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Abstract. We re-investigate the theory of deformations of tilings using P-equivariant
cohomology. In particular, we relate the notion of asymptotically negligible shape
functions introduced by Clark and Sadun to weakly P-equivariant forms. We then investi-
gate more closely the relation between deformations of patterns and homeomorphism or
topological conjugacy of pattern spaces.

1. Introduction

The study of aperiodic systems in physics or geometry has led to the definition of
cohomology groups associated with aperiodic tilings or point sets of R” (we use here the
word pattern to mean either of them). In physics some elements of these groups are related
(via K-theory and cyclic cohomology) to topologically quantized transport properties; see
[KRO06] for a recent overview. In geometry, Sadun, Williams and Clark have given an
interpretation of the cohomology group (with values in R") in terms of deformation theory
of tilings [SW03, CS06]. In short, an (admissible) 1-cocycle defines a deformation of a
tiling by redefining the shape of its tiles. If the cocycle is a coboundary then the deformed
tiling is locally derivable from the original one. A deformation alters the properties of
the dynamical system associated with the tiling, except if the new tiling is topologically
conjugate to the old one, a notion which is, however, strictly weaker than being mutually
locally derivable. To capture also topological conjugacy in cohomological terms, Clark and
Sadun introduced the concept of asymptotically negligible cocycles and showed that such
cocycles yield deformations which are topologically conjugate.

Clark and Sadun used a formulation of tiling cohomology which is based on the
Anderson—-Putnam—Giéhler construction. This construction furnishes a system of finite
CW-complexes so that one can make use of their cellular cohomology. Our aim here is
to provide a formulation of deformation theory in terms of pattern equivariant functions
making use of de Rham cohomology. From this point of view a deformation of a pattern
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is given by a pattern equivariant 1-form. This allows us to formulate the somewhat ad
hoc notion of asymptotically negligible cocycles in terms of natural analytic properties
of pattern equivariant functions (Theorem 3.4). In fact, as was introduced in [KP06],
there are naturally strongly and weakly pattern equivariant forms on R” and we find that
the theory of deformation modulo topological conjugacy of a pattern P is related to the
mixed quotient

zZl ,(R", R")/BL ,(R",R") N Z! ,(R", R™),

where Z SI_P (R"*, R"™) denotes the R"-valued strongly P-equivariant closed 1-forms and
B;)—P (R"*, R") the R"-valued weakly P-equivariant exact 1-forms. A study of the mixed
quotient for certain classes of tilings is under investigation; for substitution tilings the
results of [CS06] point out that this is worthwhile.

As has already been observed by Sadun and Williams, deformations give rise to
homeomorphisms between tiling spaces. We review this result in the framework of
P-equivariant functions. We find that homeomorphisms coming from deformations
preserve the canonical transversals and show that this property characterizes such homeo-
morphisms: any homeomorphism between two pattern spaces preserving the canonical
transversals and identifying the two patterns comes from a deformation (Corollary 4.11).

We further investigate deformations which give (topologically) conjugate patterns. Our
Theorem 4.13 can be seen as the analogue of Clark and Sadun’s result about asymptotically
negligible cocycles: deformations differing from the identity by a weakly P-equivariant
1-form lead to conjugate patterns. More precisely, we find that they give rise to a second
homeomorphism which also identifies P with its deformed pattern, but does not preserve
the canonical transversal. Instead it commutes with the R” actions. Under an additional
assumption on the deformation, which we call boundedness, a converse can be obtained:
bounded deformations which yield (pointed) conjugate patterns differ from the identity by
a weakly P-equivariant 1-form (Theorem 4.15).

Finally, we present a detailed analysis of the question of invertibility of deformations
(which somehow is hidden in the notion of admissibility in [CS06]). We show
that there exists a neighbourhood of the identity deformation which contains only
invertible deformations.

2. Preliminaries

2.1.  Pattern spaces and their dynamical systems. The objects we are interested in and
which we want somehow to compare are closed subsets of Euclidean space, mostly of
finite local complexity. These will mostly be uniformly discrete sets, but for comparison
with [CS06] we consider also tilings; for shortness we call them patterns. A tiling can
either be viewed as a covering of Euclidean space by compact sets, which we assume for
simplicity to be polyhedral and touch face to face, or as a closed subset, namely the set
given by the boundary points of its tiles. The latter point of view is the one taken for the
definition of the distance.

Let P, Q be two closed subsets of R”. Define their distance to be

D(P, Q) = inf{e >0 ‘ dy (Bl/G[P] U 8B(O, 1), B [Q1U BB<O, é)) < e}.

€
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Here B(x, r) is the (open) ball of radius r around x, d B(x, r) denotes its boundary,
B, [P]=B0O,r)N P,

and dp is the Hausdorff distance. We call B,[P], x € R", the r-patch of P around zero.
Again, for tilings we define their r-patches viewing them as the closed subset given by the
boundary points of their tiles.

For a closed subset P C R" the completion of orb(P) := {P — x | x € R"}, the R"-orbit
of P, is called the continuous hull of P, written Qp,

Qp = orb(P)D.

Qp is a compact space which carries a continuous action of R” induced by the translation
action on P. We denote the action of x by @+ @ — x. This defines the (continuous)
dynamical system (2p, R") of P.

P is uniformly discrete if its points have a minimal distance, i.e. if

rmin(P) =1inf{|x — y| : x #y € P}

is strictly positive. If 2 € R” and || < rmin/2 then D(P, P — h) < |h|.

P isrelatively dense if it does not have arbitrarily large holes, i.e. there exists r such that,
for all x € R”, B[P — x] contains at least one point. A uniformly discrete and relatively
dense set is called a Delone set.

If P is uniformly discrete we consider also its discrete hull

- ——D
Ep:={P—p|pe P} .

It is a transversal for the R" action and also referred to as the canonical transversal of P.
If T is a tiling we associate to it the discrete set T containing the vertices of its tiles. Most
of the statements below about discrete sets P apply to tilings when we take P = T°. For
instance, we define the transversal of a tiling T tobe Er :={T — p|p € TO}DT.

P (or T) has finite local complexity (with respect to the translation group) if for any
given r there are only finitely many distinct r-patches B,[P — x] with x € P (x € T?).

Finite local complexity has strong implications on the structure of the hull. First, all
elements of the hull of a discrete pattern P with finite local complexity can be viewed as
uniformly discrete subsets of R” (including, if P is not relatively dense, the empty set).
Second, such a hull carries an equivalent but somewhat simpler metric, namely

D/(Q, Q") = rigg{r*‘ | B-[Q]=,-1 B, [0},

where we write B,[Q] =,-1 B,(Q’) for there exists x, x’ € B(0, 1/2r) with B,[Q — x] =
B,[Q’ — x']. Restricted to the canonical transversal, the metric is even equivalent to

Dy(Q, Q) = rigg{r*‘ | B-[Q1= B,[Q']}.

Third, the canonical transversal Ep is totally disconnected. Finally, at least if P is also
relatively dense, the hull is a foliated space whose leaves are locally homeomorphic to R”.

T Another transversal of the hull of a tiling would be obtained if one replaced 70 by a set of punctures; that is, a
set containing a point from each tile. The results would be similar.
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To see this let Uc(Q) be the open e-ball around Q € Qp with respect to the metric D;
and Tg v ={Q" —v | B1/[Q'] = B1/c[Q], v eV} where V C R". Then for any small
enough € one finds €1, €2 > 0 such that U, (Q) C Tg,¢,B0,e) C Ue, (Q). If P is relatively
dense then translates U (Q) — x with Q € Ep and |x| < rpmax (P) generate the topology
and hence the family of sets T ¢ B(x,¢), Q@ € Bp, |X]| < rmax(P), € < rmin(P)/2 generates
the topology as well. Now T ¢ p(x,¢) is the homeomorphic image of Tg ¢ (0} X B(x, €)
under the map (Q’, v) = Q' — v. We thus have charts which are Cartesian products of
totally disconnected sets (clopen subsets of Ep) with open balls of R”. These are the
foliation charts. This has two consequences which will be important further down: first,
the path-connected components of Q2p are the orbits under the translation action; second,
the pre-image under the map R" — orb(P): x > P — x of the path-connected component
of P in orb(P) N U (P) lies in B(O0, €).

2.2. Notions of equivalence. There are a variety of equivalence relations between
patterns. Some of them are expressed directly between the patterns, as, for instance, mutual
local derivability.

Definition 2.1. [BSJ91] Let P and Q be subsets of R". Q is locally derivable from P if
there exists an R > 0 such that, for all x, y € R”,

BR[P — x]= Br[P = y] = {0} N (Q —x) = {0} N (Q — ).
We say that R is a derivability range of the local derivation.

Equivalently, Q is locally derivable from P if and only if for all r > O there exists r’
such that, for all x, y € R",

By [P —x]= B[P —y]|= B/[Q —x]=B,[Q — y].

This has the following interpretation which explains the name: one can construct the
r-patch of Q around x from the r’-patch of P around x.

