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RIGIDITY OF BRILLOUIN ZONES

F.H. KWAKKEL, M. MARTENS anD M.M. PEIXOTO

ABSTRACT

In general, topological characteristics of manifolds do not determine the geometry. However,
starting in the 1960’s, examples have been discovered for which such characteristics do determine
the geometry. The manifolds can not be deformed without changing the characteristic. The Mostow
rigidity theorems are examples of this phenomenon. The universality observed in one-dimensional
dynamics also leads to rigidity results.

The classical Brillouin zones were introduced by Brillouin in the quantum study of wave
propagation in crystals. Here we will not go into the physical meaning but interpret the Brillouin
zones as characteristics of two-dimensional flat tori. The main results will be rigidity theorems
related to Brillouin zones, focal decompositions and torus puzzles.

1. Introduction and Definitions

In general, topological characteristics of manifolds do not determine the geometry.
However, starting in the 1960’s, examples have been discovered for which such
characteristics do determine the geometry. The manifolds can not be deformed
without changing the characteristic. One speaks of rigidity. The prototype rigidity
theorem is due to Mostow [1].

THEOREM 1.1 (Mostow rigidity theorem). Suppose M and N are closed man-
ifolds of constant sectional curvature —1 with the dimension of M is at least 3. If
m (M) 2 71 (N), then M and N are isometric.

The classical Brillouin zones were introduced by Brillouin in the quantum study
of wave propagation in crystals. Here we will not go into the physical meaning
but interpret the Brillouin zones as characteristics of two-dimensional flat tori. The
main results will be rigidity theorems in the context of flat tori.

For completeness we will recall the definitions concerning Brillouin zones. A
lattice A is a discrete subgroup of R? generated by two linearly independent vectors
wi,ws € R2, ie.

A ={nwi +mws | n,m € Z} = w1 Z & woZ. (1.1)

We define two elements z,y € R? to be equivalent, x ~ y, if and only if 2 —y € A.
The flat 2-torus Tp = R?/A is the quotient space of R? under the equivalence ~. Let
7 : R? — T, be the canonical projection and let d(z,y) = |x — y| be the standard
Euclidean metric on R2. Locally 7 is an isometry and induces the covering metric
d on the torus.
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DEFINITION 1 (Brillouin line). A Brillouin line L, C R? is defined as the
perpendicular bisector of the line connecting the origin 0 and g € A, i.e.

Ly={x|g€Aand |z|=|z—gl|}
For 0 € A, we define Ly = {0}.
DEFINITION 2. Let My C R? be the set of all Brillouin lines relative to the

lattice A, i.e.

My = U Ly, (1.2)
geEA,

where A, = A — {0}.

Let £, be the open line segment connecting the origin 0 and z and let £, be the
closure of ¢, also containing 0 and z.

DEFINITION 3. Let ¢, x, st : R?> — N be the indices defined by

vx)=#{geAN| Lgnt, #0} (1.3)
x(@)=#{geN|Lynl, #0} (1.4)
ww) = #{g € A| Ly 0) (15)

where # means the cardinality of the set. The index u(z) is referred to as the
multiplicity of x.

It follows that x(z) = «(z) + p(z) + 1.

DEFINITION 4 (Brillouin zone). The n-th Brillouin zone relative to a lattice A
is the set

B, ={z € R? | u(x) < n and x(z) >n+ 1}. (1.6)

REMARK 1. In[4], G.A. Jones gives three different definitions of Brillouin zones,
in R™. Our definition can be equivalently formulated in terms of positive definite
quadratic forms. This point of view is adopted in [2] and [7].

In [8] we find an abstract approach to Brillouin zones defined on quite general
metric spaces. For physicists the most important Brillouin zone is the first zone,
called the Wigner-Seitz cell. The first zone also appears in other mathematical
pursuits and then it is called Dirichlet region in the study of Fuchsian groups, or
Voronoi cell in the study of packing.

NOTATION. Although the Brillouin zones B,, and the torus T are defined relative
to a lattice A, we omit the subscripts referring to the lattice. The results will hold
for any (but fixed) lattice A, unless explicitly stated otherwise.

The Brillouin lines and zones are related to arithmetic properties of the geodesic
flow on the given flat torus. This relation is explored in [2], [7]. Let us briefly
recall this discussion. Consider the tangent plane at 0 = 7(0) € T. The function
o : R? — R? defined by

o(z) = #{y € R* | n(y) = n(x), Iyl = |2[} (1.7)
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FIGURE 1. The first 9 Brillouin zones relative to Z2. The consecutive zones are
alternately shaded and unshaded.

was introduced to count the number of closed geodesics of the same length starting
at 0. The focal decomposition is the stratification of the tangent plane at 0 € T
defined by this function. The stratification consist of the following strata. The two-
dimensional strata, also called subzones, are the connected components of o = 1,
the one-dimensional strata are the components of o = 2 and the points are the
connected components of ¢ > 3. Observe that, in the case of a flat torus, the focal
decomposition is independent of the base point 0 € T. According to the results
in [2], the focal decomposition is characterized by the Brillouin lines. This is also
expressed by our lemma 2.2 which states

o(x) = p(x) +1, forall 2z € R2 (1.8)

We will identify M, with the corresponding focal decomposition.

The topology of the focal decomposition M, contains information about the
geometry of the underlying torus. The first rigidity theorem we prove here is that
it actually uniquely determines the geometry of the torus. We say that the focal
decompositions associated to two flat tori are equivalent if there exists a homeo-
morphism between the corresponding tangent planes that maps the decomposition
associated to the one torus onto the decomposition of the other.

THEOREM. The focal decompositions of two tori are equivalent if and only if
the tori are conformally equivalent.

