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Abstract

In the Heisenberg Lie group with the Carnot-Caratheodory metric, we classify geodesic
triangles up to isometry in terms of side-length and geodesic parameters. We ob-
tain an angle deficit formula for Heisenberg triangles. We construct classical moduli
spaces T and S;\T for ordered and for unordered Heisenberg triangles respectively,
computing homotopy type and manifold properties of the spaces, and producing a
compactification of T' up to similarity under the non-isotropic dilation.
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0.1 Introduction

Both spherical and hyperbolic trigonometry admit close analogues of the Eu-
clidean laws of sines and cosines, as well as geometric interpretations of the sum of
the angles in a triangle. These three classical settings for trigonometry — the plane,
the sphere, and the hyperbolic disk — are 2-dimensional surfaces with a high degree
of symmetry?.

The Heisenberg group H is not a surface but a 3-dimensional manifold, in fact a
Lie group. Nevertheless the 2-step nilpotent group structure of H distinguishes two of
the three dimensions by way of the horizontal distribution H. The sub-Riemannian
geometry that results is intimately connected with the Carnot-Caratheodory distance
on H and produces a space with a great deal of symmetry.

Thus it is natural to ask what form trigonometry might take in the Heisenberg
group. Such an investigation is aided greatly by the fact that there is already a
complete explicit description of geodesics in H.

This thesis proceeds in two directions: one, we attempt trigonometry in the
Heisenberg group; and two, we describe the space of all triangles in the Heisenberg
group, in which each point of the space corresponds to a unique isometry class of
triangles. When we construct such a space we obtain an example of a moduli space?.

Chapter 1 describes the construction of the moduli space for Euclidean triangles.
It is hoped that the discussion of the Euclidean case will motivate by analogy the
constructions for the Heisenberg case.

Chapter 2 provides the necessary background material. We cover the horizontal
distribution H and the induced sub-Riemannian geometry on the Heisenberg group.
The main purpose of the chapter is to record in full detail the complete classification
of geodesics in H.

Chapter 3 presents our efforts towards trigonometry. In particular, we obtain

'Each is homogeneous and isotropic; in words, the geometry is the same at every point and the
same in all directions.

2To be precise, for ordered triangles we obtain a fine moduli space, and for unordered triangles
we obtain a coarse moduli space.
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a formula relating the angle deficit of a Heisenberg triangle to the total curvature
around the triangle. Also, we obtain a trigonometric identity that is in some ways
analogous to a law of sines.

Chapter 4 constructs the moduli space of Heisenberg triangles. We show that
the moduli space is a 5-dimensional smooth manifold with the homotopy type of
a thrice-punctured sphere. The moduli space embeds naturally in RS, and in this
context we describe its boundary. There is a notion of similar triangles provided by
the non-isotropic dilation of the Heisenberg group. When we take this action into
account on the moduli space and add in the boundary, we obtain a compactification
of the moduli space of Heisenberg triangles.




Chapter 1

The moduli space of Euclidean
triangles

1.1 Triangles in the plane

In the plane R?, three distinct and non-colinear points determine a unique triangle.
To describe all possible triangles in the plane, we begin with the set

T=R2xR*xR*>—7¥,

where ¥ C R? x R? x R? is the set of triples (4, B, C) such that the points A, B, C are
colinear. Note that if two points from the triple (A, B, C) coincide, then necessarily
A, B, C are colinear. Thus T is the set of all ordered triples of distinct, non-colinear
points in R2.

Proposition 1.1.1. The set T C RS is open.

Proof. Notice that % can be characterized by the condition
S = {(A,B,c) €RS: (B—A) x (C— A) :6}
where X denotes the cross product. Thus ¥ is closed, so that T =R6—Xis open. [

3
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The space T can be viewed as a_“configuration space” for the set of all Euclidean
triangles, in which each point in 7' corresponds to a unique triangle. However T
has two conceptual drawbacks: (1) it describes triangles with a definite location,
and thus distinguishes between congruent triangles, unless they coincide; (2) it de-
scribes ordered triangles, and thus distinguishes, for example, between the triangles
corresponding to the triples (4, B,C) and (B, C, A).

To remedy (1), we introduce on T an action of the group R? x O(2) of isometries
of the plane. Taking the quotient space of this group action will have the effect of
identifying congruent ordered triangles. To remedy (2), we introduce an action of the
symmetric group S; on the quotient space obtained in the previous step. This will
have the effect of ignoring the ordering imposed on the vertices of our triangles.

In the process of applying these two group actions to TV, we will see that the
space obtained is naturally identified with an alternative way to characterize the
“configuration space” of FEuclidean triangles, which we now describe. In this view,
we think of a triangle as being completely determined by the lengths of its three
sides. This approach implicitly identifies congruent triangles and ignores any notion
of ordering of the sides of a triangle. To construct the space of triangles corresponding
to this view, we start with the set

T:= {(a,b,c) €ER¥a+b>cb+c>a,ct+a>b},

an open subset of R3.

Now T is the space of ordered side lengths a, b, ¢, so we introduce a group action
of S35 on T whereby a permutation o € S3 permutes the triple (a,b,c). When we
identify triples in the same orbit of S3 we obtain the quotient space Ss\7T which
describes unordered triangles in the plane up to isometry.

We have seen that both 7 C RS and T C R® are open sets. Thus T and T are
open submanifolds of R® and R? respectively, and so inherit differentiable structures
and become smooth manifolds in their own right. There is a natural map p : T—T
defined by

(A, B,C) — (d(B,C),d(C, A),d(A, B)).
The continuity of the metric d : R xR — R implies the continuity of the map p. Also,
it is intuitively clear that for every triple of side lengths (a, b, ¢) satisfying the triangle
inequalities, there are many triples of vertices (A, B,C) forming triangles with the
specified side lengths, so that p will be surjective. We show below how such a triangle
may be constructed.
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Proposition 1.1.2. The map p : T =T is surjective.

Proof. Place the vertex A at the origin (0,0) and the vertex B on the y—axi; at (0, c).
Draw the circle of radius b centered at A, draw the circle of radius a centered at B,
and notice that the triangle inequality a+b > ¢ ensures that the two circles intersect.

[ B{0,c) N ]
/// < \qué._/"/’; \\
, 7N
/ L/ \
[ 40,03 |/ \
¥
! /
\\ //1
\ /
N e
™. 7
e

Figure 1.1: constructing a triangle with side-lengths a, b, c

There are thus two choices for the placement of the vertex C.

We claim in_addition that p : T — T is an open map, that is, the image of an
open subset of 7" is open in T". A clean way to see this is to write out the components
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of p = (p', p*, p®) explicitly:

P (T4, 94,785,985, %0, ¥c) = V(zp —xc)?+ (Y — yo)%

p2($A,yA;$B,yB; fvc,yc) = \/(ivc - 37A)2 + (yc - yA)Z,

P3($A,yA; TB,YB; 270,.%) = \/(mA - fUB)z + (yA - yB)Z-

In this form it is apparent that p is a smooth map, since the expressions under each
radical are non-zero on T' and hence avoid the critical point z = 0 of the function
% +— +/z. To see that the rank of the differential matrix Dp(A, B,C) is 3 on T, we
write p as a composition of successive maps p = g o r, where 7 : R® — R3 is defined
by
( (zB—2c)’+(yp —yc)?,
(T4, Y458, YB; To, Yo) = (T — ma)* + (Yo — ya)?
(xa—2zB)*+ (ya—yB)* )

and ¢ : R® — R3 is defined by

(dl,d2,d3) = (\/I, \/@, \/d—3> -
The differential Dr(A, B,C) is
0 0 2($B — xc) 2(yB — yc) —2(:EB — :L‘C) —2(‘y3 - yg)
—2(zc—za) —2(yc —ya) 0 0 2zc —xa)  2(yc —ya)
2za—zB) 2(ya—yB) —2za—28) —2(ya—yB) 0 0

and the differential Dq(dy, da, ds) is

1
N (1) 0
0 1

2v/d3
Proposition 1.1.3. The rank of the differential matriz Dr(A, B,C) is 3 if A, B, C
are not colinear, i.e., the rank of Dr(A,B,C) is 8 on T.

Proof. We examine the conditions in which the rows vy, vy, v3 of the 3 x 6 matrix
Dr(A, B,C) can be dependent. So assume
avy + vy +yvy =0

6



M.Se. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

for real scalars «, (3, v not all zero. From the six components of this vector equation
we obtain the system of equations

(i) Blzc—=z4) = Y(Ta~12p)
(i) B(yc —ya) = Y(ya—vys)
(i) alzp—zc) = v
(iv) alys—yc) = v
(v) alzz—=zc) = p
(vi) alys—ye) = Blyc—ya)-

Suppose it is B that is non-zero. Then the fact that the points C' and A differ means
that at least one of the equations (i) and (ii) has non-zero left-hand side. From this
it follows that v is also non-zero. Equations (v) and (vi) likewise show that « is
non-zero. Thus «, B, and < are all non-zero. There are now three cases. Case (1),
if any two of the z’s are equal then the equations force all three of the z’s to be
equal (for example, ©4 = zp and equations (i) and (iii) force xc = z4 and zp = z¢
respectively). Then all three y’s must be distinct since the points A, B, C' are distinct.
In this case A, B, C are colinear, lying on a vertical line. Case (2), similarly, if any
two of the y’s are equal then in fact all three y’s are equal, and all three z’s must be
distinct. The points A, B, C' are again colinear, this time lying on a horizontal line.
Case (3), all three «’s are distinct, and all three y’s are distinct. Here we can divide,
say, equation (ii) by equation (i) to get

YA —Ys _ Yo — YA
Tpa— 2R a:c—:EA’

which shows that any solution A, B, C' must be colinear. O

Proposition 1.1.4. The rank of Dp(A,B,C) is 8 on T.

Proof. The matrix

1

wr 00
Dq(dy,dz,ds) = 0 2ds 0

0 0 5z

3

is invertible on r(7") since that is precisely where none of the d;’s are 0. Since the
rank of Dr(A,B,C) is 3 on T, it follows that the rank of Dp = Dgo Dr is also 3 on
T.



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

We now appeal to a version of the Rank theorem from the study of smooth man-
ifolds. For a proof see [7].

Theorem 1.1.5. Let M™ and N™ be smooth manifolds of dimension n and m re-
spectively, with n > m, and suppose the smooth map f : M™ — N™ has rank m at
the point p € M. Then there exist coordinate systems (x,U) and (y,V') around p and
f(p) respectively such that

yo foxal,...,a") = (a*,...,d™).

Proposition 1.1.6. The map p : T — T is an open map.

Proof. Given (A, B,C) € G, where G C T is open. The rank of p is 3 at all points
of T', which equals the dimension, 3, of T. By the Rank Theorem, G contains an

open neighborhood of (A, B, C) which p maps surjectively to an open neighborhood
of p(4, B,C). Therefore the image p(G) C T is open.

O

We have thus constructed the continuous, open surjection p : T — T defined by

(A, B,C) — (d(B, 0), d(C, A),d(A, B)).

Proposition 1.1.7. The points (A, B,C) and (A', B',C") € T have the same image
under p if and only if there exists an isometry g of R* such that g(A) = A’, ¢(B) = B/,
and g(C) = C".

Proof. One direction is immediate since an isometry preserves distance between points.

Suppose (4, B,C) and (A', B',C") have the same image (a,b,c) under p. We
will describe a sequence of isometries on (4, B,C) and a sequence of isometries on
(A, B',C") that bring these triangles to the same intermediate triangle. First, we
. translate the triangle (A4, B, C) by —A, in effect sliding A to the origin. Second, we
rotate the resulting triangle about the origin until B lies in the positive y-axis. A
thus remains fixed at the origin throughout this rotation and, since each of these
isometries preserves distance, B must end up at the point (0,c) € R?. The point C

8
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must end up at distance b from A = O and at distance a from B = (0,c). But a
circle of radius b centered at A and a circle of radius a centered at B must intersect
in precisely two points, giving two possibilities for C, and these two possibilities are
related by a reflection in the y-axis.

In the same way we bring A’ to the origin and B’ to (0, ¢), and see that C’ can
also lie only at one of the two possible points for C. Thus (4, B,C) and (A, B’,C")
either coincide at this stage, or differ by reflection in the y-axis.

Let G := Isom(R?) = R? x O(2), the group of isometries of R?. We define a group
action of G on T by

9(4, B,C) = (9(A),9(B),9(C)), for g € G.

By the above proposition (A, B,C) and (4', B',C") € T have the same image under
p if and only if they are in the same orbit under the action of G. Thus p factors to
the map )

p:G\T—>T.

Since G\T is given the identification topology, the map p remains continuous, open,
and surjective, and now in addition is injective, since points in T with identical images
under p have been identified. Thus the continuous bijection p is an open map, i.e., p
is a homeomorphism. Thus

G\T ~T.

To remove the notion of an ordering for our triangles, we define a group action

on G\T of the symmetric group Ss of permutations of the set {1,2,3}. The action is
defined by

oo [(V4, Vo, V3)] = [(Ve), Vo), Vo) ]
for o € S3 and (V1, V2, V5) € T. Tt is clear that this group action is well-defined.
We also define a group action of S3 on T, where ¢ € S3 likewise acts to permute

the triple (a,b,¢) € T. The map p factors through these actions of S3 producing the

9
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commutative diagram

A\T

| |

S\(G\T) — S\T

showing S5\(G\T) = S5\T.

The space
T .= {(a,b,c) €R3|a+b>c,b+c>a,c+a>b}

is an open subset of R3 and can be readily visualized with the help of the following
considerations. Observe that the inequalities ¢ + b > ¢ and b+ ¢ > a when added
together imply a4+ 2b+c¢ > a+c, or b > 0; and likewise the triangle inequalities imply
a >0 and ¢ > 0. Thus T lies in the octant of R? in which all coordinates (a, b, c) are
strictly positive.

Now T is the intersection of the three “half spaces”

Ti = {(a,b,c) eR*a+b>c}
T, = {(a,b,c) eR*b+c>a}

Ty = {(a,b,c) ER*|c+a>b}.

T consists of all points below the plane P defined by a + b = ¢, and indeed has T}
has P, as topological boundary (or frontier). Furthermore, we can view 73 U P; as a
3-dimensional manifold with boundary, the manifold boundary in this case coinciding
with the frontier P;. Likewise:

T5 consists of all points lying to one-side of the plane P, defined by b + ¢ = a; T3
has frontier P, and T3 U P, is a 3-dimensional manifold with boundary P,.

10
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T consists of all points lying to one-side of the plane P; defined by ¢+ a = b; T3
has frontier P3, and T3 U P; is a 3-dimensional manifold with boundary Ps.

The planes P;, I, P; intersect pairwise in lines

PNF:b=0,c=a
PNPy:c=0,a=0b

PNP:a=0b=c

and these three lines intersect at the same point (0,0, 0).

Thus we can view the space
T:= {(a,b,c) ERla+b>cb+c>a,cta> b}
as an open set with a boundary T' — T' decomposing into pieces

P, = {(a,b,c) € R*la+b=c;a,b,c> 0}
Py, ={(a,b,c) € R*|b+c=a;a,b,c>0}

Ps = {(a,b,c) € R®’|c+a=b;a,b,c> 0}
of dimension 2,

PiNP,={(a,b,c) e R*b=0,c=a;c,a>0}
PN Py = {(a,b,c) € R®|c=0,a = b;a,b > 0}

PN P ={(a,b,c) € R%a=0,b=c;b,c>0}

of dimension 1, and the origin (0,0, 0) of dimension 0.

Recall the map p: T — T which sends a triangle ABC to its side lengths. The
space T' was obtained as triples of vertices R? x R? x R? with vertices 3 C RS giving
degenerate triangles removed. But notice that the map p is still defined on .

We can decompose the degenerate triangles 3. as

11
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e Y, those triangles for which all three points coincide
e X, those triangles for which exactly two points coincide

® >, those triangles determined by three distinct but colinear vertices.

1.2 Moduli spaces

We now say a few words about the concept of a moduli space. The precise definition
requires the language of category theory and involves objects such as stacks and
families. But we can indicate the main ideas in a classical setting, and in particular
explain why the space T gives a fine moduli space for ordered Euclidean triangles and
why the space S3\T" gives a coarse moduli space for unordered Euclidean triangles.
We follow the discussion of Fulton found in [1].

For a topological space S, a family of unordered triangles over S is

(1) a topological space X and a map' X —» S

(2) a metric on each fibre? X, = p~!(s) such that X, is isometric to some
Euclidean triangle (viewed as a 2-dimensional subspace of R?).

A family of ordered triangles must additionally include

3) an ordered triple of sections A, B,C : S — X which specify the vertices
A(s), B(s), C(s) of each fibre Xj.

A morphism between families X — S and X' — 5’ is a pair of continuous maps f

!The map p must be continuous and proper, and make X -2, S into a fibre bundle.
2FEach metric must vary continuously, i.e., it must come from the restriction d|x, xx, of a contin-
uous map d : X Xg X — Rxg, where X xg X is the fibered product.

12
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and g making the following diagram commute

f

X — X

| |

g

s — 9

and such that, for each s € S, f restricts to an isometry between the fibres X, and
X'g(s); for families of ordered triangles, a morphism must additionally respect the
sections: f(A(s)) = A(g(s)) for all s € S, and likewise for B and C.

What makes T" a fine moduli space for ordered triangles is that there is a universal
family U. Tt can be constructed as a subspace U C T' x R? where the fibre over the
triple (a,b,c) € T is the triangle in the plane R? with side-lengths a, b, ¢ and first
vertex at the origin, second vertex on the positive y-axis, and third vertex having
strictly positive z-coordinate.

Given an ordered family of triangles X — S there is then a canonical map § - T
sending s € S to the unique ordered triple (a,b, c) € T of side-lengths giving a triangle
isometric to X, and moreover there is a unique isomorphism of X with the pullback
viangofU — T

X gU U
|
S T

Due to the existence of such a universal family, we say that 7" is a fine moduli space
for ordered Euclidean triangles.

Now in the case of unordered Euclidean triangles, there does not exist a universal
family over the space S5\T'. The key reason that such a universal family fails to exist

13
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is that some pairs of congruent triangles have multiple isometries between them, with
no way to distinguish a canonical isometry. Between a congruent pair of isosceles tri-
angles there are two isometries, and between a congruent pair of equilateral triangles,
there are six (and notice that imposing an order on the vertices solves this problem).
We say that S3\7T" is a coarse moduli space for unordered Euclidean triangles.

14



Chapter 2

The sub-Riemannian geometry of
the Heisenberg group

In this chapter we present background material relating to the sub-Riemannian
geometry of the Heisenberg group. The material presented in this chapter is taken
from [4]. The goal is to completely describe geodesics between arbitrary distinct
points in the Heisenberg group.

2.1 The Heisenberg group H

On R? with the usual differentiable structure we introduce the group multiplication
law

(Z1,91,t) © (T2, Y2, 8) = (551 + 23,91 + Y2, b+ 5 — 2(T1y2 — y1$2))-
The identity element is the origin O(0,0,0) and the inverse of an element is given by
(z,y,t)"! = (~z,—y, —t). We frequently use letters P, Q, A, B, C, etec., to refer to
elements in the group (R?,0) and omit the symbol o for multiplication. With these
explicit formulas it is apparent that the maps

(P,Q) — PQ from R* x R® — R3

P P! from R® — R3

15
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are smooth, so that (R3,0) is a Lie group. The Lie group (R3,0) is called the (sym-
metric) Heisenberg group with 3 parameters and will be denoted here by H. The
word “symmetric” refers to the symmetry apparent in the formula for the inverse of
a group element, and is meant to distinguish this characterization of the Heisenberg
group from another (Lie group-isomorphic) characterization in which the group is
realized as real upper-triangular 3 x 3 matrices with diagonal entries equal to 1.

At a fixed point P € R? we have the standard basis

91 9| 9
Oz |p Oylp’ Ot

P

for TpR? which we shorten to 9y|p, 9ylp, Oip. Because of the Lie group structure
that H places on R? it is more natural to use the basis

X|P = am[P + 2y(P) at|P
YlP = ay|P — 2z(P) 3t|P

T|P = at|P

which coincides with the standard basis at P = (0,0,0) and is in fact the extension
of the standard basis at the origin to a left-invariant vector field on H. Thus we have
the vector fields

X =0, + 2y0;
Y ;= By — 2117&*,
T:= 8t

restricting at each point P € H to a basis for TpH.

Proposition 2.1.1. The vector fields X, Y, and T are left-invariant vector fields on
H.

Proof. Let A = (a1,as,a3) € H. The map left-translation by A

Ly,-H—-H

16
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is defined by L4(P) = AP or in coordinates

(zp,yp,tp) — (a,1 +zp,az + yp, a3 +tp — 2(a1yp — agxp)).

The differential can then be written directly

1 0 0
DL(P)=|0 1 0
20,2 —2@1 1

This matrix was calculated using the coordinate system (z,y,t) on H. When we
express the vector Xp € TpH in these coordinates we get

1
Xp=10
Zyp

and therefore DL 4(P) takes Xp to the vector

1 0 0 1 1
o 1 of|o]|= 0 € Ty, (mH
2a2 —20,1 1 2yp 2(&2 + yp)

which is precisely X|;, py. Likewise

0 0
Yp= L = 1 = YILA(P)
—2£Up —2(0,1 + mp)

and

0 0
TP - O = O - T|LA(P) .
1 1

The left-invariant vector fields X, Y, T form a basis for the Lie algebra of left-
invariant vector fields on H and restrict to a basis for TpH at each point P. We

17
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calculate the Lie bracket [X,Y] using the test function f: R®* — R

X, Y| f=XY[)-Y(Xf)
(D o\ (0f , Of 0 o\ (of . Of
= (5;; ”y%) (5@; B %) B (a—y B 2f”5%> (% ”y‘a?)
% f i a2f>

=<82f —2af—2 + 2y

ozoy ot ozor oty ~ 45

av0n 2ot Paws T Vagor “Vor

_ (ﬂ 20F 0, O L Oy, 5‘2f)

_ 49

ot

so that [X,Y] = —4T. Thus X, Y, and [X,Y] are a basis for the Lie algebra of H.
This property of X and Y is key to the sub-Riemannian geometry of H.

