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ABSTRACT. This article investigates a family of translation surfaces whose Veech groups
are lattices closely related to triangle groups. Many of these examples were discovered by
Bouw and Moller through non-elementary means, and lack a simple elementary description.
This article describes many of the Bouw-Moller examples by gluing together polygons in
simple ways, and discovers some closely related new examples. We connect these examples
to the principal eigenvectors of grid graphs, and provide analogous constructions of infinite
genus translation surfaces with the lattice property.

A Teichmiiller curve is a totally geodesic embedding of a complete two-dimensional hyper-
bolic orbifold into the moduli space of surfaces genus g equipped with the Teichmiiller metric.
Veech found the first examples of these objects [Vee89], and found Teichmiiller curves in each
genus g > 2. Since then, there has been interest in finding more examples and classifying
these objects. (See [KS00], [McMO03], [Cal04] and [McMO06] for instance.) Teichmiiller curves
are naturally associated to flat structures and translation surfaces with the lattice property.
See section [LIl

Relatively recently, Bouw and Moller found Teichmiiller curves isometric to H?/T for ' a
hyperbolic (m,n,o0) triangle group with m < n < oo [BMO6]. Their examples generalize
the lists found by Veech [Vee89] and Ward [War9§].

The Bouw-Moller examples were found using techniques from algebraic geometry and
Hodge theory. The purpose of this article is to provide a more elementary description of
some of the Bouw-Moller examples as flat structures built by gluing together polygons. We
achieve this goal in two different ways. We first construct the surfaces the surfaces as a
union of rectangles. We give a second description of these surfaces as a union of semireqular
polygons, 2n-gons invariant under the dihedral group of order 2n, D,, C Isom(R?).

We only provide a description of the Bouw-Moller examples corresponding to m and n
not both even. The case of m and n both even which appears in [BM0G] is not treated here.
However, for m and n both even, we do provide related examples of Teichmiiller curves
isometric to H?/T" with ' index two inside the (m,n,o00) triangle group. These examples
appear to be new as we note in corollary

As a secondary purpose, we describe an infinite list of Teichmiiller curves for infinite
genus surfaces. This generalizes the example found in [Hoo07] and also the example found
by Hubert and Weiss [HWO0S].

Section [1] states our results after providing the necessary background. In section [1.2]
we define the cylinder intersection graph, which keeps track of combinatorial data coming
from a decomposition of a translation surface into rectangles. In section [1.3] we provide
a description of these surfaces in terms of the cylinder intersection graph, which turns out
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to be grid graphs. Grid graphs are rectangular subgraphs of the usual square tiling of the
plane. We provide our second description of these surfaces in terms of semiregular polygons
in section [L4l

In section [2], we prove that these finite surfaces have the lattice property. In section [3} we
see why the geometry of these flat structures must correspond to the principal eigenvector
of the cylinder intersection graph. We use this viewpoint to construct some infinite genus
surfaces with the lattice property in section [3.21 We have devoted section [6] to a discussion
of analogs of the decomposition into semiregular polygons which hold in these infinite genus
cases.

The remainder of the paper is devoted to the more tedious proofs. In section [, we prove
that the translation surfaces described by a decomposition into rectangles and the surfaces
described by a decomposition into semiregular polygons are the same up to the action of an
element of the affine group. In section [5] we show that when n and m are not both even
that our surfaces are the same as the surfaces of Bouw and Moller.

Acknowledgements. Many helpful conversations occured at MSRI’s workshop on “Topics
in Teichmiiller Theory and Kleinian Groups” held in November, 2007. The author would
like to thank Matt Bainbridge, Pascal Hubert, Martin Moller, Yaroslav Vorobets, and Barak
Weiss for these helpful conversations. The author would especially like to thank John Smillie
for realizing that a relatively simple presentation of these surfaces should be possible.

1. BACKGROUND AND STATEMENT OF RESULTS

1.1. Background. We consider a polygon to be an equivalence class of polygonal subsets of
R?, where two polygonal subsets are equivalent if they differ by a translation or a rotation
by m. A polygon P inherits the notion of direction from R2. Our notion of direction is a
fibration dir : TyP — R/7Z. The map 6 measures Euclidean angle modulo 7 of a vector
compared to the horizontal.

A flat structure is union of polygons with all edges identified in pairs either by translations
or rotations by 7. Thus a flat structure is a Euclidean cone surface, all of whose cone angles
are multiples of 7, and whose holonomy group is contained in the group of translations and
rotations by 7 of the plane. See [MT02] for more details on flat structures. A flat structure
is called a translation surface when all of its cone angles are multiples of 27, and when the
holonomy group is contained in the group of translations.

Typically, flat structures and translation surfaces are taken to be closed surfaces (compact
surfaces without boundary). However, we will also be interested in the infinite genus case.
Our infinite genus surfaces will be non-compact and without boundary.

There is a natural action of GL(2,R)/ 4+ I on the space translation surfaces and flat
structures. Simply consider a flat structure as a union of polygons, S = [J,., Fi, and
consider A € GL(2,R)/ £ I to be acting affinely on the plane. Then A(S) = J,c, A(F)
with edges identified in the same way as in S. (Note that —I acts trivially on polygons
in the sense defined above, which is why we consider the action of GL(2,R)/ £ 1.) We
abuse notation by using A both for the element A € GL(2,R)/ £ I and as the natural map
A S — A(S) defined above. The image of {A(S) | A € PSL(2,R)} in Teichmiiller space
under uniformization is known as a Teichmiiller disk of S, and is totally geodesic in the
Teichmiiller metric.
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Given a flat structure S, we say that A € GL(2,R)/ £ I is in the Veech group of S,
A € V(9), if there is a direction preserving isometry t4 : A(S) — S. The composition
tpoA: S — Sisknown as an affine automorphism of S, and the set of all such compositions
is known as the affine automorphism group of S, Aff(S). We say the derivative D(140A4) = A,
because 140 A acts as A on the tangent space to a non-singular point of S. Thus, D : Aff(S) —
GL(2,R)/ £ I is a group homomorphism which maps Aff(S) onto the Veech group V(S).
Assuming S has finite area, V(S) is contained in the group of matrices of determinant +1,
PSL*(2,R), since area is an isometry invariant. Let V*(S) = V(S) N PSL(2,R) denote the
subgroup of matrices of determinant 1. There is a totally geodesic immersion of H?/V T (S5)
into moduli space, obtained as the image of the Teichmiiller disk under the natural map
from Teichmiiller space to moduli space. We will be especially interested in the case when
V(S) is a lattice in PSLi(Q, R). In this case, we say that S has the lattice property, and the
image of H?/V(S) in moduli space is known as a Teichmiiller curve. We will primarily be
interested in showing that certain flat structures have the lattice property.

A saddle connection is a geodesic segment joining two singularities (cone points) in a
flat structure S. A cylinder decomposition in the direction 0 is a decomposition of S into
maximal closed Euclidean cylinders (isometric to R/cZ x [0, w], where ¢ is the circumference
and w is the width) such that the holonomy vector around each cylinder is parallel to the
direction 6. Cylinder decompositions are one of the most useful and fundamental tools in the
subject. For example, the Thurston-Veech construction uses pairs of cylinder decompositions
each preserved by affine automorphisms whose derivatives are parabolic to generate pseudo-
Anosov automorphisms [Thu88| [Vee89].

1.2. Cylinder graphs. Our philosophy will utilize a consequence of work of Veech. The
lattice property implies the existence of many cylinder decompositions, for the following
reason. Teichmiiller curves must contain cusps [Vee89]. A cusp corresponds to a conjugacy
class of parabolics in the Veech group. Each parabolic preserves a cylinder decomposition in
the eigendirection. See [Vee89] and proposition [14] of §2.3]

In this section and whenever we discuss the cylinder intersection graph, we will assume
S is a translation surface. Our surface S will have a horizontal cylinder decomposition
and a vertical cylinder decomposition. Let A = {a;};cn and B = {f;}icn be the sets of
maximal horizontal and vertical cylinders respectively. (In the general case, A and B may
have different cardinality and so will need to be indexed by different sets.)

We will associate a cylinder intersection graph G to our cylinder decompositions. Our
nodes are the maximal cylinders in the horizontal and vertical directions, A U B. Join an
edge between «; and ; for every intersection between the two cylinders. Therefore, each
edge represents a rectangle with horizontal and vertical sides in our surface. Let £ denote
the collection of edges (or rectangles). Define the maps a: &€ — A and 3 : € — B to be the
maps which send an edge Kﬁj to the nodes a; and (3; respectively.