This result, proved in section 4, is inspired by Mostow’s rigidity theorem. An
important ingredient in the proof of this theorem is the asymptotic shape of Bril-
louin zones which, independent of the lattice, is a circle. This was shown by Jones in
[4]. Using a result from analytic number theory [5], theorem 3.2 gives more precise
bounds on the distance of B,, from the origin.
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A classical result by Bieberbach [3], states that each zone B,, is a fundamental
domain for the projection w. That is, each Brillouin zone gives rise to a tiling of
the torus, which we call the corresponding torus puzzle of the n** generation.

Again, the topology of the torus puzzles contains information on the geometry of
the torus. We define an equivalence relation between torus puzzles, which in addition
to requiring the puzzles to be homeomorphic, involves a fixed-point condition.
The second rigidity result characterizes the torus in terms of these puzzles. The
combinatorial properties of the torus puzzles obtained in section 2 play a crucial
role in the proof of the following result, proved in section 5.

THEOREM. Given two tori corresponding to lattices in general position. For
every generation the two torus puzzles are equivalent if and only if the tori are
conformally equivalent.

The classical result of Bieberbach stating that Brillouin zones are fundamental
domains can be extended in the context of higher dimensional flat tori. See for the
definitions and results [4]. The method for proving this theorem does not have a
strict two dimensional character. Although the proof of higher dimensional versions
of for example lemma 4.2 and lemma 4.3 need some special care we state

CONJECTURE 1. The focal decomposition of two n-tori are equivalent if and
only if the tori are isometric.

The study on the boundary of Brillouin zones presented here relies strongly on
two dimensional arguments. The boundaries in higher dimensions might be much
more complex. Nevertheless, we state

CONJECTURE 2. Two n-tori are isometric if and only if for every generation the
two torus puzzles are topologically equivalent.

2. Torus Puzzles

We start with studying the topological properties of B, and we show that the
projection of every B, tiles the torus. Such a tiling of the torus is called a torus
puzzle. Our special interest lies in determining what combinatorial information
about the set My is encoded in these torus puzzles.

LEMMA 2.1. Let 2 € R?, then

(@) = # {y € B” | n(y) = w(z) and |y| < |o]} (2.1)

Proof. Let z € R? with index ¢(z). We let D; = D(0, |z|), be the open disc with
center 0 and radius |z| and similarly Dy = D(z, |x|), see figure 2.
We show that for g € A the following are equivalent:

1) tzNL, #0Q,

2) g < AN Do,

3) yy=x—g € D.
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FIGURE 2. Proof of lemma 2.1

1) < 2). Suppose £, N Ly # O for some g € A. Let £, N Ly = {z4}, then |zy| < |z|.
Let Cy be the circle centered at 3z, and radius p; = |z,4|. Let I, be the line
segment connecting the origin O and ¢ and let z, = %g. Since L, is perpendicular
to lg, zg € Iy N Cy. Since |24 < |z| and py < 3|z|, by congruence, g € Dy N A.
Reading the previous arguments backwards yields the other direction.

2) < 3). By symmetry, a € Dy if and only if 2 — a € D;.

Hence, there is a one-to-one correspondence between the set of points
{y cR? | n(y) = w(z) and |y| < |x|}

and the set of Brillouin lines L, such that £, N L, # @ and this proves the lemma.
O

DEFINITION 5. For z € R?, let

O(z) = {y eR* | n(x) = n(y), |z[=lyl}. (2.2)
and 0 : R? = N, o(x) = #0(x).

LEMMA 2.2. Let z € By, and v = 7(z). Then o(z) = u(z) +1 and ¢,0, x and p
are constant on O(z). Moreover,

7~ (v) N B, = O(x). (2.3)

Proof. In the notation of the proof of lemma 2.1, let C; = 0D; for ¢ = 1,2. If
x € Ly, then g € Cy and y, = x — g € C;. Hence y, € O(x). Moreover, if L, # Ly,
ie. g # ¢, then y, # y, . Conversely, every y € O(z) gives rise to a L, such that
x € Lg; because m(z) = 7(y), * —y = ¢ for some g € A and it is easily seen that
x € Ly. So o(x) equals the number of points y, plus « itself, hence o(z) = p(z) +1.

Since o(x) = o(y) for all y € O(x), u is constant on O(z). From lemma 2.1 it is
easy to see that ¢ (and hence x) is constant on O(x).
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To prove (2.3), first note that |2/| = |z| for all 2’ € 7~ (v)NB,,. Suppose otherwise
that z,2’ € 7~ 1(v) N B, but |z| # |2’|, say |z| > |2’|. Then, by lemma 2.1 and
the fact that o(2’') = p(z’) + 1 we get o(z) > p(@’) + 14 (a’) = x(2') > n+1,
a contradiction. Hence, 7~%(v) N B,, C O(x). Furthermore, the indices ¢ and y are
constant on O(z), it follows that y € B,, for all y € O(x). We finished the proof of
equation (2.3). O

REMARK 2. In general there are no explicit formulas for o(z). However, in the
case when A = Z? Gauss obtained an explicit formula for o(g) with g € A in terms
of the prime decomposition of |g|?. This result is as follows. Let N € N with prime
factorization

k l
N=2T]»" 19"
i=1  j=1

where p; =1 mod 4 and ¢; =3 mod 4. Denote R(N) be the number of solutions
in Z? of n? + m? = N. If all v, are even, which is the case for N = |g|? for g € Z?,
then R(N) = 41_[?:1(1 + ;). See for instance [6, p.166] for this result. Thus we
have o(g) = R(|g]?).

LEMMA 2.3. B, is closed.

Proof. Let xz € BS, the complement of B,,. Then either ¢(x) > n+1 or x(z) < n.
The latter is equivalent to «(z) + o(z) = v(z) + p(z) + 1 = x(z) < n. In both
cases, because 7~ 1(v) with v = 7(z) is discrete, there exists an open neighborhood
around z for which «(x) > n+1 or «(x) + o(z) < n respectively, which shows that
the complement of B,, is open and hence B,, is closed. |

LEMMA 2.4. Let x € B, then x € Int(B,,) if and only if u(x) = 0. Conse-
quently,

My={]JLy= ] 9Bn. (2.4)

geA neN

Proof. 1If p(x) = 0, then ¢(x) = n. Therefore, there exists a small neighbourhood
around z such that «(y) = n and p(y) = 0. Thus y € B, for all y in this
neighbourhood, so x € Int(B,,).