At each point P € H we single out the subspace
Hp =span{X|p,Y]|p} C TpH.

The distribution P +— Hp is called the horizontal distribution H on H.
Definition 1. A differentiable curve c: [a,b] — H is called horizontal if
is) = (2o, dea doa
%)= \ds’ ds ' ds

is contained in He for each s € [a,b], i.e., if the tangent vectors of the curve always
lie within the horizontal distribution.

We have the following extremely useful criterion for a curve to be horizontal.

Proposition 2.1.2. A curve ¢(s) = (x(s),y(s), t(s)) in H is horizontal if and only if
t = 2(dy — zy).

18
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Proof. Expand

¢ =40, + 0y + 0,
= & (0, + 2y8;) — 24y0,
+ 1 (dy — 2a0,) + 2Tyt
+ 0,

=&X +9Y + (t — 2(3y — 7)) &,

and the result follows.

d

From this we have the following characterization of tangent vectors for horizontal
curves,

Corollary 2.1.3. A differentiable curve c is horizontal if and only if
c=zX +yY.
Proposition 2.1.4. For ¢(s) a horizontal curve and A = (a1, as,a3) € H the curve

&(s) = Lac(s) is also horizontal.

Proof. Write ¢ = (c1,¢,c3) and € = (¢, 2, ¢3). Then

¢1(s) = ay + c1(s)

52(8) = Q9 + CQ(S)
so that
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Then we compute
. d
Cy = Eg[ag + c3(s) — Q(alcz(s) — U:QCl(S))]
= é3 —2 (0,1é2 - agél)
= 2(&102 - Clég) -2 (alég - (Z.Qél)
= 2(c'1(a2 + 62) — ((Zl + Cl)ég)

= 2(5152 - Elég).

O

Proposition 2.1.5. For c(s) = (z(s), y(s), t(s)) a horizontal curve and 0 < ¢ < 27

the curve s (
o0 = ([aeg ] ] 49)

18 also horizontal.

Proof. The form of the equation for ¢ above emphasises that we are taking ¢ and
rotating it by a fixed angle ¢ about the t-axis while keeping the height of the curve
fixed at each point. We will write R, c to represent this transformation of c. Explicitly
the transformation is

Z(s) = z(s) cosp — y(s) sine

g(s) = z(s)sin + y(s) cos ¢
so that

Ty — Ty = (& cosp — ysin ) (zsin ¢ + y cos @)
— (x cosp — ysinp) (Esinp + g cos )
=y — Ty

20
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and then since £ = ¢ the horizontality condition ¢ = 2(&y — z7) on the original curve
implies the horizontality condition = 2(Z§ — Z¥) on the transformed curve.

a

Now at each point P € H we put an inner product g on the subspace Hp by
making the vectors X and Y orthonormal

g(X, X)=1 g(X,Y)=0 gV, Y) =1
Thus two vectors ¥ = v;.X +v,Y and W = un X + wyY in Hp have inner product

g (U, W) = g (X + vY,un X + wyY)
= vwig (X, X) + viwag (X,Y) + vawrg (Y, X) + vaweg (Y, Y)

= VW1 + Vows.

These inner products on each Hp provide what is known as a sub-Riemannian met-
ric for the distribution H on H. The sub-Riemannian metric defines a length for

horizontal vectors
U] = /g (7,9) = \/v +v3

which induces a length for horizontal curves.

Definition 2. The length of a horizontal curve c: [a,b] — H s

/a b;c'(s)ms

where |&(s)| is computed using the sub-Riemannian metric.

Proposition 2.1.6. For horizontal ¢ : [a,b] — H and A = (a1, as,a3) € H the curves
c(s) and ¢(s) = Lac(s) have the same length.

Proof. We have seen that ¢, = ¢; and ¢; = ¢. Thus

c(s) = é1(8) X + éa(s)Y
&(s) = a(s)X + ()Y

21
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have identical components so that

()| = l&(s)]

for each s € [a,b]. It follows that the length of € equals the length of c.

[l

Proposition 2.1.7. For horizontal ¢ : [a,b] — H and 0 < ¢ < 27 the curves c(s)
and ¢(s) = Ryc(s) have the same length.

Proof. Writing c(s) = (x(s),y(s),t(s)) we have seen that
z(s) = i(s) cosp — y(s) sin

y(s) = (s)sinp + y(s) cos
so that

|62 = 32 +
= 42 cos® ¢ — 29 sin @ cos @ + 72 sin? @
+ &% sin® ¢ + 24y sin @ cos @ + 1% cos® ¢
— 2 4 g

= |¢l*

and therefore the length of ¢ equals the length of c.

2.2 Geodesics in H

Geodesics in H are defined in terms of a Hamiltonian function, that is, a real-valued
function on the cotangent bundle of H. We will see that the geodesics produced in

22
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this way have the natural properties associated to geodesics, such as being length-
minimizing with respect to the sub-Riemannian metric.

Viewing H as R? we introduce the function
H:T'"H—-R
defined by
(z1,%0,1,61,€2,0) %(51 + 2350)* + %(62 — 21,0)?

where (z1, o, t,&1,£2,0) are just Euclidean coordinates on RS & T*H. We recall
Hamilton’s equations

. OH . OH

Q’L - apl pZ - aqz
where the coordinates ¢ and p are generalized position and momentum, respectively.
For T*H =2 R® the coordinates yield six specific equations

. _0H £ = _8H
T3 t Oa
. OH ,_ OH
b= "=
(where ¢ = 1,2) which we proceed to write explicitly. Now
OH
T = — — 21
Al agl 51 + 7729
0H
Tg=—=—— =& — 2
T 7%, £ — 2310
then
. OH
b= 2= (614 2220)2z0 — (&2 — 2110)23,
= 2(£i71372 — :L‘]_.be)
then
b o= -5 =6~ 2:0)(~26)] = 20,
T
: 0H .
b= -2 6+ 2m0)20)] = 20
H)

23
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and
oH .

Altogether we have obtained the system of equations
&1 =& + 2290
Ty = & — 2110

lJE = 2(§31£B2 - Zl?liiig)

(2.2.1)
£ = 20,
£y = 204
6 =0.

Definition 3. A curve in the cotangent bundle T*H
E(S) = (371(8), x2(8)1 t(S), 61(5): 52(3)) 9(3))
that satisfies the system 2.2.1 is called a bicharacteristic.

Definition 4. A curve c(s) in H is called a geodesic if it is the projection of a bichar-
acteristic curve, i.e., if there exists a bicharacteristic curve &(s) in T*H such that
c(s) = mo &(s) where w: T*H — Hl is the projection.

From the definition of a geodesic and from the system 2.2.1 we immediately have
the following.

Proposition 2.2.1. A geodesic is a horizontal curve.

We proceed to determine further properties of geodesics. We first observe that

24
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0 = 0 implies 0 is constant. Then from 2.2.1 we have

j?l = 51 + 251329
i1 = & + 200,
= 40,
and similarly
Tog = —40%,.

We can write this as
@1(s)| _ 10 0 1 [@1(s)
Za(s) —1 0] |Za(s)
or more succinctly as

E(s) = 40J%(s)
where J = {_01 (1)] is the matrix corresponding to clockwise rotation by /2.
Next suppose that @(s) = ¢%/53(0). Then
#(s) = 40Je*744(0)
= 40Jz(s).
What this shows is that @(s) = e*®/*$(0) is a solution to the equation

Z(s) = 40J4(s).

25
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We solve for z(s)

= z(0) + (—Z%JeLwJ"d:(O)

= z(0) + Zlg—Ja';(O) - ije‘w‘]%(O).

49

Recalling that J and €*%/* commute, we can write this as .

z(s) = e*0’* <-$J:ﬁ:(o)> + z(0) + %J:i;(O)

:e49JsK+C
where
K = - J3(0)
= Tap’"
C =z(0) - K.

We will need the following computation:

Proposition 2.2.2. For 0 < 8 < 27, we have
640JS

= R463

where Rygs 1s the matriz corresponding to clockwise rotation by an angle of 40s.

26
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Proof. With J = {_01 é] notice the pattern

Jt=1J,
J? = —1I,
J=—J,
J =1, etc
We compute
40Js __ = (4€J8)n
© T Z n!

_ i (40s)™J™

N —~ n!

B i": (40s)*1 N (49s)* LT + o (46s)5 42 (1) N - (46s)FH5 (=)

B (4k)! (4k + 1)! (4 +2) 4k +3)

k=0 =0 k=0

@Ry (k+2)! @+~ (@E+3)!
(49s)th+1 | (dfs)tRH3  (4s)th (40s)tht2
T (k1) (4k-+-3)! (@k) — (dk+2)!

|: (405)4k (498)4k+2 (493)4k+1 (495)4k+3

- oz, )

= R4t93'

Now that we have determined the solution z(s) = RapsK + C we compute t(s)

27
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using the horizontality condition

t(s) = 2 (21(s)wa(s) — z1(5)2(s))

() S

= 2 (x(s), —Ji(s))

= 2{e"*K + C,—J (40Je*"° K))
=2(e" K + C, 40 K)

= 80 (K, e*° K) + 80 (C, " K)

=80 |K|* +80(C,e* " K).
In order to integrate ¢(s) notice that

d
_649JSK>

i 460Js _
2 (16,697 K) = <JC’, d

= (JC,40Je"°K)
=40 (JTJC,e"°K)

=40 (C,e"°K) .
Then
t(s) = / 80 |K|* + 80 (C,e*’* K ) ds

=80|K|*s+2(JC,e"°K) + C

where

Oy = H0) — 2(JC, K).

We summarize these results.

28
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Proposition 2.2.3. For a geodesic (z(s),t(s)) with constant parameter § and initial
conditions

(=(0),¢(0)) (0)
gwen, the equation is given by

z(s) = Ryps K + C

t(s) =80 |K|*s +2(JC, " K) + C;

where
K =~ 13(0)
VT A
C=z(0)-K

Oy = H(0) — 2(JC, K).

Proposition 2.2.4. The image of a geodesic (z1(s),x2(s),t(s)) projected onto the
T12o-plane is a circle.

Proof. The equation z(s) = RypsK + C is the equation for a circle centered at C of
radius | K.

Note that when such a geodesic is parametrized by arc-length we have

1. 1

because |£(0)| = 1.

We have defined the matrix J = [_01 é] and seen that a geodesic (z(s),t(s))

29
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satisfles the equation #(s) = 40J&(s). Now geodesics are horizontal so that

¢ = 31X + Z,Y.
If we think of J as the operator
X— =Y
Y— X

then a geodesic satisfies ¢ = 46.J¢. In fact this condition characterizes geodesics.

Proposition 2.2.5. A curve c is a geodesic if and only if (1) c is horizontal and (2)
¢=44Je.

Proof. One direction is clear. We have seen already that a geodesic is horizontal and
satisfies ¢ = 46.J¢.

Now suppose we are given a horizontal curve c(s) = (z1(s), z2(s), t(s)) such that
¢ = 46J¢. Define the curve ¢ in T*H by

6(3) = ($1(3)7 372(5); t(s)’ 51(3), 62(3)’ 6)

where

&1(s) = 1(s) — 2x4(s)0

&2(s) = da(s) + 2z1(s)0.

Then ¢ is a bicharacteristic curve in T*H and projects to ¢ in H. Therefore ¢ is a
geodesic.

This criterion for a geodesic is very useful.

30



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

Proposition 2.2.6. If ¢ = (c1, ¢, ¢3) is a geodesic with parameter 0 then for a € H
arbitrary the left-translation ¢ = L,c is a geodesic with parameter 6.

Proof. The left-translation of a horizontal curve is horizontal. Thus L,c is horizontal.
Writing a = (a1, ag, az) we have

51:a1+61:>51=é1
62:a2+02:>62=é2
and since for horizontal curves ¢ = ¢, X + &Y we see that the tangent vectors for

c and for ¢ have identical components. Thus ¢ satisfies the same geodesic criterion
é=46Jc as c.

(W

Proposition 2.2.7. Ifc = (z,y,t) is a geodesic with parameter 0 then for 0 < ¢ < 2w
the rotated curve ¢ = R,c is a geodesic with parameter 0.
Proof. From
z(s) = ©(s) cosp — y(s) sinp
7(s) = z(s)sinp + y(s) cos ¢
and from the geodesic criterion on ¢

i = 46y

§j = —40%

we have

IS1B
il

ZCcosyp — ysing
= (409) cosp — (—40z) sin
= 40y
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and likewise § = —40%. Therefore ¢ satisfies the same geodesic criterion as c.
O
Proposition 2.2.8. The speed of a geodesic is constant.
Proof. For a geodesic ¢ = (z,y,t) we have |¢|? = 2% + 3% But
4 (2% + 9°) = 288 + 27
ds
= 22(40y) + 2y(—40%) =0
and it follows that |¢| is constant.
O

2.3 The Lagrangian picture

There is also a Lagrangian picture of geodesics that is useful. The Lagrangian
L :TH — R is defined by

L(zy, g, t, &1, 0,t) = Q(x% + &2) + 0(t — 22179 + 22185).

Normally the Lagrangian is a function only of the coordinates of the tangent bundle
TH but in our case the #-coordinate in T*H shows up in the Lagrangian. Thus when
one wants to apply the Lagrangian to a curve in H (which with its velocity vectors
can be treated as a curve in TH) one must carry along the § parameter as extra data
for that curve. Since our curves will all be geodesics with constant § we do not have
to address the subtleties surrounding this issue. We merely treat the Hamiltonian as
fundamental and use the Lagrangian picture for its usefulness.

Recall the Euler-Lagrange equations

dor_ou
ds 9¢- Oc¢’
32
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We compute

d oL . . oL .

%%{ = — 29372 5{6_]: = 29$2
d 0L oL

— =3y + 204 — = —201

ds 8:52 T2t o 0111‘2 9%1
doL oL

— = = — = 0.

ds Ot 6 ot

In calculating the first two rows we have used the fact that § = 0, which comes from
the third line. Altogether we have the system

i1 = 40,
By = —40,
6 = 0.

We recognize this condition as the geodesic criterion:

Proposition 2.3.1. A geodesic satisfies the Euler-Lagrange equations.

2.4 Connectivity by geodesics

We want to connect arbitrary distinct points P, Q € H by a length-minimizing
geodesic. We will show that, up to parametrization, there exists a unique such
geodesic connecting P to (). First, we apply the left translation Lp-1 taking P
to O and taking @ to P~'Q. Under this translation, a geodesic ¢ connecting P to
@ becomes a geodesic € = Lp-1c connecting O to P~1Q, and ¢ and ¢ have the same
length. Hence we need study only geodesics with initial point O.
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It is best to work in cylindrical coordinates

Ty =T1Ccos¢
Tg =Tsin¢

t=t.

We compute the Lagrangian in these coordinates

i1 = 7cosp + r(—sinP)¢

&% = 72 cos® ¢ — 2r7(sin ¢)(cos $)b + r2d*sin? ¢

@9 = 7sin¢ + r(cos ¢)¢

#2 = 12 sin? ¢ + 2r7(sin ¢)(cos )b + r2¢? cos? ¢

94wy + 2182 = —2(r7 sin ¢ cos ¢ — r2(sin’ ¢)¢)

+ 2(r7 cos ¢ sin ¢ + r*(cos? ¢) ) = 2r%¢
so that L is given by
1 .
L= (i + i3) + 0(F — 20125 + 2215)

= %(7'«2 +72¢%) + 0( + 2r°¢).

Next we calculate the Euler-Lagrange equations in polar coordinates

d oL _ L ., L
Teor " o = r¢* + 4r0p = rP(¢ + 46)
doL _ d, . \ oL
(—Zgaé—ds(rqﬁ—l—%r) 5‘(/5_0

d oL . OL

ot ! A

34



M.Sec. Thesis - Christopher Cappadocia McMaster - Mathematics and Stalistics

to obtain the system
7 = rd(¢ + 40)
(¢ + 260) = C, constant (24.1)

8 = 6y constant.

For our geodesics, which start at O, we get r(0) = 0 = Cy = 0. Next if r remains
identically 0 on any non-trivial interval around s = 0 we must have 1 = 0 = 25 so
that £ = 2(£125 — 2132) = 0. A geodesic with this property starting at O will thus
remain stuck at O. Since we want to classify geodesics connecting distinct points we

can thus assume that r cannnot stay at 0 over any non-trivial interval whereupon we
have

r?(p+20) = 0= ¢+ 20 =0.

Thus, for geodesics starting at the origin, the system 2.4.1 sharpens to
P = —40%r
927 =20 (2.4.2)

f = 6, constant.

There is not a uniform description of geodesics from O(0,0,0) to distinct points

P(z,y,t). Rather the description depends on the nature of the point P(z,y,t). The
possibilities are

e P(z,y,t) is on the t-axis so that 22 +y2 =0 and t # 0
e P(z,y,t) is in the zy-plane so that 2 + y* # 0 and t =0

e P(z,y,t) is not in the xy-plane or on the t-axis so that z? + y* # 0 and t # 0.
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2.4.1 Geodesics from O to P(0,0,t) with ¢ # 0

We repeat the Euler-Lagrange equations for a geodesic with initial point O _

7= —40%r
¢ =—20

# = 6, constant.

The general solution to
#(s) = —46%r(s)
is

r(s) = Asin(20s) + B cos(20s).

Since r(0) = 0 we have B = 0 so that

r(s) = Asin(20s).

We do not parametrize by arc-length but instead assume our geodesic is such that
v(0) = O and 4(1) = P. Then we have r(1) = 0 so that 20 = mn for some integer
m. We will say more about the sign of the integer m shortly.

Next from ¢ = —260 we get ¢(s) — ¢(0) = —20s so that

¢1 = ¢po — 20 = ¢o — m.
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Recall { = —2r2¢. Thus

£ = ¢(1) — £(0)

¢o—mm
= / —2r2de
do

do—mm
— 2 /¢ A2 sin?($ — go)d

0
—mm
= -9 / sin? udu
0

= A%’mm.

This gives A? = -L- = ;L. This means that when ¢ > 0 the integer 7 must be positive

and when ¢t < 0 the integer m must be negative. Similarly § > 0 when ¢ > 0 and
6 < 0 when t < 0.

Recall that for geodesics the quantity
[9)? = &3 + &3 = 7 + 4r°0°

is constant. Now when 7(s) = Asin(26s) hits its maximum value of A we will have
7 = 0. This gives

2 202 _ 4 t\ g2
19 —4A9—4<20 0

= 20t = mnt.
Therefore || = v/mmt so that the arc-length 7 = v/mnt because the parameter s is
on [0, 1].
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For the t-coordinate we have

]
o) = | s
]
= / —2A%sin?(¢ — ¢o)d
0
d—do
= 242 / sin? udu
0
o [l 1 . o
= —— |-y — —sin2u
mm |2 4 0

_ # [sin 2(p — o) — 2(¢ — ¢o)]

Theorem 2.4.1. Between the points 0(0,0,0) and P(0,0,t) with t > 0 the equation
for a geodesic from O to P leaving the origin at an angle of ¢o with the positive x-azis

is given by

where 0 =

t
= 4/ ——sin(20
r(s) ”mw sin(20s)
¢(S) = qll)o — 26s
t(s) = b (405 — sin(40s))
- 2mmw
W, There is one such geodesic for each m = 1,2,.... The arc-length of

each geodesic is /mmt.

38




M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

Figure 2.1: geodesics to (0,0,¢) for m =1,2,3

Theorem 2.4.2. A length-minimizing geodesic from O(0,0,0) to P(0,0,t) witht > 0
has arc-length /rt.

There are of course analogous statements to describe the case when ¢ < 0.

Observe that if v is any geodesic connecting O(0,0,0) to P(0,0,t) then Ryc is
another geodesic connecting O(0, 0, 0) to P(0,0,t) of equal length for any 0 < ¢ < 2.
Thus for each m = 1,2,..., we obtain a family of geodesics from O to P of equal
length /mnt parametrized by 0 < ¢ < 27.
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Figure 2.2: a one-parameter family of geodesics with ¢ = 0, 27/3,47/3 shown

2.4.2 Geodesics from O to P(z,y,0) with 2% +¢* #0

From the horizontality condition we have
Ié = 2(j71£172 — Zl,'litg) = —2’{'2§£.

But ¢ = —20 so ¢ = 46r2.
Since 6 is constant we see 8 > 0 implies £ > 0 which implies #(s) is always
increasing. Likewise 0 < 0 implies ¢ < 0 which implies ¢(s) is always decreasing.

Therefore to end up at a point P(z,y,0) the geodesic must have § = 0. The Euler-
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Lagrange equations reduce to

=0
$=0
g =0.

Thus we have constant angle ¢o and constant 7 = X\ # 0. Since our geodesic starts
at the origin the equation is

() = As
b(s) = o
t(s)=0

In order for P(z,y,0) to be the terminal point we must take ¢o to be a solution to
¢o = arctan (E) .
x

The sign of A depends on the solution we choose above; the magnitude of A determines
the rate at which we move along the geodesic. To parametrize by arc-length we choose

A = =1 and either way the result is the unique arc-length parametrized geodesic from
O to P.

Theorem 2.4.3. Between the origin O(0,0,0) and a point P(z,y,0) in the zy-plane
with % + y* # 0 there exists a unique arc-length parametrized geodesic with equation

T

z(s) =

Y

y(s) = —=——=s
0=t

t(s)=0
where 0 < s < v/22 + y? and the arc-length is T = /2% + 2.
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2.4.3 Gaveau’s function

Next we will describe geodesics connecting O(0, 0,0) to points P(z,y, t) with 2%+
y*> # 0 and t # 0. The classification of such geodesics will depend crucially on the
properties of Gaveau’s function, which we now discuss.

The function )
T —sinzcosz

sin? z

10 ] j U

p(z) =

is called Gaveau’s function.

