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Abstract

We construct a 2-generated group I' such that its Cayley graph possesses finite
connected subsets with arbitrarily large finite Heesch number. Thus we obtain an
example of a Cayley graph with an infinite Heesch number.
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1 Introduction

A Heesch number of a polygon P is the maximum number of layers of polygons isometric
to P that can surround P without overlapping. For example, a rectangle in the plane has
Heesch number infinity since it actually tiles the entire plane. On the other hand, there
exist polygons which form only a partial tile for the plane, hence they have a finite Heesch
number. It is more interesting to find polygons with a finite Heesch number so we will
drop the perfect tiles of the plane from the consideration.

The term Heesch number is named after the geometer Heinrich Heesch who found an
example of a polygon with Heesch number 1 (See [5], p.23). This polygon is described in
Figure 1 !, and consists of a union of a square, an equilateral triangle and a right triangle
with angles 30-60-90. It is already much harder to find polygons with a Heesch number 2
(a well known example of such a polygon is given in Figure 2).

The first examples of polygons with Heesch numbers 2, 3, 4 and 5 have been first
discovered by A.Fontaine [3], R.Ammann, F.W.Marshall and C.Mann [6] respectively (See
[7] for the history of this problem). DeWeese and Coronaldi have reported (unpublished)
the existence of hexagons marked with generalized edge matching rules (i.e. imposing
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Figure 1: A pentagon with Heesch number 1.

extra conditions on the tiling) having Heesch numbers 0-9 and 11.

Without assuming any condition on the tiling, it is not known if there exists any
polygon with a finite Heesch number N > 5. This is called Heesch’s Problem and has
close connections to a number of problems in combinatorial geometry such as Domino
Problem and FEinstein Problem. The latter asks if there exists a tile of the plane consisting
of a single polygon P such that any tiling of the plane by P is nonperiodic (“Ein Stein”
stands for “one stone” in German; this word play is attributed to Ludwig Danzer). Such
polygons have been constructed by G.Margulis and S.Mozes [8] in the hyperbolic plane,
while in the Euclidean plane no such examples are known. (The famous Penrose tiling
is known to be always nonperiodic, but it uses two polygons, not one. Also, J.Socolar
and J.Taylor [9, 10], have found an aperiodic hexagon in the Euclidean plane but again
with some extra matching rules.) Incidentally, in the hyperbolic plane H?, the Heesch’s
Problem is solved completely; it is shown by A.S.Tarasov [11] that there exist polygons
in H? with an arbitrary Heesch number N > 1.

In the Euclidean plane, one can also try to work with its lattice Z? noticing that any
finite connected set K in the Cayley graph of Z? with respect to the standard generating
set {(£1,0), (0,41)} gives rise to the polygon

P(K) = {(x,y) € R | min, max{lz —ul, |y ~ o]} <
u,v)e

}

N | —

which consists of the %-neighborhood of the discrete set K in the [*°-metric. Then one
can ask if there exist polygons of the form P(K) with a big Heesch number. Indeed, the
polygon with Heesch number 2 constructed in [3] is of the form P(K’) but this is not the
case for the known examples of polygons with Heesch numbers 3, 4 and 5. Notice also
that if K C Z? is not connected then P(K) is not a polygon any more, hence restricting
to connected sets is natural. We also would like to recall that if one allows disconnected

'Figure 1 and Figure 2 in this paper have been borrowed from the web page
http://math.uttyler.edu/cmann/math/heesch/heesch.htm
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Figure 2: C.Mann’s example of a 20-gon with Heesch number 2.

polygons (i.e. union of finitely many connected ordinary polygons) then the Einstein
Problem is already solved, see [9)].

The notion of a partial tile can be defined in any group (where one moves the sets
around by a left translation), and more generally in any graph (where one moves the sets
around by an automorphism of the graph). It becomes interesting then if there exists a
homogeneous graph (e.g. a vertex transitive graph), and more specifically, a Cayley graph
which possesses connected partial tiles with arbitrarily big Heesch number. In the current
paper we provide a positive answer to this question; we construct a group I' generated by a
two element subset S such that the Cayley graph of I with respect to S possesses partial
tiles of arbitrarily big finite Heesch number (in the Cayley graph, the sets are moved
around by left translations of the group). Notice that it is very easy to find disconnected
sets with a big finite Heesch number, so without the connectedness condition the question
is easy (and somewhat unnatural).

