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GAP-LABELLING CONJECTURE WITH NONZERO MAGNETIC FIELD
MOULAY TAHAR BENAMEUR AND VARGHESE MATHAI

ABSTRACT. Given a constant magnetic field on Euclidean space RP determined by a skew-
symmetric (p X p) matrix ©, and a ZP-invariant probability measure p on the disorder
set X which is by hypothesis a Cantor set, where the action is assumed to be minimal,
the corresponding Integrated Density of States of any self-adjoint operator affiliated to the
twisted crossed product algebra C(X) X, ZP, where o is the multiplier on ZP associated
to ©, takes on values on spectral gaps in the magnetic gap-labelling group. The magnetic
frequency group is defined as an explicit countable subgroup of R involving Pfaffians of ©
and its sub-matrices. We conjecture that the magnetic gap labelling group is a subgroup of
the magnetic frequency group. We give evidence for the validity of our conjecture in 2D,
3D, the Jordan block diagonal case and the periodic case in all dimensions.

1. INTRODUCTION

The gap-labelling theorem was originally conjectured by Bellissard [5] in the late 1980s. It
concerns the labelling of gaps in the spectrum of a Schrédinger operator (in the absence of a
magnetic field) by the elements of a subgroup of R which results from pairing the Ky-group
of the noncommutative analog for the Brillouin zone with the tracial state defined by the
probability measure on the hull. The problem arises in a mathematical version of solid state
physics in the context of aperiodic tilings. Its three proofs, discovered independently by the
authors of [15, 29, 7] all concern the proof of a statement in K-theory. Earlier results include
the proof of the gap-labelling conjecture in 1D [6], 2D [8, 50] and in 3D [11]. A more detailed
account of the history of gap-labelling theorems can be found in Appendix B.

In the presence of a non-zero constant magnetic field in Euclidean space, the gap-labelling
conjecture is much trickier to state, even though it was known to be the more interesting
problem in spectral theory and in condensed matter physics since the 1980s, cf. [9]. Here,
we manage to give, for the first time, a precise formulation of conjectures for the magnetic
gap-labelling group in all dimensions which encompass all previously known results. More
precisely, in this paper we initiate the study of the gap-labelling group in the case of the
magnetic Schrodinger operator on Fuclidean space RP with disorder set a Cantor set > under
a non-zero magnetic field B = %dmt@dx, where O is a (p x p) skew-symmetric matrix. We
believe that proving (or disproving) our conjectures would constitute an important step in
the understanding of aperiodic tilings under a constant magnetic field. Given a ZP-invariant
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probability measure g on X, the corresponding Integrated Density of States of any self-
adjoint operator affiliated to the twisted crossed product algebra C'(X) x, ZP takes values
on spectral gaps in an explicit countable subgroup of R involving Pfaffians of © and its
sub-matrices that we describe in Conjecture 1, where o is the multiplier on ZP associated
to ©. The physical interpretation of one side of our conjecture is a natural extension to the
magnetic case of the notion of the group of frequencies studied in solid physics; see [5]. In
2D, the magnetic gap-labelling group applies to the magnetic Schrodinger operators that are
the Hamiltonians which are pertinent to the study of the integer quantum Hall effect, cf. [10]
and the bulk-boundary correspondence, cf. [30, 35].

Upon defining the magnetic gap-labelling group and the magnetic frequency group in Def-
inition 1, our gap-labelling Conjecture 1 states that for minimal actions of Z” on a Cantor
set, the magnetic gap-labelling group is a subgroup of the magnetic frequency group. Our
gap-labelling Conjecture 2 states that for strongly minimal actions of ZP on a Cantor set,
the magnetic gap-labelling group coincides with the magnetic frequency group. Our main
achievements in this paper, besides the precise statement of the conjectures, are complete
solutions to the conjectures in the 2D case and also in the 3D case. We also give other
evidence that our conjectures should hold in higher dimensions such as in the periodic case
and the Jordan block diagonal case.

The heart of our approach is a new index theorem, named the twisted index theorem
for foliations, see subsection 3.3. We also use the Baum-Connes conjecture with coefficients,
which is known to be true for the relevant free abelian discrete group Z* (cf. [2]). In addition,
the integrality of all the components of the Chern character is needed to complete the
proof of our magnetic gap-labelling conjecture, and is the trickiest part of the proofs of our
theorems. This is in contrast to the proof of Bellissard’s gap-labelling conjecture, where
only the integrality of the top dimensional component of the Chern character is needed,
and it explains in a nutshell the difference in complexity of the two conjectures. Direct
cohomological computations in the 3D case enabled us to prove Conjecture 2 (see Corollary
7.6) for strongly minimal systems, a notion that is introduced in Definition 2. We have
included the complicated combinatorics that proves an independently interesting result in
Theorem 8.1 and which makes possible a better understanding of our magnetic gap-labelling
conjectures. The proof of this theorem is a tour de force computation, and although our
method extends to all dimensions, it only allowed us to deduce Conjecture 2 under an extra
hypothesis on the corresponding clopen subsets. The strategy of proving the results in
Section 7 and Section 8 are outlined at the beginning of these sections.

In a forthcoming paper, we plan to weaken the hypotheses of Theorem 8.1 and to system-
atically study the magnetic gap-labelling group in all higher dimensions.

It is worth pointing out that the proofs mentioned earlier of the Bellissard gap-labelling
conjecture, which is the special case of the zero magnetic field, use the integrality of the
top degree component of the Chern character for even dimensions. Since no published proof
of this Chern-integrality result is known for general minimal ZP-actions on Cantor sets, we
do not use it in the present paper. Notice however that the Chern-integrality condition
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is fulfilled for low dimensions (2D and 3D) and it was also proved in all even dimensions
whenever the relevant K-theory is torsion-free, see [15, 14, 16].
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2. MAGNETIC SCHRODINGER OPERATORS

We begin by reviewing the construction of magnetic Schrodinger operators. Consider Eu-
clidean space RP equipped with its usual metric Z§:1 dx?. Consider the uniform magnetic
field B = 3daz'©dx = %Zj,k O,xdz; A dx), where © is a constant (p x p) skew-symmetric
matrix. The Euclidean group G = R? x SO(p) acts transitively on R? by affine transforma-
tions. The torus T? can be realised as the quotient of R? by the action of its fundamental
group Z7P.

Let us now pick a 1-form 7 such that dnp = B. This is always possible since B is a closed
2-form and RP? is contractible. We may regard 7 as defining a connection V = d + in on
the trivial line bundle £ over R”, whose curvature is ¢B. Physically we can think of n as an
electromagnetic vector potential for the uniform magnetic field B normal to RP. Using the
Riemannian metric, the Hamiltonian of an electron in this field is given in terms of suitable
units by

1 1 , .
o, = §VTV =5+ i)' (d + i),

where 1 denotes the adjoint. In a real material this Hamiltonian would be modified by the
addition of a real-valued potential V', and called a magnetic Schrodinger operator H,y =
H, + V. The spectrum of the unperturbed Hamiltonian H, for n = 3> 0 ,2;dx;, has been
computed by physicists. We record that it has discrete eigenvalues with infinite multiplicity.
Any 7 is cohomologous to %Z Ojxjdxy, since they both have B as differential, and forms
differing by an exact form d¢ give equivalent models: in fact, multiplying the wave functions
by exp(i¢) shows that the Hamiltonians for n and %Z O,z dx), are unitarily equivalent.
This equivalence also intertwines the ZP-actions so that the spectral densities for the two
models also coincide. However, it is the perturbed Hamiltonian H, y = H, +V which is the
key, and the spectrum of this is unknown for general ZP-aperiodic V. Set n = % > O,xdxy,
from now on. For v € ZP, consider the function on R? given by ¢, (z) = 3 > Ovzk. It
satisfies v*n —n = di,. Also, 1,(0) = 0 for all v € Z7 and ¢, (1) = 3 3 Oy, for v € ZP.
Define a projective unitary action 77 of Z? on L*(RP) as follows.

(1) U,()(z) = flz =),
(2) Sy (f)(x) = exp(—2miy, () f(2),
(3) Tfy’ =U,0S5,.

Then the operators 77, also known as magnetic translations, satisty Ty = Id, T T?7 =
o (v, WQ)Tgm, where o(7,7") = exp (=27, (7')) is a multiplier on ZP satisfying,

(1) o(v,e) =o(e,y) =1 for all v € ZP;

(2) o(1:72)0(m2,78) = 0(71,7273)0 (72, 73) for all o5 € 27, j = 1,2,3.
Note that with the above choices, we also ensure the relation (y1,72) = (72, 71), and in
particular o(vy,7) = 1, Vy € ZP. An easy calculation shows that T7H, = H,T7. Also, we

shall assume that V' is aperiodic with hull equal to a Cantor set > and we conclude that the

magnetic Schrodinger operator H,, i is also aperiodic with hull equal to X.
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According to Bellissard’s gap-labelling theorem, [5], under usual conditions on the ape-
riodic potential V', the C*-algebra of observables is associated with a minimal dynamical
system and is defined as follows. Fix z € C\ R and consider the strong closure X of the
space of all conjugates of the resolvent (H — 2I)~" under the magnetic translations (77),cre-
Then X is independent of the choice of z up to homeomorphism, and it is a compact space
with a minimal action of RP, through the same magnetic translations. The C*-algebra of
observables is then the twisted crossed product C*-algebra C'(X) x, RP. For the particular
tilings we are interested in, and which include quasi-crystals [8], this latter C*-algebra is
Morita equivalent to a discrete twisted crossed product algebra C(X) x, ZP for some Cantor
space ..

If A € Ris in a spectral gap of H,y, then the Riesz projection X(—oo(H;v) can be
expressed as py(H, ) where p, is a smooth compactly supported function which is identically
equal to 1 in the interval [inf spec(H, v ), A], where inf spec(H, ) denotes the bottom of
the spectrum of the self-adjoint operator H, y that is bounded below since V' is bounded
below by our hypotheses. Assume also that the support of p, is contained in the interval
|—¢ +inf spec(H, v), A + €| for some € > 0. Then p)(H, ) € C(X) X, Z° ® K and therefore
one obtains an element,

[pa(Hy)] € Ko(C(E) x5 Z7).
A standard assumption on the physical model is the gap hypothesis, which is that the Fermi
level of the physical system described by H, y lies in a spectral gap. We shall enunciate a
precise conjecture generalising a famous conjecture of Bellissard in the absence of a mag-
netic field. We shall also give a complete proof of our conjecture in low dimensions, and give
evidence for it in all dimensions.

3. THE MAGNETIC GAP-LABELLING GROUP

In this section, we introduce and start our study of what we shall call the magnetic gap-
labelling group. Inspired by Bellissard’s gap-labelling conjecture [5], we show that the mag-
netic gap-labelling conjecture can be completely stated in the language of minimal totally
disconnected dynamical systems. More precisely, we assume that we are given p commuting
homeomorphisms 7' = (7})1<;j<, of a Cantor space ¥ which preserve a Borel probability
measure 4. S0 X is compact totally disconnected without isolated points and these homeo-
morphisms then generate a minimal action of the abelian free group Z” so that T} corresponds
to the action of the canonical basis vector ¢; € ZP.

The subgroup of the real line R which is generated by p-measures of clopen subspaces
of ¥ is denoted Z[u]. This is known as the group of frequencies of the aperiodic potential
associated with the quasi-crystal, i.e. appearing in the Fourier expansion of that potential.
It can also be seen as the image under (the integral associated with) the probability measure
wof C(X,7Z), the group of continuous integer valued functions on . That is,

2l = { [ r@auta)]r e ce.m)} - w2




Let I be an ordered subset of {1,...,p} with an even number of elements, and let C'(%, Z) e
denote the coinvariants of C'(3,7Z) under the action of the subgroup Z!" of ZP, where I¢

denotes the index set that is the complement to I. Let (C(X, Z)ch)ZI denote the subset of
C(%,Z) e composed of those Z!“-coinvariant classes in C(X, Z) e which are invariant under
the induced action of the subgroup Z!. Define

Zilu) = 1 ((C(. Z)ze)™ ).
Notice that
LWl =Z C Zi[p] C Z[p] = Zo[p)-

3.1. Labelling the gaps. Let ¢ be a multiplier of Z” which is associated with the skew
symmetric matrix ©. The ZP invariant probability measure p yields a regular trace 7 on
the twisted crossed product C*-algebra C(X) x, ZP, which is by fiat the operator norm
completion of the x-algebra of compactly supported continuous functions C.(Z? x ¥) acting
via the left regular representation on the Hilbert space L*(3, du) ® (*(Z%). The trace 7+ is
defined on the dense subalgebra C.(ZP x %) by the equality

(1) ) = o fo) = [ fl)dn(e), where fys 2 £(0,),
by
with 0 the zero element of ZP. Hence 7 induces a trace
(=718« Ko(C(X) %, ZP) — R.