-5

A

Figure 2.3: Gaveau’s function p(z)

As written p is defined for all z € R except for integer multiples of 7 where
sinz = 0. Now u has a removable singularity at « = 0 so that we can define

(0) = lim (@) = 0.

Note that the Gaveau function is odd: p(—z) = —p(z). We record the following
properties of the Gaveau function. These results can all be proven using elementary
calculus.
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Proposition 2.4.4. u is a strictly increasing diffeomorphism from (—m,m) to R.

Proposition 2.4.5. For each integer m = 1,2,..., there is exactly one critical point
T for @ on the interval (_m7r, (m + 1)7r). v is strictly decreasing on (mm, Ty,) and
strictly increasing on (Tm, (m + 1)m). We also have the limits

lim p(z)=4oc0o= lim p(x).

z—mmt z—(m+1)r—

We can be more specific about where x,, lies in the interval (mm, (m + 1)7).

Proposition 2.4.6. The critical point &, € (mm, (m+1)m) is less than the midpoint

1
T < <m + 5) ™
but within % of this midpoint
(meg)r-mass
m-t - T — Ty < —.
2 mm
And we can likewise say more about the local minimum values p(2m).

Proposition 2.4.7. The local minimum values i(x,,) satisfy the inequalities

p(@ma1) > p(Tm) + .

In particular we have the crucial result that for a fixed constant A > 0 there are
only finitely many solutions to the equation

p(z) = A

There is always exactly one solution coming from a unique z in the interval (—mu, )
which solution is in fact in the interval (0, 7) because A > 0. There are no solutions
for < 0 since p(z) < 0 when z < 0. For z > 0 eventually the local minimum values
1(%m) on the intervals (mmr, (m + 1)r) will be larger than A and therefore solutions
exist in only finitely many of the intervals. The graph of p(z) makes these remarks
apparent.

Likewise we can count the strictly finite number of solutions to u(z) = A <0.
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2.4.4 Geodesics from O to P(z,y,t) with 2 +y*# 0 and t #0

Lemma 2.4.8. An arc-length parametrized geodesic starting at O with 8 # 0 has

equation

P($) = 135806 — o)

Lsin 2(¢ — o) — 2(¢ — o)

o) = 1g2 2

Proof. For an arc-length parametrized geodesic we have

1 = &1(s) + £5(s)

=72 + 40%r%.
We thus compute
dr\?
— | =1-46%?
(ds) '
dr +ds

\/1—4627°2:
ia‘c in(20r) = +
og Bresin(20r) = s

20r = sin(£20s)

therefore .
r= :Ege— sin(20s).

Next from the horizontality condition
IE = 2(i1$2 — $1$'2) = —27“2gl'5

44




M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

we can compute ¢ in terms of ¢

@
t(¢):/¢ —2rtd¢

¢ /1 2 )
2 [ (5) sle— o
0
=2 - sin” u du
402 ) J,
1 d—do 1 1
—2 (4—(93) /0 5~ icos 2udu

_ 1 sin 2(¢ — o) — 2(¢ — o)
~ 462 2 '

We further restrict our geodesics to start at O and terminate at some point
P(z,y,t) with 22 +3*> = R?> # 0 and ¢t # 0. We do not specify (x,y) but merely
the distance R from the origin. If we insist that the geodesic leaves the origin at an
angle of ¢y = 0, then once we fix R # 0 and ¢ # 0, we will see that the terminal point
of the geodesic is determined.

A way to visualize this is to draw a circle of radius R with fixed height ¢ # 0 and
centered around the t-axis. We want to determine all possible geodesics leaving the
origin O at an angle of ¢y = 0, i.e., leaving along the positive z-axis, and ending up
somewhere on this elevated ring.
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Figure 2.4: geodesics to an elevated ring

Lemma 2.4.9. For an arc-length parametrized geodesic ¢ : [0,7] — H with 6 # 0
and boundary conditions

z(0) =0 #0) =0 $(0) =0
g?(1) +y*(1) = R* #0 Hr)=t#0 ¢(1) = 1
the following relations hold
¢y = —207
sin? ¢, = 40°R?

_ 1 sin2¢; — 2¢
462 2

t

= —al) = (267).
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Proof. From ¢ = —20 we get

¢1 = (1) = §(7) — $(0) = —207.
From the previous lemma we get

1 .
2 = 4—9—2‘Sln2¢1

and .
b= 1 sin2¢; — 2¢1
462 2 ‘
Using these we have
i . sin 2¢1 - 2(]51

R2 2sin’ ¢y

= — [ it —cotd)l]

sin? ¢,

= —u(¢1)

= p1(207).

a

Lemma 2.4.10. Consider arc-length parametrized geodesics ¢ : [0,7] — H with
0 # 0 and boundary conditions

2(0) = 0 #0) = 0 $(0) =0

o*(7) +y*(1) = R* # 0 Hr)=t#0 $(1) = ¢1.
There is precisely one such geodesic for each solution

G <@<...<(n

to the equation



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

(note that the solutions G, are all positive when t > 0 and all negative when t < 0).
If T = s, is the arc-length of the geodesic associated to the solution (., then

(Y
- (ae) ™

Proof. For such a geodesic we know that

t

p(207) = 2k

The equation p(¢) = ¢/ R? has finitely many solutions (1, ..., {y. Any geodesic must
correspond to some such solution. Furthermore each such solution corresponds to a
geodesic, as we can check by the explicit equation of such a geodesic, which we now
have enough information to compute.

Let the value , = 2071 be the given solution to u(¢) = t/R? Now ¢1 = —20r
shows that the terminal angle ¢, is determined. In particular the terminal point
(Rcos ¢y, Rsin¢q,t) of the geodesic is also determined. The value 6 is determined
from the equation

1
R? = 102 sin? Gpp.
This equation tells us §2. In fact, since ¢ = —207 and the arc-length 7 is non-

negative, the sign of # is determined, so that the value of 8 is completely determined.
Note that 8 > 0 when ¢ > 0 and 6 < 0 when ¢ < 0.

Thus all the parameters 6, ¢y, 7 are determined by the fact that the terminal
point must be on the elevated ring 2% + y* = R? # 0 with constant height ¢ # 0.

Now for the arc-length parameter s € [0,7], we have ¢ = —20 which implies
¢ = —20s. We plug ¢ = —260s into our previous relations to get

r(s) = % sin(26s)

@(s) = —20s

K(s) = 1 40s —sin48s
5= 42 2 ‘
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Notice that we have chosen a positive sign in the equation for r(s). This ensures
that the geodesic leaves the origin at an angle of ¢y = 0 with the positive z-axis. (A
negative sign would produce an angle of ¢y = 0 with the negative z-axis.)

Since we now have the equation of the geodesic ¢, it is straightforward to check
directly that it is indeed horizontal and satisfies the criterion ¢ = 46J¢. Thus cis a
geodesic.

Finally we can solve for 7 = s;,, using the two relations
¢1 = =207 = ¢7 = 46°72
sin? ¢; = 46 R*

and dividing to obtain

b N e )
7= (sin¢1> R = (sinCm> R

The geodesics we have analyzed leave the origin O at an angle of ¢9 = 0 and
rise to the elevated ring 22 4+ 42 = R? # 0, t # 0. From the previous theorem, the
geodesic corresponding to the solution ¢ € (—m, 7) to the equation u(¢) = t/R?* gives
the geodesic of strictly minimum length.

Given a specific point now P(z,y,t) where not only ||(z,y)| = R # 0 is specified
but also (z,y), we can find a geodesic terminating at this point by rotating one of
the above ¢¢ = 0 geodesics. If we rotate the geodesic of strictly minimum length, we
obtain a geodesic from O to P(z,y,t) of strictly minimum length. This is because
any geodesic from O to P can be rotated to one of the above ¢y = 0 geodesics and
vice versa, preserving length.
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Figure 2.5: rotating a geodesic

Below we record the equation of the unique arc-length parametrized length-minimizing
geodesic from O to such an elevated ring.

Theorem 2.4.11. For fired R > 0 and fixed t # 0, there is precisely one arc-length
parametrized and length-minimizing geodesic leaving the origin O at an angle of ¢o
with the positive x-axis and terminating on the ring

{(z,y,0)a* +y* = R?}.
This geodesic corresponds to the unique ( € (—m, ) which solves p(¢) =t/ R2.
The equation of this geodesic is
1
z(s) = % sin(20s) cos(¢po — 20s)
1. :
y(s) = % sin(20s) sin{¢y — 20s)

1 1 .
t(s) = 2%~ 1 sin(26s) cos(20s)
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for 0 < s <7, where

is the length of the geodesic, and

Proof. This follows from the work done so far, just recalling that ¢(s) — $(0) = —20s,
that is, ¢(s) = ¢g — 20s.

By an appropriate choice of the initial angle ¢y, we can make such a geodesic
terminate at any specified point (z,v,t) where 22 + 3? # 0 and ¢ # 0.

Theorem 2.4.12. The equation of the unique arc-length parametrized length-minimizing
geodesic from O to the fized point (z,y,t) where x2 +y*> # 0 and t # 0 is

z(s) = (z cot ¢ — y) sin(20s) cos(20s) + (z + y cot ¢) sin®(20s)
y(s) = (z + y cot ¢) sin(20s) cos(20s) — (z cot ¢ — y) sin®*(20s)

1 I .
i(s) = 205" 12 sin(20s) cos(26s)

for 0 < s <1 where

_ t ¢ sin

_ -1 _ 2.2 _

= T = — T2+ 6= .
C=p <:1:2+y2> sin y 24/ 12 + y?

Note that we write p~'(a) for a € R to denote the unique solution on the interval
(—m, 7).

Proof. We start with the equation for the unique arc-length parametrized and length
minimizing geodesic leaving the origin at an angle of ¢g = 0 and terminating on the
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ring of height ¢ and radius R? = 22 + 42

z(s) = —2% sin(260s) cos(20s)

y(s) = —% sin(205) sin(20s)

1 1
t(s) = %%~ 1 sin(20s) cos(20s)

with 0 < s < 7 where

4 t _ ¢ 5 5 _ sin ¢
= <f62+112) T s VT Y 9_2\/x2+y2'

The terminal point of this geodesic can be directly computed

(x/a;2+y2cosg,—\/fc2 +y2sing‘,t) .

An appropriate rotation will then rotate this terminal point into the terminal point
(z,y,t). The rotation matrix turns out to be

1 zcos( —ysin¢ —(zsin¢ + ycos()
/4% 42 |ZsinC+ycos( zcos¢—ysing |

Rotating the original geodesic by this matrix results in the stated equation.

2.4.5 Summary of connectivity

Between the origin O(0,0,0) and a point P(0,0,¢) with ¢ # 0 there is a one-
parameter family of length-minimizing geodesics from O to P of length (/=|t|. In
particular there do not exist unique length-minimizing geodesics between O and such
points P.

Between the origin 0(0,0,0) and a point P(z,y,0) in the zy-plane there is a
unique arc-length parametrized geodesic from O to P of length

vz + y2.
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Between the origin O(0,0,0) and a point P(z,y,t) with 2° + y* # 0 and ¢ # 0
there is a unique arc-length parametrized length-minimizing geodesic from O to P

with (-value
t
= — 2.4.3) ..
¢= (s (243)

S_if?/:ﬁ T = 0O (2.4.4)

and with length

We introduce the function

o:(—m,m) >R

x
T =

sin x
to help unify the properties of these two types of geodesics.

6

e Il
QS N
T T T (— T T T 1
-4 3 -2 -1 0 1 2 3 4

Figure 2.6: o(z)

Now o has a removable singularity at x = 0 so that we can define ¢(0) by the

limit as x — 0 .
o(0) = lim — = 1.

z—0sIinx
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Note that ¢ is an even function. The behaviour of ¢ is simple to describe. o decreases
from 400 to 1 on the interval (—m,0] and increases from 1 to 400 on the interval
[0, 7).

Now observe that if we assign a (-value of 0 to the first group of geodesics from
O to P(z,y,0) then formula 2.4.3 for {-value and formula 2.4.4 for length apply to
all geodesics from O to points P not on the ¢-axis, that is, to all geodesics from O to
points P between which there is a unique length-minimizing geodesic.

This classification of geodesics from O to P actually classifies geodesics between
arbitrary points A and B because any geodesic between A and B left-translates to a
geodesic between O and A™'B and vice versa.

In what follows we work primarily with points A and B between which a unique
length-minimizing geodesic exists. The condition for this to happen between O and
P is merely that (z,y) # (0,0). Thus the criteria for this to happen between A and

B is merely that (z4,y4) # (25, yB).

For such points A and B there exists a unique arc-length parametrized length-
minimizing geodesic from A to B with (-value

1 fts—ta—2(zpya — nyUA))
c=n ( (z8 — ®a)? + (y5 — ya)? (2:4.5)

and length

o(¢)V/ (wn — )2 + (yB — ya)?. (2.4.6)

2.5 Isometries

Definition 5. The distance
d(A, B)

between two points A and B in H s defined to be the length of a length-minimizing
geodesic between A and B.

It is a non-trivial theorem that this distance function defines a metric on H. This
metric is called the Carnot-Caratheodory metric and sometimes we write dge for this
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metric. We have two explicit formulas for d(A, B)

d(A(za,ya,ta), B(zp,ys,te)) = V7|ts — t4

which applies when (z4,y4) = (¢5,ys) and

d(A(za,ya,ta), B(zs,ys,t8)) = 0(O)V/ (x5 — 14)% + (Yp — ya)? (2.5.1)
which applies when (z4,y4) # (¢B,YB)-

To describe geodesic connectivity we needed to know that left-translation L 4c and
rotation R,c of a geodesic ¢ preserve length. These facts immediately give us two
sorts of isometries.

Proposition 2.5.1. For any A € H the map left-translation by A

Ly,-H—-H
18 an isometry.
Proposition 2.5.2. For any 0 < ¢ < 27 the map rotation by ¢

R,:H — H
1S an isomelry.

There is a transformation that provides another sort of isometry. We define the
involution T by
r:H—H
(z,9,) = (z,~y, —1).

Proposition 2.5.3. For c(s) = (z(s),y(s),t(s)) a horizontal curve the curve ¢(s) =
roc(s) is also horizontal.
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Proof. We have

e

= ~t = ~2(%y — zy)
= 2[i(—y) — 5(~7)]

= 2(zy — 7).

O

Proposition 2.5.4. For horizontal ¢ : [a,b] — H the curves c(s) and &(s) = r o c(s)
have the same length.

Proof. We have 72 + 42 = ©% + 9% and the result follows.

Thus far we have encountered isometries in the form of the left-translations L4,
the rotations IR, and the involution r. It is a non-trivial result that these three types
of isometries generate the full group of isometries of H. We record this result below,
as well as results about the structure of this group of isometries. For details see [8].

Theorem 2.5.5. The group Isom(H) of isometries of H is generated by the group H of
left-translations Ly : H — H for A € H; the group SO(2) of rotations R, : H — H
for 0 < ¢ < 2m; and the involution r : H — HL.

The subgroup of Isom(H) generated by the left-translations H and the rotations
S0(2) is a normal subgroup of Isom(H) of index 2. This subgroup has the semi-direct
product structure

H x SO(2).

The full group of isometries can then be written as the disjoint union of the cosets
Isom (H) = [H x SO(2)] Ur [H x SO(2)] .

o6



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

Note also that together the rotations SO(2) and the involution r generate a sub-
group of Isom(H) that is isomorphic to O(2). Isom(H) can then be written as the
semi-direct product H x O(2).

o7



Chapter 3

Triangles in the Heisenberg group

Now that we have a complete description of geodesics between arbitrary distinct
points in the Heisenberg group, we can construct triangles by connecting triples of
vertices by geodesics. Our first result is an angle deficit formula relating the angles
of a Heisenberg triangle to the (-values of the geodesic sides of the triangle.

3.1 An angle deficit formula

3.1.1 Tangent vectors to geodesics

Between the origin O and any point P(z,y,t) such that (z,y) # (0,0) and ¢ # 0,
there exists a unique arc-length parametrized geodesic v(s) = (z(s), y(s),?(s)) from
O to P. We record in full the equation for this geodesic:

z(s) = (wcot ¢ — y) sin(20s) cos(20s) + (z + y cot ¢) sin®(20s)
y(s) = (z + ycot ¢) sin(20s) cos(20s) — (z cot ¢ — ) sin®(20s)

1 1,
t(s) = %S~ 1 sin(20s) cos(20s)
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for 0 < s < 7, where

t
C=u” <w2 +y2>
T=0(()Va? +9?

sin

20 =

From this expression we determine the tangent vectors to -y, which will in turn
allow us to determine the tangent vectors to arc-length parametrized geodesics be-
tween arbitrary points. Since <y is horizontal, the fact that ¥ = X + yY simplifies
the calculation, since we do not have to work with #(s). We calculate separately that

% [sin(20s) cos(205s)] = 26 cos(40s)
4 [sin*(26s)] = 20 sin(40s)
ds B '
Then
z(s) = 20(z cot ¢ — y) cos(40s) + 20(x + y cot {) sin(46s)

y(s) = 20(z + y cot {) cos(40s) — 20(x cot { — y) sin(46s).

We are particularly interested in tangent vectors at O (s = 0) and at P (s = 1),
because we use these vectors to calculate angles between geodesics. The tangent
vector to v at O is

#(0) = (0)X +§(0)Y

=20(z cot { — y)X + 20(x + y cot {)Y-
The tangent vector to vy at P is

V(1) = ()X +y(r)Y
=20 [(zcot ¢ —y)cos2¢ + (x + ycot ) sin2¢] X

+ 20 [(z + ycot ¢) cos2¢ — (zcot { — y)sin2(]Y
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where we have used the fact that 207 = (. A calculation shows that the coeflicients
of X and Y above simplify:

(zcot ¢ —y)cos2( + (z +ycot{)sin2¢ = zcot( +y

(z +ycot()cos2¢ — (zcot { — y)sin2¢ = —x + ycot .

Thus
(1) = 20(z cot { + y) X + 20(—z + ycot {)Y.

sin ¢

Finally, using 26 = , we obtain expressions in the most convenient form:

4(0) = W,l—y)—ll [(zcos¢ —ysin )X + (zsin¢ + ycos()Y]
(1) = W,l—y)_ﬂ [(zcosC +ysin ()X + (—zsin{ + ycos()Y].

This calculation was carried out for P(z,y,t) with ¢ # 0 and therefore { # 0. For
the case t = 0, we have { = 0 whereupon cot ¢ is undefined and the above calculation
does not apply. We check, however, that the final expressions obtained for 4(0) and
4(7) remain valid. Indeed, the unique arc-length parametrized geodesic from O to
P(z,y,0) with 2% + y? > 0 has the equation

1
8) = ———=(z5,ys,0) 0<s< /2?2 +y?
v(s) \/m( ys,0) Va2 +y

with tangent vectors

A(s) = e X LY
/$2_|_y2 /m2+y2

independent of s. For such a geodesic ( = 0 and the formula for + holds.

We have covered the case for geodesics with initial point O. In general, between
distinct points A(z,y,t) and B(u,v, s) such that (z,y) # (u,v), there exists a unique
arc-length parametrized geodesic (s) = (71(s), F2(s), ¥3(s)) from A to B. As we have
seen, v is the left-translation by A of the unique arc-length parametrized geodesic y
from O to A~!B. Thus

1(5) = Sz m(s) = (o)

a(s) = (= + m(s)) = (o)
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so that the tangent vectors to 7 at A and B have the same components as the tangent
vectors to v at O and A™'B respectively. Therefore for such a geodesic we have
1

7(0)= Tas. 0] [(Azcos¢ — Aysin() X + (Azsin + Aycos()Y]

L
1) = 1aa, Ay

where Az =u —z, Ay=v — g, and

i [s—t—2(uy —vx)
C=p ( Ax? + Ay? '

Aysin( + Az cos ()X + (—Azsin{ + Ay cos )Y

3.1.2 Angles between geodesics

Consider a triangle in H determined by an arbitrary set of three distinct points

A(za,Ya,ta)
B(zp,ys,tB)

C(zc,ye, te)

subject to the condition that (za,y4), (zB,yB), (Tc,yc) are distinct as well.

By analogy with the Euclidean case, we define the cosine of the angle between
horizontal vectors a and b based at the same point by the formula

lall bl cos ¢ = g(a, b)

where ¢ is the sub-Riemannian metric and the norm ||| is calculated using g.

To calculate the angle at A we use the two tangent vectors at A, the first on y¢
moving towards B, the second on v moving towards C.
The tangent vector at A towards B:

1 ((zp —xa)coslc — (yp — ya)sin o) X
(x5 — za,y8 — ya)| |+ (=8 — 24)sin(c + (yp —ya)cos(c) Y|’
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The tangent vector at A towards C:

—1 (A —zc)cos(p + (ya — yc)sin(p) X
(x4 — zc,ya — yo)|| |+ (—(2a —zc)sin(p + (ya —yc)cos(p) V|’

Since the geodesics g and 7o are parametrized by arc-length, the tangent vectors
are of unit length. Thus cos ZA is given by the sub-Riemmannian inner product of
the tangent vectors at A. After simplifying and using the angle sum formulas for sin
and cos, we get

(x5 — 24,98 — ya)ll (o — T4, Yo — ya)llcos LA
= [(zB — za)(zc — xa) + (yB — ya) (Yo — ya)] cos((s + (c)

+ [(z8 — z4)(We — ya) — (¥ — ya)(@c — xa)lsin(Cs + (o).

If we write

A(za,ta) Zp=TA+ YA
B(zg,t5) Zp = Zp +1YB
Clzc,tc) 2c = &c + e

then

(2B — 24)(2¢ — 24) = [(zB — wa)(TC — 24) + (YB — Ya) (Yo — Ya)]

—i[(zp —za)(Yec — yYa) — (¥B — ya)(zc — z4)].