Conversely, let p(z) > 1. If «(x) < n — 1 then consider the point y = (1 — €)x
with 0 < e < 1. Observe, x(y) < ¢(z) + 1 < n. Hence, y € BE and thus = € 9B,
If «(z) = n then consider the point y = (1 + €)x with € > 0. Observe, ((y) <
t(x) + p(z) > n+ 1. Hence, y € B and thus « € 0B, O

If x € Int(B,,), then ¢(z) = n and x(x) = n + 1. This yields that the zones tile
R? in the sense that

U B, =R? and Int(B,)NInt(B,)=0 if n#m. (2.5)
neN
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DEFINITION 6. Define
0, =B,NB,_1 and 0 =B, N B,,1. (2.6)
If x € 0By, then either 1(z) < n—1and x(z) > n+1ori(x) =nand x(z) > n+2,
corresponding to x € B, N B,,_1 and = € B, N B,, 41 respectively. It follows that
0B, =0, Uo; (2.7)
We denote 9,, = 9,, U9, and (2.4) rewrites as
My={Jon= ], (2.8)
neN neN
since 9;f =9, ,, and 9; = Q.
Topological properties of Brillouin zones are given in the next proposition, which

was proved in [4].

PROPOSITION 2.5 (Jones). For every Brillouin zone B,,, the following holds:
(i) B, is compact,
(ii) B, is path-connected,
(iii) 9 is homeomorphic to the circle S'.

Although B, is connected, the interior of B, is in general not connected. Let
{b,} e, be the set of connected components of Int(B,,), then

U ¥ = nt(Bn). (2.9)
jeJ’Vl
The set BJ = bJ, U 9bJ, is called a subzone and we have
B,= | Bj. (2.10)
J€Jn

LEMMA 2.6. B, is a finite union of convex polygons.

Proof. Because A is discrete only finitely many Brillouin lines can meet B,
because B, is bounded. This yields that every B,, consists of finitely many subzones
and that the boundary of a subzone is comprised of finitely many edges, so every
subzone is a polygon.

To prove convexity, notice that every Brillouin line L, divides R? into two half
planes Hy, i = 1,2. Since Ma = Uyep, Ly = U,enOn, every subzone is the
intersection of finitely many convex half planes and thus convex. O

A point © € My is called a vertex if u(x) > 2. The connected components of
{z € My | p(x) =1} are the edges of My.

Let P, = U,e,, Pi with P) = 7(B},). Moreover, let 9*P,, = 7(9;) and 9P, =
7(On).

TSubzones are also referred to as Landsberg subzones.
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We define € C T to be an edge if e C M} is an edge and € = 7(e). Similarly, we
say a region P C T is a convex polygon on the torus, if P C R? is a convex polygon
and 7(P) = P and 7 injective on Int(P).

Let {P;};es be a finite family of polygons on R? and v € T such that v € P; =
7(P;) for all i € I. Then v is called a vertex if #=(v) N P; is a vertex of P; for
every i € I. We call an edge € C 9P, a plus edge if € C 7 P,, and a minus edge if
eC O P,.

DEFINITION 7 (Torus Puzzle). A torus puzzle is a finite family of convex poly-
gons, {P?};c;, with P/ C T, such that
(i) the union of the polygons covers the torus,
(ii) if i # j, then the intersection PN P7 is either empty, or a single vertex of both
P? and PJ or a single edge of both.

When the polygons are all triangles, the notion of a torus puzzle coincides with
that of a triangulation.

THEOREM 2.7. Every P, is a torus puzzle.

Proof. By lemma 2.1, {B};c,, is a finite family of convex polygons on R?,
hence {P7};c, is a finite family of convex polygons on T. To show that  : B, — T
is surjective, let v € T and consider 771 (v). Because A is discrete, 7~ (v) is discrete.
Hence, there exists an z € 7~ !(v) such that

#{y eR? | n(y) =7(x) and [y| < |z[} <n
and
#{y e R?* | 7(y) = w(z) and |y| < |a:|} >n+1.
We have shown this to be equivalent to () < n and x(x) > n + 1, hence x € B,,.
This shows that {P}},c, satisfies property (i) of definition 7.

To prove P, satisfies part (ii), 7 : Int(B,,) — T is injective since 7~ !(v) N B,, =
O(z) and o(x) = 1 if and only if z € Int(B,,). This shows that Int(P?:)NInt(PJ) = @
if i £ j fori,j € Jp. Let € 9, and 7(x) = v. A point x € 9, is a vertex if and
only if p(x) > 2. By lemma 2.2, for all points y € O(z), u(y) = p(z) and these are
exactly all the points in 0,, that are mapped to v, hence v is a vertex. Conversely,

if = is not a vertex then pu(x) =1 and p(y) = 1 for the other y € O(z) so y is not
a vertex and this proves {PJ};c, satisfies part (ii) of definition 7. O

It particular, this shows that B,, is a fundamental domain for A. That is, B, is
closed by proposition 2.5 (i) and, moreover,

U gB, =1 Yn(B,)) =71 (P,) =R?
geA
and
Int(¢gB,) NInt(¢'B,) =0  ifg#4.
The first equality follows from surjectivity of 7 : B, — T and the second by

injectivity of 7 : Int(B,,) — T. This result was first shown by Bieberbach in [3] and
later by Jones in [4]. It also follows that
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COROLLARY 2.8. The measure of B, n € N, equals the area of the torus T.