Other notions of equivalence refer to the spaces and dynamical systems defined by the
patterns. For instance, we could regard patterns as equivalent if they have:
(1) homeomorphic hulls; or
(2) topological conjugate (continuous) dynamical systems.
Relation (2) implies relation (1) (trivially). In fact, we will find a stronger relation
associated with a deformation, namely an invertible deformation P’ of P (we explain
the notion further down) leads to a homeomorphism between the hulls which preserves
the canonical transversal and identifies P with P’. Likewise we find a relation stronger
than (2), namely we say that P’ is pointed conjugate to P if there is a topological
conjugacy between the (continuous) dynamical systems which maps P to P’. We will
also say that P’ is pointed semi-conjugate to P if there is a continuous surjection
Qp — Qp/ which commutes with the action of R” and maps P to P’. Note that pointed
conjugacy implies homeomorphic hulls but the conjugacy will not, in general, preserve the
canonical transversal.
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2.3. P-equivariant functions. Topological spaces can equivalently be described by
commutative C*-algebras. Here these algebras consist of P-equivariant functions. For that
we need to assume that our subset P has finite local complexity.

Roughly speaking, a function f on R” is P-equivariant with range R if it satisfies the
following property: if the patterns in P surrounding two points x and y are equal in a ball
of radius R (after translating by —x and —y, respectively), then f must take the same
values at x and y. More precisely, we have the following.

Definition 2.2. [Ke03] Let f be a function defined on R". We say that f is P-equivariant
with range R if, for x, y € R",

BR[P — x]= Br[P — y]l = f(x) = f(¥).

f is strongly P-equivariant if it is P-equivariant with finite range. We also call a function f
defined on a subset Q C R" which is locally derivable from P strongly P-equivariant if it
satisfies the above conditions for x, y € Q.

Note that Q is locally derivable from P if and only if the indicator function on Q is
strongly P-equivariant.

A priori our definition does not require a strongly P-equivariant function to satisfy any
further regularity conditions. By adding such conditions we arrive naturally at the concept
of weakly P-equivariant functions. Let f : R” — R and

sk(f) =sup{|D* f(x)|: x € R", |or| <k},

o= (ay, ..., o, € N*, where D* f = ((0%1 /9% x1) - - - (0% /0% x,)) f, and | - | denotes
any norm on R™ but |a| =Y o;.

Definition 2.3. We denote by Cf_P R", R™), ke NU/{oo} the space of strongly
P-equivariant C¥-functions over R” with values in R”. We say that a CX-function f is
weakly P-equivariant if, for all € > 0, there exists a strongly P-equivariant C¥-function
fe such that sg(f — fe) <e, if k is finite, and, foralll e N, s;(f — fe) <€, if k =o0.
The space of weakly P-equivariant C¥-functions over R” with values in R™ is denoted
by Ck_,(R", R™).

Since strongly P-equivariant functions are bounded, C ﬁ)_P (R*, R™) is the closure of
C i‘_P (R*, R™) in the space of functions f : R" — R™ which have bounded continuous
derivatives up to order k£ with respect to the topology induced by s, if k is finite, or
by all s;, [ € N, if k = 0co. Smooth strongly or weakly P-equivariant forms can then be
identified with elements of C>%, (R", AR"™) or C2°, (R", AR"™), respectively. As usual,
df =3,(8/3x;) f dx;, and we view {dx; | i =1, ..., n} as a base for R"*.

Complex-valued continuous weakly P-equivariant functionst form a C*-algebra. The
map f +— fp, fp(x):= f(P — x) induces an algebra isomorphism between C(2p) and
CS)_P (R, C). The compactness of Qp is reflected in the following lemma whose simple
proof is left to the reader.

t These were also simply called P-equivariant functions over R”.
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LEMMA 2.4. Let P be a uniformly discrete set with finite local complexity. If
feCSHD(R",R'") then its image is compact. If even fngP(R",R’") then its
restriction to P takes only finitely many values.

We now present some general results about P-equivariant functions.

LEMMA 2.5. Let P be a uniformly discrete set of finite local complexity. Let ¢ and v be
two differentiable functions which coincide on P. Suppose that dg and dr are strongly
P-equivariant. Then ¢ —  is strongly P-equivariant.

Proof. Let n=¢ — . Hence n vanishes on P and dn is P-equivariant, say with
range R. Let r = R 4 rpin. Let B[P —x]= B,[P — y]. Choose p € P such that
p—xeB [P—x].Letqg=p—x+y. Thengq —y=p—xe B, [P—y]and, by
P-equivariance of dn,

x y
n(X)—n(p)=/ dn=/ dn=n(y) —n(q).
q

p
Since n(p) = n(q), n is strongly P-equivariant. O

Let f: P — R" beafunction. Forh=P — P:={p—q | p,q € P}, we define A, f :
PN (P —h)— R"'by
Apfx) = fx+h)— fx).

LEMMA 2.6. Let Y : P — R™ be a function on a uniformly discrete set P with finite

local complexity.

(1) If is strongly P-equivariant there exists a smooth strongly P-equivariant function
¢ : R" — R™ which restricts on P to .

) If, for all € >0, there exists a strongly P-equivariant function Y. : P — R"
such that, for all p € P, |y (p) — Ye(p)| <€, then there exists a smooth weakly
P-equivariant function ¢ : R" — R™ which restricts on P to .

(3) Suppose that P is, moreover, relatively dense. If, for all h € P — P, the function
Apy: PN (P —h) — R" is strongly P-equivariant then there exists a smooth
function ¢ : R" — R"™ which restricts on P to { and has strongly P-equivariant
differential de.

Proof. Let p : R" — R be a smooth positive function with support contained in B(0, r),
7 < rmin/2. For the first two parts of the lemma we consider

p(x)=Y_ plx — p)¥(p)
peP
and suppose that p(0) =1 so that ¢(p) =¥ (p) for p € P. If ¢ is P-equivariant with
range R then ¢ is smooth and P-equivariant with range R + ryin/2.
Suppose that i satisfies the conditions of the second part. Then, by the first part,
Ye(x) =Y peP p(x — p)¥e(p) defines a smooth strongly P-equivariant function. Now
ID*(@(x) = e NI = 1Y — Velloo Z D% (x — p)

pep

<elD%lloo

and hence @, tends to ¢ in the Fréchet topology when € tends to zero.
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For the third part consider the Voronoi domains V), for p € P. Let A be an upper bound
for their diameter; it is finite by the relative density of P. Define for all x in the interior
int(V}) of the domain

d(x) =¥ (p). 2.1

Then ¢ is defined almost everywhere and

p=pxd

is a smooth function where we suppose that f p =1 so that ¢ coincides with ¢ on P
provided r is small enough. Now suppose that for all A = P — P with |h| < A, Ap¢
is P-equivariant with range R > 3A, and hence, if Bg(P — p) = Br(P — q) for some
p,q € PN P —h, then, for almost all x € B(0, R), ¢(x + p + h) — d(x + p)=d(x +
h+gq)— &(x + ¢). This implies that the equation qg(x +p)—¥(p)= &(x +q) — v(q),
which by (2.1) holds for x € V,, — p, extends to x € B(0, 2A). It follows that (;S(x +p+
h) — ¥ (p)=¢(x +h+q) —¥(q) for x € B(0, 2A) and hence

dp*d)(x +p+h)=(dp*(— V(@) +¥(P))(x+qg+h)=(dp*d)(x+qg+h)

where we have used that dp * (¥ (q) — ¥ (p)) =0. Since d¢(x) = (dp * q?)(x) the
statement follows. O

We finally provide a condition under which a differentiable function with strongly
P-equivariant differential is weakly P-equivariant.

PROPOSITION 2.7. Let P € R" be a Delone set of finite local complexity and ¢ : R* — R
be a C*-function, 1 <k e NU {00}, with strongly P-equivariant differential. Then ¢
is weakly P-equivariant if and only if for all € there exists a finite partition of P
into subsets Py, ..., Py which are locally derivable from P and such that for alli €

{1,..., N}forall p,q € P;: lp(p) —p(q)| <e.

Proof. Suppose that ¢ is weakly P-equivariant. Choose € and a strongly P-equivariant
function ¢, such that ||¢ — ¢c|lco < €. In particular, ¢.(P) is a finite set, let us say
{x1,...,xn}. Define P; = (pgl(xi) N P which is certainly locally derivable from P.
The P; partition P and by construction for all p, g € P; we have |p(p) — ¢(q)| < 2e.

We prove the converse: given § choose a finite partition Py, ..., Py of sets which are
locally derivable from P and such that, foralli € {1, ..., N}forall p, g € P;, |p(p) —
¢(q)| < 6. Note that this and the strong P-equivariance of dg imply that ¢ has bounded
derivatives D%¢p, || < k. Choose a point p; in each P;. Consider the Voronoi domains
Vp of p in P. For x in the interior of V, and p € P; let o5(x) be given by o5(x) =
¢(p) — ¢(pi). Then os is defined almost everywhere and is constant on the interior of
the Voronoi domains. Since the P; are locally derivable from P, ¢ — o5 is strongly P-
equivariant. It is also é-close to ¢ where defined and the aim is to smoothen it out.

