Claremont Colleges

Scholarship @ Claremont
HMC Senior Theses HMC Student Scholarship

2024

The Dual Boundary Complex of the Moduli Space of Cyclic
Compactifications

Toby Anderson

Follow this and additional works at: https://scholarship.claremont.edu/hmc_theses

b Part of the Algebraic Geometry Commons, Discrete Mathematics and Combinatorics Commons, and
the Geometry and Topology Commons

Recommended Citation

Anderson, Toby, "The Dual Boundary Complex of the Moduli Space of Cyclic Compactifications" (2024).
HMC Senior Theses. 284.

https://scholarship.claremont.edu/hmc_theses/284

This Open Access Senior Thesis is brought to you for free and open access by the HMC Student Scholarship at
Scholarship @ Claremont. It has been accepted for inclusion in HMC Senior Theses by an authorized administrator
of Scholarship @ Claremont. For more information, please contact scholarship@claremont.edu.


https://scholarship.claremont.edu/
https://scholarship.claremont.edu/hmc_theses
https://scholarship.claremont.edu/hmc_student
https://scholarship.claremont.edu/hmc_theses?utm_source=scholarship.claremont.edu%2Fhmc_theses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/176?utm_source=scholarship.claremont.edu%2Fhmc_theses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/178?utm_source=scholarship.claremont.edu%2Fhmc_theses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/180?utm_source=scholarship.claremont.edu%2Fhmc_theses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarship.claremont.edu/hmc_theses/284?utm_source=scholarship.claremont.edu%2Fhmc_theses%2F284&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@claremont.edu

The Dual Boundary Complex of the Moduli
Space of Cyclic Compactifications

Toby Anderson

Dagan Karp, Advisor
Siddarth Kannan, Advisor

HARVEY
COLLEGE

Department of Mathematics

May, 2024



Copyright © 2024 Toby Anderson.

The author grants Harvey Mudd College and the Claremont Colleges Library the
nonexclusive right to make this work available for noncommercial, educational
purposes, provided that this copyright statement appears on the reproduced
materials and notice is given that the copying is by permission of the author. To
disseminate otherwise or to republish requires written permission from the author.



Abstract

Moduli spaces provide a useful method for studying families of mathematical
objects. We study certain moduli spaces of algebraic curves, which are
generalizations of familiar lines and conics. This thesis focuses on the dual
boundary complex, A", of the moduli space of genus-zero cyclic curves.
This complex is itself a moduli space of graphs and can be investigated with
combinatorial methods. Remarkably, the combinatorics of this complex
provides insight into the geometry and topology of the original moduli
space. In this thesis, we investigate two topologically invariant properties of
AU™_ We compute its Euler characteristic, and we provide a conjecture and
multiple possible proof techniques for calculating its homotopy type. Finally,
we briefly discuss additional questions that might provide interesting future
investigation of this complex.
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Chapter 1

Introduction

When studying some mathematical object, rather than just focusing one one
specific instance of that object, it may be more useful to study all objects of
that type and learn how they behave as a family. For example, given a linear
map F : R" — R", we may want to learn which points get mapped to 0.
Rather than just one point, we often group all such points into the subset
of the domain known as the null space or kernel. This type of reasoning
motivates the idea of a moduli space.

Definition 1.1 (Informal). A moduli space is a geometric space whose points
represent isomorphism classes of algebraic or geometric objects.

In other words, moduli spaces provide a concise way to describe unique
instances of some class of mathematical objects. To gain some intuition,
consider the following example of a moduli space.

Example 1.1. Consider the moduli space of circles in R? centered at the origin,
where we consider two circles to be equivalent if they have the equal radii. A circle
with radius r is given by the equation

Cr:x?+y?=r2

where r > 0. Thus, the moduli space of these circles is the positive real numbers,
R™*, where each r € R? represents the circle with radius r. We can extend this to
circles in R? centered at any point. At first, it might seem more difficult to find
this moduli space since these circles are harder to compare than the subset of those
centered at the origin. Note, however, that translating the circles does not affect
their radii, and therefore does not change which ones we consider to be equivalent.
By translating each circle to be centered at the origin, we can apply the same process
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described previously. Thus, the moduli space of all circles in R? is R*. (See Figure
1.1)

Figure 1.1 Two circles and their representative points in R™*.

Example 1.2 (Brandt). For a slightly more complex example, consider the moduli
space of triangles in R?, where we consider similar triangles to be equivalent (i.e.
two triangles are equivalent if they only differ by scaling and rotating. Equivalent
triangles have the same angles and ratios of side lengths). To compare and these
triangles in a way that doesn’t change which ones we consider to be equivalent,
rotate, scale, and translate each triangle so its shortest side is the line segment from
(0,0) to (0,1). Then, a triangle is formed by choosing some point (x,y) as the
third vertex. Does this mean the moduli space of triangles is R?? Sadly, it is not
quite that simple. Because we want a unique point in our moduli space to represent
classes of equivalent triangles, there are a few redundancies we need to consider.

(1) If the third vertex is located on the y-axis, we end up with a straight line, not
a triangle. Thus, x = 0 is not in this moduli space.