The C*-algebra C(X) x, ZP (or rather a Morita equivalent one) is a receptacle for the
spectral projections onto spectral gaps of the magnetic Schrodinger operator associated with
our system, as explained earlier. Any gap in its spectrum may therefore be labelled by the
trace of the corresponding projection.

Definition 1. The range of the trace 7"
Range(m") = 7™ (Ko(C(X) x,ZF)) C R

is what is natural to call the magnetic gap-labelling group.

The countable subgroup of R given by:
Z PE(O1)Z1[p],
0<|I|<p

is what is natural to call the magnetic frequency group.

It is easy to see the gap-labelling group (without magnetic field) is contained in the
magnetic gap-labelling group.

We next formulate a conjecture that gives an explicit calculation of the magnetic gap-
labelling group, and later give evidence for its validity.



Conjecture 1 (Magnetic gap-labelling conjecture: minimal actions). Let ¥ be a
Cantor set with a minimal action of ZP that preserves a Borel probability measure pu. Let o
be the multiplier on ZP associated to a skew-symmetric (p X p) matriz ©.

Then the magnetic gap-labelling group is contained in the magnetic frequency group.

So, more explicitly, we conjecture the following:

(1) If p is even, then the magnetic gap-labelling group is contained in the countable
subgroup of R given by:

Zlp)+ ) PHO1)Zi[p] + PI(O)Z.

0<|I|<p

(2) If p is odd, then the magnetic gap-labelling group is contained in the countable
subgroup of R given by:

Zip + > PHONZp).

0<|I|<p

In both cases, I is an ordered subset of {1,...,p} with an even number of elements, O;
denotes the skew-symmetric submatrix of © = (©;;) with ¢,j € I, and Pf(©;) denotes the
Pfaffian of ©;.

We mention here the Pfaffian Pf(©) was recognised first as the top degree coefficient in
the range of the trace of the noncommutative torus associated to © in [24], whereas the other
terms were only given in terms of the coefficients of ©. The complete set of coefficients in
terms of the Pfaffians of submatrices of © is given over here for the first time in Proposition
4.1, and is also due to [34] in another context.

Remark 3.1. When p is even, we note that C(3,Z)%" = Z since the ZP action on X is
minimal, which accounts for why the last term in part (1) above is a multiple of Z. More
precisely, when p is even, by the Baum-Connes map py and the measured foliated twisted
L*index theorem (see Section 3.3),

rlia(E) = Y PHOy) [ dog nch(E)

where [ is an ordered subset of {1,...,p} with an even number of elements, dz; is the
differential form of degree equal to |I| on the torus T? but lifted to X = ¥ xz RP, which
is the total space of a fibre bundle over the torus T? with fibre the Cantor set ¥ and FE is a
vector bundle over X whose Chern character is defined as in [37]. Consider the top degree
term,

(5) Pf(©) / dxy A dxg A ... A\ dz,rank(E).
X

Since the action of Z” on the Cantor set ¥ is minimal, X is therefore a connected space
cf. Lemma 3 [16]. So the rank of the vector bundle £ on X is constant and (5) now becomes

(6) Pf(@)rank(E)vol(’]I‘p);;(Z) = Pf(©)rank(E),



since p is a probability measure and the volume of the torus is normalised to equal 1. This
implies that the last term in Conjecture 1 is always of the form Pf(©)Z.

Remark 3.2. We mention that for the dynamical systems arising from the cut-and-project
quasi-crystals, the action is moreover free. One might thus tackle our conjecture under the
extra freeness assumption but we do not make this assumption in the present paper, see
again [16].

In order to ensure the equality in the previous conjecture, it seems necessary to strengthen
the minimality assumption. In particular, we mention the following interesting question:

Problem 1. Under which (dynamical) condition, can one replace containment in Conjecture
1 by equality?

Of particular interest is the case of strongly minimal actions which are defined as follows.

Definition 2. When p is odd, an action of Z? is said to be strongly minimal when for every
generator T}, the infinite cyclic group generated by it (7)) acts minimally. When p is even,
an action of Z” is said to be strongly minimal when for every pair of generators (73,7} )iz;,
the Z? group generated by the pair (T}, T};) acts minimally.

Remark 3.3. Strongly minimal actions are clearly minimal. In the 2D case, minimal actions
are strongly minimal.

For p < 3, we prove that if the action of Z3 on ¥ is strongly minimal, then the answer
is yes. The strong minimality condition might though be too strong for 3D (see Section
8), or even too weak for higher dimensions. It is surprising that despite the case of the
zero magnetic field, where the missing containment relation always holds without any extra-
condition, when the magnetic field is non-zero, the answer to the above problem is not clear.
As a starting point, we then state:

Conjecture 2 (Magnetic Gap Labelling conjecture, strongly minimal actions).
If the action if strongly minimal, then the magnetic gap labelling group coincides with the
magnetic frequency group.

Remark 3.4. As mentioned before, in the 2D case, minimal actions are strongly minimal
and we prove Conjecture 2 in this case in Section 5, in the 3D case in Section 7 and also in
the periodic case in Section 4.

Remark 3.5. There are several motivations for the magnetic gap-labelling conjecture, start-
ing with Bellissard’s gap-labelling conjecture [5], the formula (see section 1 in [34])

e2'0dz _ Z Pf(©;)dx’
I

in the notation above, the magnetic gap-labelling group when the potential of the magnetic

Schrodinger operator is purely periodic which reduces to the computation of the range of the
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trace on the noncommutative torus Ag using the formula above (see Section 4), and finally
the proof of both the magnetic gap-labelling conjectures in 2D and in 3D, that we give in
this paper.

3.2. Some reductions of Conjectures 1 and 2. Let us first mention that it suffices to
prove Conjecture 1 and Conjecture 2 for p even.

Lemma 3.6. If Conjecture 1 is true for some py € N, then it is also true for all p € N such
that p < po. In particular, if Conjecture 1 is true for all p € 2N, then it is true for all p € N.
If Conjecture 1 is true for all p € 2N + 1, then it is true for all p € N.

Proof. By an easy trick, see for instance [16], given a minimal Cantor system of dimension
p as above we may embed ZP in the group ZP™! by using ¢(n) = (n,0) and notice that Z?*!
acts minimally on X by using the ZP-action of the projection onto the p-first factors. We get
in this way a new minimal Cantor system of dimension p + 1. The multiplier o on Z” then
gives rise to the multiplier ¢,o on ZP*! which is given by

L*U((n7 np+1)7 <m7 mp+1)) = O-(na m)

Then ¢,0 is associated with the skew symmetric matrix

© 0
L*@—(O 0).

Now, the above inclusion ¢ yields an inclusion i : C(X) x, Z? — C(X) x,,, ZP*! and it is
easy to check that the following diagram commutes

Ko(C(X) 1, ZP) —2 Ko(C(X) %,,0 ZPH)

T l l‘ri‘

R — R
Hence if we assume that Conjecture 1 is true for p + 1, then we get

(7) 7 (Ko(C(D) %, Z%) = (7t o) (Ko(C(2) %0g ZP)) € ) PE((10)1)Zslp].
0<|I|<p+1

But from the expression of 1,0, we see that if I contains p+ 1 then Pf((..0);) = 0 while for

Ic{1,---,p}, we have Pf((¢.©);) = P{(O). O

The similar proof shows:

Lemma 3.7. If Conjecture 2 is true for some py € 2N, then it is also true for pg — 1. In
particular, if Conjecture 2 is true for all p € 2N, then it is true for all p € N.

Proof. We apply the same proof as for the previous lemma but replace the containment in
(7) with equality and notice that p = py— 1 is odd and hence we consider a strongly minimal
system in the odd case. This means that every generator Tj for j = 1,--- ,py — 1 acts
minimally. But then adding a trivial action of Z as above, we get again a strongly minimal

action for p = pg even. O
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We make some observations now to help investigate the conjectures. In comparison with
the non-magnetic case, we expect the inclusion of the magnetic gap-labelling group into the
magnetic frequency group to be the easy half of the conjecture. Recall that Z7 denotes
the subgroup of Z? which corresponds to a given ordered subset J = {j; < --- < jj i} of
{1,---,p} where we put zero components for the entries corresponding to the complement
set J¢. So the action of Z” on ¥ is generated by the homeomorphisms (7});c;. We denote
for @ = (e, -+, apy)) € ZY! by T the homeomorphism of ¥ which is given by

T :=They T =T 00 T;m

Notice that the Z-module C(X,Z) is generated by the characteristic functions of the clopen
subsets of ¥, however an identification of C(X,Z) with a Z-module (Z-measures) constructed
out of the Boolean algebra S of clopen subsets of ¥ is not helpful. For J = I¢ with [ an
ordered multi-index set of even length as in the statement of the conjecture, one expects
to give a simple description of the class in C(X,Z)c of any clopen set A so that the Z!
invariance can be exploited. So, in order to show for instance that the magnetic frequency
group (RHS) is contained in the magnetic gap-labelling group, one needs to show that for
any such A, the real number Pf(©;) x u(A) belongs to the magnetic gap-labelling group
(LHS).

This inclusion will be given explicitly in Section 8 when A has a convenient presentation.
We shall only give this construction in the 3D case where we succeeded to prove both
our conjectures. Although the construction is already combinatorially involved, it turns
out to be feasible by direct inspection. We expect that our proof will help to deduce an
explicit construction of the easy half of the conjecture for general algebraic combinations of
clopens satisfying the invariance property in the coinvariants, that is whose class belongs to
(O, Z)ze)""

Another important observation is that the K-theory group of the twisted crossed product
algebra is isomorphic to that of the untwisted one. More precisely, the following is probably
known to experts, but we give the short proof. Let X = Y xz» RP be the suspension of
Y., that is the quotient of the cartesian product ¥ x RP under the diagonal action of ZP.
The additive group R” acts on X and this action yields a lamination of X and the action
groupoid X x RP. Recall that the groupoid X x RP is strongly Morita equivalent to the
groupoid ¥ x ZP| see [46, 27], see also [29].

Theorem 3.1 (Twisted Connes-Thom isomorphism). Let ¥ be a Cantor set with an action
of ZP and let X = 3 Xzp RP. Let o be the multiplier on ZP associated to a skew-symmetric
(p x p) matriz ©. Then

KP(X) 2 Ko(C(S) o ZP).

Proof. By the strong Morita equivalence of the groupoids X xRP and ¥ x ZP, we see that the
crossed product C*-algebra C'(X) x RP| is strongly Morita equivalent to the crossed product
C*-algebra C'(X) x ZP. In particular, using Connes-Thom isomorphism [20, 25] , one has

8) KP(X) = Ko(C(X) xlé[ap) ~ o(C(Z) x ZP)



For t € [0, 1], let o; denote the multiplier corresponding to the (p x p) skew symmetric matrix
tO. More precisely,

oi(v,7) = exp (2#\/—1152 @jkfyj’y,’€> , where ~,~' € ZP.

j<k
Now {C(X) x,, ZP : t € [0,1]} is a homotopy of twisted crossed products in the sense of
section 4, [40], where oy = 1 and 01 = 0. By Theorem 4.2 in [40], we deduce that

9) Ko(C(X) xZP) = Ko(C(X) %, ZP).
The Theorem follows from (8) and (9). O

3.3. The measured twisted foliated index theorem. Here we sketch a proof of a special
case of the measured twisted index theorem that we need in this paper. It is a twisted
analogue of a special case of the index theorem in Benameur-Piazza [17]. The general case
will be treated in [13].

Let p : Z" — Homeo(X) denote the minimal action of ZP on 3. We suppose that u
is an invariant measure on Y and that p is even. Then the suspension X = R? Xz X is
a compact foliated space with transversal the Cantor set ¥, and with invariant transverse
measure induced from p (cf. Proposition 2.2 [29]). The monodromy groupoid is:

(10) G=RP xR xX)/Z".