FIGURE 3. The first 8 puzzles P, relative to Z*. The left and middle pictures are the
minus and plus boundaries P, and O P,, respectively and the right pictures the
puzzles Py,

P DK Bl < X

Let x € 9,, Nd;F, or equivalently, x € B,_1 N B,, N By11. Then «(x) <n—1 and
X(z) > n+ 2. Hence, u(z) > 2. Every z € 9, N ;" is a vertex.

DEFINITION 8. Let

I, ={zcR*|zc€d, No}}, (2.11)
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the set of intermediate vertices of 9,, and let v;F = 0¥ — Z,,. The vertices of vI are

called plus and minus vertices respectively, see figure 4.

Since the union of Z,, and ;" is 9, every vertex of 0, is either a plus, minus or
intermediate vertex.

a9+
s

FIGURE 4. An intermediate vertex (left) and a plus/minus vertex (right) of 0.

LEMMA 2.9. Let xz € 0, a vertex. If x is a plus, minus or intermediate vertex,
then y is plus, minus or intermediate vertex respectively for all y € O(z).

Proof. For x € Z,, we have t(x) < n —1 and x(z) > n+ 2. If x € ,', then
x € B,NBpt1 but « ¢ B,_1. Hence «(x) = n . For a vertex we must have pu(x) > 2.
Thus a vertex in v, satisfies «(z) = n and x(z) > n + 3. Similarly, if z € ~,;, then
v(z) <n—1and x(z) =n+1.

Since these conditions are mutually exclusive, and, by lemma 2.2, ¢(z) = ¢(y) and
x(x) = x(y) for all y € O(x), the result follows. O

DEFINITION 9. Let v be a vertex of P, then v is a vertex of type I if all edges
incident to v are plus edges and v is a vertex of type II if all edges incident to v
are minus edges. Finally, a vertex v is a vertex of type III, if the edges incident to
v are alternately plus and minus edges.

DEFINITION 10. Let z € 0, and v = w(z) € 0P,. We define fi(v) to be the
number of edges that are locally incident to v. If x lies on the interior of an edge,
we define fi(v) = 1.

By locally in definition 10 we mean the number of edges incident to a vertex in
a small neighborhood, since an edge can have its vertices identified on the torus,
see for instance the puzzles Py, Ps and P; relative to Z2 in Figure 3.

If we set Z,, = m(Z,), then

LEMMA 2.10.
O~ P, NP, =1, (2.12)

Proof. We need to show that 7(7,,) N7(y,7) = @. Let v € T and = € v, such
that m(z) = v. Since 7~ (v)N B,, = O(z) by lemma 2.2 and y € v for all y € O(x)
if ¥ € v by the proof of lemma 2.9, we have (v, ) N7 (v;}) = @ and hence (2.12).

U
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The following proposition relates the combinatorial properties of B,, to that of
the torus puzzles P, on the torus T.

PROPOSITION 2.11. Let z € 9, be a vertex and v = w(x). If x is a plus, minus
or intermediate vertex, then v is of type I, II or III respectively and

a(v) = px) + 1 if v is of type I or II, (1)

a(v) = 2u(x) + 2 if v is of type III. (i)

Proof. By lemma 2.9, if x is a plus or minus or intermediate vertex, then all
vertices in O(x) are plus or minus vertices respectively. If z is a plus or minus
vertex, it is clear that the corresponding vertex v is of type I or II respectively.
So consider the case where O(z) consists of all intermediate vertices. For every
subzone B/ sharing the intermediate vertex y € O(x), the two edges contained in
OBJ incident to y consists of one edge contained in 9, and one edge contained in
aF, cf. figure 4. Hence, for every PJ that shares the common vertex v, there is one
minus edge and one plus edge incident to v. By lemma 2.10, =P, N 0TP, = T,
so the minus edge incident to v of one subzone P! is identified to the minus edge
incident to v of the neighbouring subzone PJ for certain i,j € J,,. Similarly, plus
edges are mapped to plus edges, thus the edges incident to v are alternately plus
and minus edges, so v is of type III.

To prove the second statement, note that if v is of type I or II, then to every
vertex y € O(x) there are exactly two plus or minus edges of B} for of some
j € J, incident to y. Exactly 20(x) = 2(u(z) + 1) plus or minus edges are mapped
to T and are incident to v. For any edge é C 9~ P,, 7 () N9, = eU¢ for
certain edges e, e’ C 9, by theorem 2.7 and this yields that fi(v) = o(x) = p(z)+1
which proves (i). If v is of type III, then incident to every vertex y € O(z) are
exactly two plus edges and two minus edges of 0,,. By similar reasoning, we have
that fi(v) = 20(z) = 2u(z) + 2 and proves (ii). O

The statement of the previous proposition is illustrated by figure 1 and figure 5,
which shows the puzzle P, relative to Z2.

Py otp, Ps

FIGURE 5.

DEFINITION 11. A lattice A is in general position if the Brillouin lines of My
intersect at most pairwise: u(z) < 2 for all x € R2.



12 F.H. KWAKKEL, M. MARTENS AND M.M. PEIXOTO

Almost all lattices are in general position, in the sense that the set of lattices in
general position has full measure in the set of all lattices. However, lattices not in
general position are also dense in this set, see [4].

ExaMPLE 1. Consider the following family of lattices
Ap,0) = (1,0)Z & p(cos0,sinb)Z,

with 6 € (0,7) and p > 0 rational. First consider the case where p = 1. It is clear
that L, o) intersects (1,0). An easy computation shows that both lines L,, en Ly,
intersect (1,0), where g1, g2 € A(1,6),

91(0) = (1 4+ cosf,sin ) and g2(0) = (1 — cos @, —sinh).

Hence, the lattices A(1,6) with 6 € (0,7) are not in general position. Now write
p= % with p, ¢ € N coprime. Clearly, qA(p,6) = (¢,0)Z @ p(cos 8,sin 0)Z C A(p,0).
Let 7 be the least common multiple of p and ¢. Then 7¢1,7g2 € gA(p,0) C A(p,0)
and Lar,0), Lrg, and L, g, intersect (7,0). Hence, the lattices A(p, #) with 6 € (0,7)
and p > 0 rational are not in general position. This is a dense and uncountable
family in the set of all lattices.