Remark 1 (Equivalence to a 2-colored graph). A 2-colored graph, is a graph equipped with
a coloring function C' from the set of nodes, V, to {0,1}, with the property that for any
two adjancent nodes, x,y € V, we have C(x) # C(y). The information provided above is
equivalent to a 2-colored graph. Simply define C(x) =0 if x € a(€) = A and C(x) = 1 if
x € B(E) = B. Conversely, the maps o, 3 : € — V as well as the decomposition V = AU B
are determined by the coloring function.
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We also would like to know how to piece together the rectangles to form our surface. This
is determined by knowing when one rectangle lies above another, and when one rectangle
lies to the right of another. Let ¢ : £ — &£ be the permutation which sends a rectangle to
the rectangle which lies to the right (or to the east), and let n : & — & be the permutation
which sends a rectangle to the rectangle which lies above (or to the north). Note that the
rectangle e(e) must lie in the same horizontal cylinder as the rectangle e. Thus, we have
aoe=qaand fon = (. A horizontal cylinder corresponds to an orbit under e. Thus, for
each a € A, ¢ must act transitively on a~!(a). Similarly, n must act transitively on 571(b)
for each b € B.

The data consisting of a two-colored graph G and the edge permutations ¢ and n determine
the combinatorics of our surface as a union of rectangles. To determine the geometry of the
surface, it is sufficient to know the width of each cylinder.

1.3. Lattice examples. We will now indicate our approach to the Bouw-Moller examples.
Consider the (m, n, 00) triangle group in PSL(2,R), T'(m, n, o), as generated by the elements

|1 a+d 10 -1
(1) P—[O 1} and R—[l —b}
where a = 2cos = and b = 2cos =. These matrices satisfy the relations R" = (RP)" = —1I.

We will use S to denote a flat structure, and ¢ and p will indicate affine automorphisms
S — S with D¢ = P and Dp = R.

P is a parabolic with a horizontal eigenvector, so Veech’s proposition implies that in
the closed case our surface has a horizontal cylinder decomposition, A,,,. The horizontal
direction is sent to the vertical direction by R, so the vertical direction must admit a cylinder
decomposition B, ,, as well. The affine automorphism p sends maximal horizontal cylinders
to maximal vertical cylinders. We will assume that the induced action on maximal cylinders
preserves indices. That is, p : ay, +— () for all A € A. Moreover, R was chosen so that the
widths and circumferences of these cylinders are preserved by p. We will let w) denote the
width of the cylinders «, and fy.

Let A={(i,j) €Z* | 1<i<m—1land 1 <j<n—1} We use A for the indexing sets
of A, and B,,,. Let G, ,, be the graph with nodes A,, ,, UB,,,, formed by joining an edges
according to the usual notion adjacency in Z?. That is, we join an edge between «; ; and
By j if and only if (1 —¢')% + (j — j/)? = 1 for all (4, 7), (i, j') € A. Note that this makes G, ,
disconnected. G, , has two components, each of which is the (m — 1,n — 1) grid graph. See
figure [1}

The counter-clockwise ordering of indices adjacent to (i, 7) is the cyclic ordering

(i4+1,5)— (i,j+1) = (i—1,§) = (i, — 1) — (i + 1, 7).

And the clockwise ordering is the reverse. If any indices in the cyclic order are not in A,
they are skipped by the ordering. We will follow the following convention to determine the
permutations ¢ and n. We number this convention for later reference.

Convention 2. The map ¢ : £ — & is determined from a cyclic ordering of the edges with
a;j as an endpoint. As in figure[l, we order edges with endpoint o ; counter-clockwise when
7 1s odd and clockwise when j is even. Similarlyn : € — & is determined by a cyclic ordering
of edges with [3; ; as an endpoint. We follow the opposite rule with 3; ;. We order the edges
with endpoint 3; ; clockwise when j is odd and counter-clockwise when j is even.
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FIGURE 1. The graph G4 5. The edge permutation e is indicated by the arrows
surrounding the « vertices, and n is indicated by the arrows surrounding the
[ vertices.

Theorem 3 (Lattice surfaces as a union of rectangles). Let S,,, be the two-component
translation surface determined by the graph G, ,, the maps e,n : € — £ as described in
convention[d, and the cylinder widths

s s

w;.; = sin sin(=—).

5 = sin()sin(2)
S has a parabolic automorphism ¢, with D¢ = P, which acts as a single Dehn twist in
each horizontal cylinder o ;. Sy, , has an affine automorphism p, with Dp = R, which sends

each cylinder o, ; to [3; ;.

Note that the assignment of the number w;; to each node «;; and f3;; is a principal
eigenvector of either component of the graph G, . (A principal eigenvector of a graph is an
eigenvector corresponding to the eigenvalue of largest magnitude.) We explore why this is
true more deeply in section . See [LM95] for background on eigenvalues and eigenvectors
of graphs.

Since ¢ preserves the two components of S, ,, and p swaps them, we have the following.

Corollary 4. Each component of Sy, ,, has the lattice property. The Veech group of each com-
ponent contains the index two subgroup of the (m, n, o) triangle group given by (P, R?, RPR).

Remark 5 (Comparison to Bouw-Méller). We will show in section [} that these surfaces
Sm.n for m and n not both even are precisely the surfaces found by Bouw and Mdller [BMOG].
However when m and n are both even, we will see in corollary[18 that these surfaces do not
appear in [BMOG].

The author views the above theorem and corollary as the main point of this discussion. For
completeness, we will also compute the complete Veech groups of the individual components.
Let S,, ,, denote the component of S,, ,, which contains the cylinder a3, and let S?, | denote
the other component. We will use S}, ,, to denote a component of S, ,, when the particular
choice is irrelevant. The following two propositions are proved in section [2.2]
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Proposition 6. If m or n is odd, there is a direction preserving isometry C : Sﬁw — S,%w.

Note that this proposition implies that when m or n is odd, we have R in the Veech groups
of S}, , and S?, . This is because we can compose p with ¢ or (7'
It also turns out that the surfaces S,,, and S, ,, are essentially the same.

0 -1

1 O]' There is

Proposition 7 (Swapping m and n). Let Q be the rotation by 5, Q = [
an affine map Ny 2 Sk, — S2. with Dy = Q.

m,n n,m

It also follows that the map 7, : S, , — S, with derivative —Q. Combining the two
propositions, we see that when m is odd @ is in the Veech group of S}, ,,. When m is even, we
see RQ € V(S},,,) while RQ™" € V(S?,,,), since the affine automorphism p : Spm — Spm
with Dp = R interchanges the two components.

These arguments turn out to describe the full orientation preserving Veech group of each

components S, ,. We provide a careful description of these Veech groups in section .
Remark 8 (Orientation reversing elements). It follows from proposition[11] (below) that the
orientation reversing matric { _01 11) ], for b = 2cos ™, lies in the Veech group of each
component of Sy, ,

1.4. Decomposition into semiregular polygons. The (a,b)-semiregular 2n-gon is the
2n-gon whose edge vectors (oriented counterclockwise) are given by

a(cos X sin T) if 4 is even
Vk J— n n

b(cos &, sin T)  if i is odd
n n

fori =0,...,2n—1. Denote this 2n-gon by P, (a,b). We restrict to the cases where a,b > 0,
but a # 0 or b # 0. In the case where one of a or b is zero, P,(a,b) degenerates to a regular
n-gon. We call the edges of P, (a,b) of length a the even edges and the edges of length b the

odd edges.

FIGURE 2. The semiregular polygon P5(1,2).

Fix m and n. Define the polygons P(k) for k =0,...,m — 1 by
P, (sin @, sin %) if n is odd
(2) P(k) = { P,(sin £Z sin @) if n is even and k is even

P, (sin W, sin 27) if n is even and k is odd.

We form a surface by identifying the edges of the polygons in pairs. For k£ odd, we identify
the even sides of P(k) with the opposite side of P(k + 1), and identify the odd sides of P(k)
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with the opposite side of P(k — 1). See examples in figures [3| and [4] Similarly, define the
polygons P'(k) for k =0,...,m — 1 by
P, (sin *% sin (ktnl)“) if n is odd
P'(k) = { P,(sin (kfnl) ,sin ) if n is even and k is even

(k+1)7r)

P,(sin %r, sin if n is even and k is odd.

For i odd, we identify the even sides of P’(k) with the opposite side of P'(i —1), and identify
the odd sides of P'(k) with the opposite side of P'(k + 1). Call the disjoint union of these

/
two surfaces 57, ,,

Theorem 9 (Semiregular polygon decomposition). Let M = CSC% B COtﬁl } € GL(2,R).