Then the twisted monodromy groupoid C*-algebra, C*(X,F, o) consists of the operator
norm closure of continuous functions £ satisfying the following conditions:

(1) ke C(R? x RP x X);

(2) k(z.y,y.7,9.79) = e @k(z,y,9)e W for all z,y € RP, ¥ € X, v € ZP;

Define the transverse trace as,

(11) Tu(/{):/}(k(a:,x,ﬁ)du(ﬁ)dx.

It easily extends to matrix valued kernel functions, by composing with the pointwise matrix
trace. Next define the continuous functions ¢, (x,7). Let O(J) be a skew-symmetric p x p
matrix that is a continuous function of ¥ € ¥ and such that ©(J.y) = O(¢) for all ¥ €
¥, v € ZP. Since the action of ZP on ¥ is assumed to be minimal, it follows that © = O(9)
is independent of ¢ € X.

Set B = $dx'©dz, which is a closed 2-form on RP x ¥ (which is independent of ¢ € )
satisfying v*B = B for all v € ZP. Since B = dn where for instance n = 2j<k Oz dxy,
we get 0 = d(y*n —n). Since RP is simply-connected, we see that v*n —n = d¢., where ¢,
is a smooth function on R? x ¥ (which is independent of ¥ € ¥). We normalise it so that
¢,(0) =0 for all v € ZP.

Consider functions f € L*(RP x ¥; dzdu) and bounded operators on it defined as follows,

(1) S, f(a,9) = 6@ f(a, 9);

(2) U’yf(x7 19) = f(x'% 79-7)' "



Then for all v € ZP, the bounded operators T, = U, o S, satisfy the relation
(12) T’YIT'YI = 0(717 72) T’YI'Y2

where o(y1,72) = ¢+, (72) is a multiplier on ZP.

Let @ denote the Dirac operator on R? and V = d + in the connection on the trivial line
bundle on RP, V¥ the lift to R? x ¥ of a connection on a vector bundle £ — X. Consider
the twisted Dirac operator along the leaves of the lifted foliation,

(13) D=9paVaVI L) (RPxL,STR®E) — L*(RP x 2,8 ® E).

Then one computes that T, 0 D = D o T, for all v € ZP. The heat kernel k(t, z,y,9) of D,
although not compactly supported, can be shown as usual to belong to the C*-algebra of the
foliation. More precisely, k(t,z,y,7) € C*(X,F,0) ® K. For t > 0, define the idempotent

(D) € My(C*(X, F,0) @ K)

as follows:
e-tD"D*  —4D"D* (1- eftD_DJr)DJr
el(D) = D=D+ )
6—§D+D* D+ 1— 6ftD+D‘

It is the analogue of the Wassermann idempotent, see e.g. [22]. Then the C*(X, F, 0)-twisted
analytic indez is defined as

(14) Indexcs(x,7,0)(D") = [e(D)] — [Eo] € Ko(C*(X, F,0)),

0 0
By )

Finally, using the fact that C*(X,F,0) and C(X) x, RP are isomorphic, this constructs a
twisted foliated index map, generalizing Section 2, [32] and also [21], [37]

Indexcs(x 7o) : K'(X) — Ko(C(X) %, R?) as [E] — Indexcx(x 7.0) (D).

where ¢t > 0 and Ej is the idempotent

The twisted measured index of DT is then by definition the 7#-trace of the index class, a
real number.

Theorem 3.2. Under the previous assumptions, the measured index of DV is given by the
formula

7,(Index(D%)) = Y " Pf(©;) /X dz; A ch(Fg)du(9).

Here I runs over subsets of {1,...,p} with an even number of elements, dxy is the differential
form of degree equal to |I| on the torus TP which is lifted to X = % Xz» RP, and Oy is the
skew-symmetric submatriz of © = (©;;) with i,j € 1. Finally, Fp denotes the curvature of
the connection VE on the vector bundle E over X.

When p is odd, a similar construction gives the odd measured index formula.
12



Proof. A standard McKean-Singer type argument shows that the supertrace
(15)  multrg(k(t,---)) = mu(e™™ P7) = 7 (e7PP7) = mu(Indexce (x, 5,0 (D))

is independent of ¢ > 0 and represents the measured twisted foliated index. To be self-
contained, we outline the argument. First we show that equation (15) is independent of
t > 0. The heat operator e *P* can be differentiated with respect to ¢, since %e‘tDQ is a
smoothing operator equal to —DQe*tDQ, and therefore

Crale ™) = —r(D% ) = —Lra(D, De ) = 0
where the last equality holds since D is an odd operator. Here 7; denotes the graded version
of the trace 7,. This shows that Ti(e*wz) is independent of ¢ > 0.

To complete the proof, we need to show that the smoothing kernel k(¢,---) of e~tD*
converges to the smoothing kernel of the projection P to the nullspace of D, uniformly on
compact subsets as ¢ — oo. But this is identical to the argument given in the proof of
Proposition 15.11 in [47].

Now, using the expression of the trace as an integral over the fundamental domain > x
(0, 1)? with respect to the product measure p ® dvol on ¥ x RP and applying the standard
local index method, see [18], we obtain

1 1
16 li try(k(t, ) = —— —dz'®dz | A ch(Fg)du(v),
16) (b)) = o [ exp (a6 ) AchFuti
1
17 = — Pf(© /dx/\chFd"ﬁ.
(17) ey P11 [ don Ah(F)du)
Here I runs over subsets of {1,...,p} with an even number of elements, and ©; denotes

the skew-symmetric submatrix of © = (0;;) with i,j € I. Observe that fdz'©dz is the

curvature of the connection V, and that exp (%dxt@dac) is the Chern character of V.
O

4. MAGNETIC GAP-LABELLING GROUP FOR PERIODIC POTENTIALS

Let Aldz] = Aldxy,...,dx,] denote the exterior algebra with generators dzy, ..., dz,. It
has basis the monomials dv; = dw;,, ..., dx;,, I ={iy,... i}, i1 <--- <ip. Given a skew-
symmetric matrix ©, we can associate a quadratic element %dxt(ﬂda; in A[dz]. Here dz is the
column vector with entries dz; and dz' is the row vector with the same entries. Then the

. 1.t . . .
Gaussian €297 9% can be expressed in terms of the Pfaffians, see section 1 in the paper of

Mathai-Quillen [34],
(18) ez 0% = N " PE(O))da;
I

where I runs over subsets of {1,...,p} with an even number of elements, and ©; denotes
the submatrix of © = (©,;) with 4, j € I, which is clearly also skew-symmetric.
Let 7 : Ag — C denote the von Neumann trace. Then the magnetic gap-labelling group

for magnetic Schrodinger operators H, , where V' is periodic is given by Proposition 4.1,
13



which is originally due to Elliott in [24], although in that paper, only the Pfaffian Pf(©) was
recognized, whereas the other terms were only given in terms of the coefficients of O, but
were not recognized as the the Pfaffians of submatrices of © as neatly given over here, and
was originally due to [34] in another context. Moreover our proof is different, being based
on index theory and algebraic topology.

Proposition 4.1 (Magnetic gap-labelling group for periodic potentials). The range of the
trace on the K-theory of Ae is:

(1) If p is even, then
T(Ko(Ae)) =Z+ Y Pf(O,)Z+ Pt(O)Z,

0<|I|<p
(2) If p is odd, then
T(Ko(Ae)) =Z+ Y  Pi(O))Z,
o<|I|<p
where I runs over subsets of {1,...,p} with an even number of elements, and O denotes
the submatriz of © = (0,;;) withi,j € I.

Proof. Since the Baum-Connes conjecture with coefficients is true for Z”, it follows that the
twisted Baum-Connes conjecture is true for ZP.

He : KP(TP) ;> Ko(A@)

is an isomorphism. Then by Appendix A and the twisted L-index theorem [33] and equation
(18), one has

T(re(§)) = /T exO% A Ch(¢)
= "pi(6y) / dzy A Ch(§)re

TP
where ¢ is the index that is complement to I and Ch(¢);e denotes the component of the
Chern character Ch(§) of the vector bundle £ containing dzj.. Since the Chern character is

integral on the torus T?, the result follows by varying & over all K-theory classes.
OJ

Remark 4.2. In fact, Elliott in [24], proved more in that he computed the whole Connes-
Chern character in terms of the canonical action of the p-dimensional torus. The special case
when p = 2 was partially due to Rieffel, [45] and partially to Pimsner-Voiculescu [43, 44].

5. COMPUTATION OF THE 2D MAGNETIC GAP-LABELLING GROUP

We now compute the magnetic gap-labelling group in the easiest case of p = 2. Let again
72 ~ ¥ be a minimal action with invariant probability measure u. Let o be a multiplier on

Z?. Then the group cohomology class of [o] € H*(Z* R/Z) = R/Z can be identified with
14



a real number 6, 0 < 6 < 1. More precisely, we take o = e*™ where w is the standard
symplectic form on Z?2.

Notice that an easy inspection shows that the natural inclusion Ay = C*(Z2, o) < C(Z) X,
Z? | takes the Rieffel projection Py [45] to the projection t(Py) in C(X) x,Z? which generates
a Z factor in Ky(C(X2) x, Z?). Indeed let p: C'(X) — C and 7" : C(X) x, Z* — C be the
traces induced by pu, see equation (4), and by the same notation the maps induced on K-
theory. Then we have,

Lemma 5.1. Let 7 : Ag — C denote the von Neumann trace. Then there is a commutative
diagram,

Ag = C(X) x, 72

C - C
In particular, we see that 0 = 7(Py) = 1,((Pa)).

Proof. Let f(y) € Ag. Then by equation (4), we see that

") = FO), ) =) = [ F0)du(z) = f10)
since g is a probability measure on . 0

Theorem 5.1.
Ko(C(X) x4 ZQ) ~ C(X,Z)z2 ® Z[(Pa)].

where C(X,Z)z2 denotes the space of coinvariants.
Proof. The computation of Ky(C(X) x Z?) in the untwisted case was carried out in [§],
Ko(C(X) ) Z*) ~ O(%,Z) g2 © 7.
By Theorem 3.1 above, we have
K°(X) = Ky(C(%) x Z%) =2 Ko(O(X) x4 Z2).

Therefore the result follows.
O

Remark 5.2. The computation in this 2D case is thus identical to the untwisted case and
we only replace the Bott projection by the Rieffel projection.

Corollary 5.3 (Magnetic gap-labelling in 2 dimensions).
TH(Ko(C(X) xg Z%)) = Z[u] + Z6.
Proof. We use Theorem 5.1. Now 7#(C(3,Z)z2) = p(C(X,7Z)) = Z[u] since the measure is

invariant. By Lemma 5.1, 7,(¢(Py)) = 6.
0

We next give another proof of this result, using index theory, in order to help investigate

the general case.
15



2nd Proof. By Theorem 3.1,
e K°(X) =5 Ko(C(X) %, Z2)
is an isomorphism, where X = X xz2 R?.

By the measured foliated twisted L?-index theorem (see Section 3.3),

() = / sz ()

X
X is connected since the Z?-action is minimal cf. Lemma 3 [16], so every vector bundle £ on
X has constant rank.

= e/w dxy A dzy pu(3)rank(€) + /X ()
= frank(€) + / 1 (€)

X
Varying over all vector bundles £ on X, and using Bellissard’s gap-labelling theorem in 2D
[8] (when the magnetic field vanishes i.e. § = 0), the result follows. O

Remark 5.4. In section 5, [26], they compute a useful example which we now recall and that
does not use their Theorem 4.2 in [26]. Suppose that 0 < a; < as < 1 are two rationally
independent irrational numbers. Then T,z = = + «; (mod 1), 7 = 1,2 defines a minimal
Z2-action on the circle R/Z. Define the Cantor set 3 to be the circle disconnected along the
orbit of Z? through the origin. Then by fiat, Z? also acts minimally on ¥ and this example
has a unique invariant probability measure p. What is shown on page 623 in [26] is that in
this case, one has,

/ c1(&) € Zlpl = Z + Zoy + Zas.
X
Therefore the magnetic gap-labelling theorem, Corollary 5.3, in this particular 2D case is:

7‘“([(0(0(2) Ao Z2)) =7+ ZOél -+ ZO(Q + 780.