Let p:R" — R be a smooth positive function with support contained in B(0, 1)
and f p=1. Let ps(x)=38"p(x/8). Define ¢s, s, = ps, * (¢ —0s,) which is by
construction a smooth strongly P-equivariant function. We claim that for all € > 0 and
I < k there exists 81, 6, such that s;(|¢ — ¢5,.5,]) <e€. This then proves that we can
approximate ¢ in the relevant topology by strongly P-equivariant functions.
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To prove the claim we fix € and / < k. We have

— ||
o8, * 08, lla < llos, llooll D p5, 111 < 828, I D" pll1.

Hence
s1(le — @s,.5,) < 5119 — o5, % @D + > 828, IDp]l1.
loe| <l
Since D“¢ is bounded continuous for |«| < k we can find §; such that s;(J¢ — ps, * ¢|) <
€/2 and then &, such that 3, 8251_“1‘ ID%pll1 < €/2. O

2.4. Cohomology groups for patterns and tilings. Let P be a uniformly discrete subset
or a tiling, of finite local complexity. Associated with P is a cohomology group H (P, A),
the pattern cohomology, with coefficients in an abelian group A. It can be described in a
variety of equivalent ways as follows.

24.1. Cech-cohomology. H(P, A) is the Cech-cohomology I:I(Qp,A) of the
continuous hull.

2.4.2. Cellular cohomology. Let T be a polyhedral tiling, that is a tiling whose tiles
are polyhedra and match face to face. We can view T as an infinite CW-complex for R”
choosing an orientation of its cells such that translational congruent cells have the same
orientation. We also assume that 7 has finite local complexity. The Anderson—Putnam—
Gihler construction expresses 2p as an inverse limit of CW-complexes. We recall the
construction: the k-neighbourhood of a tile ¢ in a polyhedral tiling 7 is the patch of all
tiles of T which meet the (k — 1)-neighbourhood of . Here the 0-neighbourhood of ¢ is
simply ¢ itself. A k-collared tile is a tile labelled with its k-neighbourhood. A k-collared
prototile is a translational congruence class of a k-collared tile. Since T has finite local
complexity there are only finitely many k-collared prototiles. The CW-complex I'¥ is the
complex obtained from the disjoint union of all k-collared prototiles upon identifying any
two faces f1, f» of two k-collared prototiles p1, p2 if one finds in T two tiles #1, f, whose
k-neighbourhood corresponds to the two k-collared prototiles p;, p such that the faces of
t1 and #, which correspond to f1, f> agree in T'. There are surjective maps oy : rk+l .k
associating to a point in a k+1-collared prototile the same point in the k-collared prototile
obtained by reducing the labelling of the (k-+1)-neighbourhood to the k-neighbourhood.
Then one has the following result [G, Sa03]: Q27 is the inverse limit of the chain

Q41 « 07
B pke 2 pke 0 5 10,

Moreover, we have maps 7; : T — I'f associating to a point x in a tile of 7' the point at
the same position in the k-collared prototile to which it corresponds.
As a consequence, H(Q2p, A) is the direct limit of the chain

HTO, A) 2% 5Tk, A) 25 Bk Ay

Here H(TK, A) is the cohomology of CW-complexes. In particular, there are
homeomorphisms Iy : H(I'*, A) — ﬁ(Qp, A) satisfying Iy = I41 0 .
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2.4.3. P-equivariant cohomology. The strongly P-equivariant forms on R” form a sub-
complex of the de Rham complex for R". The cohomology of this complex is called the
strongly P-equivariant cohomology (of R”) and is denoted by H, p(R", R). It has been
shown in [KP06] that H, p(R", R) is isomorphic to H (2p, R). This isomorphism has
been revisited in [Sadun] where the description of Qp as an inverse limit was used. We
provide an explicit description of this isomorphism in degree one.

Let T be a polyhedral tiling of finite local complexity and set P =T°. Recall
the quotient map 73 : T — I'%. Let e be a I-cell in T'¥. Then rrk_l(e) is a union of
(oriented) edges of T'. Suppose that d¢ is P-equivariant with range r and that r is small
compared with k (i.e. the tubular r-neighbourhood of any tile in 7 is smaller than its
k-neighbourhood). Then fé dg is independent of the choice of é € m; I(e), since two
such pre-images agree on their k-neighbourhood. Denoting by Zrl_P (R*, R") the closed
P-equivariant 1-forms of range » we may thus define ],k 1 Z rl_P ®R", R") — Z1(I'k, R") by

JEd)(e) = / do =¢(t(e) — ¢(s(e)), 2.2

where s(e) and r(e) are the vertices at which e starts and terminates. It is clear that
J,k(d(p) is closed, i.e. vanishes on cycles. J,"(d(p) is exact if and only if also @(s(e))
is independent of the choice of the pre-image for e which means that ¢ is strongly
P-equivariant (with a range which is large compared to k but finite). It follows that
©:H!,(R",R") — H'(2p, R")

Oldg]l = Lk[J} (dg)]

is well defined. It does not depend on the precise choice for r and k as long as d¢ is
P-equivariant with range r and k large compared to . Using this flexibility one easily sees
that ® is additive and hence defines a group homeomorphism.
We show that ® is surjective. Let f € z! (Fk, R™), choose x¢ € 79 and define /2 70 —
R” by
V(@) — ¥(s@) = f(m(@), ¥(xo) =0, (2.3)

for all (oriented) edges e of T. Let 1 € R" be the vector corresponding to the edge e.
Then Apyr(x) = Apy(y) for all x, ye TN (T° — h) which have the same (k + 1)-
neighbourhood. It follows that A, is P-equivariant with a range large compared to k + 1.
By part (3) of Lemma 2.6 there exists a smooth function ¢ which coincides with ¥ on P
and has strongly P-equivariant differential. It follows that, for large enough r and [,
Jrl(dgp) = fooy_1---ar and hence ®([dy]) = Ix([f]). Hence ® is surjective. To see
that ® is injective we note that, by (2.2), Jrk(d(p) =0 whenever ¢ is constant on the
vertices of the tiling. From Lemma 2.5 it follows then that ¢ is strongly P-equivariant,
and hence [d¢] = 0.

Also the weakly P-equivariant forms on R” form a sub-complex of the de Rham
complex for R and hence a cohomology group which is called the weakly P-equivariant
cohomology of R". We will not consider weakly P-equivariant cohomology in this article,
but one of our conclusions will be that the mixed quotient

Zl ,(R", R")/B} (R, R") N Z! ,(R", R")

https://doi.org/10.1017/5014338570700065X Published online by Cambridge University Press


https://doi.org/10.1017/S014338570700065X

1162 J. Kellendonk

is a parameter space of deformations of P modulo bounded deformations which are pointed
topological semi-conjugate to it.

3. The first cohomology and deformations
3.1.  The approach of Williams, Sadun and Clark. Let T be a polyhedral tiling of finite
local complexity with its system of Anderson-Putnam-Gihler complexes I'*, k > 0.

A shape function is an R”-valued 1-cocycle on I'¥, i.e. a function f : I'¥ — R” such that
S8f(w) := f(6w) = 0 for any 2-cell w in % (8w is the chain corresponding to the boundary
of w). With a little luck a shape function defines a new tiling (up to translation) which is
obtained from T’ by changing the shape of the prototiles. A 1-cell e of I'¥ is an (oriented)
edge of a k-collared prototile. f(e) is a vector in R” and hence defines an oriented straight
line segment up to translation which is going to be an edge of a new prototile. Replacing
each edge e of a k-collared prototile by a line segment parallel to f(e), the condition§f = 0
guarantees that these line segments can be matched together at their boundary points with
the same combinatorics as in the prototile. One thus obtains a new 1-skeleton. A priori
there is no reason that one can complete the new 1-skeleton to a tile by adding in higher-
dimensional faces in such a way that the combinatorial structure is that of the prototile. But
if this is the case, we can construct from 7', tile by tile, a whole new tiling up to an overall
translation, and hence a new tiling space which we denote by (£27) r. It is somewhat clear
that all this works if the new edges differ only slightly from the old edges. It then makes
sense to speak of a deformation of 7.

A question which we will investigate in more detail than has been done in [CS06] is
whether the above process is invertible, i.e. whether one can obtain 7 back from the new
tiling by a similar procedure. Certainly, if the new tiling would be periodic whereas the old
one was not, the process could not be inverted. One may argue that invertibility should be
no problem if the new edges differ little from the old edges. This is, however, only obvious
if k is fixed, since the larger k the more shapes are redefined by the shape function.

Let us call shape functions that allow for all this admissible.

THEOREM 3.1. [SWO03, CS06] Let f : T° — R” be a cocycle which is admissible. Then
Q7 is homeomorphic to (2r) f.