There is a direction preserving isometry M(Syn) — S}, .,

The proof of this statement resides in section [

OOOOOO

FIGURE 3. These polygons make up one component of the surface Sg 4. These
are the polygons P(0), P(1), P(2), P(3), P(4) and P(5) from left to right.

of ) e

FIGURE 4. These polygons make up one component of the surface Sj 5. These
are the polygons P(0), P(1), P(2) and P(3) from left to right.

The following proposition will be used to in the proof that we have found all the elements of
the Veech group V*(Sy, ). We use S to denote a component of S}, . when the particular
component doesn’t matter.

Proposition 10 (Orthogonal part of the Veech group). When m or n is odd, V* (S} ) N
PSO(2,R) is a cyclic group of order n. When both m and n are even, V*(S): )N PSO(2,R)
is a cyclic group of order n/2.

Proof. For notational ease, consider the case * = 1. The same argument will hold for * = 2.
An element of V*(S), ) N PSO(2,R) must correspond to an affine automorphism which

permutes the shortest saddle connections of S, . The shortest saddle connections of S, , are
the edges of the regular n-gons P(0) and P(m—1). It follows that any orientation preserving
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affine automorphism from Sy must send P(0) to either P(0) or P(m — 1). Moreover, it is
not difficult to see that any isometry from P(0) to P(0) or P(m — 1) extends to an affine
automorpism of S\ . Note that if m or n is odd, then P(0) differs from P(m — 1) by a
rotation by 7/n. In this case a rotation by m/n generates V(S ) N PSO(2,R). However,
when n and m are even, P(m — 1) is a translate of P(0). Thus a rotation by 27 /n generates
V*H(Sh.,,) N PSO(2,R). O

It is also worth noting that there are orientation reversing elements of the Veech group.

0

10 ] 15 an element of the

Proposition 11 (Orientation reversing). The matriz T = [

Veech group of S,

n’

V(Syn), forb=2cos .

which preserves each component. Thus M~ oT o M = [ _01 11) } €

Proof. Each semi-regular polygon as a subset of R? is preserved by T up to translation.
Moreover, this transformation respects the gluing of ], . Thus, this transformation induces
an affine automorphism. It follows from theorem @ that M~ oT o M € V(S;, ). U

2. COMBINATORICS AND AFFINE AUTOMORPHISMS

Recall from section [I.2] that a translation surface with horizontal and vertical cylinder
decompositions is determined by the following data.

e A two colored graph G with vertex set ¥V = A U B and edge set £. The two coloring
is equivalent to the existence of surjective functions o : € — A and 8 : £ — B, which
send each edge to an endpoint of that edge.

e Permutations e,n : £ — & satisfying a« oe¢e = o and fon = (5. Also, ¢ must act
transitively on a~!(a) for a € A, and n must act transitively on 371(b) for b € B.

e A width function w : V — R.,.

Moreover, the surface is uniquely determined by this data provided the corresonding hori-
zontal and vertical cylinder decompositions are maximal. Let S[G, («, 3), (e,n), w]. denote
the translation surface determined by the provided data.

In the next subsection, we indicate how to recover geometry from this information. In
subsection [2.2] we note that the dihedral group of order 8 act nicely on this data.

2.1. Recovering geometry from the graph. We mentioned in the previous section that
the cylinder intersection graph G, which is a 2-colored graph, together with the permutations
n,e: & — & determine the combinatorics of our surface as decomposed into rectangles. We
will make this more concrete.

Let S = S[G, (o, 3), (e,n),w] as above. In the general case, the sets of nodes A = (&)
and B = ((€) may have different indexing sets. Let A = {o; :i € Ay} and B={f; :i € Ap}.
For each e = o;f3; € € let R, be the rectangle [0,w(3;)] x [0,w(c;)] C R%. We recover S
from the gluing of disjoint rectangles

S=|]|R/~,
ec&

where ~ identifies the right side of R, to the left side of R, for all e € £ and identifies the
top side of R, to the bottom side of Ry for all e € £.
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We include the following as an indication of how to detect the cone singularities from the
cylinder intersection graph.
Proposition 12. Let e € €. Let p(e) denote the period of e under the commutator map
[e,n] =¢onoeton"!: E — E. The cone angle at the lower left vertex of the rectangle R,
is 2mp(e). Moreover, if ey, e, ... € E is the orbit of e under |« 3] then all lower left vertices

of the rectangles R.,, R.,, ... represent the same point on our surface.

We say a point is reqular if the cone angle at the point is 2. The proposition implies that
the lower left vertex of R, is regular if and only if e is fixed by [e, n].

Proof. Define V__(e), Vi_(e), V_i(e), and Vi, (e) to be the lower left, lower right, upper
left, and upper right vertices of the rectangle corresponding to an edge e € £. The gluing ~
above implies that we have the following identifications of vertices.

Vi(e) =V__(e(e)) Vii(e) = Voi(e(e))

Viee) = Vi (nle))  Voy(e) = Vo (n(c))
In fact, these are all the identifications of vertices. Hence, the sequence of vertices of rectan-
gles V__(e), V. (0" (€)), Ves(e ont(e)), Vi (noetonl(e)), V. (eonoe onl(e))
are all identified by ~ and this corresponds to moving clockwise around the image of the
point V__(e) on our surface. O

2.2. Cylinder intersection graphs and the dihedral group Ds. The dihedral group of

order 8, Dg, acts on the plane in a way that preserves the set of directions {horizontal, vertical}.
In particular, if S is a translation surface with horizontal and vertical cylinder decomposi-

tions and if A € Dg, then the map A : S — A(S) preserves the collection of all maximal

horizontal and vertical cylinders. Thus, there is an action of Dg on the data associated to the

cylinder intersection graph. We record the action below. The proof is simple combinatorics

and is left to the reader.

0

1

Proposition 13 (Action of Dg). Let Q) = [ 0 1

_é ] be rotation by 5 and F' = [ Lo }

be a reflection (flip) in the x-axis.

hd Q(S[g7 (a7/6)7(e7n)7w]> [g7 (/67&) ( 72)7w:|7 and
o F(S[G, (e, B), (e,n),w]) = S[G. (. B), (e,n~"), w].
o —I(S[G, (e, B), (e,n),w]) = S[G, (a, B), (7!, n7"), w].
For instance, checking that there is an affine map between translation surfaces n : S —
S" with Dn = @ and S = [G, (o, 3), (e,n),w] and 5" = [G', (/, ), (¢/,n),w'] reduces to
a statement about a graph isomorphism. (Assuming our horizontal and vertical cylinder

decompositions are maximal.) There is such an 7 if and only if there is a graph isomorphism
q: G — G’ such that

(1) flog=goaand d’og=gqofp.

(2) Wog=goeand ¢og=gqon!

(3) w'oq=w.
Indeed, such a ¢ describes the action of an affine map with derivative () on the sets of
horizontal and vertical cylinders and the rectangles of intersection.

We now apply this to a few problems in our situation. We prove propositions [7] and 6] We

use G, ,, (resp. G2 ) to denote the connected component of Gy, ,, containing the node

(resp. 5171).
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Proof of proposition[]. We will show that there is an affine map n : S;,, — S2, with
Dn = @. As in the paragraph above, such an n corresponds to a graph isomorphism
q: G, — G We consider the map ¢ determined by the following action on nodes as
follows.

q(OéZ'J') = 6]’,1’ for ¢ +] =0 (mod 2) and Q(ﬁz,j) = for ¢ +] =1 (mod 2)

It is a simple check that ¢ satisfies the statements 1-3 above this proof. Thus ¢ induces an
affine map n : S;,,, — S»,, with Dn = Q. O

m,n

Proof of proposition[6. We prove the proposition in the case of m odd. The case n even
follows similarly. We will show that there is an affine map  : S, , — 52 | with Dy = —1.

m,n

This is a direction preserving isometry. Consider the map ¢ : G. = — gf,w defined by

q(ej) = pjjfor i+ 7 =0 (mod 2) and ¢(B;;) = Bm—jifori+j =1 (mod 2)
We have that

(1) aog=goaand foqg=qopf.
(2) eltog=goeandntog=gqon.
(3) woq=w.