Remark 5.5. Corollary 5.3 was known to Kellendonk, in [30], and we thank him for pointing
it out to us. He uses the bulk-boundary correspondence method to reduce to the 1D case.
Recently another proof using groupoids has been given in [31].

Remark 5.6. In [36], they consider the 2D magnetic Schrédinger operator,

2 2
H= —% + <—2€% — Qx) + V(x).

Here B = 6dx A dy, 8 # 0 is a constant magnetic field, and V is a non-constant smooth
T-periodic electric potential that is independent of the y variable. The self-adjoint operator
H on L*(R?) is proved in [36] to generically have infinitely many open spectral gaps. This is
in stark contrast to the Bethe-Sommerfeld conjecture, which says that there are only a finite
number of gaps in the spectrum of any Schrodinger operator with smooth periodic potential
V on Euclidean space, in the case when the magnetic field vanishes, i.e. # = 0, whenever the

dimension is greater than or equal to 2. The Bethe-Sommerfeld conjecture was proved by
16



L. Parnovski in [41]. In fact in [36], they also study the Hamiltonian Hy = H + W, where
W € L*(R?) is non-negative and decays at infinity and 6 # 0, so that Hy is the sort of
Hamiltonians that we consider in our paper. They find in [36] that there are infinitely many
discrete eigenvalues of Hy in any open gap in the spectrum of spec(H ), and the convergence
of these eigenvalues to the corresponding endpoint of the spectral gap is asymptotically
Gaussian. This shows that the spectral gaps of magnetic Schrodinger operators (of the type
considered in this paper) can be rather interesting even in higher dimensions.

In fact, let © be a skew-symmetric (2n x 2n) matrix. Putting © in Jordan normal form,
we can assume without loss of generality that the associated magnetic field B = %dxte)dx =
Yo ©2i12idxe;—1 A dxe;. Choosing the vector potential A = Y7 | Og_19;T9i—1 A dg;, We
see that with Hy = (d +iA)7(d +iA) that Hyy = Hy + V, where

n a 2 n . 8 2
Hyy =— z; <(3$2i—1) + z; (—Zax% — Ogi_1.9 Izi—1) + Vi(@i—l))

1= 1=

Arguing exactly as in the 2D case, we see that H4 has discrete spectrum with infinite multi-
plicity, where V; is a smooth periodic function similar to the 2D case. The argument of [36]
easily extends to the higher (even) dimensional case in this way, giving examples of magnetic
Schrodinger operators (of the type considered in this paper) that have infinitely many open
spectral gaps that are interesting.

6. PROOF OF THE CONJECTURE IN THE JORDAN BLOCK DIAGONAL CASE

In this section, we establish the magnetic gap labelling conjecture 1 in the case when the
skew symmetric matrix associated to the constant magnetic field on FEuclidean space is in
Jordan block diagonal form. Although we consider only even dimensional systems here, the
odd dimensional case is similar.

Given a constant magnetic field on Euclidean space R? determined by § € R, and a Z>-
invariant probability measure p on the disorder set 3 that is a Cantor set, where the action
is minimal, we have seen in Corollary 5.3 that the range of the trace on K-theory is,

TH(Ko(C(X) xg Z*)) = Z[p] + 0Z.

Now consider the special 4D situation of the same phenomenon, where the skew-symmetric
matrix O is in Jordan block diagonal form,

0 =6, 0 0

N
°=1l 0o o o0 o,

0 0 6, 0

Consider Z2-invariant probability measures p; on the disorder sets Y; that are Cantor sets

for : = 1,2, where the actions are minimal.
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Let ¥ = 3; x ¥y. Then Z* acts minimally on ¥ with invariant measure yu = p; X pp and
one can form the twisted crossed product algebra,

C(%) xe Z' 2 (C(21) %o, Z°) @ (C(2) 1, Z7)

Recall that the Kunneth Theorem for Tensor Products [49] asserts that if A and B are
C*-algebras, with A being nuclear and K,(A) being torsion-free, then there is a natural
isomorphism,

Ko(A® B) 2 Ko(A) ® Ko(B) ® K1(A) @ K1(B)

Note that A = C(X;) xp, Z? and B = C(33) X, Z* satisfy the hypotheses of the Kunneth
theorem, and that
Kl(C(Z) Ao ZQ)) = Z[ul] + Z['LLQ],
where uy,uy are the unitaries generating K;(C*(Z?)). Then the tensor product of the K
groups is,
(Z[u1] + Z[ua))(Z]u1] + Z[uz)) = Zuy U uy] + Zug U ug] + Zug U ug)
Applying the trace, we see that
THEK1(C() 39 2%)) @ K1(C(X) 9 Z7))) C Z.
Therefore the range of the trace on K-theory is,
TM(Eo(C () e ZY) = (Z[] + 1 Z)(Z[p2] + 62Z)
= Z[m]Z]p2] + O2Z[pn] + 01 Z]pa] + 61627
C Z[,U,l X ,LLQ] + HQZ[ILLI] + 01Z[,U,2] + 91922

since it is not hard to see that Z[u|Z[pus] C Z[u1 X pe]. This proves another special case of
our magnetic gap-labelling conjecture 1 and also motivates our conjecture.

By elementary induction, this works for all even dimensional systems of this sort. More
precisely, consider the constant magnetic field on Euclidean space R*® given by the skew-
symmetric matrix in Jordan diagonal form,

(0 b
6_@(91 0 )
7j=1

Consider Z2-invariant probability measures p; on the disorder sets Y; that are Cantor sets
for i = 1,2,...,n, where the actions are all minimal. Let ¥ = ¥; x ¥5... x ¥,,. Then Z*"
acts on X and one can form the twisted crossed product algebra,

C(X) xe 27" = R)(C(T)) 19, %)

Assume the induction hypothesis that
T(Ko(C(E) e Z°") C Y 0,Z[ure]
I

18



where 0r = [[;c; 05,  ws = [ljesi5,  # = [[j=; py, I¢ denotes the index set that is
complement to I and |I| < n. This is exactly the statement of our conjecture in this special
case.

Now let ¥/ = 3 x ¥4, with Z2-invariant probability measure p,,; on the disorder set
Y41 that is a Cantor set, where the actions is minimal. Consider the constant magnetic
field on Euclidean space R?"*2 given by the skew-symmetric matrix in Jordan diagonal form,

; 0 —0nn
=60 (0 )

Then Z?"*? acts on ¥’ and one can form the twisted crossed product algebra,

C(Z/) b oY% Z2n+2 = C(E) XNo ZQn & C(Zn+1) X ZQ.

n+1
Using the Kunneth Theorem for Tensor Products [49] and arguing as before, we see that the
range of the trace on K-theory is,

T (Ko(C(E) ner Z2%%)) C (Y 0rZlpse]) (Zlpn+1] + O Z)

C Z <91Z[Meu(n+1)] + Zelu(nJrl)Z[:uIC]) )
I I

completing the induction step for n 4 1, thereby establishing our magnetic gap-labelling
conjecture 1 in the Jordan block diagonal case.

7. THE 3D CASE

We restrict ourselves in this section to the 3D case where we have succeeded to prove
Conjecture 1 and Conjecture 2.

7.1. Proof of Conjecture 1. We now proceed to prove Conjecture 1 in the 3D case. We
prove more precisely that the magnetic gap-labelling group of an aperiodic tiling which
corresponds to an action of Z? on the Cantor space X, is contained in the magnetic frequency
group defined in Section 3. We assume that there are no nontrivial globally invariant open
subspaces in Y. The Boolean algebra of clopen subspaces of ¥ is denoted S and it is also
endowed with the induced action of Z3. The generators of the Z* action on ¥ but also the
induced one on S are denoted generically (T})1<;<3. The free subgroup of Z* generated by
Tj; is again denoted (T7).

Forany 1 < i < j < 3, we denote as before by Z;;[11] the subgroup of the real line generated
by p-integrals of Z-valued functions on ¥ whose image in the coinvariants under Z{%}° is
Z1}invariant. A multiplier o € H?*(Z? R/Z) ~ A*(R/Z)? as before is associated with a
skew matrix © € M3(R) and hence with the three real numbers ©15, ©13 and O3, which are
the entries of the matrix ©. We are now in position to state the main result of this section.

Theorem 7.1. With the previous notations,

Range(7!') C Z[u] + Oz Zio[p] + ©O13 Zys[u] + Oaz Zos[p).
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Before embarking on the long proof of Theorem 7.1, we first outline the strategy and the
main steps of this proof for the convenience of the reader. Lemma 7.1 simplifies the topolog-
ical side of the measured twisted foliated index theorem (see subsection 3.3) in the 3D case,
using in particular the Baum-Connes map [2]. Using Lemma 7.1 and some homological alge-
bra of group cohomology with coefficients in a module, Corollary 7.2 identifies the magnetic
gap labelling group in these terms. Further homological properties are exploited in both
Lemma 7.3 and Lemma 7.4, together with integrality of the Chern character in the 3D case,
to reduce the proof of Theorem 7.1 to the computation of the range of the integral group
cohomology with coefficients, under the cup-product morphism with respect to the magnetic
field. The computation of this latter range yields to the proof of Theorem 7.1 and verifies
Conjecture 1 in the 3D case. In subsection 7.2, upon assuming that the action is strongly
minimal, Lemma 7.5 studies the boundary map in group cohomology with coefficients in a
module and reduces the proof of Conjecture 2 to an injectivity condition, see Theorem 7.2.
Finally the injectivity condition of Theorem 7.2 is established for strongly minimal actions
in Corollary 7.6, proving Conjecture 2 in the 3D case.

The rest of the section will thus be devoted to this long direct computation that we have
split into lemmas for the sake of clarity as described above. Recall that the mapping torus
is the space X := (¥ x R3)/Z> where we have divided out by the diagonal action. This
is a transversely Cantor foliated space which fibres over the three torus T2, in particular
pulling back cohomology classes on T? we get cohomology classes on X. There is a well
defined “Poincaré duality” isomorphism which was explicitly described in [16] using leafwise
cohomology:

Wy 1 H*(X,R) — O(%,R)zs and also the Cech version Wzs : H*(X,Z) — C (X, Z)zs.

Here and as in the other sections, for any subgroup I', the subscript ( )r refers to coinvariants
while the superscript ( )' refers to invariants. Recall the 2-cohomology class B on the torus
T3 which is associated with o.

Lemma 7.1. The magnetic gap-labelling group is given by

Range(r%) = Z[u] + {<uo\y23,tr<“;du> U B>,ueK1(X)}.

(s

Proof. Denote by @, the leafwise o-twisted Dirac operator (see subsection 3.3) along the
leaves of our foliated space X. By classical arguments about the Baum-Connes map for Z3
with coefficients in the Z3-algebra C'(X), it is easy to check that the twisted Connes’ Thom
isomorphism of Theorem 3.1, K'(X) — Ky(C(X) %, R?) coincides with the twisted foliated
index map, see subsection 3.3 and also [16]. More precisely, the K-theory of X can be
trivially identified with the K-theory of the algebra C°°(X) of continuous leafwise smooth
functions on X. Given a unitary u in a matrix algebra of C*%(X), we may consider the
Toeplitz operator Ty, associated with @, and with symbol u. This is a leafwise elliptic 0-th
order pseudodifferential operator on the foliated space X and it has a well defined index

class Ind(7,,,) in Ko(C*°(X) x, R®) which is defined in [13] following the lines of [37]. So
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the Connes’ Thom isomorphism is described as the map [u] — Ind(7,,). On the twisted
foliation algebra C°°(X) x, R?® we have the semi-finite normal trace, denoted equally 7+,
associated with the monodromy invariant measure defined by p, and we know that this
trace and the original trace 7# on C'(X) x, Z* agree in K-theory with respect to the Morita
isomorphism (see [17])

Ko(C(X) N & R3) — Ko(C(E) N o ZB)
As a corollary of this discussion, we see that the magnetic gap-labelling group coincides with
the range of the map
K'(X) — R given by [u] — 7 (Ind(T}.,)).
We now apply the twisted foliated index theorem from subsection 3.3 and [13] which gives
exactly the statement of the lemma. Recall indeed that ch(u) = chy(u) + chs(u) where
chy(u) = tr (“71(1“). On the other hand the gap-labelling theorem for p = 3 implies that

2w

the group

{<u,/ Ch3(U)> U € Kl(X)} coincides with Z|[u).
(0,1)?
([

It remains thus to identify the second additive subgroup appearing in the previous lemma.
Notice that the range of ch; : K'(X) — H'(X,Q) is exactly given by H'(X,Z) and is hence
isomorphic through Wzs to H'(Z3, C(3,Z)). Moreover, the following diagram commutes:

U

H*(X,Z)® H*(T3,R) —~»  H*(X,R)

vor | |

H*(Z?’, 0(27 Z)) ® H*<Z37 R) % H*(Z3> C<Ea R))
where v is the isomorphism H*(X,Z) — H*(Z?,C(X2,Z)) and v its version with real coef-
ficients. Here P is the Pontryagin isomorphism H*(T3 R) — H*(Z? R).

