that corresponds to a
tiling, to count the number of tiles in a patch P, since #(supp(P)NY) = #{T € 7: T € P}.
For short we denote this quantity by #(PNY).

Lemma 2.5. Let T be a primitive substitution tiling of R?, then there are positive constants
k < €4 ¢, a, that depends only on T, such that for every m and T € T,,, we have

|[#A(TNY)—a-|T||<c-r™
Proof. See [S11], Lemma 4.3. O

Note that if T € 7, is of type 4 then |T| = (£)™|T;|. Then we have the following
immediate corollary:

Corollary 2.6. Let T be a primitive substitution tiling of R%, then there are positive con-
stants n < 1, ¢, a, that depends only on T, such that for every m and T € T, we have

ATNY) —a- [Tl HTOY) = a7 y
@ mas { O L ey e

The number « is the asymptotic density of Y.



3 Proof of the Main Theorem

In this section we prove Theorem 1.2. We denote by Dy(x) the derivative of ¢ : R? — R?
at the point z, and we use Jac(¢) to denote the Jacobian of ¢, Jac(¢)(x) = det(Dy(z)).

Proof of Theorem 1.2. First note that it is enough to find a biLipschitz homeomorphism
@' with Jac(®') = 3 - f, for some positive constant 3. Then & = /4. &' is as required.

For every m > 1 every tile T € 7, is tiled with tiles of 7,,,_1. Define fL : T — R to be
the average of f; on T”, on every T € T,,_1:

) = {f{%,f*, zeint(T'), T'CT, T' € T
T () =

0, otherwise

Obviously fI is a weight function, then by the assumption, for every m and T € 7,
there exists a biLipschitz homeomorphism I : T' — T that satisfies (1). Gluing these
homeomorphisms along the boundaries of the tiles of 7, gives a biLiipschitz homeomorphism
©m : R — R? that satisfies

Jac(pm)(z) = {ff}‘m “fm(x), xe€int(T), T €y
(3)

biLip(pm) < (

where f,, : R — R is defined by

ety e int(T7), T € 7y
0, otherwise
Define ¢,, : R — R? by ¢, = ¢ 0 0p_10...0 1. We claim that (¢,,) has a subsequence
that converges uniformly to the desired ®.
First note that for any patch P we have [, f; = #{S € 70 : § € P} = #(PNY).
Combining this with (2) we obtain

a lmax f, < max {#(Tny)} <l4+enp™

TETm 1 ol T max fi,

< (14en™)?

¢ < ma STV A O e min fy,
min f,, — TETm>E1 #(TNY) [ — Ui

Then for every n we have

n c 0o 2C
biLip(én) < ] (ﬁ‘]{m) < (H 1+c~77m) .
m=1 m

Since

log(H 1+c~nm> < Zlog(l—i—c'nm)g Z(c-nm): A ,

m=1



we have a uniform bound for biLip(¢,). Then by the Arzela Ascoli we get a biLipschitz
homeomorphism ® : R? — RY, with biLip(®) < 2¢-cn/(1=m),
Regarding Jac(®), for any T € 7,

1 ) B
(4) /Tfm— TZC:T 1 /., (T'NY)=#(TNY).
T ETrm—1

By (3), for every T € 7, T' € 7,1 and for a.e. x € T" C T we have

) T #(T'NY)
(5) Jac(om)(z) = fT i fm(x) = #(TNY) . d

Take 2 € R?, denote by T, the tile of 7,,, that contains z, and suppose that = € int(Tp).
Since for every m the map ¢,, maps every tile of 7,,, to itself, and by (2), we have

—

Jac(on)(x) = Jac(pn)(pn—10...001(x))  Jac(pn—1)(Pn—20...001(x))-...- Jac(e1)(z) )

‘Tn’ : #(Tn—l N Y) L ’T1’ : #(TO N Y) o ’Tn‘ 1 n—o00 ail

. _ o
#(TuNY) - [T HOnY) O - #ny) ;- @

O]

4 The Star-Shaped Lemma

The purpose of this section is to obtain a homeomorphism between star-shaped domains
in the plane, with Jacobian 1 a.e. This result will be used in the next section.