Thus by proposition , q extends to a affine map n : S;,,, — S7,, with Dnp = —1. O

2.3. Detecting affine automorphisms via cylinders. A foundational argument of Veech
gave a necessary and sufficient criterion for a parabolic to be in the Veech group. Recall, the

modulus of a cylinder is the ratio ——width
circumference

Proposition 14 (Veech [Vee89]). Let S be a closed translation surface. Then there is a
parabolic with eigendirection 0 in the Veech group V' (S) if and only if the following conditions
are satisfied.

e There is a cylinder decomposition of S in the direction 6.
e There is a d # 0 such that dm € Z for each modulus m of a cylinder in the decom-
position.

A few remarks are in order about this proposition from our point of view.

(1) Veech’s argument is effective. If the cylinders are horizontal, then [ (1) Cli } is in the

Veech group.

(2) A powerful feature of this criterion is that it is local to the cylinders, in the sense
that it only involves only geometric data about the cylinders.

(3) With the closed condition dropped (ie. in the infinite case), the “if” portion of the
proposition still holds.

Now we will provide a criterion for the existence of a affine automorphism of a translation
surface S which sends a horizontal maximal cylinder decomposition A to a vertical maximal
cylinder decomposition B.

Lemma 15. Let S be a translation surface admitting distinct mazimal horizontal and vertical
cylinder decompositions A and B as above. Let ¥, and %, be the set of saddle connections in
the horizontal and vertical directions respectively. Assume A € GL(2,R) sends the horizontal
direction to the vertical direction. Then A is in the Veech group of S if and only if the
following holds.
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(1) The sets A and B have the same cardinality, as do the sets ¥, and .

(2) There are indexings A = {ai}tien, B = {Bitien, Lo = {0f}jen and Xy = {Ug}je/\'
such that the following holds.
(a) There is a direction preserving isometry ¢; : A(oy;) — ;.

(b) For each of C da; we also have aé-’ C 0Bi, and ¢; : A(o§) — a?.

This criterion is “local” in the sense that it only depends on the geometric information
about the cylinders and gluing data between cylinders along saddle connections.

Proof. If A is in the Veech group, then there is an affine automorphism ¢ with D¢ = A.
Choose arbitrary indexings A = {a;}ica and X, = {0§}jea. Then use the indexings 3; =
¢(;) and 0¥ = $(0}). The restriction maps ¢; = ¢|q, satisfy conditions (a) and (b).
Conversely, suppose conditions (1) and (2) are satisfied. We may rebuild S (up to direction
preserving isometry) from the cylinders A by gluing cylinders along saddle connections in ¥,
as labeled. Similarly, we can recover S from the cylinders B and the saddle connections .
The conditions (a) and (b) imply that the isometries ¢; respect the gluing relations. Thus,
there is a direction preserving isometry ¢ : S — S such that ¢; = ¢|a,. U

2.4. Local conditions in the square grid. The point of this section is to prove theorem
from a local point of view via proposition [14] and lemma

We assume that our surface S has horizontal and vertical maximal cylinder decompositions
A and B. We will concentrate on the local picture surrounding the horizontal cylinder «y in
the left side of figure [5| and the local picture around (3 on the right side. This figure shows
a portion of the cylinder intersection graph G and also some of the images of edges under
the edge permutations ¢ and n. As in {1.3| we assume that that for each i, o; and 3; have

the same circumference and width. Let w; denote the width of the cylinders a; and ;. Let

-1 - . .
R= (1) b } for some b > 0. (This is the same R that appears in equation (1| of §1.3
We will check that under certain conditions, there is a direction preserving isometry tp :
R(ap) — By. Moreover, tg will preserve a natural labeling of saddle connections as required

by lemma [15]

F1GURE 5. The local structure of the graph G near «g. Arrows surrounding
the a, vertices determine a portion of the action of ¢ : £ — £. Likewise arrows
surrounding the 3, determine a portion of n : &€ — £. The rest of the structure
of the graph and these maps may be arbitrary.

Lemma 16. As above, assume that we have the local picture of figure [J. We assume all
our widths are non-negative, but allow any of the widths other than wy to be zero. Let
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R = [ (1) :[1) } with b € R non-negative. If in addition wg + wg = bwy, then there is a

direction preserving isometry tr : R(ag) — o which sends saddle connections in Oag to
saddle connections in 0By according to the rule tg : OoyNOay; — OBy NOAG; fori € {1,2,3,4}.

R(Z
|R(2)
S
Q
W. 80407(18041 ,_AX 8040 ﬂaag, Co O—<—§
= 3
3 ) © -
£ € | & | & & = S| e e
o I B < e RY) S &V
S S S S| S - S S
= S BoNasg |
, O oS X C
y OagNday 7 /X C o—¢
R(X) S S S| Bonas |
Doy M Dos c = P R
§ g Bo N ag
a o—<4¢——
R(W) W

FIGURE 6. From left to right, these are the cylinders g, R(ap), and Fy. The
dots denote singularities, which have been given names. The saddle connec-
tions are labeled as common boundaries of two cylinders.

Proof. The cylinders ag and 3y have four saddle connections in their boundary as in figure
[6l The singular points are indicated in the figure and given names. The unmarked vertices
of rectangles are non-singular. This can be determined by using proposition to decide
which vertices of rectangles are singularities.

The choice of R guarantees that the width and circumference of ay and R(cy) are the
same. Further, Jy has the same width and circumference as ag. Since 3y and R(ag) are both
vertical cylinders, there is a direction preserving isometry between the two. In fact, we may
choose the direction preserving isometry tg : R(ag) — o so that it sends R(W) to W’. We
will check that this map ¢g also sends R(X) — X', R(Y) — Y’ and R(Z) — Z'. This will
imply that (g carries the remaining saddle connections as claimed by the lemma.

The fact that widths of a; and 3; are the same for ¢ = 5, ..., 8 guarantees that the saddle
connections dag N da; and Afy N AB; have the same length for ¢ = 1,...4. (For instance,
length(Oag N Oay) = ws + wg = length(0By N 0F1).) Thus we have tgr(R(X)) = X’ since
R(0ay N darg) and 9y N 9P have the same length.

We will now check that tg(R(Y)) = Y’. We can see this in terms of vectors. We see that

the vector WY = (ws, —wy) in ag. Thus R(WY') = (wo, ws + bwp) in R(cy). We also have
— — —

W'Y" = (wog, ws + wg + wg) in Gy. Thus, we have R(WY') = W'Y’ so long as wg + wg = bwy.
Therefore, with the conditions of the lemma true, we have (g : R(Y') — Y.
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We also have that tp : R(Z) +— Z' because the length of the segment R(0ay N das) equals
the length of 05y N 0fs. 0

Proof of Theorem[3 Recall a = 2cos & and b = 2cos X. The cylinders are indexed by 72
and the widths are given by w;; = sm( )sin(Z%). Note that these widths are zero just
outside the indexing set A = {(4,j) € Z2 1 <i<m-—1land1l < j<n-—1}. That is,

w;;=0ifi=0,i=m,j7=00rj=n.
We first prove that P = [ (1) @ +i) } is in the Veech group. By proposition , it is
1

sufficient to show that the inverse modulus of each cylinder «; ; is m; ; = a+0b. We compute

-1 _ Wi1,5+W;, ]+1+wz 1,j Wi -1 _ Wig1,j+Wi—1,5 Wi j4+1+Wi 51
(3) mi’j - N Wi, j + Wi, j
. (i+1)7r (z 1)7r (]+l)7‘r (G— l)Tr
+s +
= = in 4o ]s,lrn =2cosE +2cosT=a-+b.
sin m sin m n
0 —11|.. . . .
Now we prove that R = [ 1 _p |8n the Veech group. The local picture in the cylinder

intersection graph G surrounding each cylinder o; ; and f3; ; is identical to that of o and 3y
of figure [5| up to possibly a reflection in a vertical line. Consequently, it is sufficient to check
the conditions of . We must check that w; j11 +w; j—1 = bw; ;. We have

(jJ“nl) G 1) T) = sin Z(2sin & cos )

W; j+1 + Wi j—1 = sin %(sin + sin
= 2w; jcos T = 2bw; ;.
sJ n 3J

O

2.5. The Veech groups of a component. We will now describe the complete orientation
preserving Veech group of each individual component of S,, .

Theorem 17. Consider integers m and n with 2 < m, 2 <n, and not m =n = 2. Let S}, ,
be either component of Sy, .

o If m #n, then
— When m and n are not both even, V*(Sy, ) is the (m,n, o0) triangle group
(R,P | R"=(RP)" =—I).
— When m and n are both even, V*(Sy, ) is the index 2 subgroup of the (m,n, o)
triangle group given by
(P,R*,RPR | (R*)% = ((RPR)P)
e I[fm=n, then
— When m is odd, V* (S}, ) is the (2,m, 00)-triangle group
QR : Q*=R"=-I).
— When m is even, V*(Sy, ) is a (%,00,00) triangle group. We have
VH(Spm) = (RQ, R | (B*)% = —1) and V'(S},,)=(RQ™, R* | (R*)% = —I).