We denote as before by (1;)1<;j<3 the generators of H'(Z3 Z). So, © corresponds to the
element of H%(Z3,R), still denoted by ©, given by

O := O1211 U by + O13101 U 13 + Og31he U 13,

whose cohomology class corresponds through the Pontryagin duality to the de Rham coho-
mology class of the form B on T?. In view of the previous lemma, we need to compute the
range of the composite map

HY(X,Z) % B(X,R) 2 O(Z,R)zs = R.

Corollary 7.2. The magnetic gap-labelling group coincides with the subgroup of R which is
Z|p] plus the range of the map

HYZ3,C(2,7)) = H¥ 73, C(S,R)) -5 C(X,R)z 5 R.

where W is the usual Poincaré duality isomorphism for the group Z3.
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Proof. From the previous considerations, we deduce the following commutative diagram

H(X,2) -5 H3(X,R) 2% O(Z,R)u

] 5 -
HY(Z3,0(,2)) 25 H3Z?, C(Z,R)) —— O(Z,R)z

This completes the proof of the corollary, upon using Lemma 7.1. 0]

In the sequel, we shall for simplicity no more denote the isomorphism v : H*(X,Z) ~
H*(Z3,C (3, 7)) and hence denote by Wz the Poincaré duality isomorphism

Wy H3(Z3,C(S, 7)) — Ho(Z8,C(3, 7)) = C(, Z)zs.

This discussion allows to deduce that the magnetic gap-labelling group coincides with Z[u]
plus the sum of the ranges of the three maps corresponding to 1 <i < j < 3 which are

U(O45: U
( i 5)

HY(Z3,0(2,2)) HYZ?,C(5,R) 24 (2, R)zs 5 R.

It thus suffices to give the proof for ©151; U 1y and the two other ranges will be obtained
similarly. Since O, is constant, we only need to deal with the element v, U1y in H?*(Z3,7Z).
We shall denote by

‘IJ<T¢,T]'> : H2<<Ti7Tj>7 C(E7Z>> — C<E> Z)<Ti7Tj>7

the similar isomorphism to W73 but corresponding to the Poincaré duality for the mapping
torus associated with the Z? action on ¥ corresponding to the generators T; and T}. Notice
that there is an induced action of T, on H*((T3,T3), C(X,Z)) and on C (X, Z) 1y and that
U, 1y is (T)-equivariant [16]. In particular, the invariants

H*((Ty, Ts), C(%, Z))™

are sent under the map W, p,) into the invariants (C' (X,Z) 1, ,Tg)) T2,

From Theorem 8 in [16], it is easy to deduce the following exact sequences
(19) 0— (0(27 Z)(Tl,T3>)<T2> BN HY(Z3,C(S,Z)) > H1(<T1, T3), C(%, Z))<T2> =0

and

(200 0= (C(,2)™) = H'(1, 1), C(3, 2)) = (C(S, Z)zy)) ™ = 0.

(Th)

For the convenience of the reader, let us briefly describe the maps appearing in these exact
sequences. The maps i and ¢’ are pull-back maps corresponding to projections onto (7T5) and
(T}) respectively, composed with inclusions of coefficients. For instance, in the first exact
sequence (19), (C(Z,Z)<T1’T3>)<T2> is first identified with H'((Ty), C(%, Z){T0)). Then i is
the composite map

(C(E.2) 1)~ H (Ty), C(2,2) ™) 5 HY(Z8,C(2, 7)) —» H'(Z,C(S, Z)).

(T2)

Here we have denoted by m; : Z* — (TI}) the projection. The similar description holds for

the map ¢’ in the second exact sequence.
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In the same way, the maps 7 and 7’ are just pull-back maps. More precisely, again in the
first exact sequence, the natural inclusion ¢ : (T}, T3) — Z* obtained by crossing with zero
for the missing (73), induces

S HYZP,C(8,2)) — H'((Th, Ty), C(2, 7)),
and it is easy to see that the range of this map is exactly H'((Ty,T3),C(%,Z))". For
instance, if 15 : (Ty) < Z? is the similar inclusion then for any g € (T}, T3) and any g, € (T3),
one checks the following relation for any 1-cocycle ¢ € HY(Z3,C (X, Z))
(92t"c = ¢)(g) = (ga¢ = 15¢)(g2)-

Again the map 7’ is defined similarly.
It is then clear by compatibility of cup products with pull-backs that the map

Uy : HY(Z?,C(%, 7)) — H*(Z?,C (%, 7)),

vanishes on the image of i, say on the subgroup H'((T3), C(%, Z){":73)) and hence we deduce
that cup product with ¢ U 15 induces a well defined map

o HY(Ty, Ts), (8, 2)) ) — H3(Z3,C(%, Z)).
Lemma 7.3. The composite map Vz3 o o coincides, up to sign, with the expected map
H'(13, Ty), C(£,2)) ™ 25 H(11, T), O(, 2)) ™

v 1,7 1>
B (O, Z) ) — C(5, Z)gs.

Proof. The proposed composite map is denoted Wzs o o and it is clearly well defined. The
map « is also well defined and it is by definition induced by

Ut U )« HZP, O(S,2)) — B2, C(5. 2).
Since the map HY(Z3,C(3,Z)) — H'((Ty,T3),C (%, Z)){™) of (19) is an epimorphism, it

remain to show that o fits in a commutative diagram

Hl(Zi”’ C(Z, Z)) —_— H1(<T1’ T3>7 C(Z, Z))(TQ)

U1 U¢2)l la’

H37?,C(%,Z)) —— H3Z3,C(%,7Z))

As recalled above, the epimorphism H*(Z3, C(3,Z)) — H*((T1, T3), C(XZ, Z))'"? is given by
restriction using the inclusion ¢ of the subgroup (7}, T3) in Z?, and using that the restricted
cocycles are automatically (7,) invariant. Therefore, compatibility of cup products with
pullbacks yields the commutativity of the following diagram

HYZ3,C(%,2)) —— H'(T\,T3),C(%,Z))™)

lel J/Uiﬁl

HY(Z?,C(3,2)) —— H((T},T3),C(3,2))™
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Now, if [Z®] € H3(Z3,Z) is the fundamental class which embodies, through cap product, the
Poincaré duality map Wys, and if similarly [(T1,7T3)] € Ha((T1,T5),Z) is the corresponding
fundamental class for the subgroup (7}, 73), then the following relation holds for any ¢ €
H*(73,C(%,7Z)):

(cUo) N [Zs) = +Jo (LenN[(T7,T3)]) € C(8,7Z)zs,
where Jo : C(X, Z) (1, 1,y — C (2, Z)z5. The reason this relation holds is simply that ¢, N |[Z?]

is the 2-homology class which is dual to £, U 13. The proof is now complete. ([l
)

We denote in the following lemma by A the image of H((T1, T3), C(Z, Z)){™ in (C(X, Z)<T3>)<
under the epimorphism of the above second exact sequence (20).

Lemma 7.4. The map « induces a well defined morphism 3 : A — H3(Z3,C(%,7Z)) such
that the composite map Wz o 5 is given by the natural map

(C(Z,Z)<T3>)<Tl> — C(%,Z)zs.

Proof. From the previous lemma 7.3, we see that « is a composite map 6o (Ut);) with 6 some
morphism. Clearly, the map Ui vanishes on H*({(T}), C(3, Z)‘™*)), hence o vanishes on the
kernel of the epimorphism H'((Ty,T3),C(%,Z)) — H'((T3),C(%,Z))T) and finally also
on its invariants under the group (T3). We deduce that the morphism £ is well defined.
The proposed composite map can be written as Wzs o 5/ and it is clearly well defined and
can then be restricted to the subgroup A. Now, the restriction of 7’ yields the epimorphism

H'(T), T3), C(2,2)) ™ =5 A.

Hence, it remains as in the proof of the previous lemma to show that ' fits in the following
commutative diagram

H1(<T1> T3>, C(E, Z)) L) (H1(<T3>’ C(E, Z))(T1>

Uzﬁll ljlo\y(T:s)

v Ty,T3
H2(<T1>T3>7C(E>Z)) < > C<E’Z)<T1,T3>

where ¢/ : (T3) — (1%, T3) is the inclusion as before and J; : C'(3, Z) 1,y — C(2,Z) 1, 1) 18
again the natural quotient map. The Poincaré maps ¥z, and W, 7y are cap products by
fundamental classes which are denoted respectively [(T3)] and [(T},T3)] and the homology
class ¢y N [(T1,T3)] clearly coincides with the Poincaré dual to v3. Hence, for any ¢ €
H'((Ty,T3),C(3,Z)), we can write

(C U ¢1) N [(Tl, T3>] = :i:(]l (L/*C N [<T3>]) .
Therefore, the proof is complete. 0

Proof. (of Theorem 7.1)
From Lemma 7.3, we deduce that the range of the map

HY (2, 0(2,2)) " 1322, 0(2,2) 22 (8, Z)m 2 R.
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coincides with the range of the map
(1, 8) 0 Wiry, 1y 0 (Uhy) - H'((Th, Ts), C(, 2))'™ — R.

From Lemma 7.4, we further deduce that the range of this latter map is equal to the range
of A under the map (1, ®) o W z,,. Since A is contained in H'((T3), C(%, Z)) "1™ we deduce
from the (T5)-equivariance of W, that the magnetic gap-labelling group is contained in Zy]
plus the image under (u,e) of (C (E,Z)<T3>)<T1’T2). Since this latter is by definition Zjs[u]
the computation is complete for the pairing with ¢ U )s.

Reproducing the same proof for ¥ U 13 and 9 U 13 respectively, we deduce that the
corresponding ranges are contained respectively in the range under u of

(O(E, Z)<T2>) (T Ts) and (C(E, Z)<T1>) (> T5) s

that is in Zj3[p] and Zog[p]. If we sum up using again that © is constant, we see that the
proof is complete. O

7.2. Proof of Conjecture 2. We now prove Conjecture 2 in the 3D case. So, we assume
that Ty, T, and T3 all act minimally, this is the strong minimality condition. Let us show
more precisely that if the action of the subgroup (7%) is minimal then Zjs[u| is contained
in our magnetic gap-labelling group. Here and as before we have denoted by Zis[u| =
1([C(Z,Z) 1,y )11+12)). So, this result will only use the condition that T3 acts minimally and
in fact a priori a weaker assumption, see Theorem 7.2 below. Then the same statement can
be proved for T} and T5 yielding to our proof of Conjecture 2.