To state our main result, we need to define the notions of tile, partial tile, and Heesch
number in the setting of an arbitrary finitely generated group.

Definition 1. (tiles) Let I" be a countable group, F' be a finite subset with cardinality
at least 2. F' is called a tile if there exists C' C I' such that I' = |_| gF. The partition

LI gF is called a tiling, and the set C'is called the center set of thls tlhng We will always
gel

assume that 1 € C.
We will also be interested in partial tiles of groups.

Definition 2. (partial tiles) Let I' be a countable group, F' be a finite subset with
cardinality at least 2 such that F' does not tile I'. For a subset M of I', we say F
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tiles M if there exists C' C I" such that 1 € C' and M C I_IC gF. F will be called a partial
9€
tile of I, and the partition I_IC gF is called a partial tiling.
g€

Let now I be a finitely generated group. We will fix a finite symmetric generating set S
of I'; and study partial tiles in the Cayley graph of I' w.r.t. the left invariant Cayley metric
given by S (by a set in a Cayley graph we mean a set of vertices). We will always assume
that the generating set does not include the identity element so, in particular, the Cayley
graphs do not have loops. For all g € T, |g|r will denote the length of the element g in the
Cayley metric, and for all z,y € G, dr(z,y) will denote the distance between = and y, i.e.
dr(z,y) = |z~ 1y| (we will drop the index if it is clear from the context which group we are
considering). For any g € I', we will also write By(r) = {z € I'| d(g, z) < r} for the ball of
radius r around g; for any two subsets A, B of I we will write d(A, B) = :cer;xlinéB d(x,y) for

the distance between the sets A and B; and for any finite subset A C I', we will also write
0A ={z € A | |Bi(z) N (I'\A)| = |Bi(z)| — 2} for the boundary of A; so the boundary
of A consists of those points x of A such that exactly one neighbor of x belongs to A.
Finally, a set F' in a Cayley graph will be called connected if for any a,b € F', there exists
a subset {z1,...,2,} C F such that z; = a,z, =b and d(z;,2;11) = 1,1 <i<n—1.

foa=(z1,...,2,),0 = (y1,...,ym) are paths in a Cayley graph then we say [ is quasi-
transversal to o if there exists p € {2,...,n—1} such that y; = 2, Yo = Tp_1,. . ., Yn—pt1 =
zp, and y; ¢ {x1,...,x,} for all i > n —p. If B is quasi-transversal to a as above,
then the path (y1,...,Yn—p, Yn—p+1) Will be called the head of B(w.r.t. «), and the path
(Yn—p+1s - - - » Ym) Will be called the tail of B(w.r.t. o). We also will say that the divergence
of a and 8 occurs at x,. We will say 3 contains o if {z1,...,2,} C{y1,...,ym}; and 3
follows o if y; = x, and {z1, ..., 2,1} N{y1,...,yn} = 0. The length of a will be defined
as |a| = |7z,

For a partial tile K, we say that the Heesch number of K equals NN, if one can tile N
layers around K but not N + 1 layers. To be precise, we need the following definitions.

Definition 3. (layers) Let C' C T' such that 7 = I_JC gK is a partial tiling. Let also
ge

Co C C. We say CyK is the layer of level 0 of 7 if Cy = {1}. For a subset C; C C, we
say C1K is the layer of level 1 of 7, if '} is a minimal subset of C' such that C; N Cy = ()
and {r € I' | d(z, K) = 1} C C1K. (notice that if C exists then it is unique). For any
n > 2, inductively, we define the layer of level n of 7 as follows: if CoK,C1 K, ...,C,_1 K
are the layers of level 0,1,...,n — 1 respectively, then we say C, K is the layer of level n
if C), is a minimal subset of C' such that
Con U Ci=0and{z el |dx, U CK)=1}CC,K
0<i<n—1 0<i<n—1

Motivated by the above definitions, one naturally defines the notion of a Heesch num-

ber for partial tiles of the group I'.

Definition 4. (Heesch number) Let K be a finite subset of I'. We write Heesch(K) = N
if N is the maximal non-negative integer such that I' has a partial tiling by the left shifts
of K which has N layers.
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If a finite subset K tiles I' then we will write Heesch(K') = oo.
The main result of the paper is the following

Theorem 5. There exists a finitely generated group I with a fixed finite generating set
S such that for any natural N, I has a connected partial tile Ky with a finite Heesch
number bigger than N.