Proof. Heuristically, fix one of the cases. Let I' C PSL(2,R) be the group generated by
the elements claimed to generate V*(Sy, ) in our case of the theorem. We need to show
[' = V™*(S}, ). The comments below show that we have already proved that I' C V*(S;, )
in each case.

M\S

— ).
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e That P, R?, and RPR lie in V*(S;, ) follows from theorem [3|above, which is proved
in section [2.4] Note, the affine automorphism p, with Dp = R, interchanges the two
components of Sy, ,,.

e When m or n is odd, R € V*(S}, ). See the comments below proposition

e Suppose m = n. When m is odd, @ € V*(S;, ). When m even, we have RQ) €
VH(Sy,m) and RQ™' € V*(S? ). See the remarks below proposition .

We also must show that V*(Sy, ) C T'. Given that I' C V*(Sy, ), there is a covering map
H?/T" — H?/V*(S}, ). These quotients of the hyperbolic plane are all hyberbolic orbifold
with the topology of a punctured sphere (with cone singularities).

Let M be an orbifold which is topologically a 2-sphere (possibly with punctures). Let S
be the set of singularities of M. That is, S is the collection of cone points and punctures of
M. In this specific case, the Fuler number of M is given by the formula

where G is the group associated to the singularity s. Treat 1/|G4| = 0 if G, is infinite, ie.
when s is a puncture. For more information on the Euler number of an orbifold see chapter
13 of [Thu81]. Note that a hyperbolic orbifold must have negative Euler number. Moreover,
if M — N is a covering map of degree d, then y(N) = x(M)/d. In particular, we have
X(M) < x(N) with equality implying that M = N. Note further that adding more singular
points only lowers the Euler number. We apply this argument to the case M = H?/T" and
N = H2/VH(S,, ).

We know that N has at least one puncture, corresponding to the horizontal cylinder
decomposition. If n and m are even, N must have another puncture corresponding to the
vertical cylinder decomposition. Here, no element of V*(Sy, ) may send the horizontal
direction to the vertical direction. This is because when m and n are even, the number of
maximal horizontal and vertical cylinders of S, ,, differ by one.

Now we consider the finite order singularities. Call an elliptic e € V*(S}, ) maximal if
any elliptic that commutes with it has smaller order. When n or m is odd, the matrices
R,RP € T are elliptics of order n and m respectively. Moreover, they are maximal in
V*(Spm.n), by proposition Thus, so long as m # n, we have two singularities of order n
and m. When m = n is odd we have at least one singularity of order m = n. If both n and
m are even, then by proposition [10] we have maximal elliptics of orders n/2 and m/2, given
by R? and (RP)% When n # m this yields at least two singularities, and when n = m this
yields at least one singularity.

The argument above tells us that N has at least the same number of singularities as M
for all cases of n and m. Moreover, it has singularities of the same orders. Thus we have
X(M) > x(N). Since we have a covering M — N, it must be that x(M) = x(N). Thus
M =N andT'=V7*(S;, ). O

The following corollary indicates that the surfaces S, ,, for m and n even seem to be new
examples of surfaces with the lattice property. Note that the surfaces described in [BMOG]
have Veech groups which are triangle groups.

Corollary 18. The surface S}nm with both m and n even has a Veech group which is not a
triangle group.
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3. EIGENVECTORS OF GRAPHS

3.1. An algebraic interpretation. In this section we suppose we are in the following
situations. S is a translation surface admitting maximal cylinder decompositions A and B
in the horizontal and vertical directions respectively. Assume that each is indexed by the
same set A and that there is an affine automorphism p such that p(a;) = 3; for all i € A.
Moreover, we assume that the width and circumference of each cylinder «; and 3; are the
same. Denote these widths and circumferences as w; and ¢; respectively.

Let J be the cylinder intersection matriz. That is, J is the matrix of entries with entry J; ;
equal to the number of intersection between «a; and ;. Let w denote the vector of widths
and c denote the vector of circumferences. Then we have that

(4) circumference(;) = Z #(0; N o) width(a;).

jEA
This corresponds to the matrix equation ¢ = Jw. By similar logic with the roles of o and (3
reversed, we have ¢ = w’.J. Therefore, we have that

(5) Jw = J"w.

In some sense, J acts symmetrically on w. Now let M denote the diagonal matrix of moduli
of cylinders. That is, let M;,; = % Then we have the second matrix equation Mc = w.
Therefore, the widths of cylinder can be viewed as a positive eigenvector corresponding to
the eigenvalue 1 by the matrix equation

(6) MJw =w

We wish to relate w to eigenvectors and eigenvalues on graphs. Eigenvectors and eigenval-
ues of a graph are simply the eigenvectors and eigenvalues of the graph’s adjacency matrix.
See [LMO95] for more information. Let G’ denote the quotient G/ ~ which identifies the
nodes «; ~ (; for all i € A. Call the identified node ;. The adjacency matriz of G is the
matrix A whose entry A, ; is the number of edges between 7; and ~;. In fact, this implies
that A = J + JT. By equations [5| and @, we see w satisfies M Aw = 2w. When all the
moduli are the same, we see that the common inverse modulus of the cylinders is half the
Perron-Frobenius eigenvalue of A and w is the corresponding eigenvector.

Now restrict to our case of S,,,. All our cylinders have the same moduli. The edges of
the quotient graph G, , come in pairs joining the same nodes. Let G, be the quotient of
G, which identifies these pairs of edges. The resulting graph G, , is graph-isomorphic to
one of the components of G, ,,.

The Cartesian product of two graphs G and H is the graph with nodes given by pairs (g, h)
where ¢ is a node of G and h is a node of H. We join an edge between (g, hy) and (g, ho)
for all g and all edges hihy in H and join an edge between (g, k) and (go, h) for all h and
all edges g1g2 in G. The adjacency matrix of the Cartesian product of two graphs is closely
related to the adjacency matrix of the original graphs. Let A(G) denote the adjacency matrix
of the graph G. Then A(G x H) = A(G) x A(H), where x denotes the Cartesian product of
two matrices. See [LY93] for more information.

Proposition 19 (Eigenvectors and products of graphs). Assume the weights w, for nodes
of G form an eigenvector corresponding to the eigenvalue \; for the adjacency matrixz of the
graph G, and the weights wy, form an eigenvector corresponding to the eigenvalues Ao for the
adjacency matriz of the graph H. Then the weights wy = wywy for the nodes of G X 'H
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form an eigenvector corresponding to the eigenvalue Ay + \o of the adjacency matrixz of the
graph G x H. The weights assigned to nodes of the fibers of the projections G X H — G and
G X 'H — 'H are constant multiples of the eigenvectors provided for H and G respectively.

The proof of the proposition trivially follows from the fact that A(G x H) = A(G) x A(H).
See [LY93].

Let L, denote the line of nodes 1,2,...,n — 1, with an edge joining each integer to
the subsequent integer in the list. The adjacency matrix of £,, has the Perron-Frobenius
eigenvector given by the weights w; = sin % corresponding to the eigenvalue cos .

We remark that a surprising coincidence has occurred. The graph Q,’{W may be seen to be
graph isomorphic to the product £,, x £,,. Therefore, the widths of cylinders are forced to be
as in the theorem [3| by the algebraic considerations above. On the other hand, the geometry
of lemmal|l6|states local conditions on the widths of cylinders. Algebraically, these conditions
are precisely equivalent to locally checking that the assignments of cylinder widths satisfy
the eigenvector conditions on the fibers of the projection maps G, — £, and G, , — L,
as described in proposition [I9|

3.2. Infinite translation surfaces. In this section, we construct new examples of infinite
translation surfaces with the lattice property. We begin by generalizing our discussion of the
adjacency matrix of a graph.

Let G be a graph, which we assume to be connected but have no multiple edges or loops.
Let V denote the vertex set, which is possibly countably infinite. Let £(x) C V denote the
vertices adjacent to a vertex z € V. We assume each £(x) is finite. Let C¥ denote the set of
functions f : V — C. We define the adjacency operator H : C¥ — CY by

(HN) (@)= > f).
)

ye€(x

This is a generalization of multiplication by the adjacency matrix to infinite graphs. An
eigenfunction of H corresponding to the eigenvalue A € C is an f € CY such that Hf = \f.