We notice that the exact sequence (20) is (T3)-equivariant and we thus deduce the coho-
mology long sequence

0— HY< Ty >, [C(Z,2) ") ipyy) — HY< Ty > H (< T1, T3 >,0(%,Z))) —
H(< Ty >, [O(S, Z) ) ™) -5 HY(< Ty >, [C(2,2) ™ my)) = [O(2, 2) ™)1y my — -+
We thus need to describe the boundary map 0, and more precisely the map
O (H'((Ty),C(=,2)) ™ — [0S, 2) ™) 1y 1,
obtained out of 0 using the following two isomorphisms
(H'(T3), C(2.2)) "™ =~ H(< Ty >, [0(2, 2) ) ™)

and
HY (< Ty >,[C(2,2)™]i1y) = [C(Z,Z) T i1y 1)

We can state the following general result for our 3D dynamical systems:

Lemma 7.5. (1) An element of (Hl((T3>,C(E,Z))<T1’T2> is a class [Y] of a l-cocycle
Ve ZY(T3),C(2,Z) such that there exists f, f' € C(X,7Z) with

Tip(1) — (1) =Tsf — f and Top(1) — (1) = T3 f" — f',  where 1 is here viewed in (T3).
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(2) In the notations of the first item, the element 9] is the class in [C(Z,Z) ) i1, 1y
of the (Ts)-invariant element
Lf —f-Tuf+

Proof. For the first item, we notice that by definition, any element of (H*((T3), C(%, Z))<T1 T2
is a class [¢] of a 1-cocycle v € Z'((T3),C(3,Z) such that Tyy) — ¢ and Tytp — 1) are
coboundaries for the (77)-action. Now, such 1-cocycle 1) is totally determined by its value
at 1 € (T5) and it is then easy to check that the above conditions coincide exactly with the
assumption of existence of f and f’ satisfying
Tip(1) — (1) = T3f — f and Top(1) — (1) = Tsf — f',  where 1 is here viewed in (T3).
Notice first that Tof — f — T1f" + f" is (T3)-invariant, for setting g := (1), we have using
the commutation of the actions

L(Lf-f-Tif+f) = (L-D(f+Tig—g) — (1 = D(f +Tog — g)

= Lf-f-Tf+f

To describe the boundary map, we introduce the 1-cocycle ¢ € Z'((Ty,T3), C(%,Z)) which
satisfies:

©(1,0) = T3 f and ¢(0,1) = T3g = T3y(1).
The explicit formula for ¢ is then obvious and we have for instance when n;,ng > 1:

ni—1

n3
@(nl,'I'Lg) = jjln1 ZT??Q + T3 Z lef7
k=1 k=0

and a similar explicit formula for any (nq,n3) € (131, T3). It is then straightforward to show
that the class of ¢ is a preimage of [¢/]. Now, the map

(Tz) 3 ny — 1370 — ¢] € H'((T1, T3), C(2, 2)),

is clearly valued in the range of the monomorphism i’ of the exact sequence (20). Hence, we
get in this way a representative for a class in

H'((To), H'({T1), (2, 2)") = [O(8,2) )iz 1)

The last isomorphism is evaluation at 1 in (T3) followed by evaluation at 1 in (737). To
conclude the proof we need a (T3)-invariant representative of

Top(1,0) — (1,0) = ToTsf — T3 f
But,
LT3f —1Ts3f — [Tl(TSf/) - Tzf/] = (L-I)(f+Tg—g) — (T - [)(fl + 19 — g)
= Lf-Tf -f+f

Hence the (T%) -invariant element Ty f — T f' — f + f is such a representative and represents

the class d[t)] as announced. O
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Theorem 7.2. Assume that the natural map
[C(E, Z)<T3>} (D) — C(Z, Z)(T17T2>

induced by the inclusion C(X,Z)\3) — C(X,7Z), is injective, then the group Zis[u] is con-
tained in the magnetic gap-labelling group.

Proof. This is an easy corollary of the previous lemma. It is clear from the previous lemma
that the composition of the boundary map 9 with the map

[C(E, Z)<T3>} (T D) — C(E, Z)(Tl,T2>

is the zero map. Therefore, under the assumption of Theorem 7.2, we deduce that the
boundary map must be the zero map. Applying the exactness of the cohomology exact
sequence, we deduce that the restriction of the epimorphism 7’ in the exact sequence (20)
to the (Ty)-invariants is hence still an epimorphism onto the (T5)-invariants. Therefore, the
subgroup A of Lemma 7.4 coincides with the whole group [C/(Z, Z) 7] "™ and this finishes
the proof. 0

We are now in position to deduce the proof of Conjecture 2 in the 3D case.

Corollary 7.6. (1) Assume that the group (Ts) acts minimally, then the group ©192Z12[u]
15 contained in the magnetic gap-labelling group.
(2) Assume that our action of Z3 on ¥ is strongly minimal, then the magnetic gap-
labelling group coincides with the magnetic frequency group, i.e. with

Zlp) + O19Zs[p] + O13Z43[p] + Oo3Zosz[p).

Proof. We need to show that when the group (73) acts minimally on ¥, the natural map
[C(Ev Z)<T3>} ) — 0(27 Z)(Tl,T2>

(1, T

is a monomorphism and apply Theorem 7.2. But notice that if the action of (T3) is minimal,

all elements of C(3,Z){™) are constant integer valued functions given by n x y where n € Z

and y is the constant function with value 1 on ¥. Assume then that the image of the class
T

[n x x] € [C(2,Z)! 3>]<T17T2>

against p must be trivial. Since p is a probability measure, this implies in turn that n = 0.

under the above map is zero in C(X,Z)r, 1), then its integral

The second item is clear since we can permute the roles of the generators T4, 75, T3.
O

8. AN EXPLICIT CONSTRUCTION FOR THE “EASY-HALF”

The main result of this section is Theorem 8.1 which allows in particular to deduce equality
in Conjecture 1 under a technical hypothesis on the given tiling, see Proposition 8.3 and
Definition 3. As explained previously, the inclusion of the magnetic frequency group in the
magnetic gap-labelling group is expected to hold under suitable dynamical conditions on the
given aperiodic tiling. In the present section, given a coinvariant class f € C(3, Z)zc which
is Z!-invariant, we prove under a suitable combinatorial assumption on representatives of f,

that its integral against the probability measure p, multiplied by the Pfaffian of ©, belongs
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to the magnetic gap-labelling group. The proof relies on the existence, for any multiplier o
of the subgroup Z’ of ZP, of a commutative diagram (see Theorem 8.1 again):

Ko(C*Z! o) 22 Ko(C(S) %, ZP)

7. l Jﬁ‘

R A R

Such commutative diagram can be interpreted as a twisted (non-smooth) version of the
classical Morita extension map associated with a given transversal in a foliation [12, 23].
For the clarity of the exposition, we have restricted ourselves to the 3D case, where the
construction is already technically involved. The assumption on the class f allows us to
reduce the problem to classes represented by characteristic classes of clopen subspaces which
live in the magnetic frequency group and the statement of Theorem 8.1 corresponds to such
clopen subspaces. The main step in the proof of Theorem 8.1 is Proposition 8.2 which allows
one to construct an explicit Morita morphism between the relevant C*-algebras, and the
corresponding commutative diagram then follows immediately.

Fix a clopen subspace A of the Cantor space ¥ such that the image of the characteristic
function of A in the (T3)-coinvariants, is a (77, Tz)-invariant class. In the following definition
and in the major part of this section, we have given a specific role to the third generator
T3, but the similar constructions and proofs work if we operate any permutation of the
generators T, T and Tj.

Definition 3. The clopen subspace A satisfies Hypothesis (H) if we can decompose A into
clopen subsets (K;)1<i<q
A=K IO---IK,)O(K,pI---IK)=KIO (K4 II--- 11 K,),

such that

e For r + 1 < i < g, there exists j3(i) € {1,---,r} such that K; = Tfin3(,~) for some

Bi € Z. In particular, (T5)A = (T5) K.
L] <T3>K1Q<T3>KJ :Q)fOI' 1 SZ#] <.
e For any 1 <i < q, 3(51(4), j2(2)) € {1,--- ,7}? and (ky(4), k2(i)) € Z? such that

Ti(K:) = T3 (K@) and Ta(K;) = T2 (Kp), 1<i<q

J

So, this means more specifically that there are (unique) surjections ji,72 : {1,---,q} —
{1,---,r} whose restrictions to {1,---,r} are permutations. Notice that we get a well
defined map j3 : {r+1,--- ,q} — {1,---,r} that we shall extend to {1,--- ,q} by setting
Js(i) :==id and f; = 0if 1 <i <r. Moreover, the values of j; (i) and js(i) fori =r+1,--- ,q
are prescribed by the values on {1,--- r} since we must have

Ji=sncjsand jo=js0json {r+1,--- ¢}

Since the projection of the characteristic function of A in the coinvariants modulo (73) is
(T}, Ty)-invariant, the cardinal ¢; of j;'(j) is automatically constant on each orbit under

<j17j2>-
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We shall concentrate on the restricted permutations to {1,---,r} and then extend the
constructions to {1,---,q}. It is important in the sequel that we can exploit the relative
freeness in the choice of the integer valued maps k; and k. An easy consequence of the
definitions is that the two permutations j; and jp of {1,--- 7} commute. More precisely,
notice that since 1775 = 1577, we have by definition of j; and j, that

<T3>Kj1j2(i) = <T3>Kj2j1(i)'
But for 1 < i < r we know that the orbits under (73) of the clopen sets K; are disjoint.
Hence necessarily joj1(i) = jij2(i). In fact, we easily see that this commutation relation
holds on {1,--- ,q}.

The goal of this section is to prove the following theorem and to explain its relation with
the easy-half of the conjecture.

Theorem 8.1. For any clopen A in ¥ as above which further satisfies Hypothesis (H) and
any multiplier o of the group (T1,T3), there exists a C*-algebra homomorphism

(I)A . C*(<T1,T2>,O'> — MOO(C(E) Niwo Zg),
such that the following diagram commutes

Ko(C*((T1, Ta),0) —2%  Ko(C(S) ¥i.0 Z5)

| &

R n(A)xe R

The same statement holds after any permutation of the generators Ty, Ty and T;.

The proof of this theorem will occupy the rest of this section and will be split into many
lemmas. Since the generators play a perfect symmetric role, once the proof is given with the
special role of T3, it will hold immediately for all permutations of the generators.

Lemma 8.1. With the previous notations, there exist integer valued maps ki, ks : {1,--- ,q} —

7. such that for anyit=1,--- ,q:
o BT O(K) = Ky and ToT3 0 (K5) = Ky,
e The following relations hold:

(21) ka(j1(2)) — ka(i) = k1(j2(2)) — k1 (4).
Proof. We first concentrate on {1,--- ,r} and will extend k; and ks later on. The relation
(21) must be satisfied independently on every orbit of j; and js of the form

A= {52 (N, 11,1, € Z}, for a given XA € {1,--- ,r}.

So we only need to give the construction for one such orbit. We denote by p; > 1 and py > 1
the respective orders of A with respect to j; and j, and we set

Ay = {55 (), 155 (V) -+ G755 (V) so that A = U, <p,-1 A,

We point out that since j; and j, commute, the order of all elements of Ag under j, is equal

to po. Let o be the global order of Ay, that is the least integer o > 1 such that o(Ag) = Ap.
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Then g5 < py and for 0 < [y < p; —1and 1 < [, < g9 — 1, the integers jilj?()\) are all
distinct from each other so that the first item of the lemma would be easy to satisfy in the
sequel, and there is a unique integer 0 < g; < p; — 1 such that j§*(\) = j7'(A). Notice also
that if we write each A;, in the following order

Alz = {j?()‘)a to 7‘7’5271()‘)7 Ay >jé2_1()‘)}7

then 7§ is nothing but the o; power of the cyclic permutation of p; variables. We now
construct ky(l,lo) = k(452 (X)) on [0,p1 — 1] x [0,0, — 1]. Assume that k; is given
arbitrarily on A and on any Ay, ~ {572 (\)} satisfying the first item of the lemma. More
precisely, we assume that k;(l1,l3) are given integers for lo = 0 and 0 < l; < p; — 1 on the

one hand and for 1 <[y < 9o — 1 and 0 <[y < p; — 2 on the other hand, so that they satisfy

—ki (11,1 —ko(l1,
T1T3 1(t2) (Kjilj?()\)) = Kji1+1jé2 \) and T2T3 2(1l2) (Kj?j;z()\)) = Kji1jéz+1

( A\
The second item actually imposes the missing values k;(p; — 1,12) of k;. More precisely, the

sum Cy, = Zogllgprl k1(l1,13) is then necessarily constant in [y and thus equal to Cy, for
by (21)

> kb +1) = k(b)) = Y [kl + 1,k) — ka(ly, )]

0<i1<p1—1 0<ii<p1—1
= k2(p1; lz) - kz(O, l2) = 0.
We thus set for 1 <[, < g — 1
ki(pr —1,12) == Co — Z [ka(ly 4+ 1,15).
0<li1<p1—2

An easy verification shows that ki(p; — 1, [3) then satisfies the first item. Indeed, notice that
1k (p1—2,1
Tl 1T31(p1 2)(Kjf1_1jé2()\)) = Kjf1_2jé2(/\)
and similarly for (p — 3,13) etc. Therefore,

—k1(p1—1,1 —(p1—1) k1 (0,l2)++~+k1 (p1—2,1
T T (K pa ) = T VT O RO )

- [Tflel(O’lz)] [TflT;ﬁ(”Q‘?’lﬂ (K,pl_l N m)

VY J2
= K
It is easy to check that no other condition is imposed on the values of k; on [0, p; —1] %[0, go—1]
by the compatibility condition (21). Hence k; is now well defined on [0, p; — 1] x [0, 02 — 1]

and satisfies the first item of the lemma. It is then extended to [0,p; — 1] x [0,py — 1] by
using that gy is a divisor of po and that k; (and also ko) must satisfy that for any integer v

ki(li,ls +vo9) = ki(lh + vor, ls).