Thus we can write

cos /A = Re (25 — 2)(2c = 24) gléstic) | |
|25 — 24l |2c — 24

In the same way, we obtain analogous expressions for cos £B and cos ZC. We record
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all three:

cos ZA = Re <( — za)(70 — 24) i(<B+<c)>

|z — zal |2c — 24l

cos ZB = Re <(ZC — 2p)(24 — 2p) z(cc+<.:A)>

|zc — 2B |24 — ZB|

cos ZC' = Re <( zc)(# — zc) i(CA+<B)> .

|za — zc| 2B — 2¢]

Notice that the complex number

(28 — 24)(20 — 24) pa(e:3ee))
|28 — 24| |2c — 24

has unit modulus, and real part equal to cos ZA. This motivates the following defi-
nition.

Definition 6. In a triangle determined by vertices (A, B,C) € H® — X the angle at
A, denoted ZA, is the unique angle in [0, 27) such that

iza _ (28 = 2a) (70 — 24) i¢ncc)
|zB — 24l |2¢ — ZA|

We similarly define the angles at B and C':

iZB __ (zc — 2B)(2a — 2B) eHéc+Ca)
|2zc — zg| |24 — ZBI

iLC _ (za — 20)(2B — zC) i(Ca+n)
24 — el |25 — 20|

From these definitions we can read off that

H(LA+LB+LC) _ (_1)62i(CA+CB+CC)
which gives us an angle deficit formula for Heisenberg triangles.
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Theorem 3.1.1. For a triangle ABC we have
ZA—I—LB—{—ZC—’IFEQ(CA—I-CB'Fgc) mod 2.
Proof. In
HLATLBHLO) — (_1)g2illatln+lc)

we write —1 = e and the result follows.

3.2 Curvature of a geodesic

The quantity 2 (4 + (g + (¢) has a geometric interpretation which we proceed to
demonstrate. For a horizontal curve ¢(s) the curvature can be given by the expression

k(s) = |E(s)| / 1¢(s)]
where length |-| is computed using the sub-Riemannian metric g. When ¢ is an arc-

length parametrized geodesic, k(s) = |&(s)|-

We work instead with a signed curvature, which for geodesics is easy to charac-
terize: we define x(s) as above (at this stage a non-negative quantity) and give it a
sign, + if the {-value for the geodesic is positive, and — if the (-value for the geodesic
is negative.

For geodesics ¢ = £X + ¢Y. Using the equation for a geodesic emanating from
the origin, we compute

#(s) = %’c(s)

= % [20(z cot ¢ — y) cos(4ds) + 20(x + y cot () sin(4s)]

= 80% [~ (z cot ¢ — y)sin(40s) + (x + y cot ¢) cos(40s))
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and
ii(s) = 80% [—(z + y cot ¢) sin(46s) — (@ cot ¢ — y) cos(46s)] .
Then ) .
lél = (9(¢,8)2 = (& +9%)°

and after computing we obtain

T2+ 2 802
= 4867, | = 242,
(s) sin®¢  sin( Ty

Using the identity 26 = —285_ this simplifies further to

Va2

k(s) =2

sin
Var +y?
Notice the curvature is independent of s, i.e., curvature is constant for a geodesic.
Thus

/ﬁ(s)ds = 2ﬂ x length ¢

Veer

Va2 +y? ) \sing

Observe that left-translation of a geodesic preserves the (-value, and as we have
already noted preserves the components of the tangent vectors and therefore of the
acceleration vectors. The above result therefore holds for arbitrary geodesics. We
integrate the curvature around a triangle to obtain the following result.

:(2$M >(<¢Fﬂ®=x.

Theorem 3.2.1. For a triangle ABC, the integral of the curvature around the trian-
gle is given by

/A k(s)ds = 2 (Ca+ C + Co).

The angle deficit formula can now be written as

Theorem 3.2.2. For a triangle ABC we have

LA+ B+ 4C—7= / k(s)ds mod 2m.
A

65



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

3.3 A law of sines

We look more closely at the coefficient

(zB — za)(2c — 24)
|z — za| |20 — 24

for €"€8+¢c) in the expression for €44, This coefficient is of unit modulus, so we can
define & to be the unique angle in [—7, 7) such that

ia _ (2B — 24)(20 — 24)
|28 — zal|2c — 24]

Analogously we obtain (3, v such that

i _ (zc — zB)(24 — 2B)
|zc — zB| |24 — 28|

iy (za — 2zc)(2B — 20)
|24 — 2zl |2 — 2|

Looking at €', we have already computed that

Re (2B — za)(2c — 24) _ (B —za)(Te —xa) + (Y — Ya) (Yo — ya)
|ZB-—ZA||ZC—ZA| |ZB —ZA| |ZC”‘ZA|

m <(ZB — za)(zc — ZA)) _ (@8 —za)(ye —ya) — (ys — ya)(vc — z4)

|25 — 24 |2c — za] | |25 — 24| |2c — 24l

The expression for the real part is precisely the cosine of the angle between the vectors
e R . . . . . . .

zazp and zazc. Recalling our criterion for orientation of triangles in the plane, we
see that if Az 2pzc has clockwise orientation, that is, if

(2B — 24)(Wo — ya) — (yB — ya)(zc — a) <0,

then Im (e*®) is positive. Therefore in this case a is between 0 and 7, so that « is in
fact the angle at z4 in the triangle zazgzc. So « is the angle at z4 in the triangle
zazpzc to which the Heisenberg triangle ABC projects, when Azzp2¢ has clockwise
orientation. When Az4zpzc has counterclockwise orientation, we find that —a, —f,
and —vy are the angles in the triangle z,252¢.
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In both cases, the Fuclidean law of sines tells us that

sina sinf sinvy

A= — =
a b C

Now by the choice of «, 3, v we have

g0 that

LA — giagi(¢B (o)

4B = @iBillctCa)

40 — ¢i16i(Ca+CR)

sina =sin (ZA - ({g +{c)) =sin (LA +{a) — A)

sinff =sin (4B — ((¢ + (a)) =sin((£B + () — A)

siny = sin (LC — (a + (B)) = sin ((LC + {¢) — A)

where A = (4 + (B + {¢. Expanding using the angle sum formula for sine we have

sin ((ZA+ Ca) — A) =sin(ZLA + {a) cos A — cos(LA+ (4) sin A

with similar expressions for sin 4 and sin-y. Hence we have

A=

QU =

sin(ZA + {4)cos A — % cos(ZLA + Ca) sin A

1
zsin(lB +(p)cos A — %COS(ZB +(p)sin A

ol =

sin(£C + (¢)cos A — % cos(£C + {¢)sin A,
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In other words the points

<sin(4f} +Ca) cos(£A+ cA)>

a a

(sin(LB +¢p) cos(£B + CB))
b ’ b

(Sin(ZC: t¢o) cos(£C + Cc)>

C c

lie on the line zcos A — ysin A = A. The slope of this line is cot A, so cot A equals
the slope between any two of the three points. In particular we have the following.

Theorem 3.3.1. For a triangle ABC the triangle parameters (a,Ca), (b,(5), (¢, {c)
and the Heisenberg angles LA, £B, ZC satisfy the identity

cos(LA + C4)/d — cos(£ZB + () /b
sin(ZA+ C4)/a —sin(£B + Cg) /b

_cos(/B+ (g)/b — cos(£LC + (c)/E
 sin(4B + (g) /b — sin(£LC + () /é

_cos(£C + () /é — cos(LA+Ca)/d
 sin(ZC + () /¢ — sin(LA + (a) /@

with each ratio equal to the common value cot A, where A = (4 + (g + (.
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Chapter 4

The moduli space of triangles in
the Heisenberg group

4.1 The space of vertices

A triangle in H is determined by an arbitrary set of three distinct vertices

A(za,ya,ta) = A(za,ta)
B(zs,ys,tB) = B(2s,1p)

Clze,yo, te) = Clze, to)

subject to the condition that z,4, zp, 2o are distinct as well, that is, that no vertex A,
B, C lies vertically above any other. For such triples of vertices, there exist unique
length-minimizing geodesics between each pair of vertices, so that the sides of a well-
defined triangle are formed by the geodesics y4 from B to C, yp from C to A, and
Yo from A to B.

We can describe all such “good” triples of vertices by the set
T=HxHxH-%
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where ¥ removes all the “bad” triples, that is, those triples for which at least one
vertex lies vertically above another. Notice that X includes all triples (A, B, C) with
coinciding points. Thus H?® — ¥ contains only triples of distinct vertices. Moreover,
the set ¥ decomposes as a union

=21 U U3

where X1 contains those bad triples for which A lies vertically above or below B, 3
contains those for which B lies vertically above or below C, and X3 those for which
C lies vertically above or below A. The advantage of decomposing X in this way is
that each set 3I; can be described explicitly. Indeed, ¥y contains exactly those points
(A, B,C) € H? for which

TaA—=XpB

YA = YB-
In full detail, 31 consists of 9-tuples
(za,ya,ta; B, Y8, tB; To, Yo, te) € R
subject to two independent linear constraints

IA—ZEB:O

ya—yp = 0.
Therefore Y31 is a 7-dimensional subspace of RY, in other words, a subspace of codi-
mension 2. ¥, and X3 are likewise each 7-dimensional subspaces of R®. The point is
that it will be possible to analyze the topological properties of the space T' = H® — X,
because it is really just R® with three distinct codimension 2 subspaces removed. For
instance, this remark already shows that T' is an open subset of R? and therefore
inherits a smooth manifold structure as an open submanifold of Euclidean space R?.

4.2 The space of parameters

4.2.1 Description by defining equation

But the space T =H3— ¥ is too large to serve as the moduli space of Heisenberg
triangles. For instance, if ¢ : H — H is an isometry, then the triples (A, B,C)
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and (gA, gB,gC) determine congruent triangles. Up to isometry the triangles are
identical. To account for this, we need to look more closely at the map

p:H - — RS
which sends the triangle ABC to its geodesic parameters
(A; B) C) = (a’) CA)7 (b; CB)) (C, CC)

where the parameters come from the geodesics v4, vB, Yo respectively. The image
of this map will give an alternative description of the moduli space of Heisenberg
triangles, analogous to describing a Fuclidean triangle by its side lengths rather than
by the vertices that determine it.

Since the Carnot-Caratheodory distance gives a metric, the Heisenberg side lengths
are strictly positive and satisfy the (non-strict) triangle inequalites

a+b>c
b+c>a

ct+a>b

and the (-values are in the range

-7 < CA;CB)(C < 7.

Equivalently, we can work with the Euclidean lengths a, b, & of the line segments
connecting the projections z4, zg, zc of A, B, C onto the zy-plane. The Euclidean
lengths are related to the Heisenberg lengths by the expressions

~ a 5 b . c
a= b= ,E= ———.
a(Ca) o(¢s) o(¢e)
Since the projections z4, zp, 2¢ are distinct, the projected side-lengths are strictly
positive and satisfy the (non-strict) triangle inequalities

a+b>¢

S
+
™
v
)

o
+
a9
v
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We proceed to show that in addition to the properties just outlined, the parameters
(a,Ca), (b,¢B), (c,{c) satisty a defining equation.

We compute the parameters. For vy,

tc —ts — 2(xcyB — Yors)
(¢ —xB)* + (Yo — yB)?

p(Ca) =

i=/(zc —©B)? + (yo — yn)%

for vp
_ta—to — 2(zAYc — yatc)
#Gn) = (x4 — zc)? + (ya — yo)?
b= /(74— 20)*+ (ya — yo)%
for e

tg —ta — 2(xBYa — YBTA)
(zB —2a)? + (yB — ya)?

pw{Ce) =

¢= \/(iEB —24)* + (yB — ya)?
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From this we obtain
@ u(Ca) + B p(CB) + Epllo) = to — ts — 2zoys — Yous)
+ia—tc— 2(%Ayc ~ YaTc)
+ip —ta — 2(zpYs — yTa)
= —2(zcyB — Yo )
— 2(zaYc — yazc)
— 2(xBYa — YBTA)
=2[(zB — za) (Yo — ya) — (zc — a)(Ys — Y4)]

9 Tp —TA YB — YA
Te —TA Yo —Ya

= 14 area Az zgzc.

We have — when Az,zpzc is oriented clockwise, and + when Az4zpze is oriented
counter-clockwise.

Now Azazpzc is a triangle in the zy-plane with sides of length &, b, & As we
have seen

1 - -
area Az zpzc = Z\/(&Q + b2 +E2)2 —2(a* + bt + &).

Therefore the triangle parameters satisfy the equation

au(Ca) + PuCe) + Eplle) = j:\/ (@2 + b2 4 &2)2 — 2(at + b4 + &1).
We collect these facts in a proposition.

Proposition 4.2.1. Given vertices (A, B,C) € H3 — X, the triangle parameters
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(a’7CA)7 (b) CB)) (Ca CC') are in the range

a,b,c>0

_ﬂ- < CA)CB;CC’ <7
satisfy the non-strict triangle inequalities
a+b>c,b+c>a,c+a>b

and the equation

G(Ca) + Fu(Ca) + Ep(Co) = 11/ (@ + B+ 2P — 2@ + B4+ &). (42

Points in R® that satisfy (4.2.1) and the inequalities listed in the above proposition
will turn out to give a description of Heisenberg triangles up to isometry, so we give
a name to the set of such points.

Definition 7. Let T C RS be the space of parameters (a,(4), (b,(B), (c,{c) in the
range

a,b,ec>0

—7 < (a,CBiGe <
satisfying the non-strict triangle inequalities
at+b>cb+c>a,cta>b

and equation (4.2.1)

B(Ca) + P (o) + PlCo) = 1/ (@ + B2 + @) — 2(ah + B + &)

where @, b, ¢ are defined as before in terms of (a,Ca), (b,¢a), (¢, ¢o).

We will show that in fact T' provides a description of the moduli space of Heisen-
berg triangles up to isometry in H x SO(2). Suppose we are given parameters

(a,¢4), (b,¢B),(c,¢c) €T.
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We claim that we can find distinct points A, B, C' € H no one of which lies vertically
above another, such that AABC has the given parameters (a, C4), (b, ), (¢, (c)-

For the construction of such a _triangle, we will assume that the sign in equation
(4.2.1) is —. This detail shows up below in the fact that the triangle constructed has
clockwise orientation. If the equation had been the + version, the triangle constructed
would have been constructed with counter-clockwise orientation.

To start we observe that a > 0 implies @ = ﬁ > 0, and likewise b,& > 0. Also

in order for the right-hand side of equation (4.2.1) to be well-defined, we must have
(@ + 02+ -2t + 04+ > 0.
Recall that this is equivalent to @, b, & satisfying the non-strict triangle inequalites
i+b>é&b+é>a,c+a>b
These preliminary remarks show that, if we could find vertices
A(za,ta), B(zB,tB),C(2c, tc)

corresponding to the specified parameters, then AABC would project to three dis-
tinct points za, 2B, z¢c in the zy-plane forming a (possibly degenerate) triangle with
side lengths a, b, ¢. We will thus use a triangle in the zy-plane with side lengths &,
b, ¢ as a kind of frame over which to construct the desired triangle.

By choosing the vertex A to be at the origin and the vertex B to be in the yt-plane
with ¥ > 0 we have enough information to compute what the vertices should be and
check that they give the desired parameters. The vertex B must be at (0,¢,¢p) with
tp such that pu(¢c) =t/ Thus B is determined.

Now if v is the angle opposite the side of length a in a triangle with side-lengths a,
b, ¢, then C must project to the point (bsin @, becos @) (the counter-clockwise orienta-
tion of the triangle shows up in this choice for C; clockwise orientation would require
the projection to be (—bsin , bcos ). The vertex C' must have pu(—(g) = t¢ /b2
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Thus our vertices are

A =(0,0,0)
B = (0’5’ 52M(CC))

C= (I; sin , b cos a,, —b2u(())-

Then we note that the (-value (¢ for the geodesic from B to C satisfies precisely
the same equation

Gu(Cae) + u(Ca) + B (o) = £/ (@ + B2 + @) — 2 + B+ &)

as (4. It follows that {4 = (B¢ and therefore the triangle we have constructed has
the required parameters (a,Ca), (b,{8), (¢, {c)-

Finally, note that if the specified parameters (a, {4), (b,{5), (¢, {c) had been such
that the right hand side of equation (4.2.1) was 0, the above construction still goes
~ through. In this case the triangle ABC projects to a degenerate triangle z42p2¢ where
the vertices are co-linear (but distinct). We summarize these results in a theorem.

Theorem 4.2.2. The parameters (a,(4), (b,(B), (c,{c) associated to a triangle ABC
are in the range

a,b,c >0

-7 < CA:CB)CC <7
satisfy the (non-strict) triangle inequalities

at+tb>c
b+c>a

ct+a>b

and equation (4.2.1)

B2u(Ca) + B2(C) + PplGe) = 4/ (@2 + B2+ @) — 2(at + B + &),
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Moreover, given parameters (a,Ca), (b,(8), (¢,(c) € Ry X (—=,m) satisfying equation
(4.2.1) and the non-strict triangle inequalities on a, b, ¢, there exist vertices A, B, C
such that AABC has (a,Ca), (b,¢B), (¢,{c) as parameters.

Next we show that if two triangles coming from vertices (4, B, C) and (X,Y, Z)
have identical triangle parameters

(a') CA)1 (b) CB)a (C7 CC) = (IE, CX)} (y) CY)) (Z) CZ)
then AABC and AXY Z can be made to coincide by an isometry of H.

We do this by showing that both triangles can be made to coincide with the same
“standard” triangle. A standard triangle refers to a triangle with first vertex at O,
second vertex in the yt-plane with y > 0, and third vertex arbitrary.

Any triangle ABC can be mapped by isometries to such a triangle. We first left-
translate by A~! to put the vertex A at the origin, and then rotate until the vertex
B hits the yt-plane with y > 0. (Although AABC is specified by three fixed vertices
A, B, C sometimes we continue to refer to a translated vertex by the same label as
the original vertex, and imagine the vertex moving through H.)

By looking at the “frame triangle”, the triangle z42p2¢ in the zy-plane to which
AABC projects, we will be able to see that in fact the standard triangle with
which AABC is congruent is unique and depends only on the triangle parameters

(a') CA)a (b’ CB)7 (ca CC)

To see this, note that since the two sets of triangle parameters are identical, they
satisfy the defining equation (4.2.1) with the same sign, + or —. This means that their
respective frame triangles have the same orientation, counter-clockwise or clockwise.
The frame triangles clearly have the same side-lengths as well

a T b Y c z

a(Ca)  a(¢x) o(Cs)  o(¢y) o(Ce)  o(Cz)
Therefore the frame triangles of the two triangles are congruent and have the same
orientation. Mapping the triangles to their respective standard triangles then causes
the frame triangles to coincide. Thus each triangle ABC, XY Z is congruent to a
standard triangle built out of geodesics over a frame with side lengths a = &, b = 7,

¢ = Z. Moreover, the geodesics above each frame side have identical parameters

Ca=Cx, (B =y, (¢ = (2.
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This shows that once mapped to standard triangles, the projections of A, B, C
must coincide with the projections of X, Y, Z respectively. Just as in the construction
of a triangle given fixed parameters, the respective ¢ coordinates are determined. We
have

tg = p(le) = Zu(lz) = tv

and similarly tc = tz.

For the converse, if g is an isometry in the component H x SO(2) of Isom(H), then
the vertices (A, B, C) and (g4, gB, gC) determine triangles with identical parameters,
since arc-length and (-values are preserved by such isometries.

Theorem 4.2.3. The triangles ABC and XY Z are congruent by an isometry in
H x SO(2) if and only if their triangle parameters are identical

(a’)CA)’ (ba CB)) (C, CC') = (xﬁgX)’ (y1 CY)) (Zw CZ)

4.2.2 Moduli spaces for ordered Heisenberg triangles

With these results in hand, we can describe the moduli space of all possible trian-
gles in the Heisenberg group in terms of the space of parameters. We know that to each
triangle (4, B, C) € H® — 3 there correspond parameters (a, 4), (b, (5), (¢, {c) in the
image T of p. Conversely we know that to each set of parameters (a, (1), (b, (), (¢, {c)
in the image T of p there exist vertices (A, B, C) forming triangles with those parame-
ters. Moreover, the triangles determined by the vertices (A, B, C) and (X,Y, Z) have
the same parameters if and only if they are congruent by an isometry in H x SO(2).
These remarks give the following.

Theorem 4.2.4. The map p factors through the quotient space obtained by identifying
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congruent triangles

HE — %

7

p

T c RS

H % SO(2)\ (H® — )
where the map P is a continuous bijection.

Proof. Notice that by theorem 4.2.3 the effect of the H x SO(2)-action on H® — ¥ is
precisely to identify those triples (A, B, C) with the same image under p. Thus § is
injective, and p is continuous and surjective because p is continuous and surjective.

O

In section 4.2.3 we will compute the rank of p and conclude that p: H3 — % — T,
is an open map. Therefore p will actually give a homeomorphism between the two
characterizations of the space of Heisenberg triangles up to congruence by isometry
in H x SO(2)

H x4 SO(2)\(IH[3 — E) ~ T C RS

To discuss the space 1" in the context of moduli space theory, we now give one
possible definition of a family of ordered, oriented Heisenberg triangles. A few remarks
are necessary to motivate the definition.

First, the space T' characterizes ordered Heisenberg triangles up to isometry in
H x SO(2), so the space T distinguishes between congruent triangles with opposite
orientation. The definition of a family will have to be compatible with this. Second,
recall that in the Euclidean case we took fibres X, to be isometric to a Euclidean
triangle, where a Euclidean triangle was viewed as a 2-dimensional subspace of the
plane R2. A Heisenberg triangle cannot be filled in the way a Euclidean triangle can.
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So for this definition we view a Heisenberg triangle with vertices (A, B,C) as the
union y4 UvypU7c of its geodesic sides. The triangle y4 Uy U~yc C H then becomes
a metric space with the metric induced from the Carnot-Caratheodory metric on the
ambient space H.