We can write A = BZ? with B € GL(2,R). This matrix B gives rise to a (positive
definite) quadratic form induced by the positive definite matrix B! B. The Brillouin
lines relative to the Euclidean metric and the lattice A = BZ? are identical to the
Brillouin lines relative to the lattice Z?2 with the metric induced by the matrix B!B.

An interesting result, proved by Kupka, Peixoto and Pugh in [9], is the following
relation between the coefficients of a quadratic form and the notion of general
position.

THEOREM 2.12. If the coefficients a, b, ¢ of the positive definite quadratic form
Q) are rationally independent, then no three of its Brillouin lines meet at a common
point.

It is understood that the Brillouin lines in theorem 2.12 are the Brillouin lines

relative to the metric induced by the quadratic form Q.

So if B = (i Z) € GL(2,R), then M, with A = BZ? is in general position
if the coefficients a? + c2, ab + cd and b? + d? are rationally independent. It is not

known whether the converse of theorem 2.12 holds.

DEFINITION 12. Two puzzles P,, and P/, are homeomorphic if there exists a
homeomorphism h,, : T — T’ such that h,(0P,) = IP),.

PROPOSITION 2.13. Let A be in general position and A’ not in general position.
Then there exists an n € N such that P,, and P}, are not homeomorphic.

Proof. By assumption, p(z) = 2 for every vertex @ € My, hence fi(u) = 2+1 = 3
or 2(2+1) = 6 for u = m(x) of type I/II or III respectively, for every vertex u of every
P, by proposition 2.11. On the other hand, there exists at least two (antipodal)
vertices y € My, for which p(y) > 3. For a certain n, y € 9, is an intermediate
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vertex. Thus fi(v) > 2(3 + 1) = 8 for v = 7’(y) € P/,. Hence, these puzzles can not
be homeomorphic. |

Hence, arbitrarily close to a given lattice, there exists a lattice such that the torus
puzzles of the associated tori are not pairwise homeomorphic.

3. Asymptotic Behavior of By,

We study the behavior of B,, for n — co. More precisely, we derive bounds on the
distance of B,, from the origin and show that B, is contained in a circular annu-
lus with decreasing modulus. Consequently, B,, always becomes circular shaped,
independent of the underlying lattice.

If we let G be the set of all lattices in R?, then we define two lattices A, A’ € G
to be conformally equivalent, A ~ A’, if there exists a conformal matrix A,

A= (0059 —sin9) , (3.1)

sinf cos6

where A > 0 and 6 € [0,7), such that A’ = A(A). We denote G = G/ ~.

REMARK 3. Note that A is orientation preserving and that A(L,) = L4(g).
Hence

A(My) = Man)- (32)

Every lattice A € G can be represented as A = B(Z?) where

B= (é g) (3.3)

with (o, 3) € H = (—o0,00) x (0,00) C R?, the upper half plane. In other words, a
lattice in G has the form

A=(1,00Z & (o, B)Z.

By modular symmetry, this representation is not unique. That is, if two lattices
A, A’ are generated by the vectors (wy,ws) and (w],w)) then A = A’ if and only if

0 E)-C)

with <(CI Z) € SL(2,Z). For A, A’ € G, we have A = A’ if the associated matrix

has the form 111 (1) with n € Z. Hence, the points (a + n, 3) € H for n € Z all
represent the same lattice.
If z € Int(B,,), then ¢(z) = n and by lemma 2.1,
Uz) =#{y e R?* | n(y) = n(z) and |y| < [z|} =n,
which we proved to be equivalent to
#{9 g€ AnD(z,[z])} =n. (3.4)

The following (classical) result is essential in this respect, the proof of which can
be found in [5].
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THEOREM 3.1 (Van der Corput). Let D be a region bounded by a convex simple
closed curve, piecewise twice differentiable, with radius of curvature bounded above
by R. The discrepancy A of D, the difference between the number of integer points
in D and the area of D, satisfies

A = O(R?*3) (3.5)

Theorem 3.1 gives rise to the following bounds on the distance of a point « € B,,
from the origin.

1 «
0 B) (a, B) € H. Then there

exists a constant K, > 0 depending only on the lattice A such that for x € B,, and

n>1,
e | (Bn)7F_ Ea (o) Ka 56)
T n1/6’ T n1/6 ’ :

Proof. First let « € Int(B,,). Since det(B) = 8 # 0, B is invertible. Let C, =
dD(x,|z|), then E, := B~Y(C,) is an ellipse and the region bounded by this ellipse
satisfies the requirements of theorem 3.1. The radius of curvature of an ellipse with
major 2and minor axes given by a and b respectively is bounded from above by
R = 4. Let R, denote the upper bound on the radius of curvature of E, and let
tn(x) = (%)1/2|x\. The (semi)axes of E, are proportional to |z| and hence to t,(z),
thus R, is proportional to t,,(x) where the constant of proportionality depends only
on the lattice A and

THEOREM 3.2. Let A = B(Z?) where B =

|B~H(D(x, |2]))| = det(B~)|a]* = %le2 = tn(2)*. (3.7)
From equation (3.4), it follows that
#{919€2? N B~ (D(x[a]))} = n, (3-8)
so by theorem 3.1 and (3.7)
n =B~ (D(,[2])| + Otn(2)**) = tu(2)* + O(ta(2)*/?). (3.9)

Put t,(x) = v/n (1 + z,(2)), with z,(x) the error term. Since ¢, (z) > 0, 1+ 2z, (z) >
0 and by (3.9),

n = n (142, ()| < Ca(Vn (14 20(2)))*?, (3.10)

for some constant Cy > 0 depending only on the lattice A. Then (3.10) for n > 1,
after some manipulation, reads

Ca (1 +Zn($))2/3
[#n ()] < n2/3  z,(x)+2

(3.11)

(L42n)?/3 - 22/3

e < =3, 50 (3.11) reduces to |z, (z)| < n%g, where

For z, € (-1,00), 0 <
C) = #C’A yielding

Ch Ch

Since t,,(z) = (%)1/2\x| the result follows for all o € Int(B,,) with K = (2)1/2¢}.
Letting x approach 0,,, we see that these bounds are in fact valid for all z € B,,. ]
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REMARK 4. Note that det(B) = (3 is independent of the representation of the
lattice, so the statement of theorem 3.2 is well-defined.