That such extension of ki(ly,ls + vps) still satisfies the first item of the lemma is again
straightforward since k;(l; + vo1,l2) does for Iy < g — 1 and since

FETE R (N) = G Etre ().
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We shall now impose the compatibility condition (21) to deduce ks. Again, we need first to
choose the values ky(0,l3) for any Iy € [0, o — 1] which turn out to be arbitrary as far as
they satisfy the first item, and we now show that all the values of ky(l1,l3) are prescribed
on [0,p; — 1] x [0, p2 — 1] and satisfy the lemma. This is done on [0,p; — 1] x [0, 02 — 1] and
then deduced again by the relation
k’g(ll, lg + VQQ) = kz(ll -+ Vo1, lg)
We proceed, for 0 < Iy < g9 — 1, inductively on [;. We set for instance,
k‘z(l, lg) —- ]{2(0, lz) + k:l(O, l2 + 1) — k:l(O, l2)

Again such expression automatically satisfies the first item of the lemma. We then repeat
the process for the induction in /; and deduce the values of ks(ly,l5) by using

ko(ly 4+ 1,1) — ka(ly, la) = ki (ly, 1o + 1) — ki (11, l2).

We notice that as for kp, the values of the integers ky(ly, 0o — 1) could as well be deduced
from the relation:

> ka1 k)= > ka(ll) = kil + 01,0) = ki(11,0).
0<i2<02—1 0<i2<p02—1

This is however compatible with the previous definition and is redundant.
We conclude by explaining how to extend the maps k; and ks defined so far on {1,--- ,r}
only, to {1,--- ,q}. Weset forr+1<1i<gq:

k1(2) == k1(J3(@)) + B and ka(i) == ka(j3(i)) + B

Then an easy verification shows that the extended maps also satisfy the relations. More
specifically, we can write for r +1 <17 < ¢:

ko (g1(4)) —ka(i) = [k2(j1(j3())) —ka(js(i))]—Bi = [k1(J2(j3(4)))—Fk1(j3 ()] —Bi = k1(ja(i))—k1 (7).
Moreover,

TWK; = Tlei(Kjg(i)) _ TgﬂiT;l(jg(i))Kjljg(i) _ Téfl(js(i))+ﬁiK

J1(8)

— T;l(i)K'

J1(@)>
and similarly for 7T5. O
We denote for r +1 < i < ¢ by j; (i) the integer j;*(j3(7)) and similarly for j,. So notice
that
Jitoqi=giogi =jsand j3loja = jr0g;" = js,
where j3 has been extended to {1,--- ,r} by the identity map.

Proposition 8.2. Given ki and ks as in the previous lemma (so satisfying (21)), the in-
ductive relations

(22)  RPPTRT(0) = RyPRT (G(0)) + Ka(i) and k3PRTTN(E) = RyRY ((0)) + Ra(d).

together with kik? = ko and kSki = ky allow to well define for any (ni,ns) € Z?, integer

valued functions ky*ky* {1, -+ ,q} — 7Z satisfying
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1 uy) 7k;2k?1 (7’) . .
(1) (TmTye; (i) = K .
(2) ky 2k (o2 ™20 " (0)) Ry kam (1) = ky2ki (1), for any integers ny, na, my, mo

and any i € {1,--- ,q}.

Notice that necessarily k9&9 = 0 and that the last item is trivially satisfied when (mq, my) =
(n1,n9) or (my,ma) = (0,0). Once such sequence kj2k}" is proved to be well defined, one
can deduce many expressions for it. For instance, for ni,ny > 0, we have the following two
expressions which then must fit by the previous proposition:

k52ky(6) = [ka(G52 700 (6) + -+ + k(7 ()] + [Ra (G771 (0)) + -+ + Ka (i)

and

k?ki (i) = (ko (71557 (D) + -+ ka(53% ()] + [R2(z* (D) + - + ka(3)]

It is also a straightforward exercise to check directly the coincidence of these two expressions.
There are similar expressions for negative n;’s, and for any n,s. When n; < 0 and ny < 0,
one gets for instance an expression

—ky? Ky (1) = [ka (577757 () + - -+ Ea (G5 ()] + [Ra(d3 (@) + -+ + Ka(55 1 (0))]
We shall first prove the well-definiteness of these maps and then use any of the above two
expressions to deduce for instance the second item.

Proof. We again concentrate on {1,---,r} where j; and j, are permutations and explain
later the different expressions on [r + 1,¢|. The inductive definition allows to define many
candidates for k32k}"" obtained by using different polygonal paths from (0,0) to (nq,nz) in
72 i.e. paths composed of horizontal and vertical segments with endpoints in Z? and which
start at (0,0) and end at (nj,ns). Now, consider for any (mi,ms) € Z?, the two paths
joining (my, ms) to (my + 1, mg + 1) given by

Cy = [(m1,ma), (m1 + 1, ma)] U [(m1 + 1, mg), (m1 + 1,my +1)]  and
Co = [(m1, m2), (my, ma + 1)] U [(m1, ma + 1), (my + 1,ma + 1)].
Applying the inductive argument with C; we get for any i € [1, q]:
kR (0) = k3R (12(0)) + K (G2(0)) + Ko (4).
Now using Cs, we get
kg TN (E) = KSR (g (6)) + k(G (7)) + R (3).

Therefore, and since we have chosen ki and ks so that k1(j2(7)) + k2(i) = ka(j1(2)) + k1(4)
and also since j1j2 = j2J1, we see that we obtain the same result by using C; or C5. We could
as well use the inverse paths —C; and —C, and compute k52k}" (i) in terms of k3> k"
and see that we also get the same result. Now if C is any polygonal path from the base point
(0,0), where k99 = 0, to (n1,ny), composed of horizontal and vertical segments, we can use
the inductive formulae to deduce an expression of k52k{* (i) which by repeating the previous

argument as many times as necessary, will not depend on the chosen path.
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So, if we choose the simple path with one horizontal segment and one vertical segment
[(0,0), (n1,0)] U [(n1,0), (n1,n2)] then we get the expression

k2R (i) = [Ro (71557 () + -+ ka(53% ()] + [Ra(3* 7 (0) + -+ + ka(d)]
while the other simple path [(0,0), (0,n2)] U [(0,n2), (n1,n2)] yields the expression

K2k (i) = [ka(iz> 01 (0) + - + ke (57 ()] + [k (G771 (0) + - + ki (9)]

Let us now prove the first item of the proposition. If ny = ny = 0 then the item is
satisfied by obvious observation. We assume now that k32k}" () satisfies the first item for
any ¢ =1,--- ,7r. Then

Tann2+1T k 2+1k?1( ) (

Ky — TTpTE ( 00())
= ey RO ()
= K,
In a similar way we prove that

n ng—ky2kp1
T 1+1T zT () (Kz) = Kj?r"lj;@(i)'

We obtain as well

T’I’LlTTLQ 1T7k 72t "I(Z)(

. 1.
Kz) — TTLlTnQT*k k (.72 (4)) (TzflT?iCZ(]g (2))([(2))
n g ek 2k (g ()
= TTPT (Kjg’l(i))
Ky jnam1)
and again similarly we get

S P, _knz lk;Ll (1) N
T T T (KZ) - Kj;Ll—l];’LQ(z)

We hence get the first item for any (ny,ng) € Z2.
We now prove the second item. We prove first the following relation (which corresponds
to the second item for (ny,n2) = (0,0) and where we changed the notation):

ka? ki (5o g1 " (0) + ky "k M (@) = 0, (na,mg) € 27
For ny,no > 0 we just use the expression
kp?ky (G2 ™0™ (@) = ke(ip? T (G ™ (@) e+ ke (2 "™ ()
+ha (77 1]5”2J1’”1( )+ k(a5 ™ (0))
= ko(jy (i) + -+ k(i (1) + k(a2 (@) + -+ K (5™ 2 " (0)

But this is precisely the expression that we already got for k; "2k (i) in this case. If ny <0
and ny > 0 then a direct computation gives

k52 ky (G2 201 (1) = [ke (2 207 ™ (0) + - - + ka(Gy 15 ™ (0))]
— (k@) + -+ k(™ (0)]
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Computing k;, "2k} "™ (i) by applying first the induction to the positive integer —ny, we get
exactly the opposite to this expression. Notice now that by applying the previous results
to (—ny, —ng) and to i’ = jy?j7" (i) we see that the formula for (ni,ns) is equivalent to
the formula for (—n;, —ny). Hence we have proved the formula of the second item when
ny = ny = 0. Assume that this formula is satisfied for a given (ny,ns) € Z* and for any
i€{l,---,r} and any (my,my) € Z?, then
K2R (0) = kR (52(0)) + Ka(d)
= kSRR (32T (2(0))) 4 (kTR (2 (1) + ka())
— km2 ml(jgtz-&-l mQJILl ml( ))+kn2 m2+1kn1 ml(l).
Hence the formula is satisfied for (ni,n2 +1). We leave it to the interested reader to check
that the formula is then also satisfied for (n; + 1,n2), (n1 — 1,n2) as well as for (ny,ny — 1)
by applying each time the induction formula.
So far we have concentrated on i € {1,---,r} and we now give the expressions of the

maps ky2k* on {r + 1,--- ¢} which extend the proposition in a straightforward manner.
This is easy since we just set for r +1 < i < ¢:

ky?kyt (i) = K3k (s (@) + B
This expression satisfies again the inductive relations since
ks TR (1) = k5P TR (Gs(0) + Bi = k52RT (s (0) + ka(Ga(0) + Bi = k52K (j2(4)) + ka(i),
and similarly for 52k (7). Also, we have ksk0(i) = kao(js(i)) + B; = ko(i) and Ak} (i) =
k1(73(2)) + Bi = k1(i). Moreover, if (my, ms) # (n1,n9) and r + 1 < i < ¢ then
kg R (2T T (@) + Rt TR () = kR (T T (s (0))) + kR (s () + B
ky® k't (73(2)) + Bi

= KRD()

Notice that we have used as before the convention ;5 = j9 = js. 0

We are now in a position to prove our main theorem.

Proof. (of Theorem 8.1)

We know that A = I <;<,/; as before, so where the first r indices represent all the disjoint
orbits of A under T3 with the maps ji, j2, j3 as well as the family of maps k52k{"" constructed
in the previous proposition. We denote for any j € {1,---,¢} by ¢; € {1,--- ,¢—r+1} the
cardinal of the set j; '{js(j)} and we set py = 0 and @p; := > o<i<; Pi- We then define the
diagonal projection matrix Y in My, (C(X) %, Z?) by setting for ¢;_1 +1 < h < ¢@;:

()%A)hh/ (m, N, ng) = 5h,h’5(n1,n27n3),(0,0,0) * XK;-

where g, is the characteristic function of the minimal clopen K; and 4 stands as usual for the
Kronecker symbol. If F' € C[(T},T3), 0] is a finitely supported function and if 1 < j, 7" < ¢,
then we set

A o
Fir(n1, g, nig) o= 05,5y jma s ()0 —ky201 ()4, X F' (01, 12)
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where ; was defined so that Tfj(Kjg(j)) = K, with the convention that for 1 < j < r,
B; = 0. Now, we can define the matrix F'* € M, (C[Z?,i,0]) by setting

~ 1 SA s R . R
F,i\h, = 5h,¢j71,h/,¢j/_le/}, ifp; 1 +1<h<g;and g1 +1< < Dy

VPi'Pi

Notice that this is possibly non zero only when js(j) = j52j7" (j) and in this case ¢; = ¢;.
We now set

Dp(F) = FA %" e M,

Paq

(C() %10 Z%),

where % is the product in My (C(X) X;,, Z*). Notice that each EA, is clearly finitely
supported in Z3. In order to show that ®, extends to a *-homomorphism and using that ¥*
is a self-adjoint idempotent, we will check the following relations on C[(T}, %), o]:

. . ) A . R o
FA*)%A:)A(A*FA, (FA)*ZF* and F*+«GM = FG .