Definition 8. For a topological space S, a family of ordered Heisenbery triangles over
S is a subspace X C S x H such that

(1) projection onto the first coordinate is a (continuous, proper) fibre bundle
projection

(2) each fibre Xy = p~'(s) is (after projection onto the second coordinate) a
Hezsenberg triangle yaUvyp Uy C H

(8) there is an ordered triple of sections A,B,C : S — X which specify the
vertices A(s), B(s), C(s) of each fibre Xs.

Morphisms between families are defined just as for ordered Fuclidean triangles, except
that isometries between fibres must be in H x SO(2).

A universal family U — T is the subspace U C T x H with fibre over the point
(a,Ca,b,(p,c,lc) € T equal to the Heisenberg triangle v4 U vp U ¢ determined
by the vertices (4, B,C) of the unique standard triangle having the parameters
(a,Ca,b,(p,c,{c). Thespace T is therefore a fine moduli space for ordered Heisenberg
triangles up to isometry in H x SO(2).

To complete the classification up to isometry in the full group of isometries
Isom (H) = H x O(2) we use the decomposition

Isom(H) = (H x SO(2)) Ur(H x SO(2))
where r is the involution isometry
(.’I?, Y, t) = (ZE, Y, —t)

Now the transformation of a triangle (A4, B, C) to the triangle (T‘A,TB ,7C) has
the effect on parameters

((L, CA)7 (b) CB)a (C) CC') = ((L, _CA)v (b: _CB)7 (C, —CC)-
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Hence allowing the full group of isometries to act on the space of vertices T=H-3%
has the effect on T of taking the quotient by the identification

(a'i‘CA)’ (b7 CB)a (Ca CC) ~ (a’) —CA)’ (b> _CB)) (C, —(C')'

The definition of a family of ordered Heisenberg triangles over a topological space
S is unchanged, except that now morphisms are allowed to restrict to orientation
reversing isometries on fibres, i.e., isometries can come from the full group H x O(2).
The universal family U’ is now over the quotient space of T' by ~, with fibre over the
point [(a,(4,b,(n,¢, (), (a,—Ca,b, —CB, ¢, —(c)] coming from the unique clockwise
oriented standard triangle having the specified parameters. Again we obtain a fine
moduli space.

Since we have characterized the moduli space of Heisenberg triangles in terms of

the image of the map p, we take a closer look at the properties of this map.

4.2.3 Manifold structure of the parameter space

For a triple
(Ta,ya,ta; 28, Y8, b Tey Yo, te) € — B

we obtain the geodesic parameters by the functions

Ca =t (tc —~tp — 2(zcyB — ychB))
(xc —xB)? + (yo — yB)?

a=o(Ca)V (v — 8)2 + (yo — yn)>

with analogous functions giving b, (g, ¢, {¢. The first step will be to determine the
rank of p. To do so, we decompose p into successive transformations.

The first transformation is p; : R® — R® which sends

( za,ya,ta; ( (zc—zB)*+ (e —yB)* tc—ts—2(Tcys — yorn)
T, YB,te;  —  (Ta—2c)’+ (Ya—yc)?, ta—tc—2zayc — yazc)
Tc, Yo, te ) (g —z4)*+ (yg —ya)?, tp—ta—2(BYa — ysTa) ).

This is the key component of the transformation. The remaining maps pq, ps3, P4, Ps
will map R® — R® and have the full rank 6 on their domains. Below we express the
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maps in coordinates; the letters used for the coordinates are meant to be descriptive,
but the reader should remember that they are really just Euclidean coordinates. The
maps are:

pg : RS — R® which sends

21
Di,ty, Dy, ty, Ds,t D , D , D
( 1,01y 472, L2, L/3, 3) = ( 1y v D 2y D 3)D3> )

p3 : R® — RS which sends

(D1, M, Do, A2, D3, A3) +— (Dl,ﬂ_l()\l), D2,M_1(/\2);D3;#_1(/\3)) ;

ps : RS — R® which sends

(Dlygl;D2;C2)D3,C3 <\/—1’C17\/—2)C2a\/_—3) CB)

ps : R® — R® which sends

(d1,C1,da2, Gy ds, C3) = (0(C1)da, o, 0($2)da, Co, 0(Ca)ds, C3,) -
Observe that indeed p = pspapspepr. We look first at the differentials of the maps
P2, P3, P4, Ps in turn, leaving p; for last because the discussion will take substantially

longer.

For py we have

1% 0 0 0 0]

0 A 00 0 0
Lo _ |00 1300
=10 0 0 £ 0 o0
00 00 1 3%

3

000 0 0 &

= 3—

Now Dps has rank 6 on the image of H® — X under p;, because that is precisely where
each D; # 0. (In fact p;(H® — X) C R® is precisely the domain of p,.)
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For p; we have

1 0 0 0 0 0
0 (1)(M) O 0 0 0
Dpa = 0 0 1 0 0 0
0 0 0 (v )(N) O 0
0 0 0 0 1 0
0 0 0 0 0 ()N,

where the rank is 6 because p™! : R — (—m, 7) has strictly non-zero derivative.

For p, we have

zo5; 0 0 0 0 0
0 1 0 0 0 0
0 0 —— 0 0 0

Dy — 2vDs

P O 0 0 1 0 0
0 0 O oﬁo
0 0 0 0 0 1]

where the rank is 6 because, as we have seen, we have each D; # 0 on our domain.

For ps we have

fo(@G) 0 0 0 0 0
o)y 1 0 0 0 0

| 0 0 &) 0 0 0
Prs=1 o 0 o)d 1 0 0
0 0 0 0 of¢G) O

L0 0 0 0 o'(C)ds 1]

where once again the rank is 6 because each o(¢) > 1.

Thus we have Dp = DpsDpyDp3z Dpy Dpy where the matrices Dpo, Dps, Dps, Dps
are each 6 x 6 matrices with rank 6 and consequently are invertible. Thus for the two
linear transformations

Dp:R% — R®

Dp; : R — RS

we find that the dimension of the image of Dp equals the dimension of the image of
Dps, that is, the rank of Dp equals the rank of Dp;.
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At last we consider the differential of the map p;. The matrix Dp; is

0 0 0 —2zc—-=B) —2yc-—ys) O 2@@c-=B) 2yc-ys) O

0 0 0 2o ~2za -1 —2yp 2wp 1

2za -vc)  2ya-—we) O 0 0 0 —2(za—zc) —2wa—-wc) O
—2y¢ . 2zc 1 0 0 0 2y A —2T A —1] "

—2(zp —za) ~2(ys —ya) 0 2(zp —zA) 2(yg — ya) 0 0 0 0

2us —2xp -1 —2y4 2z 4 1 0 0 0

It is not as bad as it looks. We label the rows

—

1
Dpr=|: 7; € R

—

Ts

and show first that the rows are not independent, and therefore that the rank of the
matrix is strictly less than 6. We do this by showing that the equation

ory + Ty + ﬂf’g + AoTs + ’)’7’—"5 + X376 =0
has a non-trivial solution for real scalars a, Ay, 8, Mg, 7, As.
If such a solution was found, then by looking at the 3rd, 6th, and 9th components

of this vector equation, it would be apparent that A; = Az = A3z. Thus a non-trivial
solution exists if and only a non-trivial solution exists for the equation

Ol’f’l + /\Fg + ,B‘T_"3 + )\’)74+ ’)”F5 + /\7_"6 = 0.

In this form, the 3rd, 6th, and 9th components of the vector equation merely tell us
0 = 0, but the remaining six components give us a system of six equations in four
unknowns «a, G, v, A:

Blza —xc) —v(wp — wa) = Myc —yp) =0 (4.2.2)
Bya —yc) —(ys — ya) + Mzc — z5) =0 (4.2.3)
—~a(zo — zp) +7(ws — @) = Mya — o) =0 (4.2.4)
—a(ye —yB) +1(ys — ya) + Mza —20) =0 (4.2.5)
a(ze — ap) — Plwa — x¢) — Mys — ya) =0 (4.2.6)
o(ye —ys) — Bya — yeo) + AMzp — z4) =0. (4.2.7)
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But in this system

(4) +(6) = =(2)

so that the system reduces to just equations (3), (4), (5), (6), four equations in four
unknowns:

—ofzc —xB) +y(® —x4) — Mya —yc) =0
—a(ye —yB) +v(ys —ya) + Mza —20) =0
a(zc — ) — B(ra —zc) — Mys —ya) =0

a(yo — y8) — Bya — yc) + Mz — z4) = 0.
We set up the 4 x 4 matrix for this system, and embark on a determinant calcu-
lation. We temporarily adopt the notation
Togp=%c —Tp, etc.

The matrix is
—ZcB 0  2Ba —Yac

M= | Yos 0  yBa ®ac
Teg —Tac 0 —Yma
yecB  —Yac 0 xpa

But we have the relations

—TACc = —TA+ To

=—Tpa+2Tp—2Tp+Toc=72pa+ TcB

—Yac = —YA+ Yc

=—Ya+ys — Y+ Yo =Ysa +YoB
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so the matrix becomes

—ZTcB 0 Tpa YBat+YcB
_ | —YeB 0 YBA —TBA — TCB
M=
Zcp TBa+tZce 0 —YBA
Yo Yea+yce 0 TBA

For the determinant, we expand along the third column:

—YcB 0 —TBA — ZTCB
det M = (:BBA) ToB TBA -+ Tom —YBA
YoB YA+ YcB TBA
—ZoB 0 YBa + YcB
— (yBa) | ®ep  Tpa+2cB —YBA
YcB YBa tYoB TBA

= (zpa) det My — (ypa) det M.

Expanding along the top row in M,

A +TcB —YBA TeB TBRA+ T
det My = (— +(—zps—x
1= (~yos) YA+ YoB TBa (=24 oB) YoB YBa t+ Yos

= (—ycB) [(zBa + TcB)TBA — (—YBA) (YBA + YOB)]

— (zpa + zcB) [xcB(YBa + YeB) — (TBA + ZoB)YeB)
= (—ycB) [3323A + TopTpa +Yha + ?JCByBA]

— (g4 +zcB) [teBYBA — TBAYCE]
= _m%AyCB — ZeBTBAYCB — yCByJQBA - yéByBA

— TeBTBAYBA T szAyC’B - fU%foBA + TopTpAYon

2 2 2
= —YcBYBA — YoBYBA — TCBTBAYBA — TopYBA-
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Expanding along the top row in My

TcB TA t+ ZeB

Tpa t+ @ -
det My = (—zep) | P47 7C8 By (~YBa — ycn) YcB YBA + YCB

YA+ YoB TBAa

= (~x¢B) [(xBa + ToB)TBA — (—YBA)(YBA + YOB)]

+ (ya + yeB) [xes(ysa + yoB) — (TBA + ZeB)Yos]
= (—zcB) [:UQBA + TcpTpA + y123,4 + yCByBA]

+ (yBa + YoB) [TeBYBA — TBAYCH]
= —SUCBIUZBA - fC%BfCBA - mC’By%A — ZCBYCBYBA

+ CUC'By}?BA — TBAYCBYBA t+ ToBYCBYBA — a:BAy% B

= —ZL’CB$2BA - 562(;33?3,4 — TBAYCBYBA — ZEBA?J%'B-
Then
det M = (SEBA) det M1 - (yBA) det .A/_[2

2 2 2
= (zBa) [—yCByBA — YoBYBA — TCBYBAYBA — fCCByBA]
2 2 2
— (yBa) [—SCCBHJBA — ToBTBA — TBAYCBYBA — CCBAyCB]
_ 2 2 2 2
= —TBAYCBYBA — TBAYcBYBA — TCBTBAYBA — ToBTBAYBA
2 2 . 2 2
TCBTBAYBA T TopTBAYBA + TBAYCBYBA + TBAYCBYBA
=0.
Therefore there exist non-trivial solutions «, 8, ¥, A to the equation
ary + Ay + B + ATy + 75 + AT = 0.
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We conclude that the rows of Dp; are dependent, and therefore that the rank of Dp;
is strictly less than 6.

Now we show that the rank is 5. Indeed, the first four rows of Dp; are independent.
If 75 cannot be expressed as a linear combination of the first four rows, the first five
rows are independent and we are done. Otherwise suppose that 75 can be expressed
as a linear combination of 7, 79, 73, 4. We will show that in this case, 75 cannot be
expressed as a linear combination of the first four rows.

So now supposing that 7% can be expressed as a linear combination of 7, 73, 73, T4,
then by looking at the 3rd and 6th columns of Dp;, we can see that the coefficients
of 7, 74 must be 0. Thus we would have

ary + B = Ts.

The components of this vector equation yield six equations (nine actually, but three
are 0 = 0):
B(za —zc) = —(25 — z4)
Blya—yc) = —(ys — ya)
—af(zc — zp) = (B — T4)
—a(yc —ys) = (Y — va)
a(zc —z) = B(za — 2¢)

a(ye — ys) = Bya — yo)-

But notice that the first and third equations above imply the fifth, and the second
and fourth equations imply the sixth, so that the system is equivalent to just the four
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equations

B(xza — zc) = —(z8 — Ta)
Bya—yc) =—(ys — yA)m

—afzc —zg) = (zp — xA)

—afyc —yB) = (yB — Ya).

(4.2.8)
(4.2.9)
(4.2.10)

(4.2.11)

Recall that p; is defined on the domain H® — X, On this domain (z4,y4) # (Z5,Y5).
This fact and equations (1) and (2) together imply that 8 # 0. Likewise o # 0.

With «, 8 # 0, we can see from equation (1) that z4 — z¢ = 0 if and only if
xp — x4 = 0, and from equation (3) that xg — x4 = 0 if and only if z¢ — zp = 0.
Therefore x4, xp, Tc are either all equal or all distinct. Note that when the z’s are
equal the y’s must be distinct in order for the points A, B, C to be distinct.

Likewise from (2) we have y4 — yo = 0 if and only if yg —y4 = 0, and from (4) we
have yg —y4 = 0 if and only if yo — yg = 0. Therefore y4, yp, yc are either all equal
or all distinct. Note that when the 1’s are equal the z’s must be distinct in order for

the points A, B, C to be distinct.

There are thus three cases:

(i) za =2 = ¢

(i) ya =yB = yc

(iii) z4,zB, zc are distinct, and y4,yp, Yo are distinct.

Case (i): x4 = g = 2¢c and the y’s are distinct. Then the rows 71, 7, T3, T4 are
) bl H)

(0 0 0 0 —2yc—ys) 0 O
( 0 0 0 2yc 276 ~1 —2yp
(0 2ya—ye) 0 O 0 0 0
( —2yc 2z 1 0 0 0 ZyA
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and the sixth row 75 is

( 2yp —2zp —1 —2ys 2z4 1 0 0 O ).

If 75 were to be expressed as a linear combination of 71, 79, 73, 74, it is apparent from
the 3rd and 6th columns that the coefficients of 7, and 74 must both be -1. But then
the 1st column tells us that 2y = 2y, contradicting that the y’s are distinct. Thus
7s cannot be expressed as a linear combination of the four independent vectors 77, 75,
73, T4 and therefore the rank of the matrix Dp, is 5.

Case (ii): ya = yp = yo and the z’s are distinct. Then the rows 7, 75, 73, T4 are

( 0 0
( 0 0
( 2(:1},4 — xc’) 0
( —2yc 2$C

and the sixth row 75 is

( 2yB ——2$B -1 —2yA ZCUA 1000 )

—_ O OO

—2(z¢ — xB) 0 0
2yc —2330 —1

0 0 0

0 0 0

2(:170 - £EB)
—2yp
—Z(LEA - :L‘C)

2ya

0
2:13]3
0
—2£UA

0
1
0

-1

)
)
)
)

Once again the vectors 7, 72, 73, 74, T are independent and the rank of the matrix

Dp, is 5.

Case (iii): the z’s are distinct, and the y’s are distinct. We can now solve for o
in equations (3) and (4), and for £ in equations (1) and (2). We have

This is equivalent to

:wA—iUB :yA—yB
Yo —YB

T — TR

B —Ta _YB— YA

To—Ta Yo — YA
Yo —YB _ YA —YB _
To —XB TA— TR
Yo — YA _ Y — YA —
To—Ta TB—TA '
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Note that k # 0 because the y’s are distinct. Incidentally, these equations say that
(za,v4), (¢B,Y8), (Tc,yc) are colinear. Using the above relations involving the
constant k, we write out the rows 7, 7, 73, T4

( 0 0 0 —2(z¢ —xp).. —2k(zc —apB) 0 2zq —xzgB) 2k(zc — zB) 0 )
( 0 0 0 Yo —2z¢c -1 —2yB 2zp 1 )
( 2(xa—z¢) 2k(za—2c) O 0 0 0 —2(@a-—zc) —2k(za—zc) 0 )
( —2yc 2xc 1 0 0 0 2ya —2x 4 -1 )

and the sixth row 7% is
( 2’yB —2513]3 -1 _2yA ZIEA 1 000 )

As before, if 75 were to be expressed as a linear combination of 7y, 7, Ts, T4, it is
apparent from the 3rd and 6th columns that the coefficients of 7 and 74 must both
be -1. And then if

/1,7_"1—7_"24"1/7_"3—774:7’6

the first column tells us

w(xs —x0)+ 2yc = 2y or v = Y5~ Yo
TaA— T¢
while the second column tells us
lag—x To— T
2k(zy —z0) — 20 = -2z Or Vv = — 4 5_ 0778
Ta— TC Yc — Ya
Equating the expressions for v gives
Ys —Yc _ _Tc —TB
TA— Tco Yo —ya
or JCTYB _ _TCc T TaA
Tc —Ti Yo — Ya
1
ork=—-—
k
or k?=—1

a contradiction.

Thus we have:
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Proposition 4.2.5. The rank of Dpy is 5 everywhere on its domain.

Corollary 4.2.6. The rank of Dp is 5 everywhere on its domain.

The Rank theorem (theorem 1.1.5) now gives the following:

Theorem 4.2.7. The moduli space of Heisenberg triangles, represented as the space
of parameters

(a'7CA)7 (b> CB), (C, CC) ecT C RS

15 a 5-dimensional manifold.

Moreover

Theorem 4.2.8. We have the homeomorphism

H % SO(2)\(H® — £) = T C R®.

Proof. By theorem 4.2.4 the map p : H x SO(Z)\(I[—I[3 - E) — T is a continuous
bijection. In fact since p is a rank 5 mapping into the 5-dimensional manifold 7', p is
an open map. It follows that p is an open map, i.e., that 5~ is continuous.

92



M.Sc. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

4.2.4 Fibre bundle structure of the map p

We have the commutative diagram showing the factorization of the map p

HE — %

7

D

T c RS

H % SO(2)\ (H® — %))

where P is a homeomorphism.

We will use facts about proper group actions to see that the quotient map
H® — ¥ — H x SO(2)\(H® — %)
has a fibre bundle structure, and therefore that the map
p -2 —T

likewise has a fibre bundle structure. Our first goal is to show that H x SO(2) acts
properly on the space of vertices H3 — X. We decompose this action into two stages,
first the action of the group H of left-translations on the vertices, and second the
action of the group SO(2) of rotations on the vertices. Once we have shown that the
successive group actions of

HonH — X% SO(2) on H\ (H? — )

are proper we can conclude that the composition of these two actions is proper (the
composition of proper group actions is proper). But first we must check that the
successive action of H and then of SO(2) is the same as the action of H x SO(2), i.e.,
that

SO2)\H\(H? — £) = H x SO(2)\ (H* — %).

In fact it is not even immediately apparent that the action of SO(2) on H\(H® — %)
is well-defined so we check this first, with the help of the next proposition.
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Proposition 4.2.9. Suppose the points A, B € H are separated by the left-translation
V e H, so that if V = (u,v,s) then

A= (z,y,t)

B=VA= (u+m,v+y,s+t—2(uy—vm)).

Then for 0 < ¢ < 2 the rotated points R,A, R,B are separated by the left-translation
R,V = (ucos¢p — vsin g, usinp + vcos, s).

In particular, the displacement between the rotated points R,A, R,B depends only on

the rotation R, and on the displacement V' between the original points A, B and not
on the precise location of A and B in H.

Proof. The result follows from a routine calculation. The rotated points are

R,A = (xcosp — ysin, zsinp + y cosp, t)

R,B = ((u+z)cosp — (v+y)sing, (u+ z)sing + (v+y)cosp, s+t — 2(uy — vz)).

To find the displacement from R,A to R,B one calculates 1,B (R(pA) . The result
is the displacement vector R,V as stated.

We remark that by looking only at the first two coordinates, the above proposition
proves an analogous result for points in R? or C where displacement is just the usual
vector addition. In this setting, however, the reader would likely accept a “proof” by
visualization.

Proposition 4.2.10. The action of SO(2) on H\(H* — %) induced by
R,(A,B,C) = (RyA, R,B, R,C)

for 0 < ¢ <27 and (A, B,C) € H® — X is well-defined.
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Proof. A point in H\ (]HI3—E) is an equivalence class of triples mutually related by left-
translation. Suppose then that we have two representatives of the same equivalence
class

[(4, B,C)] = [(XA, X B, XC)]
where (A, B,C) € H® — ¥ and X € H. A group element R, € SO(2) has the effect

(A, B,C)] = [(RyA, RypB, RyC)]

(XA, XB,XC)] — [((R(XA), Ro(XB), Rp(XC))].

But by proposition 4.2.9 the displacements between R,A and R, (X A), between
R,B and R, (X B), and between R,C and R, (X O') are all equal to R,X. Therefore
[(RyA, RyB, R,C)] and [(R,(XA), Ry(X B), Ry(XC))] are equal in H\ (H*—X) and
the SO(2)-action is well-defined.

Ol

Proposition 4.2.11. The composite action SO(2) o H on H?® — X and the action of
H % SO(2) on H? — % have identical orbits. Therefore

SO(2)\H\ (H® — =) = H x SO(2)\(H®* — %).

Proof. If the triples (4, B, C) and (P, @, R) are identified under the composite group
action of SO(2) and H it means that some translate of (A, B, C) and some translate
of (P, @, R) are related by a rotation, for example

RoVo(A,B,C)=Wo(P,Q,R)

for V,W € H and R € SO(2), whereupon (P,Q, R) = W loRoV o (A, B,C) so that
(A, B,C) and (P,Q, R) get identified under the H x SO(2)-action on H3 — X..