(2) Triangles with third vertex (—x,vy) and (x,y) are similar since they only
differ by a reflection across the y—axis. Thus, we only consider points where
x > 0 in this moduli space.



(_Iay) (az,y)

(3) Similarly, triangles with the third point (x, y) and (x, —(y—1)) are equivalent,
since they only differ by a reflection across y = 0.5, the midpoint of the shortest
side. Therefore, we only consider points where y > 0.5 in this moduli space.

(z,9)

(4) Finally, since we established the line segment (0, 0) to (0, 1) to be the shortest
side of the triangle, we do not consider any points within Euclidean distance
10f(0,0) or (0, 1).

Thus, the moduli space of triangles in R? can be visualized as the highlighted space
shown in Figure 1.2.

In algebraic geometry, a commonly studied moduli space is that of stable,
n-pointed rational curves, My ,,, which we can visualize as n distinct marked
points on a sphere. These curves and this moduli space will be described in
more detail in Chapter 2. We consider two of these spheres to be equivalent
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Figure 1.2 The moduli space of triangles in R?.

if there exists an automorphism that maps the marked points from one
sphere to that of the other. An automorphism is an invertible function that
maps a mathematical object to itself. Automorphisms of a sphere are Mébuis
transformations (see Chapter 2 for the definition of a Mobius transformation).
A curve in My, is considered to be stable when it has only finitely many
automorphisms. Notice that this is not true when it has two or fewer marked
points (i.e. n < 2). By situating these points at the same point or two
diametrically opposed points on the sphere, any rotation in which those
points are the poles is an automorphism (of which there are infinitely many).
Thus, only when n > 3 do we consider M, to be stable.

Now, consider a situation in which two marked points try to coincide.
Because we defined the marked points to be distinct, any sequence of points
approaching each other will not have a limit. This underlies the fact that My ,,
is not a compact space. Compactness is a desirable feature of topological
spaces as it guarantees many properties that make the space easier to work
with. Thus, mathematicians have been motivated throughout the years to
discover various ways to compactify M ;.

This thesis studies one such compactification, Z;, which is a generaliza-
tion of Losev-Manin space and was recently defined by Clader et al.| (2022).

. . _r . . . . .
Points in £, represent pointed cyclic curves satisfying a number of condi-
tions, which will be explored in Chapter 2. Equivalently, Z; parameterizes



the dual graphs of these curves, which lend themselves to combinatorial
exploration. We can visualize the whole space of dual graphs with A",

the dual boundary complex of Z; This can be thought of as a geometric
realization of the set of dual graphs, and presents itself as an simplicial
complex. A simplicial complex is a space built from simplices, which are
n-dimensional generalizations of triangles. For example, a 0-dimensional
simplex is a point, a 1-dimensional simplex is a line, a 2-dimensional simplex
is a triangle, a 3-dimensional simplex is a tetrahedron, etc. An n-dimensional
simplex is constructed from simplices that are degree n and below; A}, is an
(n — 1)-dimensional simplicial complex.

In this thesis, we use combinatorial methods to explore a variety of
geometric and topological properties of A}, notably, its Euler characteristic
and homotopy type.

The Euler characteristic, denoted ), was originally defined for surfaces
of polyhedra according to the formula y = V — E + F, where V,E, and F
represent the number of vertices, edges, and faces of the given polyhedron
respectively. It is additionally a commonly used formula to identify planar
graphs. In general, the Euler characteristic is a topological invariant and can
be applied to simplicial complexes as follows.

Definition 1.2. Let X be a simplicial complex and let X[k] be the set of k-
dimensional simplices in X. Then, the Euler characteristic, x of X is defined

as
dim(X)

x(X)= > (DFIXK]
k=0

In other words, it is the alternating sum of the number of m-dimensional simplices
inX forallm=0,1,...,dim(X).

Homotopy type is a property of a topological space that provides insight
into its general structure. If two spaces have the same homotopy type, we
should be able to continuously deform one space to the other by compressing,
dilating, and translating its parts, but without cutting, gluing, or ripping its
parts. For example, we can continuously map R2\ {(0,0)} to a unit circle by
sending each x € R2{(0,0)} to the nearest point on the circle (see Figure 1.3).

Thus, R? \ {(0,0)} and the unit circle have the same homotopy type.
What if we did include the origin and instead tried to deform R? to to unit
circle? Notice that a unit circle has one hole while R? does not. There is no
way to continuously deform R? to a circle without "ripping" it somewhere to
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Figure 1.3 A continuous deformation from R? \ {(0,0)} to S*.

create that hole. Thus, R? and the unit circle do not have the same homotopy
type.

In Chapter 2, this thesis will start by giving additional background on
moduli spaces, specifically moduli spaces of stable marked curves, then,
in Chapter 3, explain how we can use various combinatorial and graph
theoretical representations to describe the boundary of these spaces. Chapter
4 provides example calculations of the dual graphs and A" for small r, 1.
In Chapter 5, we delve into the investigation of the Euler characteristic of
AU We provide and prove that conjecture that XA =1 —(1-r).
Chapter 6 details the homotopy type of AU, Although we do not prove
its homotopy type, we provide a conjecture and discuss two possible proof
techniques. We conclude with Chapter 7, which discusses future work for
calculating the homotopy type, as well as other interesting questions about
AU that could be explored.