4. Rigidity of My

Here we prove our main result that the focal decomposition My is rigid in the
sense that My and My, are homeomorphic if and only if A and A’ are conformally
equivalent.

DEFINITION 13. We define My ~ My, if there exists an orientation preserving
homeomorphism

¢ :R* — R? such that (M) = My (4.1)

NOTATION. In order to distinguish between the Brillouin zones relative to A
and A’, we denote these B,, and B!, respectively.

THEOREM 4.1 (rigidity theorem). My ~ My, if and only if A and A’ are
conformally equivalent.

For the proof of theorem 4.1, we need the following lemmas.

LEMMA 4.2. Let ¢ be as in definition 13. Then ¢ induces a bijection ¢ : A, —
A, defined by

©(Lg) = Ly(g) = Lg. (4.2)

Proof. Because ¢ is a homeomorphism, pu(z) = u(z’) where z,2’ € R2, p(z) =
z’. In particular, ¢ maps vertices to vertices. Consider a vertex z that is the
intersection point of m Brillouin lines Ly, g; € A for i =1,...,m, so u(z) = m.

If p(z) = 2/, then 2’ is the intersection point of n Brillouin lines ng_, g; € N,
j=1,..,m. Let g = g; for some i = 1,...,m. The plane minus L, divides R? into
two connected half-planes H) and HZ, i.e. R*\L, = H} U H_. Locally, there are
exactly m — 1 edges e}, incident to z such that e}, C H, ; and m — 1 edges e? incident
to = with e C H;. Hence, ¢(H,) contains m — 1 edges é; = ¢(e,) incident to 2’
and @(H?) contains m — 1 edges €, = ¢(e}) incident to 2. So locally the image
©(Lg) goes across 2’ as a straight line segment. Since this holds for every vertex,
¢(Ly) C Ly for some ¢’ = g} € Al. The same arguments show that ¢~ '(Lg) C L,
thus ¢(Lg) = Ly

Since ¢ is a homeomorphism, it is seen that the map v : A, — A’ defined by
(4.2) is a bijection and this concludes the proof. O

LEMMA 4.3. Given ¢ as in definition 13. There exists a uniform N € N such
that, if x € Int(B,,), i.e. t(x) =n, thenn — N < (z') <n+ N

Proof. Let z € Int(B,), then «(z) = n, i.e. there are n lines L, such that
LyNt, # Q. Let 2’ = ¢(z). By lemma 4.2, p(Ly) = Ly, with g € A, and ¢’ € A/,.
Let v = ¢(¢;), then +y is a continuous curve between ¢(0) and z’. Every Ly, , g; € A,
i = 1,...,n has exactly one point of intersection with ¢, and is transversal to /.
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Hence there are exactly n Brillouin lines Lg;, g} € AL, j = 1,..,n which have
exactly one point of intersection with . Moreover, because Ly, are transversal to
lyforalli=1,...,n, Lg; are transversal to v for all j =1,...,n.

Let D be the disc D(O, R) with R = |p(0)] < co. The curve y can have (multiple)
intersection points with £, and v meets £, at the point z’, see figure 6.

FIGURE 6. Proof of lemma 4.3.

Suppose 7 has intersection points with £, and let a, b be two consecutive intersec-
tion points. Let S be the Jordan domain enclosed by £, and v between a and b. If a
Brillouin line Ly, g € A/, enters S by crossing v, then it has to leave S through £,,
since Lg; has only one point of intersection with ~. Suppose however that a line Ly,
intersects £, but that the image Ly, does not intersect £,. In this case, the line L,
has to escape through the disc D. But because at most finitely many Brillouin lines
can meet any bounded subset of R?, the number of Brillouin lines that can escape
through the disc D is uniformly bounded by a certain N € N. Conversely, there are
lines that could intersect with ¢/, but not with . Again, since ¢(¢(0)) < N, this
number of lines is uniformly bounded by N. Hence t(z') = n + t(¢(0)) < n + N.
Hence, if ((xz) = n and ¢(z) = 2/, then n — N < (z') <n+ N. O

Let B, be the bundle of Brillouin lines consisting of all Brillouin lines parallel to
L. The Brillouin lines in a bundle are parallel, so by lemma 4.2 and injectivity of
@, we see that bundles are mapped to bundles,

¢(By) =By where g’ =(g). (4.3)
We call an element g that is the generator of the subgroup formed by all lattice
points on the line through 0 and g the generator of the bundle B,.

LEMMA 4.4. Let ¢ be as in definition 13, then there exists a linear () and a
bounded 6 : R? — R? such that

p(r) = Q) + (),
for all z € R?.
Proof. We will show that there exists a tiling of the plane by a parallelogram

which is mapped by ¢ to a tiling of the plane by a second parallelogram. This will
give us an affine map =z — @Q(x) + ¢ which also preserves this tiling. Because the
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parallelogram in the image space of ¢ has a bounded diameter Ky we get

p(z) = (Q(2) + ¢)| < Ko,

thus [6(x)] < |e| + Ko := K.
Let g € A be the generator of the bundle

By = {Lg | k € Z\ {0}
and ¢(By) = By where ¢’ € A’ is the generator. Assume
SO(LQ) = Lkg’a

say with k& > 0. Define

By = {Latjms1yg | J €L} C By
and

By ={Lh+jths1)g | 5 €2} C By
Notice,
(L(1+j(k+1))g) = Lk+j(h+1))g'

for j € Z. Furthermore, the bundle B, (and B, ) does not consist of equally
spaced lines. Namely, the strip between L, and L_, is twice as wide as the other
strips. However, the collections B¢ and B;P, do consist of equally spaced lines.