Definition 4.1. T C R% is a star-shaped domain if there exists a point p € int(T) such that
for every point z € T the interval between p and z is contained in 7', that is {tp+ (1 —1t)z :
t € [0,1]} € T. We denote (T,p) a star-shaped domain T with a point p as above. For
short, we say that p sees all of T for this property. Given a star-shaped domain (7', p) in
R?, and assume that p = 0, every 6 € [0, 27] defines a 0-sector of T in polar coordinates
by:

TO = {(r,a)e T:ael0,6]}.

Lemma 4.2. Suppose (Th,p1), (T»,p2) are two star-shaped domains in the plane, with
piecewise differentiable boundary and with the same area, then there is a unique homeo-
morphism 1 : Ty — Ts, such that:

* Y(p1) = p2.
e Y maps JT injectively onto OT5.
e ) maps every sector of T1 to a sector of To with the same area.

o Jac(y) =1 a.e.



Proof. It suffices to show that there is such a homeomorphism between the unit ball B =
B(0,1) and another star-shaped domain (7',0) with the same area.
Define a mapping ¥ : B — T by

P(rcos(),rsin(f)) =r- R(S) - (cos(B),sin(S)),

where R(k) is the distance between 0 and 07 in direction x € [0,27], and § is an angle
that is defined by the following equation:

1 (7, 0
Q/OR(t)dt—Q.

Namely, for every § we choose = () such that the sector of angle £ in T has the same
area as the sector of angle 6 in B.

N | ]

It is now left to the reader to check that v satisfies the requirements. O

5 Application for Star-Shaped Substitution Tilings

Definition 5.1. Let 7 be a primitive substitution tiling R%. We say that 7 is a star-shaped
substitution tiling if every tile of 7 is star-shaped with a piecewise differentiable boundary.

In this section we prove Proposition 5.2, that shows that the hypothesis of Theorem
1.2 is satisfied for star-shaped substitution tilings of the plane. Proposition 5.2 generalized
Proposition 3.2 of [BK02] from dyadic lattice square tiling to any star-shaped substitution
tiling. The proof is obtained by repeating the steps of their proof, with some modifications
to our case.

Proposition 5.2. Let (T,p) be a star-shaped domain, with a partition to smaller star-
shaped domains (T1,p1),...,(Th,pn). Then there is a constant Cy such that for every
weight function f : T — (0,00) there is a biLipschitz homeomorphism ¢ : T — T that
satisfies (1), with Cy instead of C.

For the proof of Proposition 5.2 we need the following definitions:

Definition 5.3. Let (T,p) be a star-shaped domain and assume that |T'| = |B|, where
B = B(0,1). Let v : B — T be the homeomorphism from Lemma 4.2. For a given func-
tion f: T — R, we say that f is constant on the elevation lines of T if f is constant on
(one dimensional) sets of the form ¢ (9B(0,7)). In a similar manner we can define objects
like contraction around p, star-shaped annulus, neighborhood of the boundary, etc. We will



also use the same terminology for ¢ : S — T, where S is a square instead of a ball.

(4

//~\
~

w—l

With this terminology we can now state the two lemmas which play the role of Lemma
3.3 and Lemma 3.6 from [BKO02].

Lemma 5.4. Let (T, p) be a star-shaped domain. There is a constant Co with the following
property: Suppose hi,ho : T — R are continuous positive functions, which are constant on
the elevation lines of T', and fT hy = fT ho. Then there exists a biLipschitz homeomorphism
¢: T — T, which fizes OT pointwise, so that Jac(d) = 12 a.e. and

" hgog
L max hy 2 /max ho G2
L < )
(6) biLip(¢) < < min hy > < min hg

Lemma 5.5. Let (T,p) be a star-shaped domain and let A be a star-shaped annulus that
is obtained by removing a contracted copy of T around p. Then there is a constant C3 such
that for every g1, g2 : A — R, positive Lipschitz functions with

/gr:/gr=Mh
A A

there is a biLipschitz homeomorphism ¢ : A — A with Jac(¢) = gféd) a.e., and

Cs

max gp max go

Cs
Mme)g[ (1+Lm@ﬂﬂ -[ (1+ Lip(g2))

min g; min gs

Moreover, when gi|loa = 92|94, then ¢ can be chosen to fix DA pointwise.