Chapter 2

Moduli Spaces of Stable
Marked Curves

In this chapter, we take what we learned about moduli spaces in the previous
chapter and introduce a few examples relevant to this thesis. We start by
formulating projective space as a moduli space, then

we will introduce the concept of a moduli space, then provide examples
of moduli spaces of stable, marked curves that build to the space studied in

this thesis, Z:,, which is the generalization of the Losev-Manin space.

2.1 P! as a Moduli Space

Consider two distinct lines in the real, Euclidean plane. At how many
points do they intersect? This depends, because if the lines are not parallel,
they intersect at one point, but if they are parallel, they do not appear to
intersect. By Bézout’s theorem, for two curves C; and C; of degree m and
n respectively, we expect mn intersection points (counting multiplicity).
However, some might appear missing because they coincide, are complex,
or, as in the case of the two parallel lines, occur at infinity.

Curves intersecting at infinity might sound unintuitive or impossible
at first in the geometries we commonly work with. Thus, these examples
motivate projective geometries, in which points at infinity are considered
"normal" points and are handled in a uniform way. For example, consider
the complex projective line, or [P’ql: (from now on, we omit the C when referring
to this space). The complex projective line extends the complex numbers by
adding a point at infinity. Essentially, P* = C! U {co}.
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Definition 2.1. P! is defined as a moduli space of lines in C? through the origin.
Then,

Pl={(x:y)eC*|(x:y) # (0:0)}/~
where where (x : y) ~ (Ax : Ay) forany A # 0in C.
To understand P!, consider the geometry of the subset U ¢ P! such that
x # 0. Then, there exists a bijection f from U to C,
f:u—=C
(x:y)—y/x.
We see that f adheres to the equivalence relation, as f((Ax : Ay)) = Ay/Ax =
y/x. This bijection has inverse
fl.c-u
z (1:2z2).
Now, consider P! \ U. Since x = 0, these ordered pairs have the form
(0: y). Scaling by 1/y, we see that this subset is equivalent to just one point
(0:1) > 1/0.
Taking the union of these two subsets, we see that Pl=Ccu((:1).

Topologically, the complex plane is equivalent to R?, so how do we visualize
R? plus a point?

Definition 2.2 (Weisstein). The stereographic projection is a bijective map obtained
by projecting points P on an n-dimentional sphere, S", from its north pole, N, to
an n-dimensional plane, R", tangent to its south pole with

S"\{N} «— R"

X1 Xn
(x1,..., %) — [ ———, ...,
1- Xn+1 1- Xn+1

21 2yn Zy)-1
Cy)+1" (T +1(ZyH+1

See figure 2.1 for a visualization.

) —i (Y1, , Yn)-

Under the stereographic projection, every point on S except N is mapped
to a point on R2, so R? is topologically equivalent to a sphere minus a point.
Applying this to P!, we note that the subset U is topologically equivalent
to $Z minus a point, N. However, P! has the additional point (0 : 1), so we
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N

Figure 2.1 The stereographic projection from 52 to R?.

can define this point as mapping to and from N. Thus, P! is topologically
equivalent to the 52 and will be visualized as such for the in this thesis.
Additionally, we consider the point (0 : 1) to be the point at infinity. To see
why, note that trying to project N = (0 : 1) to R? using the stereographic
projection, we get a line that runs parallel to the plane. In other words, we
could say that (0 : 1) projects toR? at infinity.

2.2 Moduli Space of 1 Points on P!

M, is the moduli space of n-marked smooth curves of genus zero up to some
isomorphism class. Equivalently, My , is a moduli space of isomorphism
classes of n ordered distinct marked points on P!. Formally,

Mo ={(p1,p2,...,pn) € P | pi # pjfori # j},

under an equivalence relation, ~, such that consider (p1,p2,...,pn) ~
(91,92, - -.,qn) if and only if there exists some automorphism of P!, @, such
that ®(p;) = g; for all i. We denote the set of all automorphisms of P! as
Aut(P!). In general, automorphisms of P! are Mobius transformations.

Definition 2.3. Mdbius transformations are rational functions from P! to P! of

the form
az+b

cz+d’
where a,b,c,d,z € Cand ad — bc # 0. Geometrically, Mébius transformations
first apply the inverse stereographic projection from P! to S?, moving and rotating
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Figure 2.2 Visualization of a pointin Mg

the sphere to a new orientation, then applying the stereographic projection to get
back to P*.

We can also think of automorphisms of P! as a part of the projective
linear group PLG;(C).

Definition 2.4. The projective linear group PLG,(C) consists of 2 X 2 invert-
ible matrices with nonzero determinant under an equivalence relation such that
transformations scaled by some A € C* are isomorphic. In other words,

abNAa)\b
c d Ac Ad

where a,b,c,d € C. Then, a point (x : y) € P! is transformed to (ax + by :
cx +dy).