THEOREM 3.2. [CSO06] Let f, g:T% — R" be two cocycles which are admissible. If
Io(f) = lo(g) then (1) y is mutually locally derivable with (7).

Here the relation of being mutually locally derivable is extended to hulls of tilings
by saying that two such hulls are mutually locally derivable if there exists a topological
conjugacy between them which maps a tiling to a mutually locally derivable tiling with a
uniform derivability range.

Clark and Sadun introduce the notion of asymptotically negligible elements in
H'(Q7, R™). Let us suppose that r is larger than the maximal diameter of a prototile. Then
an ordered pair of vertices (x1, x2) of T is called a recurrence of size r if B.[T — x1] =
B,[T — x2] but By4s[T — x1] # Br45[T — x2] for § > 0. If k is small enough so that the
(k + 1)-neighbourhood of any tile is contained in the r-tubular neighbourhood of the tile,
then a path between x| and x, along edges defines a loop in the 1-skeleton of I'¥, different
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paths leading to homologous loops. An element 7 € H'(I'¥, R") can be evaluated on (the
cycle defined by) a loop in T'¥. It is said to be asymptotically negligible if for all € there
exists an r¢ such that, when 7 is evaluated on a loop in the 1-skeleton of I'* which is
defined by a recurrence of size larger than r¢, then the result is smaller than € in norm. The
images under the I of asymptotically negligible elements in H'(I'¥, R") are by definition
the asymptotic elements of H!(Q7, R").

THEOREM 3.3. [CS06] Let f, g:T" — R" be two cocycles which are admissible. If
Io(f) — Io(g) is asymptotically negligible then ((21)y, R") is topologically conjugate
to ((21)g, R").

It is rather clear that the three theorems extend to shape functions on I'*. Note also that
if f:T% — R” is a shape function then f o ay : ¥ — R” is also a shape function and
it leads to the same deformation.

3.2. Negligible elements versus weakly P-equivariant 1-forms. The aim is to reinterpret
negligible elements as weakly P-equivariant 1-forms and to interpret Theorem 3.3 in terms
of a mixed quotient.

THEOREM 3.4. An element n € HY(Qp, R") is asymptotically negligible if and only if
©~!(n) belongs to B! ,(R",R") N Z! ,(R", R")/B} ,(R", R").

Proof. Suppose that dp € B}U_P R", R N Z;_P (R", R™). Hence for all € > 0 there exists
R¢ such that ¢ = ¢ + Y where ¢, is P-equivariant with range R, and ||{¢||co < €. Also
dg is P-equivariant with some finite range which we may suppose to be smaller than R..
Let k be large compared to R, and r be large compared to k + 1. Finally, let (x1, x3) be a
recurrence of size larger than or equal to r.. Denote by [x1, x2] the cycle it defines in rk.
Then we have

Tk, (@) ([x1, x2]) = 9e(x2) — @ (X1) + e (x2) — Ye(x1).

The first difference drops out since [x1, x2] is a loop in T'* and so |]I’§6 do)([x1, x2])| < 2e.
This shows that ® ([d¢]) is asymptotically negligible.

For the converse suppose that f e Z!(I'¥, R") such that [f] is asymptotically
negligible. As explained in §2.4.3, o~ f1) is represented by the differential of a smooth
strongly P-equivariant function ¢ : R” — R” which extends the function ¥ : 70 — R”
defined as in (2.3). Let € > 0 and r, such that f applied to a loop defined by a recurrence
(x1, x2) of size larger than or equal to r. is smaller in norm than €. By the finite
local complexity of T there exist finitely many points py, ..., py € T such that the
sets Tl.O ={yeT?] B, [T — y]l= B, [T — p;]} are pairwise disjoint, locally derivable
from 79, and their union exhausts 7°. Furthermore, the elements of Ul- Tio X Tio are
precisely the recurrences of size larger than or equal to r.. Hence for all x1, x2 € Tio we
have |@(x1) — @(x2)| = | f ([x1, x2])| < €. From Proposition 2.7 it follows therefore that ¢
is weakly P-equivariant. |
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4. Deformations and P-equivariant functions

The aim of this section is to present a theory of deformations which is formulated entirely in
the framework of P-equivariant functions. We will recover the results of Theorems 3.1-3.3
(see Theorems 4.8, 4.13 and Corollary 4.20) but are able to go further as we obtain
refined information about the homeomorphisms involved. As a consequence, we are able to
decide whether two pattern spaces are homeomorphic (with homeomorphism preserving
the abstract transversal) by means of pattern equivariant functions, and to a large extent
this turns out to be the case for topological conjugacy as well. Finally, we investigate the
question of invertibility of deformations.

Our first aim is to interpret the elements entering in the first P-equivariant cohomology
with values in R". Since R" is contractible, any closed 1-form on R", P-equivariant or
not, can be written as d¢ for a smooth function ¢ : R” — R". The first P-equivariant
cohomology is therefore related to functions, but the restriction that their differential is
P-equivariant does not imply that they are themselves P-equivariant which is what makes
the cohomology non-trivial. For instance, ¢ = id is never P-equivariant, but d id is.

One may view Qp as the compactification of R" defined by P € R". It is then
natural to ask how a function ¢ : R* — R” affects the compactification. In other words,
how does Q2y(py compare to 2p? Furthermore, one may ask how the pattern dynamical
systems compare.

We will often need to make the following assumption about ¢.

Hypothesis 4.1. For all r > 0 there exists r’ > 0 such that for all x € R"
B(p(x), ) Ne(P) Cp(B(x,r) N P).
This assumption is, for instance, verified if
for all » > 0 there exists 7’ > O for all x € R" : (p_] (B(p(x), 1)) C B(x, r). “4.1)

Note that if ¢ satisfies (4.1) and 7 is bounded then also ¢ — 5 satisfies (4.1). We say that
¢ : R" — R” is a bi-Lipschitz map if there exists . > 1 (the Lipschitz constant) such that

AN =yl < o) — (M) < Alx — yl.

A bi-Lipschitz map is a homeomorphism which satisfies (4.1) with »' = Ar. In fact, it is
injective and continuous, and hence has open image by Brouwer’s theorem. Moreover,
its image is also closed since a pre-image of a Cauchy sequence is a Cauchy sequence,
and hence it is surjective. A further advantage of a bi-Lipschitz map is that it maps
Delone sets to Delone sets. We are particularly interested in the case ¢ =id +
where 7 is differentiable and ||dn]lcc < 1 (or ¢ = g + n with g € GL(n, R) and ||d7n||c0 <
(g loo)™1). Such a map ¢ is a bi-Lipschitz map with A~ =1 — ||d7]|oo.

LEMMA 4.2. Let P be a uniformly discrete set of finite local complexity. Let ¢ : R" — R"
be a function, g € GL(n, R) and ¢ — g be P-equivariant with range R. Then we have, for
allr >0and x, y e R",

Bryr[P — x] = Br4r[P — y] =
forallh € B0, 1) :p(x +h) — gx) =9y +h) —g(y).
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In particular,

Brir[P — x] = Br4r[P — y] = Br(¢(P) — g(x)) = Br(¢(P) — g(y))
and @ (P) is locally derivable from g(P).

Proof. By assumption, Bgi,[P —x]= Br4,[P — y] implies that, forall # € B(0, r),
ox+h)—gx+h)=¢(y+h) —g(y+ h). The statement follows therefore from the
linearity of g. The last statement is trivial for g =id. Now if ¢ — g is strongly
P-equivariant then ¢ o g~! —id is strongly g(P)-equivariant. This implies the last
statement for general g. O

Note that d(p — g) is strongly P-equivariant whenever dg is strongly P-equivariant.

LEMMA 4.3. Let P be a uniformly discrete set of finite local complexity and let ¢ : R" —
R" be a differentiable function. If dg is P-equivariant with range R then, for all x, y € R",

Bryr[P — x] = Br4r[P — y] =
forallh € B0, r):¢(x +h) —o(x) =¢(y +h) —@(y).

If. moreover, ¢ satisfies Hypothesis 4.1, then for all r > 0 there exists r' such that
B[P —x]= B[P —yl= Br(¢(P) —¢x)) = B (¢(P) —p(y). (42)

Proof. Let Br4r[P — x] = Bry+[P — y] and h € B,. As dg is P-equivariant with range
R we have do(x + h) = do(y + h). In particular, f;”’ do = fywh dg (we can integrate

along a straight line). As ¢(x + h) — ¢(x) = f ; g ¢ the first statement holds true.
Suppose that Bgry, [P — x] = Bgr4,/[P — y]. According to the first statement this
implies that

@(B(x,r)NP) —¢(x) =By, r') N P) — p(y). 4.3)

Now let r be given and choose r’ according to Hypothesis 4.1. Then, for any z € R",
(p(B(z, ")YNP) — (@) N B0, r) = (¢p(B(z, r') N P) N Blp(2), 1)) — ¢(z) = (p(P) N
B(¢(2), r)) — ¢(2). The latter is by definition B,[¢(P) — ¢(z)] and so (4.3) implies that
B l¢(P) — ¢(x)] = B-[¢(P) — ¢(y)]. 0

COROLLARY 4.4. Let P be a uniformly discrete set of finite local complexity. Let ¢ :
R" — R" be a differentiable function which fulfils Hypothesis 4.1. If de is strongly
P-equivariant then ¢ (P) has finite local complexity.