Now choose g1, g2 € A independently. Then the collections B and B define a
tiling of the plane by parallelograms. Even so the collections B“" and B“" ThlS tiling
is preserved by ¢ which now can be approximated by an afﬁne map as described
above. |

Proof of theorem 4.1. The if part easily follows, because if A’ = A(A) with A
conformal, then A(My) = My, hence My ~ My, with p = A.

To prove the only if part, by lemma 4.4, the linear part |Q(x)| — oo for |z| — oo.
Since () is bounded, ‘\g(x)ll — 0 for |z| — oco. Thus for |z| — oo, the behaviour of
@ is completely determme(i by Q. By theorem 3.2, B,, converges to a large circle,
for n — oco. This implies in turn, by lemma 4.3, that ¢(B,,) converges to a large
circle for n — oco. Hence Q maps circles to circles. The only possible non-singular
linear map that maps circles is to circles is a rotation or reflection combined with
dilatation. A reflection reverses orientation, and ¢ is orientation preserving if and
only if ) is orientation preserving. So ) cannot be a reflection. Hence, @ is a
combination of a rotation and dilatation, that is, @ is conformal.

We show that (M) = Q(Ma) by showing that ¢(B,) = Q(B,) for every bundle.
Given By, there exists a conformal map A = AR(#) with A # 0 and R(6) a rotation,
such that ¢(By) = A(Q(By)). We claim that § = 0 ( mod 27) and XA = 1, i.e.
A = Id. First suppose that § # 0. Then Q(Ly) and ¢(L,) with L, € B, are
non-parallel lines in R? and hence |¢(z) — Q(z)| is unbounded for z € L,. This
contradicts the fact that § is bounded, see lemma 4.4.

To show that A = 1, consider the points x; = %gk € Lgi, k € Z*. By what we
just showed we have that AQ(g) = ¢’. Hence,

1k
Q(ﬂfk) = §X9/-
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The Brillouin lines in a bundle are mapped by ¢ in a bijective and order preserving
manner to the image bundle B,. We may assume that there exists m € Z such that
(%) € Ly (j4m) for k> 1. Now the bound on § we found in lemma 4.4 gives the
following estimate for all k£ > 1.

K > |o(zk) — Qz)|

1 1k
>[5k +m)g =534 (4.4)
1 1
= ~|k(1— < g
5k = 1) +m|-|g|

This is only possible if A = 1.
Hence A = 1Id and it follows that

(M) = Q(Mr) = Mg(ay = My
Thus A" = Q(A) and this proves the theorem. O

5. Rigidity of Torus Puzzles

Next we study the rigidity of torus puzzles. We define an equivalence relation on
torus puzzles and show that, for almost all lattices, the torus puzzles relative to two
lattices are pairwise equivalent if and only if the lattices are conformally equivalent.
We use the rigidity of My to prove this result.

Let 7: R? — R2, 7(z) = —z be the antipodal map. By symmetry, 7(My) = Mj.
Let 7 : T — T be the map that satisfies o = Tom. Let A = (1,0)Z&® (o, )Z € G.
Denote symbolically the points 0,1,2,3 € T defined by i = 7(x;), ¢ =0, 1,2, 3 with

1 1 1
:5(130)5 I2:§(OZ+1,/B), ‘r3:§(a76)' (51)

A straightforward computation shows that the points 0, 1,2, 3 are the only fixed

points of 7.

To = (030)7 T

EXAMPLE 2. Figure 7 depicts Py for A = (1,0)Z (4, 2)Z. The associated fixed
points 0, 1,2, 3 discussed above are indicated with dots.

FIGURE 7. Puzzle P1 of Example 2.

REMARK 5. The points 0 and 1 are independent of the representation of the
lattice, but the the points 2 and 3 are not. If («, 3) represents A, then so does
(a4 n,B) with n € Z. The points 2 and 3 flip according to n being even or odd.



RIGIDITY OF BRILLOUIN ZONES 19

LEMMA 5.1. Let A be in general position, then 0,1 € 0P,, but the points are
not vertices, for all n > 1. In addition

0€0 P, and 1€ 9P, if n is even, (1)
0€0™P, and 1€ 9P, if n is odd. (i)

Proof. Let x € 7=1(0) or 77 1(1). Because 0 and 1 are the fixed points of 7,
o(x) is always even. This yields that o(x) = 2. Because if o(z) > 2, i.e. o(z) > 4,
then p(x) > 3, contradicting the assumption that A is in general position. Hence,
p(x) =1, these points always lie on the interior of an edge of M. For each n > 0
we have 0,1 € OP,,.

We have that =Py = {0}. Since 1 # 0 and 1 € 9Py, 1 € T Py. For n = 1, we
have that 0 € 9tP; and 1 € 9~ P, = 0T P,.

The properties (i) and (i¢) for the point 0 € 9P, follows inductively. Namely,
0 € 0TP; and the fact 0P, = 0~ P, imply that 0 lies alternately on the plus
and minus boundary. Similarly, one obtains both properties for the point 1 € 9P,,.

O

DEFINITION 14 Equivalence of Puzzles. Let A, A’ € G. Two puzzles Py, P,
are equivalent, P,, ~ P/ if there exists an orientation preserving homeomorphism
hy, : T — T’ such that

a) h,(90P,) = OP], and
b) h,(0) =0" and h,(1) =1".

Comparing P relative to A = (1,0)Z & (4, 3)Z and P; relative to A = Z?, cf.
figure 3, it is clear that these two puzzles are not equivalent (or even homeomorphic).