An element @ € Aut(P?) is uniquely determined by its action on three
distinct points. In other words, for p1, p2, p3 € Pl and @, ®’ € Aut(P), if
D(p1) = D' (p1), P(p2) = ¥’ (p2), and P(p3) = P’(p3), then ® = @’. Addition-
ally, for some q1, 92,43 € P! there exists a unique @ € Aut(P') such that
D(p1) = q1, D(p2) = g2, and D(p3) = g3. Thus, we can see that M3, for
example, is a single point. This point is typically delineated {(0,1, >)}. Asa
further example, we can see that

Mo, =P\ {0,1, co0}.
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In other words, given four points (p1, p2, p3, p4) € P!, we can always perform
the unique automorphism of sending (p1, p2,p3) to (1,0,00). Then, the
isomorphism class is determined by where p; is sent. Note that p4 cannot be
sent to 0,1, or oo, as we defined p; # p; when i # j. Going a step father, a
point in My 5 has equivalence class Representative

(O, 1/ o, CD(P4)/ q)(PS))/
where ® € Aut(P'). Thus,
Mos = (Moa X Mpa) \ {diagonal},

where the diagonal refers to points in which ®(p4) = @(ps). In general,

n—3 times

Mo = (Moa XX Mpa) \ {all diagonals}.

As an additional way to formulate My ,, we can turn to configuration
spaces.

Definition 2.5. For a topological space X, the configuration space Conf, (X) is the
set of ordered n-tuples of distinct points on X.

We can alternatively define My, as the quotient space Conf,(P!)/~, where
(p1,p2,---,Pn) ~ (1,92, .., qn) if and only if there exists an automorphism
@ of P! such that (®(p1), D(p2), - .., P(pn)) = (91,92, - - -, Gu)- In general,

Mo, = Conf,_3(P!\ {0,1, c0})

forn > 4.

2.3 Compactifications of M ,

For all n > 4, My, is not compact. Notably, there are missing "limit points;"
for example, Mo 4 is missing the points 0, 1, and co. Importantly, points
are not allowed to coincide. Therefore, any sequence in which a point is
approaching a missing point or two points are approaching each other does
not have a limit.

There are many reasons that compactness is a desirable quality for moduli
spaces; as an example, compact spaces are better suited for intersection
theory, which then allows for their use in enumerative geometry (Cavalieri,
2016). Thus, several compactifications of My, have been proposed over the
years.
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231 Mo,

Discovered by Deligne and Mumford (1969), one way to compactify M, is to
allow points that are trying to coincide to "bubble off" onto a new component
(i.e. a new copy of P'). When this occurs, the resulting curves are called
degenerations. The point at which components in these degenerations meet is

called a double point. This provides us with the space My ,. More formally,
we can define M ,, as the moduli space of stable rational n-pointed curves.

Definition 2.6. Cavalieri|A stable rational n-pointed curveisa tuple (C, p1, ..., Pn)
such that

(1) Cisa connected curve of genus o whose only singularities are double points,

(2) (p1,-..,pn) are distinct points of C and are not located at the singularities,
and

(3) the only automorphism of C that preserves the marked points is the trivial
automorphism.

Condition (3) of Definition 2.6 requires that, in order for a curve in Mo,n
to be stable, each component must have at least three special points, where a
special point is either a double point or one of the marked points.

Example 2.1. Figure 2.3 pictures all unique degenerations in M(M. Any further
degenerations are not stable (i.e. at least one component has fewer than three special
points).

Example 2.2. Figure 2.4 shows degenerations in Maos. The figure is not exhaustive.

2.3.2 Hasset Space

Hassett| (2003) presented an alternate compactification of My, that assigns

weights to each of the marked points. This produces Mo, which is the
moduli space of weighted stable rational curves.

Definition 2.7. Let w € Q" be a weight vector with 0 < w; < 1 for all i =
1,2,...,n. Aweighted stable rational curve is a tuple (C, p1, ..., pn) such that

(1) Cisa curve of genus o,

(2) p1,-..,pn are n smooth points of C and if two points p; and p; coincide,
w; +w; <1,and
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/
~~

Figure 2.3 Stable degenerationsin MOA.

(3) on each component of C, the number of nodes plus the sum of the weights
must be strictly greater than 2.

2.3.3 Losev-Manin Space

The Losev-Manin space, £, was proposed by Losev and Manin| (2000) as
another compactification of My ;. It generalizes Hasset spaces, which are
recovered in the special case when the weight data w = (1,1,¢,¢,...,¢€).
The points with weight 1 are "heavy"—they are not allowed to coincide with
other marked points—and the n points with weight € are "light"—they are
allowed to coincide with other light points.

2.3.4 Generalizations of Losev-Manin Space

Batyrev and Blume| (2009) extended the work of Losev and Manin by

—2
constructing the moduli space £, with an involution o, two fixed light
points of o, one heavy orbit of marked points, and n light marked points.

Recently, (Clader et al. (2022) generalized this to Z;

Definition 2.8. In C, z' = 1 has r solutions of the form e*™/" for k €
{0,1,...,r}. These are the rth roots of unity. They form a cyclic group of
order r under multiplication, which is generated by e*™ /" when gcd(k,r) = 1.
These are called the primitive roots of unity.
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Figure 2.4 Stable degenerationsin M(w.