Proof. Finite local complexity of P means that there are, for any given r’, only finitely
many different B(0, r') N (P — x), x € P. Thus we conclude from Lemma 4.3 that there
are also only finitely many different B(0, r) N (¢(P) — z), z € ¢(P). O

There is no reason for ¢ (P) to have finite local complexity if we require merely weak
P-equivariance of d(¢ — g) or do.

How can we interpret (4.2)? Clearly it allows one to construct the r-patch of ¢(P)
around ¢ (x) from the r’-patch of P around x, but this involves the passage from ¢ (x) to x
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which is a priori not local (i.e. not determined by a patch of P). Nevertheless, if we forget
about the position of the patches in R" and consider their translational congruence classes
we obtain from (4.2) a local map: to each translational congruence class of an r-patch
of P is associated a unique translational congruence class of an r’-patch of ¢(P). In one
dimension this gives a rewriting rule. In higher dimensions one obtains a local derivation
in the sense of [Ke97]. If ¢ = id + n with small ||dn|s and P is the set of vertices of a
polyhedral tiling the local map defined by (4.2) can be interpreted as a deformation of the
tiling induced by changing the length of the edges of its tiles [SWO03]; see §3.1. In view of
this and the results in §2.4.3 we define the following.

Definition 4.5. Let P be a Delone set in R”. A Delone set P’ C R” is a deformation of P
if there exists a smooth function ¢ : R" — R" satisfying Hypothesis 4.1 and having a
strongly P-equivariant differential such that P’ = ¢(P).

We have a lot of freedom to choose ¢. In fact, since the joint kernel of the maps Jrk from
§2.4.31is
N, (R", R") = {dn € B! ,(R", R") | n is constant on P},

the elements of ZSI_P R*, R")/N SI_P (R"*, R") parametrize the deformations of P (or of a
tiling T with P = T9).

We end this section with the following important definition, which is inspired from the
above lemma.

Definition 4.6. Let P be a uniformly discrete set of finite local complexity.
(1) Let ¢ :R" — R" be a CO-function such that ¢ — g is weakly P-equivariant. We
define @ : orb(P) — Q4 (p),

Py (P —x) :=¢(P) — g(x).

(2) Letg:R" — R” be a differentiable function such that dg is strongly P-equivariant.
We define @, : orb(P) — Qqy(p),

@y (P —x) :=@(P) — (¢p(x) — ¢(0)).
That these maps are well defined is the issue of the following lemma.

LEMMA 4.7. We assume the notation and conditions of the last definition. In the first case
P — x = P implies that ¢(P) — g(x) = ¢(P). In the second case P — x = P implies that
@(P) — o(x) = ¢(P) — ¢(0).

Proof. Suppose that ¢ — g is strongly P-equivariant. By Lemma 4.2, forallh € P,
¢o(—x + h) — g(—x) = @(h) which implies that p(P) = ¢(P) — g(x). If ¢ — g is merely
weakly P-equivariant we can find for all € > 0 an approximation ¢, of ¢ such that ¢, — g
is strongly P-equivariant and ||¢e — ¢|lco < €. The above then implies that dj,(¢(P) —
g(x), p(P)) < 2e.

Now suppose that dg is strongly P-equivariant. By Lemma 4.3, forall h € P, ¢(x +
h) — ¢(x) = @(h) — ¢(0). This implies that (P + x) = ¢(P) + ¢(x) — ¢(0) and hence
the statement. O
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In the following we shall see that ®, and @, can be extended to maps between £2p and
Q4 (p), the second only in the strongly P-equivariant case. This is the case once we can
show that they are uniformly continuous, since a uniformly continuous map between (not
necessarily complete) metric spaces has a unique continuous extension to the completions.

4.1. Closed strongly P-equivariant 1-forms and deformations. We investigate more
closely P-equivariant 1-forms, that is P-equivariant differentials, and how they affect
the tiling spaces and dynamical systems. We start by the observation that a strongly
P-equivariant 1-form gives rise to a continuous map between hulls of Delone sets
preserving the canonical transversal, an observation which is slightly stronger than
Theorem 3.1.

THEOREM 4.8. Let P be a Delone set of finite local complexity. Let ¢ : R" — R" be a
C'-map which fulfils Hypothesis 4.1 and whose differential d is strongly P-equivariant.
Then @, is a uniformly continuous map. It thus extends to a continuous map O, : Qp —
Qyup). If (0) =0 then ©,(Ep) = Ey(p). If ¢ is surjective then ®, is surjective.

Proof. Choose r > 0 and then ' > r according to Lemma 4.3. Let D(P —x, P — y) <
1/r’. Since P has finite local complexity we can find x’, y' € B(0, 1/2r’) such that
B[P —x —x']= B[P —y —Yy']. By Lemma 4.3 we then have B.[¢p(P) —¢(x +
x)] = Brlp(P) —9(y +¥)] and so D(@(P)—¢(x +x'), o(P) —p(y +y")) < 1/r.
Since P has finite local complexity d¢ is bounded and |@(x + x') — @(x)| < [|d@|lo|x’|.
If r is sufficiently large then D(@(P) — ¢(x + x), ¢(P) — ¢(x)) < ||[d¢|lco|x’|. Hence the
triangle inequality gives

1 n lde¢lloo

dolleo
D(QD(P)_(P(X),(p(P)—(p(y))S; + ldell .

2r/ 2r!
As this tends to 0 for r tending to infinity, we conclude that @, is uniformly continuous.
That @, preserves the canonical transversal provided ¢(0) =0 follows immediately
from the construction of ®,. Since ®,(E p) is closed and contains {¢(P) — ¢(p) | p € P}
we must have ®,(Ep) = Ey(p).
Finally, if ¢ is surjective then orb(P’) = ®,(orb(P)), which is dense and hence implies
surjectivity of @. O

Note that since dg is strongly P-equivariant ¢(P) has finite local complexity, but it
need not be a Delone set.

We are now interested in the converse direction: given a continuous map between hulls
of Delone sets, can we associate a strongly P-equivariant 1-form to it?

Let P, P’ be aperiodic Delone sets of finite local complexity and ® : Qp — Qps a
continuous map satisfying ® (P) = P’. Since the orbits under the translation action are the
path-connected components ® must preserve orbits. Hence for any x there exists a x” such
that ® (P — x) = P’ — x’. Since P’ is aperiodic x’ is uniquely determined by x. Thus there
exists a family of functions gp_, : R" — R", y € R" such that

PP —y—x)=P —y—pp_y(x), @p—y(0)=0. 4.4
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LEMMA 4.9. Forall y e R", pp_, : R" — R" is uniformly continuous. Furthermore, for
all x e R", orb(P) 3 w — ¢y, (x) € R" is uniformly continuous.

Proof. To show that @p is uniformly continuous choose 0 < € < ryin(P’)/3, where
Fmin(P") is the minimal distance in P’. By the uniform continuity of ® there exists a §
such that, for all xg € R", |v| < § implies that

D(®(P — xp), P(P —xp —v)) <e. 4.5)

By the remarks at the end of §2.1 the pre-image under w — ® (P — xp) — w of the path-
connected component of ® (P — xg) in U (P (P — xp)) is contained in B(0, €). Therefore,
@p—xo(B(0, 8)) C B(O, rmin(P")/3).

Furthermore, (4.5) implies that either |pp(xg 4+ v) — @p(xp)| <€ or |pp(xg+ v) —
@p(x0)| > rmin(P") — €. But the second possibility cannot hold since |@p(xg+ v) —
©p(x0)| = |9p—x, (V)| < rmin(P’")/3. This proves uniform continuity of ¢p. That of Yp_y
follows in the same way.

To show that w — ¢, (y) is uniformly continuous on the orbit of P we choose € > 0,
which is small compared with | y|_1. Note that B, [w] = B-[w'] implies that B,_||[@ — x]
= B,_|y|[@ — x] provided that r > |x|. Using this property, the (uniform) continuity of
® and boundedness of ¢,, we can find § > 0 such that D(w, ") <& implies that,
for all y" € B(O, |y]), D(®(@ — "), ®(@' — ) <€ and D(P(w) — ¢ (¥), (o) —
0w (")) < € and therefore

D(® (@) = ¢ (), ®(®) — ¢ () < 2e.

This implies that |¢, (¥") — @. (¥')| is either smaller than 2¢ or larger than ryi, (P') — 2e.
From the continuity of ¢, and the condition ¢,,(0) = 0 it follows therefore that |¢,(y) —
0o (V)| < 2€ (for small enough €). O

We now require, in addition, that ® preserves the canonical transversal.