Proof of Lemma 5.4. As in [BK02], the general case follows from the special case ha = 1,
Jph1 = |T|. Indeed, setting h; = (|T|/ [hi)h; we have [.h; = |T| for i € {1,2}.
Applying the result of the special case we get biLipschitz homeomorphisms ¢1, ¢ : T — T
with Jac(¢;) = h;, and

7 C2 . CQ
biLip(6s) < <maxhz> _ <maxhz> .

min h; min h;
Then ¢ = gb;l o ¢ satisfies Jac(¢)(z) = Jac(¢51)(¢1(x)) - Jac(éy)(z) = #ﬁ(z)) _
h’;é¢ (z) a.e., and biLip(¢) satisfies (6).

For that special case, we denote h := hi, and assume without loss of generality that
IT| = [S1], where S, = {(;) eR?: ()| < 7’}, and ||(7)|| = max{lz|,|y|}. Let v :
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S1 — T be as in Lemma 4.2. Denote by f = hot, then f :S; — R satisfies the conditions
of Lemma 3.3 from [BKO02]. Define g : [0,1] — [0,1], and a biLipschitz homeomorphism

(ﬁ : Sl — Sl, by
1 ~
o) =g\ [ £ and a0 = allell) -

It was proved in [BK02, proof of Lemma 3.3] that

~ L max f max h
= f a.e. biL <k =
(7) Jac(p) = fae. , biLip(p) < ki i f S
and, when 2% ,’Z is close to 1
max f max h
D-— IH < 1) = ~-1),
®) H ¢ = ko <minf > k2 (minh )

where k1 and ko are independent of h.
Define ¢ = 1po¢potp™! : T — T. Then ¢ is a biLipschitz homeomorphism that satisfies:

Jac(9)(x) = Jac()(§ o v~ (1) - Jac(d) (b~ () - Jac(y™)(x) = h(z) a.e.
=1 =f(W~! (@) =t

By (7) and (8), there are C,C’, that depend on %, such that

max f . max h

(9)  biLip(¢) < biLip() - biLip() - biLip(yy~") < ky - C'-

minf ' minh’

max h

and when 55" is close to 1,

106 = D@ = [Py @] £ € (05 = D0 )| = 1 (o~ 1),

where k] and k5 do not depend on h. This implies that

(10) |z < (ot "
¢ || = \ minh ’

where kf does not depend on h. Combining (9) and (10) we get

as required. ]

The proof of Lemma 5.5 is obtained in a similar way by following the proof of Lemma
3.6 of [BK02], and using v from Lemma 4.2 as we did in the proof of Lemma 5.4.
Finally, before we approach the proof of Proposition 5.2 we need the following claim:



Claim 5.6. Let (T,p) be a star-shaped domain, with a partition to smaller star-shaped
domains (I1,p1),...,(Tn,pn). For anr € (0,1) we denote by T the contraction of T; by
r around p;. Then there exists an r > 0 and a point q¢ € int(T) ~|JT] such that for every
ie{l,...,n} and x € T}, the interval between q and x is contained in T

Proof. We say that "q sees y” if {tq+ (1 —t)y : t € [0,1]} C T, and write
Ti_e={xeT:d(z,0T) > ¢}.