The space L], parameterizes n orbits of light marked points of points on
P! under the action by the ' roots of unity, yi,. There also exists an (1 + 1)
heavy orbit. The fixed points {0, oo} (often denoted {x*, x~}) may coincide
with the light orbits, but must remain separate from the heavy orbit.

Using similar intuition as to that behind the fact that My, isn’t compact,
we find that £}, is not compact as well. We note that a sequence of points
trying to coincide with any point in the heavy orbit will not have a limit.
Thus, the following compactification is presented.

Definition 2.9 (Clader et al.). An r-pinwheel curve is a tree of projective lines
meeting at nodes, consisting of a central P from which r equal-length chains of
Ps (called spokes) emanate. If the spokes have length k, we say that the pinwheel
curve has length k (See figure 2.5).

Definition 2.10 (Clader et al.). An (r, n)-curve consists of

(1) an r-pinwheel curve C,
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Figure 2.5 A 3-pinwheel curve of length two.

(2) an automorphism ¢ = C — C of order r rotation,

(3) two distinct fixed points x* and x~ of o,

(4) n labeled orbits of o, (2, ...,2z7%), ..., (23, ..., z57") such that a(z{) =

i+1(mod
zf (imo r), and

(5) an additional orbit (v°,...,y""") such that q(yl) = yl+1modr) which are
distinct from one another as well as from the zf 's and the fixed points.

An (v, n)-curve is stable if each component of C contains at least two
heavy points (nodes or y') and any components with exactly two heavy

points must contain at least one of x* or zf . This forces the requirement that
(1) ¥%, ...,y ! must lie on the r leaves of the pinwheel curve,

(2) the automorphism ¢ must be a rotation taking each spoke to another,
and

(3) the fixed points x* must lie on the central component.
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Y

Figure 2.6 Astable (3,3)-curve.

Then, Z;, the compactification of L], is the moduli space of stable (r, n)-
curves.



Chapter 3

Combinatorics of the Boundary

In this chapter, we explore the ways in which the boundary of Mo,n and Z;
can be defined combinatorically. We define the boundary of some space X
as X \ X, or in other words, the elements in the compactification that are
not in the original space X. We will introduce dual graphs, then show how

those can be used to construct the dual boundary complex for both Mo,n
—r
and £,,.

3.1 Dual Graphs of ﬂo,n

Definition 3.1. An n-marked tree is a connected finite tree T together with bijection
leaves(T) «— {1,...,n}

where leaves(T) refers to the set of vertices in T with degree 1.

We can represent points in the boundary of M, as n-marked stable trees
in which

(1) each component and marked point is represented by a vertex,

(2) there is an edge between a marked point and the components in which
it is contained, and

(3) there is an edge between components that share a double point |Chan.

Thus, an n-marked tree being stable implies no vertices of degree two;
each marked point corresponds to a leaf and each component should have
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degree at least three. Any vertex with degree two implies a component with
only two special points, which is not stable.
These n-marked stable trees give us the dual graphs of the boundary of

Mo,w The set of all these dual graphs is denoted I' ;.
Example 3.1. The boundary points of Mo,4 can be represented with the following

4-marked stable trees:
| I I l
P 2] P P2 P P2
P2 1 2 2 y2 P3

Example 3.2. The following are examples of 5-marked stable trees for the boundary
points of Mo s.

’ l l

n P1 P2 P2 p3
Ps b2 H 3 +—T—+
Pa 2 Ps P P4

2 D3

3.2 Dual Graphs of Z;

Similarly, we can define the boundary of Z; using dual graphs as well.
These graphs are (r, n)-trees, in which there are
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(1) nodes for each component,

(2) edges between the connected components (i.e. components that share
anode), and

(3) leaves for each point on an orbit and both fixed points.

The stability conditions for (7, n)-curves listed in the previous chapter induce
stability conditions for (r, n)-trees. For an (r, n)-tree to be stable,

(1) no node can be of degree two (the marked and fixed points are leaves
with degree one and the nodes representing components must have
degree at least three),

(2) the heavy orbit (y°, ..., ") must be incident to the outermost modes,

(3) the fixed points x*, x~ must be incident to the central vertex, and

(4) there must be at least one light marked point z{ on each of the non-
central nodes.

The length of a tree is the number of internal edges (i.e. edges between
components) that emanate from the central component on each of the r
spokes. The stability conditions imply that stable (7, n)-trees range in length
from 1 to n.

1
z _._ Y1
0
._ 28
Y2 Yo
7 23 zt T z 2y

Figure 3.1 Astable (3,2)-tree of length two.

The set of all dual graphs of the boundary of Z; is denoted T'").



20 Combinatorics of the Boundary

3.3 Dual Boundary Complex of Ho,n

There exists a bijection between boundary strata in Mo, and isomorphism
classes of n-marked stable trees with at least one internal edge.

Let Ag,, be the topological space defined by

Ao =3(T,1)| T €@y, | : Internal Edges(T) — Ry, Z Ie) =1
e€lE(T)

In other words, Ag ,, is the space of n-marked stable trees with at least one
internal edge such that these internal edges are labeled with nonnegative
real numbers that all sum to one.