Let Lz denote denote the graph with integer vertices whose edges consist of pairs of
integers whose difference is 1. Let G be a connected subgraph of £7 with vertex set V. Up
to translation and reflection, we can assume V=7,V =N or V={1,...,n—1}.

Definition 20. With G and V as in the previous paragraph, the critical eigenfunctions of
H : CY — CVY are the eigenfunctions

o f(x)=1ifV =17 (corresponding to A\ = 2),
o f(x) =1z if V=N (corresponding to A\ =2), and
o f(z) =sin " if V={1,...,n — 1} (corresponding to A = cos ).

We remark, without proof, that these eigenfunctions are the unique positive eigenfunctions
up to scalar multiplication determined by these values of A. In addition, the chosen value of
A is the smallest such that there are corresponding positive eigenfunctions.

We now repeat the construction described in section for Cartesian products of infinite
graphs of connected subgraphs. Let Z and J be connected subgraphs of Lz, with vertex
sets Vr and V7. We may assume that Z, 7 € {£,, : n > 2} U{Ly, Lz}. Let G be the graph
which is the union of two copies of the graph Z x J. The vertices V of G are the set

V=AUB, where A={wa;; : i€Zandje J}and B={f,; : t€Zand je J}.
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The graph G is constructed by joining «; ; to 3y for each pair with (i — )2+ (j — j/)? = 1.
Let £ be the edges of this graph, and define the permutations ¢,n : £ — £ as in convention
2

The above paragraph builds the combinatorial structure for a translation surface built as
a union of rectangles, coming from the intersections of cylinders in horizontal and vertical
cylinder decompositions. Choosing the widths of these cylinders (which correspond to the
vertices of the graph G) determines the flat structure. Let fr : Vr — R and f7: V7 — R be
the critical eigenfunctions. Let Az and Ay denote the critical eigenvalues. Let Sz s be the
surface determined by the width function

w(Oéz‘,j) = w(ﬂzy) = fI(UfJ(])

Then Sz 7 is an infinite translation surface with two components.

Theorem 21. The surface St s for have the lattice property. The Veech group is generated
by

0o -1
1 =A5

(1 A+
Pl

and R—{

The proof is the same as the proof of theorem[3] because the proof only relies on proposition
and lemma |16, which are both local conditions.

We describe decompositions of these surfaces into analogs of semiregular polygons in sec-
tion [0l

4. GLUINGS OF SEMIREGULAR POLYGONS

In this section we prove theorem |§|, which provides a decomposition of the surface M (S, )
into semiregular polygons.

Proof of theorem[4 We will decompose the surface S, ,, into polygons. Then we will show
that the image of these polygons under M are the desired semiregular polygons. The proof
will end by noting that the edges are identified as described above the statement of theorem
9l

We claim it is sufficient to prove existence of a direction preserving isometry from a single
component M (S,,,) to a single component of S} . Let S = T denote the existence of a
direction preserving isometry between the translation surfaces S and 1. The automorphism
p of Sp,, defined in theorem [3| swaps the two components of S,, . Let S; denote one of
the components of S,,,. Then, S, = S; U R(S;) where R = Dp as in theorem . Let
S} denote one of the components of S, .. Then if M(S;) = S, we have that MR(S)) =
R'M(S;) = R'(S}), where R = MRM~'. But a computation reveals that this R’ is just a
Euclidean rotation by (1 + %)7? Such a rotation is the derivative of an affine automorphism
of S}, , which interchanges the two components. Thus, we have found the desired direction
preserving isometry which sends the second component of S,,,, to the second component of
S o

Let S; denote the component of S, , containing the cylinder a4 ;. Similarly, let G; denote
the connected component of G, ,, containing the node «; ;. The nodes of G; consists of those
horizontal cylinders «; ; with ¢ + j even, and those vertical cylinders 3; ; with ¢ + j odd.

For ease of exposition, we consider the augmented graph G| obtained by attaching de-
generate nodes and degenerate edges. The nodes of (G; are in bijection with the coordinates
(i,7) € R? with 0 < i < m and 0 < j < n. The nodes of G; will be in bijection with those



18 W. PATRICK HOOPER

(1,7) € R? with 0 < i <m and 0 < j < n. Our added nodes are called degenerate nodes. We
follow the same naming conventions for these nodes. We join new degenerate edges between
nodes of distance one. An example graph is shown in figure [7] We call a degenerate edge e
a-degenerate, (-degenerate or completely degenerate if de contains a degenerate a-node, a
degenerate (3-node or both, respectively. We also define permutations ¢/, n’ : £(G]) — £(G})
following convention [2]
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FIGURE 7. The augmented graph G] for the connected component G; C Gs 5.
The degenerate edges are drawn as dotted lines. The map ¢’ is given by the
arrows surrounding the « vertices, and the map n’ is given by the arrows
surrounding the [ vertices.

These degenerate edges correspond to degenerate rectangles on our surface S;. A degener-
ate rectangle is a rectangle with zero width or zero height. (The added nodes correspond to
cylinders with zero width according to the formula given in theorem ) The a-degenerate
edges correspond to horizontal saddle connections (rectangles with zero height) and the (-
degenerate edges correspond to vertical saddle connections. The completely degenerate edges
correspond to points on our surface.

Each edge e in the graph G| corresponds to a rectangle (or degenerate rectangle) R, = R(e)
in the surface S; with horizontal and vertical sides. The positive diagonal of a rectangle
with horizontal and vertical sides is the diagonal with positive slope. Let d(e) denote the
vector which points along the negative diagonal, oriented rightward and upward. The lower
triangle, denoted L(e), of a rectangle R(e) is the triangle below the positive diagonal. The
upper triangle, U(e) is the triangle above the positive diagonal. See figure|8| For degenerate
rectangles, we take R(e) = L(e) = U(e) to be the corresponding saddle connection, or point.
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FIGURE 8. A rectangle’s positive diagonal. The lower triangle is shaded gray,
and the upper triangle is white.

Recall that G/ is naturally embedded in Z?. Let ¢;,; denote the node of G| in the position
(7,7). That is

a;; if i+ 7 is even
Cij = s
/ Bi; ifi+jis odd.

We now define our decomposition of S; into polygons. Let Hj denote the set of edges of G,
Hy = {Citrr1: : 0<i<m}fork=0,...,n—1. (U, Hi is the set of horizontal edges
in the graph G/, and the edges in each Hy lie in a column.) For £k = 0,...,n — 1 define the
polygon Q(k) C S; by

(7) Q(k) = U R(e) UL(n'(e)) UL(¢"H(e)) UU (0" (e)) UU(¢'(e)).

ecHy

An example decomposition is shown in figure [0

31
Q24 04,4
a2 3.3
a1 a3 ) Q42
1,3 = e « oy 4 A5
N Q2,2 & 03,3 & 4.2 < ’ ny
)
SR ag1 D g ~ 3,1 < =
T N QN 24 Qo’f = N
N < g}
< ™

FIGURE 9. The surface S; 5 decomposes into the polygons Q(0), Q(1),...Q(4)
ordered from left to right. Portions of the horizontal cylinders, ., and the
vertical cylinders, (3, are labeled.

We will show that these subsets Q(k) are in fact polygons. Suppose k is odd and 0 < k <
n—1. Define the edge e; = ¢ 11, fori =0,...,m. Wehavee; € Hy, wheni=1,...,m—1
We have that n’ o ¢'(e;) = ¢ on’(e;) = e;41. Therefore many of the triangles are mentioned
twice in equation [7| (e.g. L(n'(e;)) = L(¢~'(e2)).) Moreover, the top right coordinate
vertex R(e;) is the same as the bottom left vertex of R(e;11) and this point is non-singular
provided neither rectangle is degenerate. Thus this point is non-singular forz =1,...,n—2.
With this in mind, we see that (k) is formed by a chain of rectangles R(e;) moving to the
northeast with some triangles added on. We define the edge vectors of Q(k) to be w; for
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1=20,...,2m —1 by

d(i1,iBrr1it1) if i <mn and i even
®) ws — d(a.iBrit1) if i <n and i odd
—d(Bk+1,2n—1-iQk+1,2n—i) if i > n and i even
—d(Br2n—1-iCk2n—i) if i > n and i odd

Therefore we have

m

(k1 Do imy e
sin $HUT (gip (H )™ sin ) if i is even

W; = 1 ; .
BT (sin (” )™ sin ) if i is odd

sin

for i =0,...,2n — 1. By a simple trigonometric calculation, we have that

sin b T (cos I sin T if 7 is odd.