Conversely suppose the triples (4, B, C) and (P, @, R) are related by an isometry
g € H x SO(2). The left-translations and the rotations generate H x SO(2) so that

g can be written as a finite sequence g = ¢19s. .. g, where each g; is in either I or
SO(2) so that

(A7B7C) =g192-. gn(P7Q7R)

If g, € H then the points (P, Q, R) and (g, P, g.Q@, 9. ) get identified by the H-
action and the problem is reduced to showing that (A, B, C) and (g, P, 9.@, 9. R) get
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identified, with strictly fewer isometries relating the triples. If g, € SO(2) then the
equivalence classes [(P, @, R)] and [(gn P, 9.Q, gn R)] get identified by the SO(2)-action
and the problem is once again reduced to showing that (A, B, C) and (gn P, gn@, gnR)
get identified, again with strictly fewer isometries relating the triples. We continue
in this fashion to verify that (A, B,C) and (P, @, R) get identified.

Below we list the definitions and facts we need, cited from [3].

Definition 9. Let f : X — Y be continuous. f is said to be proper if for every
space Z the map (x,z) — (f(z),2) from X x Z — Y x Z is closed.

Proposition 4.2.12. Let f : X — Y be continuous and injective. Then f is proper
if and only if f is closed.

Definition 10. Let the group G act on the space X. G s said to act properly on X
if the map (g,z) — (gz,z) from G x X — X x X is a proper map.

Definition 11. A group G acts freely on the space X if gr = x = g = e whenever
geG,zeX.

From this we can see that when G acts freely on X the map (g,z) — (g9z, ) is
automatically injective. Indeed, (gz,z) = (hy,y) implies © = y whereupon gz = hz
implies h~'g = e so that g = h. Therefore in the case of a free group action, one need
only show that the map (g,z) + (gz,z) is closed in order to conclude that G acts
properly on X.

The group H acts on the space of vertices T=H-% by the rule

Go (P, Py, Py) = (GP,,GPy,GPy) for G € H,(P,, P;, Py) € T.

The operation is just to left-translate each vertex by G, and so is a free group action.
The group operation induces the map

e H X T—TxT
defined by
(G, P)— (GP, P).
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We claim that 4 is a closed map. Suppose we are given a sequence
{(Gih, B)}2, € 1(4)
that converges in T x T, where A C H x T is a closed set. Now
(GiP,B) — (R,P) e T x T.

We will show that in fact (R, P) is also in the image of A under p. Thus p(4) is
closed.

The following notation is cumbersome but necessary. Let

Py = (P, P, Pi3) = (%1, Yar, ta; Tiz, Yio, Lia; Ta3, Yi3, tiz)

and let

R = (Ry, Ry, R3) = (u1,v1, 81; Ug, V2, S2; U3, U3, 53)
P = (P, Py, Ps) = (1,91, 115 Ta, Y2, t2; T3, Y3, ta).
Now since (G;P;, P;) — (R, P) we have in particular that P, — P and therefore
that Py — P), Py — P, P;3 — P;. From these three we see that
Ty — TL, Y —— YLt — b

Tip — T, Yiz — Y2, bz — o

Tz — T3, Yiz — Y3, iz — t3.

Next we introduce notation for the G;’s

Gi = (xG'i) Yo, th)

so that we can write out

GiP; = (za,, Y6, ta;) © (i1, Yir, tir; Tia, Yiz, tiz; Ta3, Yis, Lis)
= (za, + Ta, Yo, + Ya, ta; + ta — 2(Te, Y — Yo Tir);
Ta, + T2, Yo, + Yizy e, + tin — 2(Te,Yie — Yo, Tin);
T, + T3, Yo, + Yis, to; + tis — 2(Ta,Yis — Ye,Tiz)).
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And now from the fact that
G, — R

and looking only at the first triple of co-ordinates in this limit, we can deduce that

Tg, + Ty — U
Yo, T Y1 — 01
ta, +tn — 2(za, Y — Yo, Ta) — S1.

We then immediately have

TG, — U — Ty

Y, Ui — W

and moreover

s = }Eglo te, + ta — 2(Ta,yn — Yo, Ta)
= ilirglotGi + 1t —2((uy — z1)th — (v1 — Y1)21)

= 7thl tGi -+ tl - 2(’U,1y1 e ’Ulfﬂl)

or equivalently

lim tg, = s1 — t1 + 2(wyr — n121)

=81 — t1 — 2(u(—y1) — vi(—z1)).
Thus

}g& Gi = (u1 — z1,v1 — Y1, 81 — t1 — 2(wi(—v1) — vi(—21)))

=R1P1—1.
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Likewise looking at the second and third triples in the limit G;P; — R we obtain

lim G; = RyP;t

i—00

lim G; = Rs Py .

i—00

Therefore we can define

G:=lim G; = R1P1_1 = R2P2_1 = R3P3—1'

1—00

But now (G;, ;) — (G, P), so that (G, P) € A because A is closed. Then
(G,P) = (GP,P) = (G(PI,PZ,Pg),P) = (RIP]__I_Pl,R2P2—1P2,R3P3_1P3;P)

:(R’P)

so that (R, P) € u(A).

In summary, if for closed A a sequence {(G; B, F;)}2, C u(A) converges to a limit

in T x T, then the limit is actually in w(A). Hence pu(A) contains all its limit points
and is therefore closed. We thus have

Theorem 4.2.13. The group H acts properly on the space H x H x H — 3.

The second group action consists of the rotations SO(2) acting on the quotient
space

H\(F - %)

obtained from the first group action. We do not need to work directly with this group
action, because we can use another proposition from [3].

Proposition 4.2.14. Let K be a compact group operating continuously on a Haus-
dorff space X. Then K operates properly on X.

We thus have

Corollary 4.2.15. The group SO(2) acts properly on the space H\(H? — X).
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The composition of these two group actions on H? — X, first by left-translations
H and then by rotations SO(2), is the same as the action of the group H x SO(2) of
isometries generated by the left-translations and the rotations. Since the composition
of proper group actions is again proper (see [3]), we conclude:

Theorem 4.2.16. The action of the group H x SO(2) on the space of vertices T =
H3 — X is a proper group action.

At this point we would like to use the characterization of smooth principal bundles,
which we cite from [6]:

Theorem 4.2.17. Let P be a smooth manifold, H a Lie group, and p: Px H — P
a smooth, free, proper right action. Then

(i) P/ H with the quotient topology is a topological manifold (dim P/H = dim P—
dim H),

(i) P/H has a unique smooth structure for which the canonical projection P —
P/H is a submersion,

(iti) € = (P,m, M, H) is a smooth principal right H bundle.

In the notation of the theorem M = P/H and w : P — M is the canonical
projection. There is one technical issue. We have worked with the action of Hix.SO(2)
on H? — 3 as a left group action. However in general if a group G acts on a set X by a
left group action up : Gx X — X, we can define a right group action up : X xG — X
by the rule

pr(@,9) = pr(g™", )
for x € X and g € G. The two group actions have identical orbits so that the quotient
maps X — G\X and X — X/G are identical maps, and it is straightforward to check

that when gy, is smooth, free, and proper so is pur. We can therefore use theorems
4.2.16 and 4.2.17 to conclude:

Theorem 4.2.18. The map p : H3 — X — T is a smooth principal right H x SO(2)
bundle.
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Note that we have already directly demonstrated some facts we could conclude
from theorem 4.2.17, for instance that T is a 5-dimensional smooth manifold.

4.2.5 A cross-section for the bundle p . H? — ¥ — T

We thus have the principal fibre bundle
p:H—-% —TCRS®
with structure group H x SO(2). A 6-tuple
(a,¢a), (0,¢B), (¢, Cc)

in the parameter space corresponds to the equivalence class p~!(a, (a, b, (g, ¢, {¢) con-
sisting of triangles congruent to one another by an isometry in H x SO(2) and having
the given parameters. We now describe a way to choose a well-defined representa-
tive from each such equivalence class in a continuous fashion. That is, we define a
continuous map

s:T—H-X%

such that po s = idp. For g € T the pre-image p~'(q) is called the fibre over T'. Note
that the condition po s = idy really just says that for each ¢ € T' we have s(q) in the
fibre over T'. Such a map is called a cross-section for the bundle p: H3 — ¥ — T'.

The construction of the map s is straightforward. From the equivalence class
p~a,{a,b,(,c () of triangles congruent by an isometry in H x SO(2) we choose
the unique representative with first vertex A at the origin and second vertex B in the
yt-plane with y > 0. Recall that we call triangles of this form standard triangles and
that every triangle is congruent by an isometry in H x SO(2) to a unique standard
triangle.

To see continuity of the map s we can compute the coordinates of the map directly.
In a Euclidean triangle with side lengths

b - c
c=

a
o(Ca) o(¢B) o(Cc)
let a € [0, 7] be the angle opposite the side @

b=

a =

b4 & — a2
cos = ———=——.
2bé
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If the standard triangle ABC is to project to a Euclidean triangle with side-lengths
a, b, ¢ then we must have projections z4, zg, z¢ with coordinates

ZA = (0,0)
zZp = (0,5)

2c = (bsin o, beos ).

Now we just choose a height {g so that the geodesic from A to B has the correct
value (¢

ts = &u(lc)
and a height to so that the geodesic from C' to A has the correct value (g
to = —b°u(Ca)

(note we have the — sign because the geodesic goes from C to A). The map s is
therefore given in coordinates by

(a,Ca,b,¢B,c,(c) — (0, 0,0;0,8& & u(lo); bsina, beos a, —BZ,UJ(CB))

and the continuity of the map is clear.

4.3 Topology of the moduli space

We start with the space of vertices
H - %
and successively apply group actions by H
H\ (H° - %)

and by SO(2)
' SO@)\ (K (8F - )

to obtain the moduli space T' of Heisenberg triangles up to isometry in H x SO(2).
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We can additionally let the group R = {1,7} act on T where r is the standard
involution to get

R\T

the moduli space of Heisenberg triangles up to isometry in the full group of isoinetries
H »x O(2).

We proceed with results towards computing the homotopy and homology of the
spaces T and R\T.

Proposition 4.3.1. The space H? — X is homotopy equivalent to the space
Cc* -

where
2, - {(ZI)ZZ,:Z.?,) & C3|Z7, = z] fofr' some 'L #j} .

Proof. The map

(Ta,ya4,t4; ©B,YB, LB; T, Yo, tc) — (@A +1ya, T + B, e + e ta, te, to)

gives a homeomorphism H?* — ¥ = (C* — ¥') x R?, and (C3 — ') x R? is homotopy
equivalent to C3 — ¥/ since each R factor is contractible. ]

Note that this means that the fundamental group of the space of vertices my (H?® —
3) = m(C3 — %) is the pure braid group P3 on 3 strands. See, for example, [2].

Now on the space H3 — 3 we have the action of the group H of left-translations
and on the space C® — X' we have the action of the group C of translations. If we look
merely at the z- and y-coordinates of a triple (4, B, C) € H3 — 3 we observe that the
action of a group element (z,t) € H is merely to translate the projections z4, zp, 2¢c

Zavr> 2+ z4 zp— 2+ zp 2o 2+ 2.
Observe that the effect of the homotopy equivalence HI3 — & ~ C3 — ¥ is precisely to
ignore the t-coordinate and thereby identify triples (A, B, C) and (P, @, R) for which

the projections (24, 25, 2c) and (zp, 20, zr) are equal. We thus obtain a commutative
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diagram

R

m -

C3 -3

L

H\(H®*-%) -—= C\(C*-Y)

where the homotopy equivalence across the bottom of the diagram comes once again
from ignoring the ¢-coordinates.

Proposition 4.3.2. The space C\ (C* — ') is homeomorphic to the space
C?—L,ULyU L4
where
Ly = {(w,z) € Clw = 0}
Ly = {(w,z) € C}|z=0}
Ly ={(w,z) € C*lw =z} .
Proof. Under the group action of C on C? — ¥ acting by the rule
zo(2,20,23) = (2 + 21,2 + 29,2+ 23)
the triples (z1, 22, z3) and (wy, wq, w3) are identified if and only if
21 — W1 = 29 — Wy = 23 — W3.
The map
@lC3—21—>C2—L1UL2UL3
(21,22, 23) ¥ (21 — 23,20 — 23)
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then induces a homeomorphism from C\ (C* — %) to C* — Ly U Ly U L3.

Indeed (21 —23, 2a—23) = (w1 —ws, wa—ws) if and only if 2y —w; = zp—we = 23—w3
so that ® maps two triples (21, 22, 23), (w1, ws, w3) to the same image if and only if
they are in the same orbit under the C-action. Moreover (z,w) with z # w, z # 0,
and w # 0 is the image of the point (z,w,0) so that ® is surjective.

This shows H\(H? — %) ~ C2 — L; U Ly U Ls.

Proposition 4.3.3. The space C* — L; U Ly U L3 is homotopy equivalent to
S%— L1 ULyU Ly

where S2 is the 3-sphere viewed as a subspace of C2.

Proof. Notice that the origin O(0,0) is not in C?> — L; U Ly U Ls. Now C? — O can
be identified with R* — O which contracts onto the 3-sphere S3. This contraction
restricted to C? — L; U Ly U L3 then gives a homotopy equivalence

(CQ—L1UL2UL3’L"53—L1UL2UL3
where on the right-hand side L; means L; N S2.

(]

Now we add the action of the rotations SO(2) on H\(H? — ¥). We identify SO(2)
with the unit circle S* C C to obtain another commutative diagram

R

H\ (3 — 32) C\(C* -3

| |

~

SOQN\(H\(H’ - %))  —  SN\(C\(C*-%))
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where the action of S* on C\(C?® — ¥) is induced by the action
zZ 0 (Zl, 29, 2’3) = (ZZl, ZZy, ZZ3)

of S* on C* — X', The action of SO(2) on H\(H? — %) is (as we have seen) likewise
induced by the action

z o (z1,t1; 22, to; 23, 13) = (221, t1; 222, La; 223, t3)

of SO(2) on H* — ¥ so it is apparent that the diagram is commutative.

We continue with the above commutative diagram and extend it to the right with

R

C?—-LiULyU Ly

C\(C* -%)

l |

o

she\e -x))  —  SN\(C*-LiUL,U L)

using the homeomorphism from proposition 4.3.2 and yet further to the right with

S —LiULyU L

C?—L,ULyULg

| N |

Sl\((CQ ——L1UL2UL3) I Sl\(S3 —L1UL2UL3)

using the homotopy equivalence from proposition 4.3.3. Following along the bottom
of the diagrams the conclusion is

Proposition 4.3.4. The moduli space of Heisenberyg triangles

SO(2)\(H\(H — x)
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18 homotopy equivalent to the space
SN\(S® - LU Ly U Lg)
where
Ly = {(w,2) e CClw=0}NS*
Ly = {(w,2) € C*|z=0}n S*
Ly = {(w,2) € C*lw =z} NS>
We view S® as a subspace of C* and the action of S* on S® — Ly U Ly U Ly is given by

Ao (w,z) = (A\w, Az)

for xe S*Cc Cand (w,2z) € S*— L1 ULy U Ly C C2.

4.3.1 The Hopf map

Next we use a famous construction called the Hopf map to produce a homeomor-
phism S'\$% — S2.

Definition 12. For
%= {(w,2) € C*: |w> + |2* = 1}
S?={(z,y,2) eR*:a? +9> + 2 =1}
we define the Hopf map p: S — S? by

p(w,z) = (lw]* — |2 2 Re(wZ), 2 Im(wZz)).

We check that p indeed maps 9% to S%. If |w|%+|2|> = 1 then |w|*+2|w|?|z|2+|2|* =
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1. Then

[[w]? = |21%]” + [2 Re(wz)]? + [2Im(w?z)]?
= |w]* — 2[w]?|2|? + |2|* + 4jwz]?

= |w|* + 2fw[?|2]* + |2|* = 1.
Observe next that for any A € S* C C we have
o0, 22) = plu, 2).

Moreover we have the following:

Proposition 4.3.5. Suppose that for (w, z) and (£,7) in S® we have p(w, z) = p(€,7).
Then

(w, 2) = (A, An)
for some A € S* C C.

Proof. From the second and third coordinates of the map p we obtain the equalities
2Re(wZz) = 2Re(7)
2lm(wz) = 2Im(£7).
It follows that wz = &7.
From here it is straightforward to account for all possibilities where one of w, z,
€, nis 0. For example z = 0 forces |w| = 1 = [¢] and 1 = 0 so that the pairs (w,0)
and (&,0) are indeed related in the desired manner. We thus address the case where

w, z, £, n are all non-zero.

Then

or
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Our goal is to show that |\| = 1. Now from these we have the four equations

wl? + |2 = 1 P ol =1
Ll P =1 IAPIER + e = 1.
B R

Multiplying the second equation on the left by |A|? and subtracting the first equation
we obtain

(A1 = )12l = AR~ 1
and similarly on the right we obtain
(D1 = 1) = A2 = 1.

If |\ = 1 we are done. Otherwise we can cancel the quantity |A|*> — 1 and solve to
obtain

1 1

2 _ 2 _
= RETa = Fra
whereupon
"LU|2 — |’\|2 In‘2 — |/\|2
[A]2+1 IA2+1
But now from the first coordinate of the map p we use |w|? — |z|*> = |£]? — || or

|w)? + |7|? = ]2 + |2/ to get

N2 2
A2+1 0 P2+t

contradicting the assumption that |[A|? # 1. We conclude that |A\| = 1. Finally we
already have w = A¢ and then

T=MN=1=\

1
= 2 = — =)\
)\77 Ui

because A has modulus 1.
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Proposition 4.3.6. The Hopf map is surjective.

Proof. This can be checked directly. Suppose (z,y,t) € S? with z # 1. We want to
find (w, z) € S® such that p(w, z) = (z,y, t) and by taking advantage of the symmetry
p(w, z) = p(Aw, Az) for A € S* we may assume z is real, in fact strictly positive. With
this restriction it is routine to compute the solution

_ Y t . [1—x
('w,z)—<\/§m+\/§mz,1/ 5 >

and check that p(w,z) = (z,y,t). For the case © = 1 we can take (w,z) =

1 1
(E‘FEZ,O)

0

In fact the map (z,y,t) — (w, 2) constructed in proposition 4.3.6 is continuous

and provides a continuous inverse for the Hopf map factored through the S! -action
on 93

p

g8 —

e

o

ST\ 53

The Hopf map thus induces a homeomorphism S\ 5% 2 52,

4.3.2 A homotopy equivalence for the moduli space

This homeomorphism S'\$? 22 52 in turn induces a homeomorphism
Sl\(83 —_ L1 U L2 U L3) = 52 - p(Ll) U p(L2) U p(Lg)
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Now one readily checks that
p(L) = {(=1,0,0)}
p(Lz) = {(1,0,0)}

p(L3) = {(0: L, O)} :

‘We have

Proposition 4.3.7. The spaces
T = S0(2)\ (H\(B® - %))
and

X =5%-{(-1,0,0),(1,0,0),(0,1,0)}

are homotopy equivalent.

Thus T has the homotopy type of a thrice-punctured sphere S?* — {pi, p2,ps}.
Citing [5] we can conclude that T is aspherical, that is, T has trivial higher homotopy.
For the fundamental group of T, observe that a thrice-punctured sphere is homotopy
equivalent to the wedge sum of two circles S* vV S and therefore has fundamental
group free on two generators:

e m(T) = (a,b)

o m(T)=0,i>2.

We account last for the action of the group R = {1, r} generated by the involution.
On a triple (4, B,C) € H® — X the involution r has the effect

(z4,t4; 2B, tB; 20, tc) — (Za, —ta; ZB, —tB; Zc, —tc).

When we contract away the t-coordinates the action of R on C3 — ¥’ becomes merely
that of component-wise conjugation (zi, 20, 23) +— (Z1,%2,%3). Tracing through the
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commutative diagrams we check that the action of R behaves as component-wise
conjugation and gives the homotopy equivalence

T SN\(S? — Ly U Ly U La)

| l

R\T —> R\(S"\($* - L1 ULy U Ly))

However when we apply the Hopf map p : §2 — 5% we find that the R-action
changes its behaviour. The R-action identifies conjugates on S® but

p(W,z) = (|w]* — |2, 2 Re(wz), 2Im(wz))

= (Jw|* — |2*, 2 Re(wZ), —2Im(wZ)).
On S? the R-action therefore becomes
ro(2,9,%) = (2,y,-2).
The R-action thus identifies the upper and lower hemispheres of S, turning 52 into a
disk with boundary where the equator was. On X = S*—{(-1,0,0),(1,0,0),(0,1,0)}
the three removed points are all on the equator, so the R-action creates a disk with

three boundary points removed. Such a disk remains contractible, so we can conclude
that R\T is contractible.

4.4 Unordered Heisenberg triangles

4.4.1 The Ss;-action

At last we let the symmetric group Ss act on H® — X in order to remove the
ordering on vertices (4, B, C). We produce triangles AABC.
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Proposition 4.4.1. The S3 action on vertices induces a well-defined action on H X
O(2)\(H3 - 52).

Proof. Indeed given o € S3 suppose two triples of vertices are related by an isometry
g € HxO(2)
(PI)P2>P3) ~ (gPI)gP%gPS)'

Then the permuted vertices are related by the same isometry

(Pr1y, Po(2), Po3y) ~ (9Ps1), 9Ps(2), 9P (3))-
[l

In the action we have just constructed Sy acts on H x O(2)\ (H? — X) by the map
go [(PI;P2;P3)] = [(Pa(l)a Po'(2))Pa(2))] .