Example 3.3. Let T be the following tree in Iy 5:
n1 P2 b4

P3 Ps

Then, we want to know the space of all length functions of the internal edges x and
y such that x + y = 1. This space is given by

{(x,y)elelx,yZO, x+y =1}

(0,1)

(1,0)



Dual Boundary Complex of Mo,n 21

We can see that this space is a 1-simplex.

Definition 3.2. A standard simplex is given by

Gn:{(xl,...,xn)|xi20, Zzl}'
Xi

We can think of simplices as generalizations of triangles. For example,
a 0-simplex is a point, a 1-simplex is an line, a 2-simplex is a triangle, a
3-simplex is a tetrahedron, etc. The simplex defined by any subset of the
n + 1 points that define an n-simplex is a face of that simplex.

Definition 3.3. A simplicial complex K is a topological space that is built from a
set of simplices under the following conditions:

1. The faces of each simplex o € K are also in K.
2. Any nonempty intersection of two simplices 01, 02 in K is a face of each.

For example, a graph is a 1-dimensional simplicial complex.

In general, if T € Ty, with k + 1 internal edges, then the space o(T') of
length functions on the internal edges of T of total length one is a standard
k-simplex.

We can define A, as

Ao =|| | o/~

Tel"o,,,

where ~ is the equivalence relation such that an internal edge that is labeled
with a 0 is the same as that edge being contracted (Chan, 2017).

p1 P4 p1 P4

P2 p3 Ps p3 ps

Figure 3.2 An example of two equivalent dual graphs
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In general, Ay, is an (n — 4)-dimensional simplicial complex. We call
Ao, the dual boundary complex of Z,:

Example 3.4. The dual boundary complex of Moa, Ao, is a o-dimensional
simplicial complex consisting of three vertices. The vertices are labeled with the
dual graphs they represent.

P Ppa b1 P4 P ps
P2 Ps b3 P2 Pa P2

Example 3.5. The dual boundary complex of ﬂ% is a 1-dimensional simplicial
complex (i.e. a graph). A partial construction is shown below, where the vertices
and edges are labeled with the dual graphs they represent.

*

]

=
<

y

F

.
2
s
~
S
A 3
"
5

< | o< —<

s

4
3 \
L‘

Si :7.
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When completed, Ao 5 is isomorphic to the Petersen graph.

3.4 Dual Boundary Complex of ZZ

Similarly, we can define the dual boundary complex of Z;, which is the
geometric realization of TV,
Let A" be the topological space defined by

A"™ = {(G,1)| G €7, I : Internal Edges(G) — Ryxo}/~
Additionally, the metric function / must satisfy the following conditions:

(1) I is constant on orbits of edges, that is, [ assigns the same value to
edges in the same orbit, and

(2) the sum of the total metrics is fixed to . Combined with the first
condition, this forces the metrics of edges of each spoke to add to 1.

2] m——— Y1

Figure 3.3 An example of two equivalent dual graphs with labeled edge
lengths.

In general, A}, isa (n—1)-dimensional simplicial complex. Dual graphs cor-
responding to (7, n)-curves of length k are represented by (k —1)-dimensional
simplices. These simplices are adjacent if there exists an (r, n)-stable tree
such that contracting one orbit of edges produces an (r, n)-stable curve that
is isomorphic to the other.
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y E o Z, w2
Y e ® .+
2 2, * 2° y 2! " 20 w 2 Xz

Z L N

Figure 3.4 An example of how simplicies in A??) are connected by edge
contractions of the dual graphs they represent.

Examples of AU are presented in the next chapter.



Chapter 4

Example Calculations

In this chapter, we present calculations of T"") and A"™ for small r, n.
We also present a proposition about the number of maximal trees in T/
Note that in this chapter, we do not label the fixed points x* and x~ on
the (r, n)-trees; they are the unlabeled leaves on the central component.
Additionally, when calculating the number of trees of each length in sections
4.3,4.4, and 4.5, we assume that the component to which each yi is incident
is fixed (see figure 4.1 for an example). Figures showing the result of all of
these calculations are given in section 4.6.

41 Whenn =1

With only one orbit of light marked points, all trees in T"/!) are length one.
Each tree is uniquely determined by the component on which z{ is located
(i.e. with which y* it shares a node), as the automorphism ¢ will determine
where the rest of the points in the orbit are sent. Thus, there are r trees of
length 1in TV, and A" consists of r 0-simplices.

4.2 Maximal trees in I'"")

For any 7, the longest a tree in T/ is length 1. Based on If the length k was
larger than 1, we would have n orbits for k > n components on each spoke,
so by the Pigeonhole principle, at least one component will not contain a
light marked point. This goes against the stability conditions.
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Figure4.1 A consists of three vertices that correspond to length one trees.

The only way to create a stable tree of length 7 is with exactly one light
orbit z? on each non-central component.

Proposition 4.1. There are r" - n! trees of length n in T,

Proof. There are n! distinct ways to order the n orbits (z?, el Zl.r_l) on the
n components. Then, consider z? for each of the n orbits of points. There
are r spokes on which to assign this point; the rest are determined by the
involution o. Thus, there are r" - n! distinct trees of length n in T as
desired. O

4.3 Calculation of I'®? and A%?

With two orbits of light marked points, trees in T'>? will be either length
two or length one. There are two different options of what trees of length
one could look like.