THEOREM 4.10. Let P, P’ be aperiodic Delone sets of finite local complexity. Let ® :
Qp — Qp/ be a continuous map satisfying ®(Ep) C Epr and ®(P) = P’. Then there
exists a smooth function ¢ :R" — R" with strongly P-equivariant differential which
coincides with p (as defined by (4.4)) on P and satisfies o(P) C P’.

Proof. We can sharpen the last part of the proof of Lemma 4.9 provided w, w’' € Ep
and y=P —P. Let e >0, M >0 and p, g € P. By the reasoning of the proof of
Lemma 4.9 there exists R > M such that B[P — p] = Br[P — ¢q] implies that, for all
y€ByulP — pl, D(®(P —p—y), P(P —q—y)) <€ and |pp_p(y) —pp—q(y)| <e.
Moreover, ®(P — p —y) and ®(P —qg —y) lie in Ep/ and hence the finite local
complexity of P’ allows us to replace D by Dg to obtain Bj/[®(P —p—y)]=
B1/e[®(P — g — y)]. Hence |pp_,(y) —pp—q(y)| <€ forces |pp_p(y) —@p—q(¥)l
to vanish. A simple calculation shows that ¢p_,(y) =¢@p(p +y) —@p(p). Hence,
for all he P — P, Appp: PN (P —h)— R" is strongly P-equivariant. Applying
Lemma 2.6(3) we obtain a smooth function ¢ with strongly P-equivariant differential
which coincides with ¢p on P.
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Finally, if p € P then ®(P — p) € Ep/ and hence 0 € P’ — ¢(p). This shows that
o(P)C P. O

We cannot expect that under the hypothesis of the theorem ¢(P) is all of P’. For
instance, if P’ is obtained from P by adding points in a locally derivable way then ¢ = id
would be the resulting map but P would be a proper subset of P’.

COROLLARY 4.11. Let P, P’ be aperiodic Delone sets of finite local complexity. Let
®: Qp — Qpr be a homeomorphism which maps Ep onto Ep: and P to P’. Then the
map @ constructed in the theorem satisfies Hypothesis 4.1 and P' = ¢(P).

Proof. Since @ is a homeomorphism, ¢p is also a homeomorphism and its inverse (p;l
is the map constructed in (4.4) from ®~!: Qp — Qp; we denote it here by ¢p/. By
Lemma 4.9, it is uniformly continuous and hence we can find at least one r > 0 for
which there exists ¥’ > 0, for all y € R", where ¢p/(B(y, r)) C B(pp/(y), r’). Our aim
is to show that this implies that for all r > 0, there exists 7’ > 0, for all y € R”, where
@p (B(y, r)) C B(pp(y), r') and hence that gp satisfies (4.1). To see this, let 0 € A C
B(0, r) be a finite set such that B(0, %r) C Uuea Bla, r). Then the above implies that

3
(pp/(B(}I, Er)) C U B(pp(y +a), r').

acA

By Lemma 4.9 the maps y — @p/(y + a) — ¢p/(y) are weakly P’-equivariant and hence
bounded. If we denote a common bound for their norm by M then (J,.4 B(ep/(y +
a), ') C B(pp/(y), r' + M). This shows that ¢p satisfies (4.1). Since gpp and ¢ are
uniformly continuous (¢ as d¢ is bounded), pp — ¢ is bounded and hence ¢ satisfies
Hypothesis 4.1.

We have ®(orb(P)) =orb(P’) and ®~'(Ep/) = Ep. Now if y € P’ then the first
identity implies that there exists a x such that P’ — ¢p(x) = P’ — y, and hence pp(x) — y
lies in the periodicity lattice of P’. Using ¢(0) =0 and continuity we can arrange for
¢p(x) = y. Now the second identity implies that P — x € Ep and hence x € P. O

Remark 4.12. The map ¢ constructed in Theorem 4.10 may differ substantially from ¢p
away from P, but it defines the same deformation.

A refinement of Lemma 2.6(3) allows us to construct maps which are arbitrarily
close, namely for all € > 0 there exists a smooth function ¢ : R" — R"” with strongly
P-equivariant differential such that ||¢p — ¢||cc < € and ¢ coincides with ¢p on P.

This can be seen as follows. Fix § > 0. Uniform continuity of w — ¢, (x) is equivalent
to weak P-equivariance of y > @p_y(x) = Axpp(y) (x € R" fixed)f. Hence we can find
a partition {P;}; of P such that for all x € B(0, 3A) and p, g € P; we have |A,¢pp(p) —
Axpp(g)| < 8. Furthermore, taking if necessary a refinement of that partition, the strong
P-equivariance of Appp: PN (P —h) — R”" allows us to assume that, for h € P — P,
|h| < A, Appp takes the same value on all points of P;. Choose p; € P; and set, for p € P;
and x €intV, — p,

¢x+p)=v&x+pi)—v(p)+¥(p). (4.6)

+ We extend the definition of Aypp(y) =¢p(y +x) —¢p(y) tox, y € R".
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Now we proceed exactly as in the proof of Lemma 2.6(3) thereby obtaining a smooth
function ¢ = p * ¢ which has strongly P-equivariant differential. If we choose 8 small
enough then ||¢ — ¢p| o is smaller than any given €. The only drawback is that ¢ — ¢p
does not vanish on P. But the restriction of ¢ — ¢p to P is strongly P-equivariant. We may
therefore use Lemma 2.6(3) to add a smooth strongly P-equivariant function to ¢ such that
the result coincides with ¢ p on P. This correction is of order € in the || - ||oo-norm and so
we are done.

4.2. Exact P-equivariant 1-forms. Exact P-equivariant 1-forms are of the form df
where f is P-equivariant. This implies that f is bounded. Such maps are not good
candidates to compare P with f(P) as the latter could not even be uniformly discrete.
It is more fruitful to consider exact 1-forms of the form d(¢ — id) and then compare P
with ¢ (P).

THEOREM 4.13. Let P be a Delone set of finite local complexity, ¢ : R" — R" be a
CO-function and g € GL(n, R). Suppose that ¢ — g is weakly P-equivariant. Then Dy isa
uniformly continuous map which satisfies ®4(w — x) = 4 (w) — g(x). In particular, Pig
extends to a topological semi-conjugacy between (2p, R") and (Q4(p), R") mapping P
to P'. If o — g is even strongly P-equivariant then ¢(P) is a Delone set.

Proof. We consider first the case that ¢ — g is P-equivariant with range R. Clearly
g(P) is a Delone set. Since p(P)=g(P)+ (¢ — g)(P) and (¢ — g)(P) is finite by
Lemma 2.4, also ¢(P) is a Delone set. For the second statement choose r > 0 and let
r'=R+r.Let D(P —x, P—y) <1/r'. Since P has finite local complexity we can
find x’, ¥y’ € B(0, 1/2r") such that B./[P — x — x'] = B[P — y — y']. By Lemma 4.2 we
then have B,[p(P) — g(x +x")]1= By[¢(P) — g(y +¥)] and so D(p(P) — g(x +x),
o(P) —g(y+y)) <1/r. If r is sufficiently large then D(¢(P) — g(x + x'), o(P) —
g(x) < |g(x")] < llgllco/2r'. Hence the triangle inequality gives

D(P — g(x), P — g(y)) < — + 18l
’ ~r R+r’

Since this tends to zero when r tends to infinity we conclude that @, is uniformly

continuous.
Now suppose that ¢ — g is merely weakly P-equivariant and hence for any € > O there
exists a strongly P-equivariant C O_function ¢ such that ||¢ — ¢¢|lc < €. Now

D(®g(P —x), Peg(P —x)) =dr(p(P), ge(P)) <€

and a further application of the triangle inequality implies that ®, is uniformly continuous.

The surjectivity of g implies that the image of ®, contains the orbit of ¢ (P) and hence
that &, is surjective. The relation ®4(w — x) = $4(w) — g(x) is clear for w = P — y and
follows for general @ from the continuity of ®,. a

We now investigate conditions which lead to statements in the converse direction:
assuming that P’ is a deformation of P such that the dynamical systems are pointed
topological conjugate, is there a weakly P-equivariant map ¢ such that ¢(P) = P’? Clark
and Sadun obtained related results for substitution tilings [CS06].
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Consider two patterns P and P’ of finite local complexity and suppose that ¥ : Qp —
Qp is a semi-conjugacy mapping P to P’. Since it commutes with the R”" actions, the
maps constructed in Lemma 4.9 are all equal to the identity. Moreover, since W has to be
the continuous extension of P — x — P’ — x we must have

U = dyy.

Of course, the semi-conjugacy is not assumed to preserve the canonical transversals.
If we assume in addition that P’ is the image of P under a C'-function ¢ satisfying
Hypothesis 4.1 and having strongly P-equivariant differential, then we obtain from
Theorem 4.8 a (in general different) map &, : Qp — Qps which preserves the canonical
transversal but does not commute with the R” actions. Our main question is, therefore,
under which additional conditions does uniform continuity of ®;q and ®, imply that ¢ — id
is weakly P-equivariant?