We first show that for every ¢ > 0 there exists a § > 0 such that for every ¢ € B(p,?)
and y € T1_., q sees y. Assume otherwise, given an € > 0, for every n € N there is a
an € B(p, %) and a point 1, € T1_. such that ¢, does not see y,. That is, for every n there
is a t, € [0,1] such that z, = t,q, + (1 — t,)yn ¢ T. We know that ¢, nmroo, p, and by
passing to subsequences we may assume that ¢, T te [0,1] and y, n=ee, ye T ..
Then z, —— z = tp+(1—t)y ¢ int(T). We have obtained a point y € T}_., in particular
y € int(T), such that the interval between p and y travels out of int(T'), a contradiction.
Since p1,...,pn € int(T), we may fix r1,e > 0 such that for all 0 < r < r; we have
UT] € Th—.. Let § > 0 be as above, so there is an ro > 0 such that the union |J7}?
does not cover all of B(p,d). So for r = min{ry,re}, any point ¢ € B(p,d) ~ JT] is as
required. O

We are now ready to prove Proposition 5.2. The proof follows the steps of the proof
of Proposition 3.2 in [BK02], replacing Lemmas 3.3 and 3.6 there by Lemmas 5.4 and 5.5
from above. For the convenience of the reader we repeat their proof, in our context.

Proof of proposition 5.2. Let r > 0 and let ¢ € int(T) \ |JT] be as in Claim 5.6. Define
S={yeT:qseesy},

and let A be the star-shaped annulus that is obtained by removing from S a contracted
copy of S around ¢, S’, such that S~ S’ still contains J77 .

We may assume that [, f = |T'|. Define the following functions:
Let fo : T — (0,00) be a Lipschitz function such that fo = min f on the complement of
U7/, and is constant on the elevation lines of each of the T;’s. In addition

B max fo max f k1 . max f k1
[ r=] mmﬁs(mmf) . and 1+sz<f2)s<minf> ,

where k; is independent of f.
Let f3:T — (0,00) be a Lipschitz function such that f3 = min f on the complement of A,
f3 is constant on the elevation lines of S, and

kQ kQ
/f3—/f, maxf3<<maxf>  and 1+Lip(f3)§<maxf) 7
T T

min f3 — \ min f min f

where ko is independent of f.
Finally, set fy = 1.
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Since for every i € {1,...,n} we have fTi fo= fTi f, we can apply Lemma 5.4 on f|p,
and fa|r., separately for every i, and get a biLipschitz homeomorphism ! : T; — T; with
J ac(wi) = fch; o ae. Gluing these homeomorphisms along the boundaries of the T;’s we

1

obtain a biLipschitz homeomorphism v : T'— T with

= f a.e.
faon

Since for every & € T\ A we have fy(x) = f3(x) = min f, [, fo = [, f3 > |A|. Define
fi = (Al/ [, f;) - f5, for j € {2,3}, so Lip(f;) < Lip(f;). Applying Lemma 5.5 to the
star-shaped annulus A, with fy and f3, we get a biLipschitz homeomorphism o : A — A,
that fixes 0A pointwise, with

Cokq
Jac(y) max f > .

min f

and  biLip(1y) < <

_ fo P
fsoa  fzoih

We can extend 13 to g : T — T by defining it to be the identity outside of A, and we get a
biLipschitz homeomorphism of T, satisfying (11) (since outside of A we get +L2—(z) = 1).

f3o1)2
Finally, we apply Lemma 5.4 again on f3 and fy, to get a biLipschitz homeomorphism

g T — T with

(11) Jac(ihs) =

max f) Caks

.e. and  biLip(ys) < (minf

f3 e
faos

Now define ¢ = Y3019 01p1. So C1 = Coky + Csks + Coks satisfies the statement of the
proposition, and we have

Jac(¢)(z) = Jac(s)(P2 0 Y1 (x)) - Jac(yh)(Y1(z)) - Jac(yr)(x) =

f3 f2 - f _f _
faos f301/12<w1<m)) faon _f40¢(x)_f<m)

as required. O

Jac(ys) =

max f) Cakz

min f

and  biLip(13) < <

(Y2 091(x)) -

()

Theorem 1.4 is a direct consequence of Theorem 1.2 and Proposition 5.2. Corollary 1.5
follows directly from Theorem 1.4.
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