(1) We could assign both orbits of points to the outside components. Then,
for both orbits, there are two choices for which point to assign to the
same component as y°. Thus, there are four of those length-one trees.

(2) Alternatively, we can assign one orbit of points to the central component
and the other to outside components. In this case, there are two choices
for which orbit to assign to the outside component, and another two
choices for which point to assign to the same component as y°.

Thus, there are eight total trees of length one in T??)
The length two trees in 22 are maximal, so we can use Proposition 4.1
to calculate that there are 22 - 2! = 8 trees of length two.
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Calculating the connections between simplices in A>?) using edge con-
tractions as described in the previous chapter, we find that A*? is a one-
dimensional simplicial complex that is isomorphic to Cg, the cycle graph on
eight vertices (see section 4.6.1).

4.4 Calculation of I'®? and A2

As in the previous section, these curves have two orbits of light marked
points, so trees in T2 will be either length one or two. Starting with the
length one trees, similar to our calculation of length one tree in T?>?) there
are two options for what these trees could look like.

(1) We can assign both orbits to the outside components. In this case, there
are three choices for each of the orbits of which of the three points to
assign to the same component as y°. Thus there are nine total trees of
this type.

(2) Otherwise, we can assign one orbit to the central component and one
orbit to the outside components. Then we have the choice of which of
the two orbits to assign to the outside, as well as which of the three
points in that orbit assign to the same component as y°. Thus, there
are six trees of this type.

Trees of length two are maximal, so we use Proposition 4.1 to calculate
that there are 32 - 2! = 18 trees of length two.

Calculating the connections between simplices in A®?) using edge con-
tractions as described in the previous chapter, we find that A®?) is a one-
dimensional simplicial complex that is isomorphic the graph shown in
section 4.6.2.

4.5 Calculation of I'®>? and a partial calculation of A

—2
The curves in £; have three orbits of light marked points, so trees in >3
are either length three, two, or one. Starting with length one trees, there are
three options for what these trees could look like.

(1) If we assign all three orbits to the outside components, then there are
two options for each of which of their points to assign to the same
component as y°. Thus, there are 2% = 8 trees of this type.
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(2)

©)

If we assign two orbits to the outside components and one orbit to the
central component, then there are (g) options for which two to assign
to the outside components. Then, there are two options for each of
those two orbits on which point to assign to the same component as
y°. Thus, there are (3) - 22 = 12 trees of this type.

If we assign one orbit of points to the outside components and the
other two to the central components, then there are three options for
which orbit to assign to the outside components. Then, for that orbit,
there are two choices of the point that will be assigned to the same
component as y°. Thus, there are 3 - 2 = 6 length one trees of this type.

In total, there are 26 trees of length one in T??). For length two trees, there
are again three options as to what these trees could look like.

(1)

©)

We could assign one orbit to the outside components, one to the middle
components, and one to the central component. There are 3! unique
ways to make these assignments. Then, for the orbit on the middle and
outside components, there are two choices for which point to assign to
the same spoke as y°. Thus, there are 3! - 22 = 24 length two trees of
this type.

Alternatively, we could assign two orbits to the outside components
and one orbit to the middle components. There are (g) ways to assign
two orbits to the outside components. Then, for all three orbits, there
are two choices for which point to assign to the same spoke as y°. Thus,

there are (3) - 2% = 24 length two trees of this type.

We could also assign two orbits to the middle components and one
orbit to the outside components. This is the same calculation as (2),
just with the middle and outside components switched. Thus, there
are (3) - 23 = 24 length two trees of this type.

In total, there are 72 trees on length two in I??). Length three trees are
maximal, so we can use Proposition 4.1 to calculate that there are 23 x 3! = 48
trees of length three in T>%),

Since n = 3, the dual boundary complex is a two-dimensional simplicial
complex, which is harder to visualize than the graphs that we calculated in
the previous sections, we provide a partial construction of A??) in section

4.6.3.



Figures 29

4.6 Figures

4.6.1 T2 and A2

There are eight length one trees in T>? which are shown below.

22 %2 21 22 %2 1
1 0
zi 2] 31 Yo
20 2 I S R
1 0
zq z] a1 Yo
1 0 1 1 0 0
z3 23 23 zi 2§ 23
3 J_+_+_+_y 7:%
29 21 Y1 Yo
3 % z ooz Az
2% 2} Y1 Yo

21 22 22 21 22 21 21 22
Y1 Yo Y1 Yo
2z 2z 2 2 2z
Y1 Yo Y1 Yo
2 29 2 A 2 29 2 29
u+_$_+_$_+ 15;+_$_+_$_+
Y1 Yo Y1 Yo
29 29 23z 2y 2 2t 23
12+_$_+_$_+ 16:+_$_+_$_+
Y1 Yo Y1 Yo

The dual boundary complex, A22) jg isomorphic to the cycle graph on eight
vertices, Cg. Labels on the simplices indicate their corresponding dual
graphs as labeled in the images above.
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4.6.2 T©32 and AG2

12

There are 15 length one trees in T®? which are shown and labeled below.