A first observation to make is that boundedness of ¢ — id is necessary, as weakly P-
equivariant functions are bounded. We call a deformation bounded if ¢ — id is bounded.
We show below that boundedness of ¢ — id is sufficient, provided P’ is aperiodic and
uniformly discrete.

LEMMA 4.14. Let P CR" be an aperiodic, uniformly discrete set. For all M > 0 there
exists r > O such that, for all h € R", |h| < M, the following holds: if B,[P]= B[P — h]
then h =0.

Proof. Let us suppose the contrary. Then there exist M > 0, a sequence (r,,), tending to
—+00, and points h, € R"*, |h,| < M such that B, [P]= B, ,[P — hy,] but h, # 0. Since
{h e R": |h| < M} is compact we can assume, perhaps after taking a sub-sequence,
that (h,), converges, let us say to /. This limit satisfies & 7 0 since B, [P] = By, [P — hy]
for large enough r,, implies that either 4, = 0 or |h,| > ryin(P). It follows that (P — h,),
converges to P —h and that P —h = P. This contradicts the assumption that P
is aperiodic. O

THEOREM 4.15. Let P’ be an aperiodic and uniformly discrete deformation of a Delone
set P of finite local complexity. Thus, in particular, P' = @ (P) for some smooth function
¢ :R" = R" with strongly P-equivariant differential and satisfying Hypothesis 4.1.
Suppose that P’ is, moreover, pointed topologically semi-conjugate to P and hence ®iq
is uniformly continuous. If ¢ — id is bounded then it is weakly P-equivariant.

Proof. Without loss of generality, we may assume that ¢(0) = 0. Then &, : Qp — Qp/,
which is uniformly continuous by Theorem 4.8, is given by

Dy(P —x) = Pig(P — x) + n(x),

where n = ¢ — id. By definition of the metric, uniform continuity of ®, and ®;q implies
that for any € > 0 there exists § > 0 such that, for all x, y € R”",

Bs-1[P —x] = Bs-1[P — y]

B1e[®y(P — x)] = B1/e[®@y(P — y)]
Bl/e[q)w(P_x)+77(x)] = B1/e[®<p(P—y)+n(Y)]-
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Suppose that € ~! > 2(||n]loo + 1). Let p € P. Then we have, for all x € R”,
Bs1[P — x] = Bs-1[P — p] = there exists x" € R", [x'| < 2e:
B -1[®p(P = p)1 =B 1[Pe(P — p) + n(x) —n(p) — x'].

Since 7 is bounded we can apply Lemma 4.14 to ®,(P — p) with h = n(x) — n(p) — x’
to conclude that [n(x) — n(p)| < 2¢. By the finite local complexity of P there exists a

finite subset {p1, ..., px} C P such that the sets {p € P | Bs—1[P — p] = Bs—1[P — p;]}
partition P. They are clearly locally derivable from P. Hence we can apply Proposition 2.7
to obtain the statement. m|

The following example shows that the hypothesis of boundedness of ¢ — id is not
implied by the other conditions of the theorem. The Penrose tilings can be defined by
means of a substitution. This is a locally defined decomposition y of the tiles into smaller
tiles followed by a rescaling by a factor of 7, the golden ratio. If T is a Penrose tiling
then y (T) and T are mutually locally derivable, since the substitution is recognizable. In
particular, 7 and y (T') are pointed topologically conjugate and so are their vertex sets 77
and y(T)". Now a few Penrose tilings have the property that they are invariant under the
fourth iterate of the substitution. Hence for those, y*(T)" = t~*T"?, and thus y*(T)" is a
deformation of TV given by the map ¢ = t~*id. Clearly ¢ — id is unbounded.

4.3.  Deforming back. Recall that according to Definition 4.5 a deformation of a pattern
P is determined by a function ¢ : R” — R” whose differential is strongly P-equivariant.
The deformed pattern is then ¢(P). This does not imply that P is a deformation of
@(P), i.e. that there exists a function ¥ : R" — R” whose differential is strongly ¢(P)-
equivariant such that ¢ (¢(P)) = P. For instance, ¢ (P) could be periodic whereas P was
not. Thus deformations are not always invertible. Although this is not analysed in [CS06],
it is quite clear that, for fixed k (cf. §2.4.2), there exists a neighbourhood of the identity
shape function such that shape functions in that neighbourhood are admissible and define
deformations which can be inverted. It is not clear a priori, however, that one can obtain
a lower bound on the size of this neighbourhood which is uniform in k. We will in this
section effectively establish such a lower bound (Theorem 4.18) and thereby guarantee
that small deformations are invertible, i.e. can be deformed back.

Given a uniformly discrete set P with minimal distance between points 7y, we define
Ap : [rmin, 00) — ]R+’

Ap(r) =inf{|h —W|:h,}W e U B[P —x],h# h’}.
xeP
Ap(r) is a monotonically decreasing function which is bounded from above by rmpip.
Moreover, if P has finite local complexity then Ap(r) is strictly positive since then
U,ep Br[P — x]is afinite set.
For the following lemma and its corollary we do not require any P-equivariance
property of ¢ or de. In particular, ¢ (P) will usually not have finite local complexity.

T Definition 4.5 does not allow for additional markings of the points of ¢ (P) which could render the deformation
invertible.
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LEMMA 4.16. Let P be a uniformly discrete set of finite local complexity. For all r > 0
there exists 1 > € > 0 such that, for all differentiable functions ¢ : R" — R" which satisfy
ld(¢ —id)||co < €, the following holds: forall x,y € P

By [o(P) — ¢(x)] = By [p(P) — ¢p(y)] =
B[P —x]=B:[P —y] and
Jorallh € B[P —x]:¢(x +h) —¢x) =¢(y +h) — @)

where r’ =r(l —e)~L.

Proof. The statement is trivial for » < rpyjn, the minimal distance in P, so we assume that
7 > Fmin. Define
e= sup {2t(1 — )" 2r < Ap((1 —)"?r)}.

O<t<l

Suppose that [|d(¢ —id)|lec <€. Let ¥’ =r(1 —€)™' and Sy (x):={he P —x|ox +
h) — ¢(x) € B [@(P) — ¢(x)]}. Since ¢ is bi-Lipschitz with constant A = (1 —¢)™!
we have

B—ey’[P —x] C Sy (x) CBi_gy-1[P — x]. 4.7

Now let B,/[p(P) — ¢(x)] = By/[¢(P) — ¢(y)]. This implies that there exists a bijection
B8, (x) = S,/(y) such that
ey + B) —e(y) = + h) — @(x).

It follows that S(h) — h =n(x +h) — n(x) — n(y + B(h)) — n(y) with n=¢ — id and
hence
|B(h) — h| < (Ih] + |B(W)DId (@ — id) [lo-

By the right inclusion of (4.7),
(a1 + 1BIDIId(p — id)[loo <2(1 — ) 'e=Ap((1 —e)~'F).

Since B(h), h € UXGP B,[P — x], the definition of Ap implies that 2 = B8(h) and so
Sy (x) = S,/ (). From the left inclusion of (4.7), it follows that B[P — x] = B[P — y]
and, since h = B(h),forallh € B[P —x], o(x + h) —o(x) =y + h) — ¢(y). O

COROLLARY 4.17. Let P be a Delone set of finite local complexity. There exists 1 > € > 0
such that, for all differentiable functions ¢ : R" — R" which satisfy ||d(¢ — id) || s < €, the
following holds: for all r > 0 there exists v’ > 0 forall x, y € P

By [¢(P) —¢(x)] = By[9(P) — ()] = B[P —x]= B[P — yl]. (4.8)
Proof. Choose § > 0 and ro > 0 such that, for all » > rg and x € P, the following holds:

BryslP—xlc | ) B/AP—x—hl+h (4.9)
heB,[P—x]

This is possible since P is relatively dense. Choose € such that the statement of
Lemma 4.16 is satisfied with r = ry and some r’ = r(/). For x € P, let

V(x):= U Br()[w(P) —o(x +M)]+ ek +h) — o).
heB, [P—x]
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V(x) is a subset of ¢(P) — ¢(x). Then
B(p(x +h) — (), rg)) NV (x) = By [9(P) — o(x + W]+ ¢(x +h) — ¢(x). (4.10)

Now let V(x) =V (y), x, y € P. This implies, in particular, that Br(/)[(p(P) —pX)]=
B,(/) [¢(P) — ¢(y)] from which we conclude from Lemma 4.16 that B,,[P — x] = B, [P —
vl and, forallh € B,,[P — x], ¢(x +h) — ¢(x) =¢(y +h) — ¢(y). The latter implies
with (4.10) that, forall & € B[P — x], B,(/)[(p(P) —px+h]= B,6[¢(P) —o(y+h)]
and hence by Lemma 4.16 that, forall & € B[P — x], Byj[P —x —h]= B, [P —y —
h] holds and, forall " € B, [P —x —hl, p(x +h+ 1) —px +h) =9y +h+h') —
@(y + h). In particular, we find that, for all A" € B,,[P — x — h]+ h,

p(x +h") —e(x) =px+h+ (h" —h)) —ex +h) + e +h) —ex)
=o(y+h+ 0" —h)—e+h) +ely+h) —e®)
=o(y+h")—e®),

as h"" —h € B,[P —x —h]. Thus V(x) =V(y), x, y € P implies that B, [P —x]=
B, [P —yland, forallh € B, [P —x], p(x + h) —¢(x) = @(y + h) — ¢(y) where r| =
ro + 8. Since V(x) is finite there exists an ri such that V(x) € B(0, ri). It follows that,
forx,ye P, Br]/ [p(P) —p(x)] = B’f [¢(P) — @(y)] implies that V (x) = V(y). We have
thus proven that the statement of Lemma 4.16 holds with the same € but » =y and r’ =r{.
Iterating this argument yields the statement of the corollary. O

Note that in the statement of the corollary the points x and y were taken from P and
so the corollary does not imply that dg~! is strongly ¢(P)-equivariantt. To obtain the
statement for arbitrary x, y € R” we need to require that d is strongly P-equivariant.