(k+1) i AT e
sin % (cos &, sin &) if i is even
= (T ) 1
Thus, M(Q(k)) = P,(sin (kH) T, sin *) is the same polygon as P(k).

The case of k even is Slmllar Let e; = CpiCry1; for i =0,...,m. We have n'" 1o (e;) =
¢ lon!(e;) = e;41. So, again the lower left and top right vertices are non-singular. But,
the chain of rectangles R(e;) moves toward the southwest. The edges are determined by the

added edges. Using ¢ = n + j, we have the edge vectors w; = w,; as follows.

—d(ag ;B j+1) if 7 > 0 and j even
) Wi = —d(hi1,Br11.511) #ijmﬂjmm
d(Br,—j—10k—;) if 7 <0 and j even
d(Brt1,—j—10k+1,—5) if 7 <0 and j odd.

We see
] —sin®(sin (]J;l)ﬂ,sin ir) if j is even
Wki = {—s (ktnl) (sin (jtll)ﬁ,sin Ty if j is odd.

So, we have

sin 22 (cos X sin T) if i —n =jis even
n n

Mw; = Mwn+j = {sin (k+1 )7r(

cos %r,sin %) if i —n =jis odd.
Thus, M(Q(k)) = P,(sin £Z sin (kjfnl)w) when n is even and M(Q(k)) = P,(sin (k+1) T, sin A7)
when n is odd. In either case, we have M(Q(k)) = P(k).

Finally, we note that the gluings of polygons agree with the gluing definition given in
section [[.4] A comparison between equations [§ and [0 reveals that, for k£ odd, the even sides
of Q(k) are identified to the opposite side of Q(k—1) and the odd sides of Q(k) are identified
to the opposite side of Q(k + 1). d

5. COMPARISON TO THE BOUW-MOLLER SURFACES

In this section, we will show that the surfaces discovered by Bouw and Moéller are the
same as the surfaces we have described so long as m and n are not both even. The following
appears in theorem 5.15 of [BMO6].
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Theorem 22 (Bouw-Moller). Suppose m and n are odd and relatively prime. The surface
Xo together with the differential wy given below determines a translation surface with an
affine automorphism group which is an (m,n,o0) triangle group.

(m—1)/2

29\ 2
Xo: "= (u—2) H (u—2cos£)
j=1 m
y du

(.L) fr
’ (u—2) H(m 1)/2( — 2cos 2”)

Remark 23. The condition that m and n must be relatively prime appears in [BMO6],
but may be removed (for both theorems and above and below). The only change is
the number and orders of the singularities of the translation surface associated to the pair
(Xo,wo). In all cases, the singularities arise only when u = oo.

The following says that the surface described above is the same as the surface we built
with semiregular polygons.

Proposition 24. Up to scaling, there is an isometry from the translation surface determined
by the pair (Xo, wp) in theorem and one component of the surface S}, ,, defined in subsection

74

Proof. First let us understand the surface X,. Consider the map u : Xy — C given by the
u-coordinate. This map is 2n : 1 except at the points u = 2 and u = oo, where it is 1 : 1, and
the points u = 2cos 27{1“, where it is 2 : 1. The surface Xy and the differential wy have the
rotational and reflective symmetry of a regular 2n-gon. We may separate the u-plane into
strips and half-planes which each contain one of the points u = 2 or u = 2 cos 2” by cutting
along vertical lines. We can pull these strips and half-planes back to the translation surface
(Xo,wp). The pullback of the half-plane containing u = 2 to (X, wp) has the symmetries of
a regular 2n-gon, but the pullback of the boundary of the strip is not geodesic. Similarly,
each component of the pull back of the strip containing u = 2 cos 2]7” for1 <j< mT’l has the
symmetries of semiregular 2n-gon. The edges of the pullback alternate between pullbacks
of the two edges of the strip. For j = mT_l the left half plane pulls back to two components
with the symmetries of a regular n-gon. Then, we will show that the boundary curves of
these regions can be straightened to geodesics. We only alter this argument by replacing
vertical lines with carefully chosen hyperbolas.

Let u = 2cos z. Let d denote the denominator of the expression for wy. Then by trigono-
metric manipulations we have

(u—2) H U—QCOSﬂ) :—4sin%sin§.
m

We also have

(m—1)/2
2
(u—2) H (u— 2 cos ﬂ) =2cosmz — 2
m
i=1

Now we consider some paths in our surface. Let & be an odd number with 1 < k < m. Let
z = %’T + 2it for t € R. Thus each k determines a path in the u-plane. Let [ be an integer
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with 0 <[ < 2n. The constant [ will determine the lift of the curve in the u plane to Xj.
Let vy, C Xo denote the path parametrized by ¢ € R and defined by

k
u=u(t) =2cosz = 2cos(—7r + 2it)
m

y=yt) = 2%€(ﬁ+%)m(_1)% cosh mt.
We have that both the right and left hand sides of the expression for X, equal —4 cosh® mt,
so that 7, does indeed lie on X,. The curves 7. are pull backs of hyperbolas in u-plane
which separate the point © = 2cos (kml from u = 2 cos (kfnl)ﬂ. Moreover, it can be seen
that these curves never intersect, because the hyperbolas do not.
We will now work on simplifying wy restricted to 7j.

z

_ y(—2sinz)dz  y(—4sinfcosf)dz  ycosidz

0|“fk7l B d 4 sin % sin £ B sin %=
We have that sin % = sin %” coshmt = (—1)% coshmt. The power of —1 cancels, thus
2 elan )™ cos 5dz 2t elanta)im; cos( My it)dt
(10) wol = — =
Tt cosh' ™= mt cosh!'™n mt

The holonomy along the curve v, is given by

/ Wy = 21+71L€(21n+7ll)i7r2'/ —Cos(zm j_Zt) dt
Yie 1 —oo cosh!™n mt

Note that the denominator in this integral is always real, and the numerator satisfies
cos(£Z + it) = cos(£Z — it). Thus,

/ o = 21+ie(21n+f1)”@'/ 2 Re(COS(Qm + zt)) qt = 92+ (et Lim; cosk—w cosht d&t
Tkl 0

1 1
cosh'™n mt 2m Jy  cosh'™#n mt

Let C' be the complex constant 22+ e fooo —<osht ¢, Then we have

cosh!™ ﬁ mt

lim km
wy = Cen cos o
Vi, m

The points of the form 2008% on Xy are surrounded by the curves ;1. and yaj414.
Thus the holonomies of the curves surrounding lifts of the point 2 cos ZEJ are the same as the
holonomies of the semiregular 2n-gon
25 —1 25+ 1
(2 - 2+ D7

9

—2i4+1 —92i—1
(m J+)7Tjsm(m Jj—m

(11) P,(cos

) = P,(sin

),

2m 2m 2m 2m
up to uniform scaling and rotation given by multiplication by C.
Now we must show that these arcs can be homotoped to geodesic segments We begin by

rewriting our formula for wy that appears in equation 10| Let ¢ = 2+% elan+)imj
¢y cos(2Z —|— it)dt cl((cos( ) — isin(4Z ))e + (COS( ) 4 isin(5X))e ) dt

cosh!™ = mt cosh!™ = mt
Note that argc; is constant in terms of [, which points in the direction of the holonomy
of v;. This formula shows that |argw0}%l/cl| < % < 5. Moreover, argwg‘%l/q is

always decreasing in ¢. Thus, 74, always turns rightward as t increases. The component of

wo|. =
O’Ykl
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(Xo,wo) N g Yk containing the point where u = 2 is bounded by the curves 71, which
travel clockwise around the point where u = 2. Thus, this component must have a“flower
shape,” as in left side of figure [I0] It follows that the curves 1, can be straightened to
geodesics. Now assume the curves v;; have been straightened to geodesics. We will show
that the curves 41, can also be straightened. The components 7;; and ~;41,; bound the two
regions containing the two points where u = 2 cos % We may assume to have already
straightened the 7;;. The curves 7441, turn rightward as the they travel around the region
in the clockwise direction. Hence, they look like the curved boundary edges of the region on
the right side of figure [0, These curves can also be straightened to geodesics.

FIGURE 10. A caricature of the regions bounded by the curves 7;; before
straightening. Here n = 5.

The polygons given in equation , whose edges are the straightened versions of 7, are
the same polygons used to build the surface S}, ,,, up to multiplication by C. Moreover, after

indexing the polygons appropriately, we can see that these polygons are glued together in
the same combinatorial way. 0

The following is the second part of theorem 5.15 of [BMOG].