Let us emphasize again that without the condition “connected” the result would be
trivial as the group Z easily possesses disconnected partial tiles with arbitrarily big finite
Heesch number. The statement of Theorem 5 also motivates the notion of a Heesch num-
ber for an arbitrary Cayley graph G = G(I", S) of a group I with respect to the symmetric
generating set S, namely, we define this number as Heesch(G(T', S)) = sup H(I", S) where

HI,S)={N >0]|G(I,5) admits a connected partial tile K with Heesch(Ky) = N}.

Thus, if G(T', S) possesses connected partial tiles with arbitrarily large Heesch number
N, then we will have Heesch(G(I',S)) = oco. (Also, if all finite connected subsets of I'
actually tile I' then H(T',S) = 0, and we will have Heesch(G(T',S)) = —oo; here, we
follow a convention that sup ) = —c0). Notice that the quantity Heesch(G(T', S)) is quite
sensitive to the choice of the generating set S.

Theorem 5 now implies the existence of a finitely generated group I' such that its
Cayley graph G(T',S) with respect to a certain finite symmetric generating set S has an
infinite Heesch number, i.e. Heesch(G(I', S)) = oc.

Remark 6. Let G(I',S) be the Cayley graph of I' with respect to a finite symmetric
generating set S. One can consider the automorphism group Aut(G(I',S)) of the Cayley
graph. Notice that this automorphism group contains an isomorphic copy of the group I'
since the latter acts on the Cayley graph by left translations. Then for any finite connected
set F' of the Cayley graph G(I', S), one can introduce the notion of partial tiles and Heesch
numbers similarly; for g € Aut(G(I', 5)) and = € I, the expression gz will be understood
as the image of the automorphism ¢ applied to x (instead of the left translation of z by
g). The main result of the paper, i.e. Theorem 5 holds in this general setting as well by
the same proof adapted to this new language.

Example 7. Considering the full automorphism groups of Cayley graphs (instead of just
the left translations) allows more possibilities for constructing polyhedral shapes of finite
Heesch number in the spaces where the Cayley graphs embed. Following A.Fontaine, we
consider a subset

K={(,0]0<i<10yU{(i,1)|0<i<3}U{(i,j) | 7<i<10,1<j<2}

of Z?* viewed also as a subset of the Cayley graph G of Z? = (a,b) with respect to the
standard generating set {a*!,b*'}. The automorphisms of G include all translations by
the group elements as well as some reflections and rotations (such as reflections w.r.t.
coordinate axis or rotations by multiples of 90 degrees). Let R,, R, denote the reflections
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w.r.t. x-axis and y-axis respectively, and let r be a rotation by 90 degrees in the clockwise
direction. We consider the following sets of automorphisms of G:

Co = {1},

Cy = {a"b?Ryr,a"b"r,a"*b" Ryr,a®r* a0 "Ryr~t, a b’ R, },

02 — {a_5b5, a—bbS’ a_6b11, a7b127“_1, a7b14RyT_1, GQOblgRy, CZZOblORy,
algbmrz, ambsr, ale_5Ry, aQb_uRyr_l, a_lb_MRyT_l, a_lb_7Ryr,

a3b 87t a8 a7, a’5b5Ry}.

Then C1 K forms a layer around Co K = K and CyK forms a layer around C K. It is
impossible to make a partial tiling with three layers. Thus by the extended definition in
Remark 6, K has a Heesch number two. The three sets UC P(gK),0 <7 < 2 also form

gels

a partial tiling of the polygon P(K) in the Euclidean plane.

2 Hyperbolic Limits

We will be using the well known concept of hyperbolic limits. The reader may consult with
[1] for basic notions of the theory of word hyperbolic groups but we will assume nothing
other than the familiarity with the definition of a word hyperbolic group. Following the
convention, we will say that a word hyperbolic group is elementary if it is virtually cyclic.
Let us first recall a well known theorem due to Gromov and Delzant which motivates the
notion of hyperbolic limit.

Theorem 8. (See [4] and [2]) Let H be a non-elementary word hyperbolic group with a
fized finite generating set. Then for any non-torsion element v € H and for any R > 0
there exists a positive integer Ny such that for all N > Ny the quotient H' = H/{"N = 1)
is non-elementary word hyperbolic, moreover the quotient map © : H — H' is injective on
the ball Br(1) of radius R around the identity element. [in other words, adding the relation
N =1 is injective on the ball of radius R and the quotient remains non-elementary word

hyperbolic].