THEOREM 4.18. Let P be a Delone set of finite local complexity. There exists 1 >
€ > 0 such that, for all differentiable functions ¢ : R" — R" whose differential satisfies
ld(p —id)||co < € and is strongly P-equivariant the following holds: for all r > O there
existsr’ > 0 forall x, y € R"

By [o(P) — ¢(x)] = By[e(P) — ¢(y)] = Br[P —x] = B,[P —y]. (4.11)

Proof. Given P and € according to Corollary 4.17 let ¢ : R* — R” be a C'-function
whose differential dg is P-equivariant with range R and satisfies ||d(¢p — id)||c < €. Let
r > max{Armax, R} where rpax = inf{r [forallx e R" : B,[P —x]# @}, A= (1 — )L
Let v’ = r'(r + Armax) according to Corollary 4.17.

Suppose that By, [@(P) = 9(0)] = By [9(P) — @(3)]. Choose h € ¢(P) —
@(x) such that |h| < Armax. Let x’ = ¢ (@(x) + h) and y = ¢~ (¢(y) + k). Then ¢(x"),
©(y") € p(P) and B, [¢(P) — ¢(x")] = B,/[p(P) — ¢(y")]. From Corollary 4.17 we
conclude that By, . [P — x'1= B tarma [P — Y']. Since de is P-equivariant with
range r the latter implies that ¢(x) — ¢(x") = ¢(y' +x — x’) — @(y’) which, in turn, is
equivalent to ¢(y) = ¢(y’ +x — x’). Since ¢ is invertible we get y — y' =x — x’ and
hence B[P — x] = B[P — y]. O

+ The argument breaks down if one allows arbitrary x € R”, as replacing in the definition of A p the union over
x € P by aunion over x € R"” would yield A p(s) =0.
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COROLLARY 4.19. Let P be a Delone set of finite local complexity. There exists
1 > € > 0 such that for all differentiable functions ¢ : R" — R" whose differential satisfies

1

ld(¢ —id)||co < € and is strongly P-equivariant we also have that do™" is strongly

o(P)-equivariant.

Proof. Given P there exists € according to the last theorem. Suppose that
ld(¢ —id)|loo < € and that dg is P-equivariant with range r. Let r’ correspond to the
one needed in the last theorem. Let B, (¢(P) — ¢(x)) = B (¢(P) — ¢(y)). By the last
theorem this implies that B, (P — x) = B[P — y]. Hence dy(x) = d¢(y). Since

do™ ) (p(x) = (dp(x)) ™!

—1

(the inverse in the matrix sense) we see that dp~" is P-equivariant with range r’. O

We can now answer the question as to what it means if two closed forms differ by an
exact form, at least for forms which are close to did.

COROLLARY 4.20. Let P be a Delone set of finite local complexity. There exists
1>¢€>0 such that if dp and dv are strongly P-equivariant, ||d(¢p —id)|eo <€,
and furthermore if ¢ — ¥ is weakly P-equivariant (or even strongly P-equivariant)
then (y — @) o @~ is weakly ¢(P)-equivariant (or even strongly ¢(P)-equivariant).
In particular, ¥ o ¢~ induces a topological semi-conjugacy between (Qycpy, R") and
(Qy(p), R") (or even y(P) is locally derivable from ¢(P)).

Proof. Suppose that ¢ — 1 is P-equivariant with range r. By Theorem 4.18 we
find " such that B,/[¢(P) — x] = B./[¢(P) — y] implies that B,[P — ¢~ ' (x)] = B,[P —
¢~ 1 (x)]. Since n(x) = (¢ — ¥) (¢~ 1(x)) the latter implies that 5(x) = n(y). Hence 7 is
P-equivariant with range r’ and so the result follows directly from Lemma 4.2 (the ¢, g
and P there correspond to id — n, id and ¢(P) here). O

4.4. Locally deriving back. 'When are ¢(P) and P mutually locally derivable? Suppose
that ¢ — id is strongly P-equivariant so that, in particular, ¢ (P) is locally derivable from P.
The last corollary gives an answer to the question of under which condition can P be locally
derived back from ¢(P), namely this is the case if ||d(¢ — id)||s < € for some € whose
size could be estimated using the details of Corollary 4.17.

4.5. Cohomological interpretation. We interpret our results in cohomological terms.
Let By (c, €) be the open e-ball around o € lefp (R*, R") with respect to the
Il - lloo-norm. A good measure for the size of the deformation defined by ¢ is given
by inf{||de + dnlleo : dn € N;_P (R*, R™M)}. It is scale invariant and corresponds to the
maximal relative change of distance between points resulting from the deformation.
Theorem 4.8 and Corollaries 4.19 and 4.20 allow for the following interpretation.
For all Delone sets of finite local complexity there exists an € such that the elements
of Z 3—P (R", R") N By (did, €) define invertible deformations of P. If, moreover, two
such elements differ by an element of BiFP (R", R™) (or even BSL p (R, R")) then they
define pointed topological conjugate (or even mutually locally derivable) deformations.
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Theorems 4.13 and 4.15 say that the elements near the class of did in the mixed
quotient Z slfp @®R*, R")/ BlllHD R", RYNZ ALP (R*, R") parametrize small deformations
modulo bounded deformations which are in the same pointed conjugacy class. Here we
say that a deformation defined by a map ¢ is bounded if ¢ — id is bounded, a condition
which implies that the deformation is homotopic to the original pattern in the Hausdorff
metric. Note that a bounded deformation has finite size but the converse need not be true.

On the level of pattern spaces and their associated dynamical systems the following
picture has emerged (Theorem 4.10). An element d¢ near did of Z XI_P (R", R™) defines
a homeomorphism from the hull of P to that of the deformation it defines which
restricts to a homeomorphism between the canonical transversals and maps P to its
deformation. If d(¢ —id) lies even in Bl ,(R", R")N Z! ,(R", R") then it defines a
second homeomorphism, this time a pointed conjugacy between the continuous dynamical
systems. The two homeomorphisms need not coincide.

REFERENCES

[BSJ91] M. Baake, M. Schlottmann and P. D. Jarvis. Quasiperiodic tilings with tenfold symmetry and
equivalence with respect to local derivability. J. Phys. A: Math. Gen. 24 (1991), 4637-4654.

[CS06] A. Clark and L. Sadun. When shape matters: deformations of tiling spaces. Ergod. Th. & Dynam. Sys.
26 (2006), 69-86.

[G] F. Gihler. Talk given at the conference ‘Aperiodic Order, Dynamical Systems, Operator Algebras and
Topology’ 2002, slides available at: www.pims.math.ca/science/2002/adot/lectnotes/Gaehler.

[Ke97] J. Kellendonk. Topological equivalence of tilings. J. Math. Phys. 38 (1997), 1823-1842.

[Ke03] J. Kellendonk. Pattern-equivariant functions and cohomology. J. Phys. A: Math. Gen. 36 (2003), 1-8.

[KR06] J.Kellendonk and S. Richard. Topological boundary maps in physics: general theory and applications.
Perspectives in Operator Algebras and Mathematical Physics. Theta, Bucharest, 2008, pp. 105-121.

[KP06] J. Kellendonk and I. F. Putnam. The Ruelle-Sullivan map for actions of R”. Math. Ann. 334 (2006),
693-711.

[Sa03] L. Sadun. Tiling spaces are inverse limits. J. Math. Phys. 44 (2003), 5410-5414.

[Sadun] L. Sadun. Pattern-equivariant cohomology with integer coefficients. Ergod. Th. & Dynam. Sys. 27(6)
(2007), 1991-1998.

[SW03] L. Sadun and R. F. Williams. Tiling spaces are Cantor set fiber bundles. Ergod. Th. & Dynam. Sys. 23
(2003), 307-316.

https://doi.org/10.1017/5014338570700065X Published online by Cambridge University Press


https://doi.org/10.1017/S014338570700065X