THEOREM 5.2. Let A,A’ € G in general position, then A = A’ if and only if
P,, ~ P/ for alln € N.

The proof of theorem 5.2 will be preceded by the following two lemmas.

NOTATION. In what follows, if a map on R? or T has the property that it maps
plus/minus or intermediate vertices (for a map on R?) or vertices of type I, II, or
III (for a map on T) to vertices of the same type, we say for short that the map
preserves the types of vertices.

LEMMA 5.3. Let A, A’ in general position and P,, ~ P!, then

b (0%P,) = OFPL. (5.2)
Moreover, h,, preserves the types of vertices.
Proof. We will only discuss the proof for 97 P,,. The proof for the other bound-

ary part is similar. Consider the following situation. Let e;,es C 7P, be plus
edges with de; = {u,v} and des = {v,v2} and h,(e;) C OTP),. Then

ha(es) C P (5.3)
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The proof of equation (5.3) will deal with two cases. The first when the vertex v of
ey is of type I. Then fi(v) = 3. Hence, ji(v') = 3. Because, v/ € 91P], we see that
also v’ is of type I (otherwise fi(v') = 6). This means that every edge attached to
v’ is a plus edge: h,(e2) C 0P

The second case to consider is when v is of type III. Then fi(v) = 6. Hence,
a(v') = 6. Because, v € 1P/, we see that also v’ is of type III (otherwise fi(v') = 3).
The edges attached to a type III vertex are alternately plus and minus. Because e
and h,(e1) are plus edges we see that h, maps all plus edges attached to v to plus
edges attached to v’ (and similarly, the minus edges are mapped to minus edges).
This finishes the proof of equation (5.3).

The next step is to find a pair of plus edges e and ¢’ = h,(e) to which we can
apply the result stated in equation (5.3). If n is odd, then the edge e through 0
on T and €’ through 0’ on T’ are plus edges. This follows from lemma 5.1. Since
hn(0) = 0/, we have hy,(e) = €’. If n is even we use the point 1 € 9P, and the fact
that h,(1) =1 € 0T P..

Because 9, is path-connected (it is homeomorph to St), 97 P, is path-connected.
Taking a path through 87 P,,, traversing every plus edge at least once (possibly some
edges more than once), the above arguments show that h,(0%7P,) C 9tP/. Simi-
larly, we can apply these arguments to the inverse of h,, and obtain h,1(0TP!) C
O1P,,. We proved h, (0TP,) = d+P..

LEMMA 5.4. Let A,A’ € G in general position and P,, ~ P/,. Then there exist
an orientation preserving homeomorphism ¢, : B,, — B), such that

Pn

B, B;L
T i
Pn P
hn

Moreover, ¢, (8%) = 0'F

. and p, preserves the types of vertices.

Proof. Write B, = Uje,, B} and B, = U, Bi. Since P, ~ Pj, we

have |J,| = |J'|. Let hi = hy,|Int(P?) with Af (Int(P4)) = Int(P.?). Since the
projections of the form 7 : Int(B,,) — T\ 9P,, are homeomoprhisms, the map

@) Int(BI) — Int(B;lj/), z ! (Bl (n(z))) ﬂInt(B;Zj/)

is also a homeomorphism. We can extend ¢/, uniquely to a homeomorphism on the
boundary 9B}, which we denote again . The extension ¢J, : B} — B'l is a

homeomorphism for every j € J,,. Moreover, it commutes: 7’ o ¢J = h,, o .
Let By N B> = {z} € Z,,. We will prove that

o1 (z) = 2 ().

Let v = 7(z). There are two lines through z, pu(z) = 2. These lines determine two
opposite sectors which locally coincide with B! and Bj? respectively. Furthermore,
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7~ Y(v) N B, consists of three points. Hence, there are three lines crossing v. More-
over, opposite sectors at v coincide locally with 7(BJ1) and 7(BJ2). To summarize,
B N B2 = {x} if and only if 7(BJ!) and 7(BJ2) coincide locally with opposite
sectors at v = w(x).

The map h,, is a homeomorphism. This means it will map opposite sectors at a
type III vertex to opposite sectors of the image type III vertex. We proved that if
BJi N BJ2 = {x} then

o (BI) Nl (BY?) = {ef! (2)} = {eR (2)}

This allows us to define a homeomorphism ¢,, : B,, — B, by ¢,|BJ = ¢J, which
is orientation preserving since h,, is orientation preserving. U

Proof of theorem 5.2. If P, ~ P) for all n € N, then lemma 5.4 gives us
a sequence of orientation preserving homeomorphisms {@n}neN, on : By, — B!

n?
satisfying the properties as stated in the lemma. Since 9, = 9, 15

en(07) = Pn+1(0;))- (5.4)

We may assume that h,, is piecewise linear on 0P, i.e. linear on every edge of
0P, for all n € N. This makes the maps ,, piecewise linear on 3d,, for all n € N.
Assume that n is even, the case where n is odd is identical. Then 0 € &P, and
{£g} =7710)N I, and {£g'} =7~ 1(0') N, for certain g € A, and ¢’ € A”.

Since 7(By) = By, 7(Pn) = Py. Hence, if h,, satisfies definition 14, then so does
hn = hy, o 7. The map ¢, = ¢, o 7 is the homeomorphism that commutes with
the diagram of lemma 5.4 when one replaces h,, by iLn, so we may assume that if
on(g) = ¢, then ¢,,11(g) = ¢’. Combining this with piecewise linearity of ¢, on
Oy, for all n € N and (5.4) we have that

This holds for all n > 1. In fact, it also holds when n = 0, because 9, = @) thus 9y =
df = 0y . Hence, the homeomorphisms {¢, }nen glue to a global homeomorphism
¢ : R? — R2?, with the property that o(My) = My, since My = |, -y On
Upnen 07 Hence My ~ My:. Since A,A’ € G, A = A’ by theorem 4.1.

neN

ml
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