Let now H be a non-elementary word hyperbolic group with a fixed finite symmetric
generating set S. The group H is called a hyperbolic limit of H if there exists a sequence
Hy, Hi, H,, ... of non-elementary word hyperbolic groups such that

(i) Hy = H;

(il) H,41 is a quotient of H, for all n € NU {0};

(iii) for all n € NU {0}, the quotient epimorphism m, : H,, — H,1 is injective on the
ball of radius n + 1 around identity element w.r.t. the generating set S [more precisely,
with respect to the generating set m,_1...mm(S), but by abusing the notation, we will
denote it by S].
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Since the ball of radius n remains injective (unchanged) by all the epimorphisms 7,
1 > n, the union of these stable balls determines a group, denoted by H.,, and called
a hyperbolic limit of H. If ¢ € H, belongs to the ball of radius n around the identity
element then, by abusing the notation, we will denote the image of ¢ in H,, by g. So the
image of the generating set S of H in H,, will be denoted by S.

A non-elementary word hyperbolic group may have many different hyperbolic lim-
its, and groups which are very far from being word hyperbolic can be hyperbolic lim-
its. Hyperbolic limits are very useful; for example, using Theorem 8, one immediately
obtains a finitely generated infinite torsion group as a hyperbolic limit of an arbitrary
non-elementary word hyperbolic group.

In the proof of Theorem 5, the group I' will be constructed as a hyperbolic limit of
virtually free groups. Having a virtually free group at each step allows a great simplifica-
tion in the argument but that also means we need to make extra efforts to keep the group
virtually free at each step. Indeed, with a much more complicated argument, starting
with an arbitrary non-elementary word hyperbolic group Hj, one can construct a group
as a quotient of Hy with connected partial tiles of arbitrarily big finite Heesch number.

3 Intermediate Results

The following simple lemma will be extremely useful.

Lemma 9. Let F' be a finite subset of I, and w : I' — I be an epimorphism such that
7(F) is a tile of I" and |F| = |7(F)|. Then F is a tile of T.

Proof. Assume N = ker(m), and TV = g g'm(F) is a partition of I into tiles. For
gle /_ /
every ¢' € C'" we choose a representative g € I' with 7(g) = ¢’. Let C be the set of all
representatives. Then we have a partition I' = CI_I N gnkF'. O
gel,ne

In the proof of the main theorem, we will be considering virtually free groups. If G is
such a group with a fixed Cayley metric |.|, and N is finite index free subgroup of rank
r > 2 with a generating set S of cardinality 7, then, in general, it is possible that |g| < |s]
where s € S while g € N\({1}USUS™!). However, we can avoid this situation by taking
N to be a very deep (still of finite index) subgroup in G. The following lemma will be
useful.

Lemma 10. Let G be a virtually non-abelian free group with a fived finite generating set
and the corresponding left-invariant Cayley metric |.|. Then there exists a finite index
normal subgroup N < G such that the following conditions hold:

(c1) N is a free group of rank k > 2 generated by a subset {g1,...,9x},

(c2) min{|g1|,...,|gx|} < L.1min{|z| : =z € N\{1}}.

Proof. Since G is virtually free, with respect to the metric |.|, it is J-hyperbolic for some
d > 0 (i.e. geodesic triangles are d-thin, see [1]). Let Gy be a free subgroup of G of
finite index such that Gy N Bg,(1) = {1} where Ry > 1000. Let also r = rank(Gy) and
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So = {f1,..., f-} be a generating set of Go. We will denote the left invariant Cayley
metric of Gy with respect to Sy by |.|o. (It is well known that the metrics |.| and |.|p are
bi-Lipshitz equivalent, i.e. there exists A > 1 such that for all 2 € G, ||y < |z < A|zo.
However, we will need a finer analysis to get stronger inequalities.)