Alternatively we could let S3 act directly on H® — X to produce (unordered) sets of
three distinct vertices. Now we let H x O(2) act on S3\(H?® — ) by the map

go {PlaP2)P3} = {gPl,ng,gPS}.
But if the triple (A, B, C) can be made to coincide with another triple (X,Y, Z) first
by an isometry and then by a permutation, so that oo go (A, B,C) = (X,Y, Z),

then oo (A, B,C) and (X,Y, Z) have the same triangle parameters up to sign on the
(-values

a = va =Y, Cc= Z)CA = :I:CX:CB = :ECY;CC' = iCZ
and therefore ¢ o (4, B,C) and (X,Y,Z) coincide by an isometry. Conversely if
the triple (A, B,C) can be made to coincide with another triple (X,Y, Z) first by
a permutation and then by an isometry, so that go oo (4, B,C) = (X,Y, Z), then
go(A,B,C) and (X,Y,Z) consist of the same vertices, but not necessarily in the

same order, so that go (A, B,C) and (X,Y, Z) coincide by a permutation. Thus we
have shown

Proposition 4.4.2. The successive group actions

S5\ (H » O(2)\(B® - %)

H » O(2)\ (Ss\(H* — %))
identify precisely the same triples (A, B,C) € H3 — X.
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Therefore we need not worry about the order in which the group actions are
applied.

4.4.2 The moduli space for unordered Heisenberg triangles

We now give a definition for families of unordered Heisenberg triangles. Our defi-
nitions for families of ordered and unordered Heisenberg triangles bear the same rela-
tion as the definitions for families of ordered and unordered Euclidean triangles, with
one significant exception. Since we allow geodesically colinear vertices for Heisenberg
triangles, we require an unordered triple of sections to specify vertices.

Definition 13. For a topological space S, a family of unordered Heisenberg triangles
over S is a subspace X C S x H such that

(1) projection onto the first coordinate is a (continuous, proper) fibre bundle
projection

(2) each fibre Xy = p~1(s) is (after projection onto the second coordinate) a
Heisenberg triangle y4Uvyp Uy C H

(8) there is an unordered triple of sections V, V', V" : S — X which specify the
vertices of each fibre X;.

Morphisms between families X — S and X' — S’ are pairs of continuous maps
making the diagram commute
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and such that for each s € S the map f restricts to an isometry in Isom(H) from X
to X'g(s) respecting vertices in the sense that the sets {f(V(s)),f(V’(s)) , f(V”(s))}
and {V (g(s)),V"(9(s)),V"(9(s)) } are identical.

Any family X — S determines a canonical map S — 95\ (Isom(H)\H?® — %)
taking s € S to the isometry class of the fibre X,. But just as in the Euclidean case,
the existence of non-trivial self isometries for equilateral triangles! means the space
S5\ (Isom (H)\H? — E) cannot have a universal family over it. Therefore the quotient
S5\ (Isom(H)\H? — ) is a coarse moduli space for unordered Heisenberg triangles.

4.4.3 Topology of the moduli space

We proceed to trace the effect of the Ss-action down through our commutative
diagrams of homotopy equivalences and homeomorphisms.

First the Ss-action has the effect on H® — X of identifying sets of six distinct triples
(A,B,C),(B,C,A),(C,A,B),(A,C,B),(C,B,A),(B,A,C).

After retracting the t-coordinates to get the homotopy equivalance H? — ¥ =2 C3 — 3/
the Ss-action identifies the distinct triples

(ZA7 ZB, ZC)) (ZB) ZC, ZA); (ZC') ZA, zB))

(ZA, 20, ZB)’ (ZC; ZB, ZA), (ZB, ZA, Zc)-

We pause to point out that this means 7 (S5\H? — X) = m1(95\C? — 3) is the braid
group Bj on 3 strands. Again see [2].

LThat is, a triangle having parameters (a, ¢, a, ¢, a, ). We show in section 4.7.1 that such triangles
exist.
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After the C-action on C® — X' the six equivalence classes

[(ZA) 2B, ZC')]) [(zB, RC, zA)]: [(207 ZAs zB)]?

[(ZA7 20, ZB)]) [(ZC') 2B, ZA)}) [(ZB) ZAs ZC)]

are identified. One checks that in fact these are precisely the induced identifica-
tions because if (4, B, C) and (X,Y, Z) are related by a translation then so are their
permutations.

Next the homeomorphism C\C?® 22 C? (note that for convenience we will often
suppress the fact that we have removed subsets) given by the map [(z1, 22, 23)] +
(21 — 23, 22 — z3) induces the identification of the pairs

(za — 20,28 — 20), (2B — 24, 20 — 24), (20 — 2B, 24 — 2B),

(24 — 28,20 — 2B), (%c — 24, 2B — 24), (2B — 2, 24 — 20).

If (w, z) € C? is given we find (24, 25, 2c) With (za — 2¢, 28 — 2¢) = (w, 2). The six
pairs above written in terms of w, z are

(w,2),(z — w,—w),(—z,w — 2),(w — z,-2),(~w,z — w),(z,w). (44.1)

One checks that the algorithm which produces these six pairs out of the pair (w, z)
also produces the same six pairs if one starts, for example, with (w — z, —2) = (£, 7)
and computes the points (£,7), (n — &, —€),.... Thus at this stage the effect of the
Sz-action on C? is to identify all sets of six pairs as in 4.4.1. (On our space the six
pairs are always distinct; we have removed precisely the points where any of the pairs
could coincide.)

Next we apply the retraction of C? — (0,0) onto S® to our subset of C2. Notice
that (w, z) and (£,n) retract to the same point on S® if and only if (¢,7) = (cw, cz)
for some ¢ € R*. In this case the six pairs identified by the Ss-action are likewise
related by this positive real scalar c, for example, (£ —n, —n) = (c(w — 2), c(—2)).

Thus if we start with (w, z) € S3, so that |w|? + |z|2> = 1, then in C? our point
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gets identified as usual with

(w, 2), (z,w),
(w—z,—2),(—z,w— 2),

(—w, z —w), (z — w, —w)

but these points are not all on S®. After the retraction the identification is therefore
between

(w, 2), (2, w),

! (w—z,—2) ! (—z,w — z)
TRy T A —Z, - )
Viw —z> + |22 Viw =z + |22
1 1
(—w, z (z —w, —w).

_.w’
VIwP? + 1z — w]? )VWP+V—wP

The images under the Hopf map p : S3 — 5?2 of these six points must be identified.
Also these are precisely the identifications on S? caused by the Ss-action, because if
for A € 5! we have (w, ), (Aw, A\z) € S? in the same S'-fibre, then (w — 2z, —2) and
(Mw — 2), A(—2)) are also in the same S*-fibre and so have the same image under p,
and likewise for the remaining pairs produced by (w, z) and (Aw, A\z) respectively.

We can describe the identifications on S? by starting with a point (z,y,t) € S2.
We have seen that the point

B Y t . [l1—x
W”‘(ﬂwtz+ﬁﬁtﬁﬁ 2)

maps to (z,y,t) under p. For this (w, z) the six images under p of the points in 4.4.1
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are
(z,y,t)

(_m)ya _t)

21—y)—(1—=) l—xz—y
20 —y)+ (1 —2z)’ 2(1—y)+(1—x)’2(1— 1—"c

+z)—-2(1-y) 1+z—y
21 —y)+ (1 +z)’ (1—y)+(1—|—w)’2(1— 1+:v)

)
—T)—21—y)2 1—a—y )
)

(a0
(1

20—y)+(1—-2) 201—-y)+(1—2)2(1 —y) +(1—fz:
<1

(2(1—3/)—(1-!—30)2 l+z—y 2t >
20—y +(1+z) 20 —-y)+(Q+z)20—-y)+(1+2x)/°

One checks that the algorithm that produces these six points out of the triple (z,y, t)
produces the same six points if one begins with any other triple in the list; that is,
suppose we take the third triple and treat it as the original, writing

(u,v,s)

=<2(1—) (l-2), l-z-y —2t )
2l-y)+(1-2) 21—y +(1-2)"2(1~-y)+(1—=)

and then list the six points (u, v, s), (—u,v, —s), .. .. It is tedious to check, but we get
the same set of six points produced by (z,y,1).

Recall that the action of the involution group R had the effect on S? of identifying
points (z,y,t) and (z,y, —t). One way to look at this is that R\S? can be obtained
as the image of the map (z,y,t) — (z,y) since (z,y,t) and (z,y, —t) are precisely
the points mapping to (z,y). In this picture R\S? is viewed as the unit disc D? in
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the plane and the six identifications above become
(z,9)
(-{E, y)

21 -y)—(1—2) l—z-y
20-y)+(1-2) 2l—-y)+(1-=

(1+2z)—2(1 y)2 l+z-y
20—y +(1+2) 20-y)+(1+x)

(5 )
<él(1_—%y)—+2 ;: :13 20 - @7)1*1 — ) >
(5 )

(2(1—y)—(1—|—3¢)2 l1+z—y )
20—y +(1+2z) 21 —y)+ (1 +2x)

when we drop the t-coordinate. One checks as before that the algorithm producing
these six points out of (z,y) produces the same six points if we begin at any other
point in the list.

Part of this identification, evident in the first two pairs, is that the left half of the
disk gets identified with the right half when (z,y) and (—=z,y) get identified. So we
work now on the half disk

Di={(z,y) eR*: 2z’ +1* <1,z >0}
where now only three identifications are necessary

(z,9)

((1—56)—2(1—11)2 l-z—y >
20—+ (1 —2) 2(1—y)+ (1 —-2)

((1+m)—2(1—y) 5 l+z—y >
20—-y)+(1+2z) 2l—y)+(Q+2)/)°
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The points (z,y) in the half disk D3 where

(1=2)—2(1—y)
20—y +(1-0) ="

are those points for which z < 2y — 1, and the points (z, y) in the half disk D3 where

(1+2)—-2(1-y)
20 —y)+(1+42) —

are those points for which z > —2y + 1. We divide the half disk D% into the regions

Ri=Din{z<2y—1}
Ry=D:n{z>2y—1}Nn{z>—-2y+1}

Ry=Din{z < —-2y+1}.

0sd” R N\

~05+
/

Figure 4.1: D? and the regions Ry, Ry, R3
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The identification

(1+2)-2(1-1y) ltz—y
(z,y) ~ (2(1_y)+(1+:c)’22(1—y)+(1+37)>

identifies the regions R; and Ry, folding (and stretching) R; onto R, along the com-
mon boundary segment © = 2y — 1 and matching up the line segments * = 0 and
x = —2y + 1 as shown.

The identification

(1—2)-2(1-1y) l—e—y
(z,y) ~ (2(1_y)+(1_g;)’22(1—y)+(1—37)>

identifies the regions R; and Rs, which can be visualized as R; swinging clockwise
(and stretching) to coincide with R, or alternatively as R, folding over onto Rj after
R, and, Ry are identified. The end result is just the space Rs, shaped like a distorted
pie slice, which remains contractible.

Notice that the points (—1,0,0), (1,0,0), (0,1,0) removed from S? end up at
(—1,0), (1,0), (0,1) on the disk D? and finally, after all identifications, at the corner
(1,0) on Rj, leaving Rj contractible.

4.5 Local charts for the parameter space T

Observe that the section s : T — H® — ¥ gives a homeomorphism onto its image:
s is surjective onto its image; s is injective because it maps distinct points into distinct
fibres; we have shown that s is continuous; and s~ is continuous because s~ is the
restriction of the bundle projection p to the image of s.

Thus the image s(T') provides yet another characterization of the moduli space of
Heisenberg triangles. Described explicitly this image is the space of standard triangles

s(T)={(0,B,C) e H’ =¥ : x5 = 0,yp > 0}.

The s(T") moduli space is useful because we can directly obtain local charts. Given
a point (O, B,C) € s(T). We choose any connected 2-dimensional open subset Vg
of the yt-plane containing B, such that y > 0 for all points in V. Then we choose
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any connected 3-dimensional open subset Vi containing C, such that no point of Vg
projects to the origin O. Additionally we need to make sure that Vg and Vi do not
intersect, and moreover that no two points in Vz and Vi project to the same point
in the zy-plane.

With such Vz and Vi we obtain the smooth local chart
{O}XVBXVCCS(T)—évBXVCCRS

by simply dropping the origin (O, B/, C") — (B’,C"). The advantage of such a chart
is that it offers a direct picture of the topology of the moduli space of Heisenberg
triangles. We can visualize a path in s(T') (and thereby equivalently a path in T") by
visualizing the vertices B and C' moving within Vp and Vi respectively.

4.6 T is embedded in R°

We have seen that T is a 5-dimensional injectively immersed submanifold of RS.
Now we show that in addition to being injectively immersed in R®, the topology on
T is the same as the subspace topology on T induced by the inclusion T' C R®. Thus
T is embedded in R®.

The space T sits inside the open subset
U:=Rx (—m,7) xR x (—7,7) Xx R x (—7,7) C R®,

For this discussion only we rearrange the order of the coordinates on R® so that a
6-tuple in T looks like
(CL, b) G CA) <B7 CC')

In fact it will be easier to work with the side-lengths of the projected Euclidean
triangles than with the side-lengths of the Heisenberg triangles, so on U we apply the
transformation

f:U—>RE

a b c

Ca) a(CB) o(ée)’

(a,b,¢,¢4,CB,Cc) — (U( CA,CB,CC) -
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It is straightforward to check that the map f is a continuous bijection onto its image.
The differential D f of the map is

1
ey 9 0 ]
0 2 0 X
o((B) X
0 0 &
100
0 01 0
] 0 0 1

which has rank 6 so that f is an open map. The point is that f maps the open
set U C RS diffeomorphically to the open set f(U) C RS. We will show that f(T')
is embedded in the open set f(U) C R® and therefore is embedded in RS itself. It
follows that T is likewise embedded in the open set U C R® and therefore is embedded
in RS itself.

Given a fixed point

Py = (ZLO)gO)EO;CAO)CBO)CCO) € f(T)

This 6-tuple of triangle parameters represents an equivalence class of Heisenberg
triangles up to isometry in Hx SO(2) with the unique standard triangle representative

(0,0,0;0, %, &4(Cay ); bosin o, bo cos g, —bap(Ca,))

= (O) BO) CO)

where aq is the angle opposite the side of length @y in a Euclidean triangle with
side-lengths g, bo, Go. (We assume the 6-tuple of parameters satisfies the defining
equation with positive sign; if the sign were negative, the coordinate z¢ would be
—bg sin arg.)

We now construct a chart for T' as in section 4.5 of a particularly convenient form.
We want the parameters b, ¢, (g, (¢ to have complete freedom to range through open
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intervals

?)0—61<5<50+81
Co— €3 < C< Cg+ég
CBy — 01 < (B < (B, + 01

Gy — 02 < (o < gy + 02

These requirements determine the neighborhood Vg, around By. Indeed it is clear
that B must project to a point (0, ¢, 0) on the positive y-axis with ¢y —es < & < Gy+€3
so that B lies within a rectangular strip in the yt-plane.

Now since
te = &p(Co)
we see that B lies in the region of the yt-plane defined by the boundary conditions

Co— €3 <yYp < Cypt&

YBi(Coy — 82) <t < ypu(loy, + 02)-

This is the neighborhood Vp,.

To describe the region Vi, recall that for the projected frame triangle of OByCy
the side-lenghts aq, I;O, Co determine an angle o at the vertex O. Since the vertex C
is free to move in 3 dimensions we can vary « freely through an open range around
Qp

g —T<a<ay+T

while still letting b and (g vary freely through their respective open ranges. The
resulting neighborhood Vg, is the 3-dimensional region produced by rotating a region
shaped like Vg, about the origin through an angle of 27.

We take these choices of Vg, and V¢, as the regions giving a local chart around
OByCp. We now describe the image of this region in the parameter moduli space
f(T). We already know that the parameters b, é, (g, (¢ range freely in open intervals

124



M.Sec. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

determining a four-dimensional open rectangle. The third side-length & is determined
by b, ¢ and . We have

G=Vb+ & — 2décosa
and it is straightforward to check that with this formula the map
(0,6, (5, 60) = (@,5,8,Cs, Co)

is a rank 5 map except where both b = ¢ and o = 0, and therefore is rank 5 on
{O} x Vg, x Vig,. This 5-dimensional portion of the image parameters (a, b, &, (g, (c)
is therefore an open set in R® which we call W',

We now use this open set W’ C R® to construct an open subset of R®. To do this
we choose d3 > 0 such that the interval (4, — 83, s, + 03) is contained in (—=, 7).
Then we produce the following open subset of RS

W= VVI X (CAO - 53) CAo + 53)
(above we really mean that the {4 interval is in the 4th coordinate slot but to avoid

cumbersome notation we do not explicitly indicate this). Thus in fact W is an open
subset of f(U) and in particular W contains the point (o, bo, ¢o; Cag, CBe» Cco)-

Suppose now that the point
P = (4,,&¢a,(5,(0)
is contained in W N f(T"). Then the five parameters
a,b,&(p, (o
are contained in W',

By construction there is a standard Euclidean frame triangle with side-lengths a,
b, ¢ such that the three vertices lie respectively at the origin, in the projection of Vp,
onto the positive y-axis, and in the projection of Vi, onto the zy-plane. If we choose
heights

tp = u(lc)

to = —bu(Cr)
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over the corresponding vertices of the frame triangle, then we have constructed a
standard Heisenberg triangle with vertices B and C inside Vg, and Vg, respectively.
This triangle OBC has the five parameters

&') Ba éa CB)CC-

Now the sixth parameter ¢ for the triangle OBC is completely determined by the
points B and C. But this parameter will satisfy precisely the same defining equation
as that satisfied by the parameters corresponding to the point P € W N f(T). It
follows that ¢ and (¢ coincide.

Therefore the unique standard Heisenberg triangle corresponding to P € WN f(T)
is actually inside the neighborhood Vg, x V¢,. That is

W N F(T) = Vg, x Vo,

We have therefore found an open set W C f(U) C RS such that W N f(T) is a local
chart around the point Py. The topology on f(T') induced by the ambient space R®
is thus the same as the moduli space topology on f(T") induced by the original map
p:HE -2 - T. . '

Therefore f(T') is an embedded submanifold of R® and likewise therefore T' is an
embedded submanifold of R®.

4.7 The boundary of T

As a 5-dimensional embedded submanifold T' C R®, every point of T' is a boundary
point of T' in the topological sense, when T is viewed as a subset of R®. Nonetheless
some points of R® will be in the closure T but not in T, and such points can be viewed
as a kind of boundary for T'. Henceforth when we refer to the boundary of 7", we will
mean T — T.

To describe this boundary, it will be useful to have an explicit criterion to decide
whether the parameters (4, (5,(c) € (—n,7)3 can be obtained as the (-values for a
triangle ABC.
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4.7.1 The space of (-values

What triples ((a, {5, (c) are possible? Equivalently, what triples (u(Ca), #(Ca), p(lc)) =
(A1, A2, A3) are possible?

Whatever triples (A1, A2, A3) we can get, we can get from triangles constructed
from points of the form

0(0,0,0)
A(z,0,t)

B(u,v,s)

with © # 0, (u,v) # (z,0), u? + v% = 1, by taking advantage of the isometries of H.
We think of (A1, A2, As) as fixed, and decide whether we can find values for , ¢, u, v,
s giving these X’s. Thus we set

A= M(COA) = %

s —1+2zv
Yo = lean) = G oy
As = =2 =
s = i(¢Bo) = wre S
We obtain the system of equations
t= /\11172

s—t+2zv =X [(u—1x)* + %

s = '—>\3.

Substituting the first and third equations into the second, using the relation u?+v? =
1, and simplifying, we obtain

(/\1 + )\2)(172 — 2(’1) + ’U,/\Q)’U + ()\2 + )\3) =0
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viewed as a quadratic in z, still with = # 0, (z,0) # (u,v), u?> +v*> = 1. The case
A1+ A2 = 0 will be dealt with separately; for now we assume this is not so and we
have a genuine quadratic in z. Therefore if, for fixed (A, A2, A3), we can find such z,
u, v to satisfy the quadratic, then (A1, A, A3) can be obtained as a triple of u({)’s;
and likewise if (A1, A2, A3) can be obtained as a triple of p({)’s then we can find such
T, u, v. S0 the question becomes, what conditions on (A1, Ag, A3) are necessary and
sufficient to find such z, u, v satisfying the quadratic?

The quadratic can be solved for real z if and only if the discriminant ? — 4ac is
non-negative; this condition becomes

(’U + U)\2)2 2 ()\1 + )\2)(/\2 + /\3)

So, thinking of A1, Ao, )3 as fixed, do there exist u, v such that u? +v? = 1 and
the inequality is satisfied? To answer this, we determine the maximum value that
(v + ulg)? can attain, subject to u? + v? = 1.

For the case A\; = 0 it is immediate that (v + u))? attains the maximum value 1
when v = 1. The condition on the discriminant becomes 1 > A\ A3 which in this case
is equivalent to

12 AMAg+ Aods + Asy

because Ay = 0.
For the case Ay # 0, let
(u,v) = (cosf,sinf), —w <0<,
and let

f(8) = (sin @ + Ay cos 6)?

1'(0) = 2(sin§ + A cos B)(cos 6 — Ay sin ).
Setting f/(0) = 0 we obtain critical points where
sinf 4+ Aycos@ =0, ie., tanfd = —Ay
and where

1
cos — Agsinf =0, ie., tanf = —.
A2
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For tan = —)\y we compute f(8) =0, and for tand = /\% we compute f(0) = 1+ M3
At the endpoints § = —x, 7 we compute f(8) = A2. Thus we see that the largest
possible value attained by (v + uly)? subject to u? + v* = 1 is 1 + X2. Thus the
condition on the discriminant becomes

1+ )\% > (A1 +A) (A2 + A3)

which simplifies to
12> M2+ Aads + Az

Last we address the case A\; + Ay = 0. Now the equation for which we must find
a solution is no longer a quadratic in x but the linear equation

2z(v 4+ udg) = Ag + A3

with © # 0 and u? +v?% = 1. If Ay + X3 # 0 then we can always find v and v with
u? 4+ v? = 1 such that v + u); # 0, whereupon we can solve for z # 0. If Ay + A3 =0
then solutions with z # 0 exist so long as we can find u and v with v2 +v% = 1
and v + uAy = 0. This we can always do by setting (u,v) = (cos6,sin ) and solving
tan§ = —X\,. Thus solutions always exist for the case A\; + Ay = 0. But in this case

Mg + Aoz + Asd = —~A2 <0
so that in particular A; Ay + AgAz + A3\ < 1 as well.