Computing for ¢;_14+1 < h < ¢, and @;r_1+1 < b < @jr, we get using that o((0,0), (n1,n2)) =
1:

1 ) TRy
x F% (ny, ng, ng) T T3 T} S(XKJ")

L
——CYh—@j_1,h =Py 7j
v Pi'Pj !
—1 ) F ) )
- \/W h—@j 1,k —@5_4 <n1’n2) 33(5)dn 231 (57) n37—k32k?1(j')+5jXKj
] 7]

(FA * )A(A)hh’(nh na, ns) =

The last equality is a consequence of the relations

mn1rng 7]"”‘;2]6;11 (j/)+:8j _ ﬁ
Oss(iygnzimnTr 12" T (xa,) = Oy iyazzant ) T8 X ma a1

_ 8 B
= 0umras2i 0 T3 X)) = O gz on (X;)
Computing (x* * FA)hh/ (n1,n2,n3), we get the same expression, so that

P x FA = FA % A
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On the other hand, for a given extra element G € C[(T}, T»), o], we compute similarly using
the same notations

q 20
FAxGh - ! 5 5
(F* %G (na,mo,n3) = h=@j 1,0 =@ OW =@y W' =@y

o
Yi'Pi F'=1h"=¢n_+1

1
Z 0 (3)sdz 237" (J”)(Sjs(j”>,j§2”"2j?l”"1 (")

J
i1
mi,m2 80‘7

5m3,_k;”2 k() 485 5n3—m3,—k32_m2 kYT () 4B

F(my, m2)G(ny — mq,ng — ma)o((my, ma), (n1 —ma, na — ma))
1
\/W%*@j—hh’f@jul5j,j§2j?1(j')(sns,fk;‘%?l(j')wj

Z F(my,m2)G(ny —my,ng — mos)

mi,m2

q
1
0((?71177”2), (nl — my, Ny — mz)) Z @6]-3(]'//)7]';‘2—"12]'?1—7”1(j/)-
j"=1

Indeed, recall that by the (77, T5)-invariance of the class of the characteristic function of
A in the coinvariants with respect to (T3), we know that for any nj, ng,m; and ms, and
(7)), we have @ = @,y = @j(= ;). But for any fixed

‘M2 —Mma N1 —mi

for any j” € ji (552 "5}
(my, ma,n1,n9) € Z* we have

q
1 -1
Z o5 5j3(ju)’j;2*m2j?1*ml(j/) = Z (Sojngmzj;n*m%j/)) =1

N — . . . —_ . — .
3=l Ja(")=j52 25T

Therefore, we get for any h, h':
. . —A
(FA * GA)hh/ = Fth/.

using the previous results we deduce that ®p(FG) = ®p(F) x Pp(G).
In the same way, we compute

A * A
[Flﬁh] (nl,ng,ng) = Figh(_nla_n2>_n3>

1 —
_ A
B Wéh’—@/,l,h—@j Fj’j(_nl’ —7g, —n3)
3P
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So forgetting the cocycle o which doesn’t perturb the following computation, we can write
53'3(3"),3‘; "2 "1<j3(j))‘5fns,fk; "2y (j)+/3j/F (=11, —n2)

= 04y ()32 ) Oy "2k (=g, E (105 —12)
F(—nl, —n3)

F(—nl, —ng)

F;{}j(_nly —MNa, _n3)

= 5j3(j),j§2ﬁl(j’)(sng,k;”%;”l (j3(3))+Bi—B,1
= 0y () Oma ks "2k (122 570 (s () By B
= 0327 (1) Ona k2K a8 —y T (=10, —112)
= 02 (1 Ona—i2i ()4, F (=1, —12)
Hence we see that

[PA(F)]" = Dp(F7),

proving finally that ®, is a *-morphism from the involutive algebra C[(T}, T5), o] to My (C(X) X, 4
73) which is valued in the algebraic crossed product. It is easy to check that ®, extends to
a C*-algebra morphism and hence induces a group morphism

Dy K (C*(Th, Ty, 0)) — K. (C(X) X0 Z7).
Moreover, for any F' € C[(T3,T3), 0|, we have

(TN (F) = > Z ThD )\ (F)pn

J—1 h=¢;_1+1

q ®j
= ZM(KJ) Z Ff/L\h(()?OaO)
Jj=1 h=¢;_1+1
But £}},(0,0,0) = - x F(0,0), therefore
®j 1
(TH8tr)@p(F) = Y u(K))F(0,0) > — = p(A) x 7(F).
i=1 h=gy1+1 ¥

O

We end this section with an explanation of the relation between Theorem 8.1 and the
easy-half of our conjecture in the 3D case.

Proposition 8.3. Assume that p = 3 so that Z* acts minimally on ¥. Assume further
that ©13 = O3 = 0 and that any Z-valued function A on X which represents a class in

(C(E,Z)<T3>)Z3 can be decomposed as a finite algebraic sum of characteristic functions of
clopen subspaces satisfying the hypothesis (H). Then the magnetic frequency group Z[u| +
©12Z12[p] is contained in the magnetic gap-labelling group associated with the multiplier o
which corresponds to ©.

Proof. We only need to prove that ©12Z15[u] is contained in the magnetic gap-labelling

group.
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We denote by o the multiplier of (77, T2) which is associated with the 2 x 2-matrix

0 O
—@12 0 '
Then using the inclusion 7 : (T}, Ty) — Z* and applying Theorem 8.1, we deduce that for
any clopen subspace A which satisfies (H) for T3,

{u(A) x 7(z), 2 € Ko(C*((T1, Ty), o), A as before} C 7#(Ko(C(X) Xi,op, Z°)),

where 7,0 is associated with the skew matrix

0 ©1 0
-0, 0 0
0 0 0

Hence ©12Z42[p] is contained in the magnetic gap-labelling group.

APPENDIX A. THE COINVARIANTS AS A DIRECT SUMMAND IN K-THEORY

Here we give a direct proof that the coinvariants are always direct summands in the K-
theory of the twisted crossed product C*-algebra, without using the Packer-Raeburn trick
[39]. The method is an important step towards a complete solution to our easy-half conjecture
for all dimensions.

Let ¥ be a Cantor space on which Z” acts by homeomorphisms. We do not assume that
the action is minimal in this section, because we want to use induction on p. Consider the
twisted crossed product C*-algebra C'(X) x, ZP, with © a skew-symmetric (p X p) matrix
determining the multiplier o. We can write C(X) x, 27 = (C(X) % ZP~") x4 ZP where o|
is the restriction of the multiplier o to ZP~' x ZP~! and Z® is the p-th copy of Z and ¢ is
an automorphism of C(X) x, ZP~! given by

o(U;) = exp(2nvV—10,,)U;, j=1,...(p—1).
where Uy, ... U(p—1y are unitary automorphisms of C'(X) generating the twisted crossed prod-
uct, C'(X) %, ZP~*. More precisely, the map ¢ is an automorphism of C'(X) x, Z°~' which
is given, on elementary elements gUy, ..., _, of C(X) X, ZP~', by the formula
(b(gUkL-“,kp—l) = Tp(g) €Xp<2ﬂ' \% _1[k1@p1 +oee A+ kpfl@prl])Ukh"-,kp—l'

Then an easy inspection shows that we recover in this way C(X) x, ZP from C(X) x, ZP~*
and the Z action generated by ¢. Indeed, the map

(9Uks - tip1) Ok, > exp(mV/ = 1[k1O1p + - + kpo1©p-1,])gUhy - by
extends to the allowed C*-algebra isomorphism
[C(2) %0 ZP) 12— C(2) x, ZP.

Clearly ¢ is homotopic to the identity, since the exponential defining it can be scaled. This

is essentially an argument in [42].
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The Pimsner-Voiculescu (PV) sequence [43] gives the exact sequences for i = 0, 1,
(23) 0 — Ki(C(S) o Z Vg — Ki(C(S) 1o ZP) 25 Ki 1 (C(8) xe) ZP1E" — 0,

where ()2 and (-)» denote, respectively, the invariants and coinvariants of (-) under
the induced map in K-theory of the Z®) action. We will abbreviate these by (-)? and (-),
respectively. We can calculate these K-theory groups iteratively. Set A = C'(3,Z). Then
the following is a consequence of the general spectral sequence which computes K-theory if
one uses the Packer-Raeburn trick [39]. We give it an independent treatment here.

Proposition A.1. In the notation above, Aia3 ,, is a direct summand in Ko(C(X) X, ZP).
Proof. 1t is known that
(24) Ko(C(E) = A Ki(C(D) =0,

For the first Z action (for which ©| vanishes trivially), we have

(25) Ko(C(X)»xZ) = A
(26) K (CZ)xZ) = A

For the first Z? action, using the PV sequence we have
(27) Ko(C(%) Ao ZQ) >~ A ® A

because A2 C A is free abelian. So, Aj3 is a direct summand in Ko(C(X) xg| Z?).
For the first Z* action, we have

(28) 0 — (A1 @ A%)3 — Ko(C(2) xe| Z) — K1 (C(2) xe| Z2)* — 0,
that is
(29) 0 — Aioz @ (A%)3 — Ko(C(2) xe| Z%) — K1 (C(2) xe| Z)* — 0,

Therefore, Aja3 is a direct summand in Ko(C(X) xg| Z2).
Suppose now that Ajaz. (1) is a direct summand in Ko(C'(3) x4 ZP~1). That is,

Ko(C(2) %0 ZP7Y) = Ags._(a-1) & M.
Then the PV sequence implies that
(30) 00— (A 1 ®M) — Ko(C(E) %, Z") — Ki(C() 30 271 — 0,
that is,
(31) 0 — Asg_p ® M, — Ko(C(E) X, ZP) — K1 (C(S) Xy ZP~1)P — 0.

In particular, Aja3 , is a direct summand in Ky(C(X) x4, ZP), thereby proving the Propo-
sition.
OJ
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APPENDIX B. A MORE DETAILED HISTORY OF GAP-LABELLING THEOREMS

We give here a brief overview of the history of the gap-labelling theorems and conjectures
for the last 35 years. We thank Jean Bellissard for his invaluable help concerning this section.

The first mention of a gap-labelling theorem probably goes back to a paper by J. Moser
in 1981 [38], concerning the Schrédinger operator in 1D with an almost periodic potential:
he proved that the gaps are labeled by the frequency module of the potential, namely the
Z-module generated by the frequencies of the Bohr-Fourier decomposition of the almost
periodic potential. These ideas were further developed by Johnson and Moser [28].

In higher dimensions, it turns out that the frequency module doesn’t label spectral gaps, as
seen by a counter-example [4]. Bellissard’s version of the gap-labelling theorem says that the
spectral gaps of any self-adjoint operator H (bounded or not) are labeled by the Ky-group of
a C*-algebra this operator is affiliated with. In the case of an operator which is homogeneous
(see [9]) with respect to some translations group G' = R? or G’ = ZP, this C*-algebra can be
chosen to be, up to Morita equivalence, the crossed product algebra C'(2) x G where € is
a compact space in the strong topology. In addition, using the Shubin formula (see [9]) the
labels are expressed as the image of K by a canonical trace and the label of a given gap is
also given by the value of the Integrated Density of States, see [3, 4, 9].

The general proof was finally given by [15, 29, 7] under some integrality assumption on the
associated Cech Chern character. We recall that a quasicrystal is a distribution of points in
the space obtained by the so-called cut-and-project method (also called model sets following
the PhD work of Yves Meyer in 1972). The result concerning a ZP-action on a Cantor set
>’ is more general and applies also to aperiodic systems which are not cut-and-project, such
as the Thue-Morse sequence or the chair tiling, to cite only a few (for other examples, see
[48]). The modern way of computing the gap labels involves the Cech cohomology of the
hull, initiated by [1].

Proposition 6.2.1 in [5] has a formula involving determinants that superficially resembles
our Conjecture 1. We emphasize that it does not include the magnetic field. The relevant
matrix in that formula is the frequency matriz of the aperiodic potential (actually square
submatrices of it). Another assumption made is that €2 is a manifold, in which case one is
able to get more precise results. In our case, €2 is never a manifold as it is either a Cantor
set X when G = ZP, or a fibre bundle X over the torus with fibre a Cantor set ¥ when G = RP.
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