GGy has a finite index normal subgroup N such that NV is a normal subgroup of G. Let
N N Bg(1) = {1} for some R > Ry. Let also k = rank N and

A={(y1,-- %) = s~ =N, o < efo <o < o)

Now we choose a suitable generating k-tuple of N, i.e. an arbitrary (g1,...,95) € A
such that for any (71, ...,v) € A we have |g1|o < |71]o, moreover, for alli € {1,...,k—1},
if (g1, 9 Yirts - ) € A then |gii1]o < |[7ix1]o-

We will first prove the claim (a somewhat stronger version of it) for the group G in the
|.]o metric, more precisely, we will show that for all g € N\{1} such that |g|o = min{|z|o :
x € N\{1}} we have |g|o = |g1]o. We can write g as a reduced word W(gy,...,gx) in
the alphabet {gi',...,gi'} such that the length of g in this alphabet is minimal; we
will denote this length by ¢. Each of giﬂ, 1 < i < k and the element g itself can be
represented as reduced word in the alphabet {fi, ..., f#'} as well. In the Cayley graph
of G'w.r.t. this generating set, W can be represented as a concatenation v;7s .. .7, of the
paths 7;, 1 < i < ¢, where the path ~; represents the i-th letter of the word W (g, ..., gx)
(in the alphabet {gi™,..., g '}).

By the choice of the generating k-tuple (g1, ..., gx) and by the minimality assumption
on [glo, Yi+1 does not contain ;, 1 < i < g—1. Then, either v;;; follows v;, or ;41 is quasi-
transversal to 7;, for all 1 < i < g—1. In the latter case, again by the choice of (g1, ..., gx),
we have [tail(;11)]o > |head(yi1+1)]o (although not really needed, by the minimality of ¢
we can even claim a strict inequality). Moreover, if ;.2 is also quasi-transversal to ;.
then the divergence occurs at the tail of 7,41, i.e. |head(y;42)|0 < |tail(7;+1)]o. From these
inequalities we immediately obtain that |glo = |g1/o-

Now we need to prove the same inequality (with an extra factor of 1.1.) in the original
|.| metric. For this, first, we need to arrange that the generating set Sop = {f1,..., f-} we
start with is also suitable: let

BZ{(Wh"'aVT) : <71,---;%~> :G0a|71| < |72| < < |7k|}

and choose an arbitrary r-tuple (fi,..., f.) € B such that for any (y1,...,7.) € B we
have | f1| < ||, moreover, for all : € {1,...,r — 1}, if (f1,..., fi,Yiz1,---,7%) € B then

| fira] < il
Now we choose a suitable generating k-tuple of N in the |.| metric, i.e. we will look
at the following set of k-tuples

C={(v, 7)) « (s ) =Nyl < el <o < wl}

and choose an arbitrary k-tuple (gi,...,gx) € C such that for any (v1,...,7%) € C we
have |g1| < |1, moreover, for all i € {1,...,k — 1}, if (g1,..., i, Viz1,---,7) € C then

|Git1] < |[Yig1]-
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We will assume that g € N\{1} with |g| = min{|z| : z € N\{1}} and we need to show
that |g| < 1.1|¢1]. Again, g can be written as a reduced word W(gy,...,gx) = 71 -.-7
in the alphabet {gi",...,g;"'} such that the length q of g in this alphabet is minimal,
and g also can be represented as reduced word in the alphabet {fi',..., ff'} as well.
In this case, we will have the inequalities |tail(v;11)| > |head(v;41)| — 100 (when ;41 is
quasi-transversal to ;) and |[head(y;42)| < [tail(yi11)| + 106 (when, in addition, ;1o is
also quasi-transversal to v;;1) instead. However, if Ry is sufficiently big w.r.t. §, by the
choice of Sy and by d-hyperbolicity, we obtain that, in the Cayley graph of Gy w.r.t. Sy,
the path ;.2 will not include any neighbor of x in the concatenation ~;7,.1 where x is an
element at which the divergence of ; and ;1 occurs. Thus we again have the inequality
9] = |91] — 208¢. Then, for sufficiently big R we obtain that |g] > 75|g1/- O

We now would like to state the central result of this section.

Proposition 11. Let G be a finitely generated virtually non-abelian free group, N be a
finite index normal subgroup of G such that N is a free group of rank k > 4 generated
by elements ¢1,...,g,. Then there exists a generating k-tuple (hy, ..., hg) of N such that
for all positive real numbers R > 0, there exists ng > 1 such that for all n > ng, the
quotient G/(h? = 1,1 < i < k) is a virtually non-abelian free group and the quotient
epimorphism G — G/(hl = 1,1 < i < k) is injective on the ball of radius R around the
identity element.