Theorem 25 (Bouw-Moéller). Suppose m is even, n is odd and that n and m are relatively
prime. The surface Xy together with the differential wy given below determines a translation
surface with an affine automorphism group which is an (m,n,o00) triangle group.

m/2

Xo: y"= (u—2)”H (u—?cosw>2

j=1 m
y du
(u—2) TT7 (u — 2 cos BT

Proposition 26. Up to scaling, there is an isometry from the translation surface determined
by the pair (Xo,wp) in theorem and one component of the surface S}, ,, defined in subsection

[Z.4}
Proof. The structure of X, is slightly different. The map u : Xo — Cis 2 : 1 at each point
u = 2cos M, n:latwu=2and 1:1at u= o0 We will cut along curves which are

Wy =

lifts of hyperbolas in the u-plane that separating the points u = 2 cos @i=l)m 1) We will also
cut along n disjoint paths through the lifts of v = 2. The components of (XO, wo) with these
arcs removed all have the symmetries of a semiregular 2n-gon.
Let u = 2cos z. Then we have that
m/2

27 —1
H(u—2008u> :2COS%.

5 m
Jj=1
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For k € {0,1,..., mT’Q}, consider the path in the u-coordinate determined by z = z(t) =
2’% + 2it with t € R. We will use [ € {0,1,...,2n — 1} to denote the choice of a lift to Xj.
We define the curve «;; by

2k
u=u(t) =2 cos(—7r + 2it)
m

i

y=1y(t) = (=1)Fe Toltg Sm(2) coshn mt = e'n 2 +nzsm(‘77r + it) cosh™ mt

This curve lies on Xy because both the left and right side of the defining equation equal
—22n+2 cosh®(mt) sin®"(%). Moreover, these curves do not intersect, however when k = 0 we
have provided two names for the same curve. For all but £ = 0, we can see disjointness
by looking at the u-plane. When k£ = 0, the curves pass through the branch point u = 2.
However, the y-coordinate changes sign as 7y, passes through the time when u = 2. In fact
for I < n, 70, = Y0,+» With opposite orientation. In particular, the curves 7y, are continuous
through v = 2.
We will simplify the formula for wy restricted to these curves.

| y du y(—2sin z) dz ycoss dz
w = = =

Olyer — _8gin? scos = =8 sin? £ 5 cos 75* zdz  2sin 2 cos F
Now we can expand y and z. Note that cos %% = (—1)’“ cosh mt

lmi

lmi
| (—1)ke'x 21+ %4 cosh (mt) cos$ (2i) dt _ —ew 21+ cos(’l€7T +it) dt
Wo =

Vit 2 cos 5F cosh' ™ (mt)

We can now simplify the formula for the holonomy of ~y ;.

km .
Imi * cos(™E 4 it
[ = et [T
iyl —oco cosh _E(mt)

Let C = —2%n J;T —=<=t— d¢. As in the previous proof, we have

cosh! ™7 (mt)

™ k o ht %3 k
/ wy = —e n 22T cos( 7T)/ L dt = Ce'n cos( 7T)
Vi m”Jo cosh'~ (mt) m

(2j—1)m

The components of (Xo,wp) with {7} removed which contain u = 2 cos are bounded

by curves of the form v;_; . and 7;.. The semiregular 2n-gon

) — 1 ] —92i49 _ 9
m m 2m om

has edges with the same holonomy up to uniform scaling and rotation by multiplication by
C.

It remains to check that these edges can be straightened. The curves 7y, are actually
already geodesic. And a calculation shows that the remaining v, are turning rightward.
Again, an inductive argument shows that each 7;; can be straightened. After re-indexing
the polygons, they are glued in the same combinatorial way. U
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6. SEMIREGULAR DECOMPOSITIONS OF INFINITE TRANSLATION SURFACES

Recall that in section , we defined surfaces S, ,, as a union of semiregular polygons and
saw that S;,  was the image of S, , under an element of the affine group.

In this section, we list analogs of the definition of the surface S;, , for the infinite translation
surfaces S7 ; defined in he previous subsection. We state these results without proof. These
decompositions can be obtained by cutting along positive diagonals of horizontal rectangles
and degenerate rectangles as in section [

We define the first component of S7 ; as the union of P(k) for & € V(Z) U {0}. Here,
each P(k) will be a semiregular polygon or an infinite sided analog. We follow the same
gluing conventions as before. For k odd, we identify the even sides of P(k) with the opposite
side of P(k + 1), and identify the odd sides of P(k) with the opposite side of P(k — 1).
(We will specify the gluing in more detail when needed.) We will also define the element
M € GL(2,R) which sends Sz 7 to S7 ;. Because R swaps the two components of Sz 7, the
second component of S7 ; can be attained by applying M o Ro M 1 e GL(2,R) to the first
component.

We first deal with the case when J = £,, for n > 2. In all these cases, we have a natural
decomposition of the first component of Sz 7. into semiregular 2n-gons, P(k).

(1) Let J = L,,. We will break in to subcases for Z. However, in all these cases, we define

M= %n —coty, € GL(2,R). And thus, MoRoM ™' = _C(.)Sﬁ _Smﬁ
0 1 sin - —cos

(a) Assume Z = Ly. In this case, set P(k) = P,(1,1) for k € Z.

(b) Assume Z = Ly and that n is odd. In this case, set P(k) = P,(k + 1,k) for
ke NU{0}.

(c¢) Assume Z = Ly and that n is even. In this case, set P(k) = P,(k,k + 1) for
k € NU{0} even, and set P(k) = P,(k+ 1,k) if k € N is odd.

In order to cover the other cases, we need infinite analogs of a semiregular polygon. We
first handle the case J = Ly. For ¢ € Z and a,b > 0 not both zero, define the vectors

n {(a, at) if i is even _ {(a, —ai) if 7 is even

v, = N and v; = N :

' (b,bi) if i is odd ' (b, —bi) if i is odd

Define the semiregular polygonal parabola Py (a,b) to be the set of points who lie above the
polygonal parabola formed by translating the vectors v;” so that the endpoint of v aligns
with the starting point of v;, for all k. (The vertices of this polygonal parabola lie on an
upward pointed parabola.) Similarly, define the polygonal parabola Py (a,b) to be the set
of points below the polygonal parabola formed by translating the vectors v; so that the
endpoint of v; aligns with the starting point of v;fH for all k. Note that the even sides of
PZ(a,b) can be glued to the even sides of Py (a,c) in a unique way by translation. Also,
The odd sides of Py (a,b) can be glued to the odd sides of Py (¢, b).

(4) Let J = Lyand T = L, form > 2, 7T = Ly, or T = Ly. For k € V(Z) U {0}, set
P(k) = P§(fz(k+1), fz(k)) if k is even and P(k) = Py (fz(k), fz(k+1)) if k is odd.
Here fr is the critical eigenfunction given in definition 20l (We treat fz(k) = 0 if

k ¢ V(Z).) Define M = { :} H € GL(2,R). Then Mo Ro M~ = { —1 _(3 }

An example is depicted in figure [L1]
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VAVA

F1GURE 11. The first component of S’IJ with J = Ly and Z = L4. These
are the polygonal parabolas P(0) = Pg{(‘/?é,()), P(1) = Py(¥,1), P(2) =
PQ(*@, 1) and P(3) = PI\?(\/Ti, 0) from left to right.

Now we will cover the case J = Lz. For a,b > 0 not both zero and k € Z, define the
segments

o [@EEDEEE Y e
(0% + S5) (0,5 + CFF) it s odd
(b, TG00y =) (=, D =) if i is even
L
e, =
(= b, =t 4 ZCLby (_p ey ZGHDY) - f s odd.

Define the semiregular strip Pz(a,b) to be the strip Pz(a,b) = {(z,y) € R? : —b <z <a},

with edges given by el and ;8"

(5) Let J =Lz and Z = L, for m > 2, 7T = Ly, or Z = Ly. For k € V(Z) U {0}, set
P(k) = Py(fz(k+1), fz(k)) if k is even and P(k) = Py(fz(k), fz(k + 1)) if k is odd.

We treat fr(k) =01if k ¢ V(Z).) Again we define M = b € GL(2,R) and
-1 0

1 -1
Let us describe the gluing of these strips in detail. For k odd and ¢ odd, we glue the sides
el of P(k) to side e of P(k — 1), and we glue side e} of P(k) to side el of P(k —1). For k
odd and i even, we glue the sides el of P(k) to side el of P(k + 1), and we glue side e} of
P(k) to side el of P(k+ 1). See figure [12] for an example.

MoRoM‘lz{_l 0].
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