Theorem 4.7.1. The triple ({a,(g,{c) occurs as the (-values for a triangle ABC if
and only if

(Ca)p(Ca) + w(CB)u(Ce) + p(le)p(Ca) < 1.

We pause to point out that the work done in this section serves to find equilateral
triangles.

Proposition 4.7.2. There ezist triangles having parameters (a,(,a,(,a,(), where

a > 0 is arbitrary and ¢ = p~! (:t%)

Proof. Substituting the parameters in the defining equation 4.2.1 gives u(¢) = :I:—\}—g.
In the notation above we have A\; = Ay = A3 = :}:%, and the work already done
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makes it straightforward to solve for z, ¢, u, v, s to obtain the vertices

0(0,0,0), 4 (1,0,%) B (%?_ﬁ)

of an equilateral triangle. O

4.7.2 Finding points in the boundary

To obtain points in the boundary T — T' we use the map
p:H—% — T CR

We take a sequence of triples (A,, By, C,,) € H® — 2 that approach a removed triple
(A, B,C) € . The sequence of images p(An, By, Cn) € T approaches a 6-tuple of

parameters that is in T but not in T, as we will see. (Alternatively, we take a path
in H3 — 3% with limit (A, B,C) € 2.

We divide the set of removed triples ¥ into types. Recall that 3 was the set of
triples
A(ZA> tA)) B(ZB’ tB)’ C(Zc, tC’)

for which at least one pair out of the three projections z4, zp, z¢ coincided. Thus X
decomposes into

e triples for which exactly two projections coincide

¢ triples for which all three projections coincide.
The first group further decomposes into

e TYPE I: triples with three distinct vertices

e TYPEIL triples where precisely two vertices coincide (necessarily the two points
with coinciding projections)
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and the second group further decomposes into

o TYPE III: triples with three distinct vertices
o TYPE IV: triples where precisely two vertices coincide

e TYPE V: triples where all three vertices coincide.

TYPE I:

We left-translate such a triple so that the vertex with distinct projection is at the
origin. A typical triple of TYPE I then has the form

A(0,0,0)
B(:U) Y, tl)

C(:L‘,y,tg)

where (z,y) # (0,0) and #; < t5. All other TYPE I triples (after left-translation to
the origin) are obtained as permutations of triples with the form specified above. The

parameters
—1
_ -1 2
CB - IJ’ <$2 _I_ yz)
b=o(Cg)Vz?+y?
and

o= ()
c=0(Cc)Va® +y?

are well-defined, and as we approach (4, B,C) via points (A,, By, C,) in H? — 3,
the sequences (b, (B, ), (cn, c,) approach (b,(g), (¢, {c) respectively, by continuity.
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Moreover the lengths a,, = d(B,, C,) will approach the length of the geodesics from
B to C, which exist but are not unique. Thus

a=+/m/ty — 4.

Finally as B, and C,, approach B and C, {4, = (B,¢, — 7. Therefore we obtain the
parameters

(ﬁv ty — tl”’r) ’ (U(CB) V T2+ yQ,CB> ) (U(CC’)‘\/ 22 + yZ,Ca) eT-—T.

Notice that the parameters do not depend directly on (z,y) # (0,0) but only on
the value 0 < 7% = 22 4 y2. We can set up a map sending the parameters (r, 1, %2) to
the 6-tuple

(VavE ), (oG (~h/r) , (o(Calr,n™ (t/7))
This map, defined on the open subset
{(r,ti,t2) € RPr > 0,41 < ta}
is of rank 3. We need look only at the 1st, 4th, and 6th rows of the resulting 6 x 3

differential matrix
b o o]
2 \/tz—tl 2 \/tz—tl

B2 (=) 0 —m(u ) (—33)]
207 () &6 (%) 0
to find three linearly independent rows. The linear independence follows from the
facts that r > 0, that (u=!) > 0, and that ¢; < t5, so in particular 3 —¢; > 0 and #;

and t, are not both 0. Therefore this portion of the boundary T — T sits in R® as a
3-dimensional immersed submanifold.

Note also that we have described only one component of the portion of the bound-
ary obtained from points of this type. There are six such components, corresponding
to the six permutations of a typical triple ABC. These components can also be
counted by considering the three possible positions for the two values { = .

TYPE II:
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We again left-translate and write down a typical triple of this type (of which all
other left-translated triples of the same type are permutations)

A(0,0,0)
B(z,y,t)
C(z,y,t)

with (z,y) # (0,0). As before the parameters b, (g, ¢, {¢ are determined by continu-
ity, no matter how (A,, B,, C,) € H® — % approach (A, B, C):

_ —i
o= (757)
b=o((B)Va®+y?

and

t
_ -1
o =p (mz + y2>

c=0o(lc)Vz?+y%

Likewise the lengths a, = d(B,,C,) must approach 0 as B, and C, approach the
mutual limit B = C. However the sequence (4, can be made to approach any limit
in [—m, | by judicious choice of the paths by which B, and C;, approach the point
B = C. In fact we can fix A = (0,0,0) and B = (z,y,t) and let C approach B
continuously:

A= (0,0,0)
B = (z,9,1)
C = (z,y,t) o h(a,b,1)
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where a2 + b2 # 0, and we take the limit as h approaches 0. Then
C = (w,9,%) o h(a,b,1)

= (z,y,t) o (ha, hb, h?)

= (:v—l—ha,y—l—hb,t—l—hz—2h($b—ya)).

Now
Ca=C(for BtoC
=( for O to B™'C
and
B™1C = (—z,~y,—t)o ("c + ha,y + hb,t + h* — 2h(zb — ya))
= (ha, hb, h?)
S0

Ca=p (@a—)z—,j:—(gg)‘z) = (ﬁ)

is constant along the path. By ranging a? + b% on (0,00) we can obtain any value in
(0, ) for (4.

Similarly, by using h(a, b, —1) for the continuous path towards C, we can obtain
any value in (—m, 0) for (4. By using h{a, b, 0) for the continuous path towards C, we
get C A= 0.

To get (4 = +m, we simply choose a path where C' approaches B more steeply,
from above for ( = 7 and from below for { = —n. For example the path

C=(z+h%y+h*t+h)

taking h — 0% gives
B7IC = (h%, b2, b+ 2h%(z — y))

s0 that

h2h2(z —y) 5+ 250
.U(CA) — 2}54 y) — h3 5 R o
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as h — 0%, Hence (4 = 7.

Now that we have categorized the boundary points obtained by approaching
TYPE II points in ¥ we can parametrize such points by the map sending ((4,7,t) to _.

the image
(0,¢a) s (o(Ca)r, uH(=t/7%)) , (o (Co)r, u™" (t/)) -
We obtain maps from the domains

{Carr,t) eRY| = < {a < m,7 > 0}

{{£m,r,t)lr > 0} = {(r,t)|]r > 0}
of ranks 3 and 2 respectively, giving one 3-dimensional immersed submanifold com-

ponent and two 2-dimensional immersed submanifold components of the boundary
T-T.

As before, permutations of the vertices ABC' give more components of the bound-

ary. In this case the six permutations give rise to only three components. These can
be counted by considering the three possible positions for the side-length 0.

TYPE III:

After left-translation a typical triple is

A(0,0,0)
B(O) 0) tl)

C(0,0,12)

with £y < t5. All other such TYPE III triples are permutations of such a triple. The
same arguments presented above show such a triple corresponds to a 6-tuple

(\/7_r\/t2—t1,7r) y (\/%\/E,—ﬂ'),(\/%\/ﬂ,ﬂ') ET—T.

We obtain a rank 2 map defined on the open subset

{(tl,tg) S R2|t1 < tQ}
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mapping to a 2-dimensional immersed submanifold component of the boundary T —T
in RS,

Once again, we have described only one of six such components resulting from the
permutations of the triple we have written above.

TYPE IV:

After left-translation a typical triple is
A(0,0,0)

B(0,0,0)

C(0,0,¢t)
with ¢ > 0, which gives a 6-tuple
(ﬁﬁ, W) , (x/?\/f, —W) ,(0,4c)eT—T

where (¢ can be in the range —7 < (¢ < 7.

We obtain maps from the domains

{(Cc,t)l - < Cc' <7r,t> O}

{(£m, Bt > 0} = {¢]t > 0} |

of ranks 2 and 1 respectively, giving one 2-dimensional immersed submanifold com-
ponent and two 1-dimensional immersed submanifold components of the boundary
T-T.

Once again, we have described only one of six such components coming from
permutations of the triples.

TYPE V:

All vertices A, B, C converge to the same point, say (0,0,0). All side lengths a,
b, ¢ converge to 0. Using the non-isotropic dilation by A and taking A — 0 we can
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obtain any parameters
(O) CA)) (0’ CB)) (0) CC')

where the (’s are realizable as the (-values for a triangle.

This portion of T — T can be obtained by first looking at the space
{01, 22, A3) € R At da 4+ Agds + AsAr < 1}

which is a 3-dimensional manifold, with boundary where Ay Ay + A A3+ A3A; = 1. The
image of this space under the map

(A1, A2, A3) = (71 (A1), M (A2), 6 (As))
is then the union of a 3-dimensional manifold (the image of where Ay Ag+ A2 A3+ A3\ <
1) and a 2-dimensional manifold (the image of where AjAg + Asds + A3\ = 1). With

this construction we do not need to account for permutations for this component of
the boundary.

In fact we can obtain (-values of £, so long as they work together to keep

p(Ca)pCa) + p(¢)u(le) + n(le)u(Ca) < 1

in the limit. Thus, we can obtain triples of the form
(07 CA)) (0) ﬂ—)) (07 —’/T)
(0, %), (0,7), (0, —m)

where —m < (4 < . This portion of the boundary T — T is a 1-dimensional manifold
with boundary where (4 = 7. And here we obtain 6 components of the boundary.

4.7.3 Do we have them all?

We repeat the full description of the space T' as a subset of RS. The space T
consists of all 6-tuples

(a> CA)a (b) CB)a (Ca CC')

137



M.Sec. Thesis - Christopher Cappadocia McMaster - Mathematics and Statistics

satisfying the inequalities

a,b,c>0

-7 < QA;MCB, c<m

a+b>c,b+c>a,cta>b

and the defining equation (4.2.1)

G2(Ca) + B20(Cn) + PuCo) = 0/ (a2 + B2 + a2)2 — 2(at + B + &)

where
- a - b c
a= b=

o) T o)t T o)

Additionally we know that for such points the following inequalities are satisfied

a+b>éb+é>ac+a>bh

p(Ca)(CB) + 1(CB)1(Ce) + (o) m(Ca) < 1.

An equivalent characterization of equation (4.2.1) will be useful

@u(Ca) +0°u(CB) + Pp(lc) = +4 area A

where the triangle has side lengths a, b, &.

For points in the closure T' C R, all the same inequalities must still be satisfied,
except that strict inequalites are replaced with non-strict inequalites. Roughly speak-
ing, this means that now the side-lengths a,b, ¢ can be 0 and that the {-values can
be +m.

When (a,(,) makes part of a 6-tuple in 7', we can still define & = ﬁ and this
value a agrees with the limit of the “tilde”-lengths for whatever sequence of points
(@n, Ca,,) limited to (a,{4) in the closure. Notice then that for a point in the closure,

a=0=a=0.

Points in the closure will still satisfy equation (4.2.1) so long as it is still defined.
For closure points with a, b, or ¢ of length 0 the equation makes sense, but for closure
points with (-values of £7 the equation no longer makes sense and we must be more
careful.
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Having made these remarks, we will attempt to classify all points in T — T and
make sure that we have hit them all by our previous analysis based on the map p.
We will anchor the analysis by focusing on the (-values. There are four cases:

e (i) none of the (’s are £
e (ii) exactly one of the (’s is 7
e (iii) exactly two of the (’s are &

e (iv) all three of the (’s are +.

Case (i): (a,¢a), (,¢B),(c,;{c) € T — T with -7 < (4,(5,{c < 7. Now if
a,b,c > 0 then our point is in fact in T' and is therefore not a point in the boundary
T-T.

Suppose WLOG that a = 0 and b,¢ > 0. Then ¢ = 0 and from the triangle
inequalities on @, b, ¢ we see that b = ¢. Moreover the triangle with side lengths a, b,
¢ has area 0. Hence equation (4.2.1) becomes

b u(Cs) + E((e) =0

and with b = & # 0 this gives (g = —(¢, whereupon b = ¢ also. We have thus
obtained points of the form

(07 CA)) (bv CB)) (b) _gB)

all of which we can hit by approaching triples in X of type II.

The other possibility in case (i) is WLOG a = 0 and one of b, c is also 0. The
triangle inequalities then force the remaining side-length to be 0. We obtain points
of the form

(0: CA)a (07 CB), (O) CC’)
all of which can be hit by approaching triples in X of type V.

Case (ii): (a,¢a), (b,¢a), (¢,{c) € T—T with exactly one of the (’s at +x, WLOG

(a=m. Then a = %w) = 0. The triangle inequalities on &, b, & then force b = é&.
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We obtain points of the form

(a,7), (bo(¢), (r), (bo(Ce), Co)-

When b # 0 these can be hit by approaching triples in ¥ of type 1. Indeed, we want
to find (r,t1,te) such that

(ﬁv tg — t177T)7 (U(gB)T: CB)7 (U(CC)T) CC')

= (a’7 7]_)7 (BU(CB)) CB): (BU(CC)) CC)

Here we are viewing the 6-tuple on the right as an arbitrary case (ii) point, and we
are trying to show that it can be obtained by the process of approaching removed
triples in ¥. The expression on the left is the general form of such images. Recall
that on the right (g is not arbitrary, but is determined by u((s) = t1/7%, and likewise
u(Cc) = —t3/r?. We show that the resulting system of equations has a solution.

First we want
a=+/m/ts — 11

so we obtain
ty =t + a®/.

From p(¢g) = t1/r* we get t; = r’u(¢p) and from p(Cc) = —ty/r? we get —ty =
r?u(¢c). These relations in ¢, = t; + a?/7 end up giving

r? (u(¢s) + p(le)) = —d®/.

Thus r is determined, whereupon ¢; and ¢, are determined, and a quick check shows
that these values work.

When b = 0 = & the fact that —7 < (B,Cc < m forces b = 0 = ¢. Then the triangle
inequalities on a, b, ¢ force a = 0 as well and we obtain points of the form

(0) ﬂ-)) (O’ CB)) (O) (C')
all of which can be hit by approaching points of type V.

Case (iii): (a,a), (b,¢5), (¢, {c) € T — T where (WLOG) (4 =+, (p = +m and
—m < (¢ < . Now whatever points in 7" limited to our point in 1" — T" we have

(o — 7, (g — £
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SO
(Ga) — £00, () — oo,

If the &+ signs agree then in the limit of the inequality

1 1 L
1+ p(Co) (@Jﬁ(q})) S AMD)

we obtain 1 < 0, a contradiction. Thus {4 = +n and (g = Fr must have opposite
signs.

Now a = ;(i—ﬂ) =0and b= ;(i—w) = (, whereupon the triangle inequalities on a,

b, & force ¢ = 0. Since o((¢) is finite, this in turn forces ¢ = ér(¢e) = 0. Then the
triangle inequalities on a, b, ¢ force a = b. We have obtained points of the form

(a, %xx), (a, Fr), (0,{c)

all of which can be hit by approaching triples in 3 of type IV.

Case (iv): (a,Ca), (b,CB),(c,(c) € T — T where (a, (g, (c are all £mw. The
inequality

p(Ca)(Cn) + u(Ca)i(Ce) + 1(Ge)m(Ca) < 1

shows that (4, (g, (¢ cannot all have the same sign. WLOG we assume (4 = (g =7
and (p = —.

Now a = ﬁ = 0. For whatever points (an,(4,) limit to (a,(s), we have
(n = U((CIAH) -

We also have
Can
— "y, = Ay, — Q.
sin (4,
Since (4, — 7 we in particular have
Qn

sin Ca,

a
=

T
Now we have

asp(Ca,) + EiM(CBn) + & u(Ce,) = £4 area A — 0
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since the side-lengths @, b, & of the triangle all go to 0. The left-hand-side of this

equation is

a2p(Ca,) + 02u(Ca,) + Enlle,)

2 (A, —8inCa, cOS 4,
sin” Ca,

n

79 (CBn —sin CBn CcOs CBn>

b
o sin® {3,

~ — sin Cos

sin” (¢,

= Ca, @2 L—d O cos 4
sin®Cy, "/ Ca, "\ sin Cy, "

Qz? ”9> 1 7 Bn \\
L) — — b, | —
- (Sin2 (B, ") (B sin (g, } €O G _

G, 2\ 1 [ &
— — &y | —— | cosc,.
* (Sin2 Ccn o ¢Cn “n \ sin Ccn o

These are all limits we have seen. As n — oo these go to

Since the overall limit is 0 we obtain
1 1 1
A= —b=+F==0
T T T
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or simply b% = a? + c2. We obtain points of the form
(CL,’H’), ( v a? + 62, _7‘—)) (C,ﬂ')

all of which can be hit by approaching points in ¥ of type III.

4.8 Compactification of T" up to dilation

Recall for A > 0 the non-isotropic dilation

ArH —H

(z,y,t) — (A, Ay, \’t).

We can let A map triples of vertices (A, B, C) +— (AA, AB, AC) to obtain an R, action
on the space of vertices H® — ¥.

Between arbitrary points P(z,y,t) and Q(u,v,s) we have
P'Q=(u—=,v—y,s—t—2uy—v))
while
(\P) L Q) = (A — 2, A(w — ), (s —  — 2uy — 0)).
In particular we compute that
Car)r@) = CPQ

and

dAP,AQ) = Ad(P, Q).
Thus if the vertices (A, B, C) give a triangle with the parameters

((L, CA)) (b> CB): (Ca CC’)

then the vertices (AA, AB, A\C) give a triangle with the parameters

(/\(L, CA)) (’\ba CB)’ ()\C, CC’)
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In this way the R, action on H3 — ¥ induces an R, action on the parameter moduli
space T'

o (a) CA: b: C-BH c, CC’) = (Aa’; CA) )\b; CB; /\C; CC’)

We introduce the map

A:T —T

b
(a’)CA)’(b)CB))(C7CC) = <0,+b—|—C,CA) <a+b+c’CB) (a-l—b—l—c’CC)

Two 6-tuples of triangle parameters in the same orbit under the R, action have the
same image under A, i.e., for ¢ € T we have A(Ag) = A(g). Moreover suppose that
A(g) = A(¢), i.e., that

b

<a+b—|—c’€A> (a+b+c’CB> (a-l—b-l—c’CC)
_ Yy z
“‘(m_l_y_i_zaCY) <$+y+z)CY>)<x+y+z)CZ)

Then ¢’ = Aq for A = Zi'ziz . Therefore

Theorem 4.8.1. The quotient space Ry \T' is homeomorphic to the subspace

AMT) = {(a,a,0,¢{B,c,Cc) €T :a+b+c=1}.

The space A(T) is bounded but not closed. The closure A(T) is closed and
bounded, therefore compact. The space A(T) can be viewed as the compactification
of the moduli space of Heisenberg triangles up to dilation. Points in the boundary
/_XTT—)— A(T) are precisely the points in T — T with perimeter equal to 1. For if points
inT converge gn = (annCAna bn7 ana Cn, CC'n) — g = (a’aCA) b)QB)C; CC’) S T — T with
a+b+c=1, then A(g,) — ¢ € A(T") — A(T) also; while if points in A(T") converge
to a limit in A(T) then that limit has perimeter 1 and is in T since A(T) C T.

We can obtain the boundary points in another way, namely by applying the map
A to those points in T'— T' for which the perimeter is non-zero, for if a sequence
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¢n € T converges to ¢ € T with the perimeter of ¢ non-zero, then for all large n the
perimeter of ¢, is non-zero also, whereupon A(qg,) is a sequence in A(T") converging

to A(q) € A(T).
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Chapter 5

Appendix: Some properties of
plane triangles

5.1 Orientation

Consider three distinct points in the plane
A(za,y4), B(zs,y), C(zc, yc).

We describe a criterion to check whether the points A,B,C are colinear. Indeed,
A,B,C are colinear if and only if the vectors

—
AB = (zp — Ta,YB — Ya)

—

AC = (z¢ — Ta,Y0 — Ya)
are dependent. Thus A,B,C are colinear if and only if

Ip — T4 YB — YA
Toc—TA Yo —Ya

0=

= (25 — za)(yc — Ya) — (Y — ya)(zc — z4a).
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Next consider a triangle determined by an ordered triple of distinct non-colinear
points in the plane, again labelled

A(:EA) yA), B(xB) yB)’ O($Ca yC)

We describe a criterion to check whether AABC is c&‘igntgg clockwise or counter-
clockwise. Since A,B,C are not colinear, the vectors AB, AC are independent and
therefore provide a basis for R%. Now AABC is oriented clockwise if {1@) ,ZE’)} is a
basis for R? with negative orientation, and is oriented counter-clockwise if the basis

has positive orientation. We thus obtain the following criterion for the orientation of
a triangle:

(x — 2a)(yoc — ya) — (yg — ya)(xc — z4) < 0 & AABC oriented clockwise

(B —xA)(yec — ya) — (ys —ya)(zc — x4) > 0 & AABC oriented counter-clockwise.

5.2 Area

By a well-known formula the vectors AB , AC are two sides of a parallelogram
with area equal to the absolute value of the determinant of the matrix {fl_g} . Thus

we also have the formula

1lizp —- _
area AABC = += [*B %4 YB —¥a
2|c—%a Yo —Ya

Additionally we record two expressions for the area R of a triangle having side-
lengths a, b, c:

R=+/s(s—a)(s —b)(s —c)

1
= Z\/(a2 + 02+ 2)? - 2(a* + b* + )

where s = %b“ is the semi-perimeter.
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