Before proving Proposition 11, we need to make a small digression into the outer
automorphisms of free groups explaining also why do we need the condition k > 4. Let
G, N be as in Proposition 11, i.e. G is a virtually non-abelian free group, and N is a finite
index free normal subgroup. If g € N then we have Ny (g) < Ng(g) < N but the normal
closure Ng(g) of g in G can be much bigger than the normal closure Ny(g) of g in N.
This is an undesirable situation for us; however, one can replace (g1, . .., gx) with another
generating k-tuple (hq,...,hg) of N, and let g be quite special by taking g = h7", for
some (sufficiently big) m > 1. Then we can take the normal closure of a more symmetric
set S = {h7",..., A"}, and it turns out that if £ > 4 then the normal closure of S in N
coincides with its normal closure in GG. To see this let us first recall the following nice
result of B. Zimmerman [12].

Theorem 12. Let k > 2. A finite subgroup Out(Fy) has a mazimal order 12 for k = 2,
and a mazimal order 2k! for k > 3. Moreover, for k > 4, all finite subgroups are
conjugate to a unique maximal subgroup Hy, of order 28k!. O

If ay,...,a, are some generators of IF, then let
Ly, = {¢ € Aut(Fy) | Vi, é(a;) € {aF', ... ai'}.

Notice that Ly is a subgroup of Aut(F;) of order exactly 2¥k!. Moreover, the group Ly,
induces a finite subgroup Ly of Out(F};) of the same cardinality. Then by Theorem 12, for
k > 4, all finite subgroups of Out(FF}) are conjugate to a subgroup of L; (in other words,
in the statement of Theorem 12, one can take Hj to be L_k)

Thus we obtain the following lemma.
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Lemma 13. G be a finitely generated virtually non-abelian free group, N be a finite
index normal subgroup of G such that N is free of rank k > 4. Then there exists a
generating k-tuple (hy,...,hy) of N such that for all m > 2, we have Nn(S) = Ng(S)
where S = {hY",... h]'}.

The Lemma 13 guarantees that N/Ny(S) is a finite index subgroup of G/Ng(9); it
remains to recall a folklore result that N/Ny(S) is always virtually free. For the sake of
completeness we would like to formalize this claim in the following lemma.

Lemma 14. Let N 2y be a free group of rank k > 3 generated by elements aq, ..., ay.
Then for all m > 2, the quotient group N,, = N/{(a]* = --- = a}* = 1) is virtually
non-abelian free.

For the proof, it suffices to recall a well known fact that the free product of two finitely
generated virtually free groups is still virtually free (in particular, the free product of
finite groups is virtually free), moreover, the free product of two non-trivial finite groups
is virtually non-abelian free provided at least one of these finite groups have order at least
3.

Now, Proposition 11 follows immediately from Theorem 8, Lemma 13 and Lemma 14,
by taking m to be a sufficiently big positive integer.

We close this section with the following very useful result.

Lemma 15. Let G be a group with a fixed finite symmetric generating set S of cardinality
at least four such that there is no non-trivial relation of length less than four among the
elements of S, and for some s > 1, and for all distinct x,y,z € S there exists a path
in G\{1} of length at most s from x to y not containing z. Let also N be a finite
index normal subgroup of G such that N N Bygs(1) = {1}, and g € N\{1} such that
lg| < L.1min{|z| | x € N\{1}}. Then there ezists a connected subset A C G such that the
following conditions hold:

(al) |A] = |G/N],

(a2) 1 € A,

(a3) 7y & N for all distinct z,y € A,

(af) d(g, A) =1,

(a5) if m = hlélc hA is the left tiling of G by A then g" € C for alln € Z. 2.

Proof. Let € : G — G/N be the quotient map, and G,G; be the Cayley graphs of the
groups GG, G/N with respect to the generating sets S, €(5) respectively. Let also r = (xy =
L,x1,...,Zn, Zny1 = g) be a path in G connecting 1 to g such that |z;| =4,0 < i< n+ 1.

We will first demonstrate the construction of the set A satisfying conditions (al)-(a4).
In the Cayley graph G, we consider the path r; = (1,€(xy),...,€(z,)), and build the
subsets Q1,Q2, . .., Q|g/n|—n in G/N inductively as follows.

We let Q1 = {1,¢(z1),...,€e(z,)}, and if the sets Qq,...,Q are already defined for
some k < |G/N|—n, then we let Q)11 = Q) U {2} where |z, '2| = 1 for some z € Q, (i.e.

2let us recall that, by definition, the identity element always belongs to the set of centers of the tiling
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Figure 3: The sets V and U; the elements of Vj are represented with black dots

the distance from z;, to @ equals 1, in the Cayley graph G,). Then Q|¢/n|-n = G/N, and
we start defining Ay, ..., Ajg/n|—n inductively as follows: we let Ay = {1,24,...,2,}, and
if Ay,..., Ay are defined for some k < |G/N| — n, then we let A, to be any connected
set in G such that Ay = Ay U {yx} where y € e 1(2).

Then the set Ajg/n|—, already satisfies conditions (al)-(a4) of the lemma. To make it
satisfy the condition (a5) as well we need to modify our strategy little bit.

Let

a=x"r,1=2,"g,b=xy'01 =2,Uy ={x € G | d(x,z,) = 1,2 # g}.

Let also Uy C Bo(z,)\Bi(x,,) such that |Us| = |Uy|—1 = |S|—2 and for all z € Uy\{z,,—1},

the set
(Bi(z)\{z}) N U2

consists of a single element y(x) where x~'y(z) ¢ {a,a '} (See Fig. 3). Finally, we let
U=U,UUyand Vy = {l,x1,...,2,_1} UU. Notice that by minimality assumption on
lg|, we have b # a1, [Vp| < |G/N| and the map e is still injective on the set Vp; so the set
Vo already satisfies conditions (a2), (a3) and (a4). Our goal is to extend Vj such that it
also satisfies (al) and (a5). However, notice that Vj is not necessarily connected so first
we would like to make it connected.

For this purpose, let S\{a} = {g1,...,915-1}, and for all 1 < j < |S| — 1, let R; be a
shortest path connecting z,,g; to z,,—1 avoiding {z,,g}. Then welet V =1U U R;

1<5<|S|-1
and observe that V' still satisfies conditions (a2), (a3) and (a4)?, moreover, V is connected

3for the condition (a3), it suffices to notice that N N Bigs(1) = {1}, and recall the condition on the

THE ELECTRONIC JOURNAL OF COMBINATORICS 23(1) (2016), #P1.38 11



and VN {x,, g} =0.
Let us observe that

OV C{1}uU, UU; and {x € OV | za € V}\{z,_1} = 0.

Moreover, if fV is any shift of V' disjoint from V' then fV cannot contain x,. Indeed,
if such a shift exists then z,, = fx where x must belong to the boundary of V', but also
ra must be an element of V. But since b # a~!, we cannot have x = 1. On the other
hand, by the definition of Us, no element of Uy or U;\{z,_1} can be equal to z. Finally,
(even though z,_; can potentially belong to the set {x € 9V | xa € V'}) we cannot have
r = x,_1 because by the structure of V', this causes an overlap between V and fV.

We let A] =V, Q) = ¢(V). Now for all 1 < k < |G/N| — |V| suppose the connected
subsets A},..., A} of G\{w,,g} are already defined such that {z € dA\{z, 1} | va €
AP\{a™'} = 0 for all 1 < j < k. Then we let Q] = €(A;),1 < i < k, and build a
connected subset Aj ., D A} such that the conditions

() 1< |45\ <2,

(ii) {z € 044, \{zna} | wa € A P\ {a™'} =0,

(ii) Af, O {7, g} = 0,

hold.

For this purpose, let

D={req|duA)=1},D ={zeG/N |dzQ,) =1}

and for all z € D', define C(z) = {x € Q) | d(z,z) = 1}. If there exist z € D',y €
D\{#n+1, g}, u € C(z) such that e(y) = z and z # ue(a™"), then we define Q},, = Q,U{z}
and let A}, = A, U{y}.

But if such z,y and u do not exist, then, necessarily, there exist

21, %2 S (G/N)\Q;g?ylayZ € G\<A;c U {xnag})

such that e(y;) = 2;,1 < i < 2,21 € D';d(22,21) = 1 and 29 # z1€(a™?).* Then we let
w1 = QU {21, 22}, and define A} = A}, U{y1, 92}

Finally, let m be such that @), = G/N. Then the set A = A/ satisfies conditions

(al)-(ab). O

Remark 16. Let us emphasize that because of a particular shape of the set Vg, if it tiles
the group G then we have a forced unique partial tiling in a large part of the group. This
is because the set Vj consists of a “head” U and a “tail” V5\U; we have a small “hole”
{zn, g} at the head so that in any tiling of G by Vj the tail of a shift of V{j must enter

generating set S: S has cardinality at least four; there is no relation of length less than four among
elements of S; and for all distinct x,y, 2 € S there exists a path in G\{1} of length at most s from z to
y not containing z.

4Indeed, if no such z,y, u exist, then there exists v € Qy, 21 € D’ such that z; = ve(a™1). Then, again
by the non-existence assumption, there is no w € Qy, distinct from v where d(w, z;) = 1. Then z; has a
neighbor z5 such that zo # zle(a_l). Lifting 21, 2o to y1,yo is straightforward.
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into this hole. We use this observation as a key tool in the proof of Lemma 15. For the
proof of the lemma, we need to extend the set V; (the extension is needed to satisfy the
condition (al)) by preserving this distinctive property of it which forces the uniqueness
of the tiling. The existence of the tiling follows simply from the conditions (al) and (a3).

4 Proof of the Main Theorem

Let Fy be generated by the set {a, b}, and H be a virtually non-abelian free quotient of
F5 such that there is no relation of length less than four among a and b, moreover, for any
distinct z,y,z € {a,a™",b,b7"} there exists a path P}, in H\{1} connecting z to y and
not containing 2. Let also s be the maximal length of all these paths Py , for all distinct
z,y,2 € {a,a”t, b, b1}

Let us observe that H possesses a connected partial tile with Heesch number zero.
Indeed, the set By, 1(1)\{1} is connected and no non-overlapping shift of it can cover the
identity element.

For the proof, we will construct the group I' as a hyperbolic limit of the group H with
a fixed generating set S = {a,a™',b,b7'}. We will build the hyperbolic limit of H = H,
inductively as follows. Suppose the groups Hy, ..., H, have been constructed such that
the following conditions hold:

(i) H; is a quotient of H; 4, for all 1 < i < n;

(ii) H; is virtually non-abelian free, for all 0 < i < n;

(iii) H; possesses a partial tile K; of finite Heesch number at least 4, for all 0 < i < n;
(iv) For all 1 < i < n, the quotient epimorphism 7; : H;_y — H; is injective on the
ball of radius (i + 1)(r(¢) + 1) around the identity element w.r.t. the generating set S
where r(i) = max{|g|; | 0 < j <i—1,9 € K;},Vi > 1 and |.|; denotes the left-invariant
Cayley metric in H; with respect to the generating set S (we let 7(0) = 10s).

Let us notice that conditions (i)-(iv) hold for n = 0 (in fact, conditions (i) and (iv)
are void, the condition (ii) is true by our choice of Hy, and we already established that
the condition (iii) is satisfied).

Now, by Lemma 10 there exists a normal subgroup N <H,, of a finite index such that N
is a free group of rank k > 4 generated by elements ay, . .., a; and min{|ai|,, ..., |ar|.} <
1.1min{|z|, | x € N\{1}} (i.e. conditions (c1) and (c2) of Lemma 10 hold). Without loss
of generality we may assume that

la1|, = min{|aq|n, - - -, |ak|n}-

Then, by Lemma 15, there exists a connected set A C H,, satisfying conditions (al)-(ab).
(In applying this lemma we take g = aq; then, in particular, d(a;,u) = 1 for some u € A).
Let also

Ry =max{|g|l, | g € K;,1 <i<n}, Ry =max{|a]],, | 1 <j<10(n+1)}.

By Proposition 11 there exists a generating set {hy,...,ht} of N, and an odd number
pn = 1 such that the quotient

Hypr = Ho /(B =1,1 < i < k)
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is a virtually non-abelian free group, and the quotient epimorphism
H,— H,/(h" =1,1<i<k)

is injective on the ball of radius R := max{R}, Ry} around the identity element. Then
notice that, by Lemma 9, all the partial tiles Ki,..., K, inject into H,.;, moreover,
the images of K; have a finite Heesch number at least ¢« + 1 in H, ;. Then we take
K, 1 = AUa;A. Notice that K, has a Heesch number at least n + 1.

It remains to notice that by condition (a5) the Heesch number of K,y in H,; is at
most &t thus it is finite. Thus we can continue the inductive process (for the constructed
group H,; we verified all the conditions (i)-(iv) for ¢ = n+1). Then the hyperbolic limit
group H., will be a group with desired properties, i.e. the connected sets Ky, Ko, ... will
be all partial tiles with finite Heesch numbers k1, ks, ... such that k, > n for all n > 1.
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