Y1 n . Y1
1 2: 3:
1 2 2 0 0
23 zi z3 23 289 29
2 0 0 1 1 2
23 289 28 z3 23 z3
Y2 —+ +— Yo Y2 —+ +— Yo Y2 —+ +— Yo
L2 0 0 1 1 2
23 29 29 zi 2z z3
Y Y Y
4: 5 6:
0 1 1 2 2 1
28 zi z3 z3 z5 2z
: : 1
25 22 22 23 29 23
Y2 —+ +— Yo Y2 —+ +— Yo Y2 —+ Yo
) 0 0 1 2 0
23 25 25 2z i 25
Y Y Y
7 8: 9:
»2 1 0 2 L1 L0
23 2 23 23 23 25
0 1 1 2 2 0
28 23 23 25 25 29
Y2 —+ +— Yo Y2 —+ +— Yo Y2 —+ +— Yo
2 0 0 1 1 2
21 21 21 21 21 21
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10: z3 Y1
z2 29
Y2 2 21 22 Yo
3 1 1
13: 2 Y1
22 29
Y2 23 2} 22 Yo

There are 18 length two trees in 32 which are shown and labeled below.

Y2

21

Yo

Yo

Yo

. 0
11: 25 Y1

2 23
Y2 2) 21 22 Yo
14: 2 Y

21 22
Y2 29 24 22 Yo

12: 22 Y1

29 23
t

Yo 29 21 22 Yo

15: 22 Y

z zi

¢ ¢

Y2 29 24 22 Yo

Y2

Yo
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Y2 2 ] Yo Y2 z) z Y

Y2 oz 2 Yo Y2 oz 2 W Y2z 2 Yo

The dual boundary complex, A®?), is a one-dimensional simplicial
complex isomorphic to the graph shown below. Labels on the simplicies
indicate their corresponding dual graphs as labeled above.

15 17 5 98 10 95 L g5 I3

@ @ @
20 31 22
23 0> ®9 1@
19
29 18 27
6 3
32 33
12 o @ @ 11
21 14 24
8 7

30 26

4.6.3 T(23 and A2

There are 48 length-three trees in T'>® which are shown and labeled below.
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4:

Y Yo
2 A 4 I
T

Y1 Yo
A m o5 I T
10:

Y1 Yo
A 2 2z
13:

Y1 Yo
2 2z 2z A
16:

Y Yo
48 4 A
19:

% Yo
A 8 2 2 7
22:

Y1 Yo
25:

Y1 Yo
> I
28:

Y1 Yo
R - I

5:
Y1 Yo
23 24 21 29 23 29
8:
Y1 Yo
e R .| P . |
11:
Y1 Yo
I E - -
14:
Y1 Yo
4 @ o R
17:
Y Yo
24 2 A I
20:
Y Yo
0 0 1 0 1 1
22 21 23 Z3 21 22
23:
Y1 Yo
0 0 1 0 1 1
22 23 21 21 23 22
26:
Y1 Yo
0 0 0
23 21 23 23 21 Z2
29:
Y1 Yo
1 1 0 1 0 0
%2 43 A1 41 23 %3

6:

Y1 Yo
1 1 1 0 0 0

Zj ZZ Zl Zl ZZ Zj

9:

Y Yo

o R R o R

12:

Y1 Yo
0 1 1 0 0 1

23 23 21 z9 25 23

15:

Y1 Yo

18:

Y1 Yo
1 0 1 0 1 0

23 23 2 29 23 23

21:

h Yo

2 2 2] 2 2z

24:

Y1 Yo

29 29 21 29 23 2

27:

Y1 Yo

2} 21 29 Z B 29

30:

Y1 Yo

Az 2 R
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31 32: 33

Y1 Yo Y1 Yo Y1 Yo
PO R P R R e e B P I B
34 35: 36

Y1 Yo Y1 Yo n Yo
A m 4 S U T T SR R R T B g
37 38: 39

Y1 Yo Y1 Yo Y1 Yo
2 B4 I S R B a4 A oz A4 AR % a4
40 41: 42

Y1 Yo Y1 Yo Y1 Yo
4 4 2 4 4 A B A A S N T I 4 4 2
43 44: 45

Y1 Yo Y1 Yo Lt Yo
E P R R I S 4 #4 4 &£ A 2B 4 4 4
46 47: 18

Y1 Yo % Yo Y Yo
S 4 4 A4 4 A 4 4 4 4 4 4 4 4 4
There are 72 length-two trees in T>® which are shown and labeled below.

49: 50: 51:

Y1 Yo Y1 Yo It Yo
z} z.} z; z.g 29 29 z]l z.; Z3 28 zg 29 z; 24 23 zg 29 29
52: 53: 54:

Y Yo Y Yo Y1 Yo
4 o4 4 2 A 4 4 A4 o4 4 A4 A 4 4 4 A 4 3



55: 56: 57:

n Yo n Yo n

2 G 4 4 A 4 4 @ 4 4 4 4 B
58: 59: 60:

hn Yo Y1 Yo Y1

23 s A CE 2 z oo A
61: 62: 63:

Y1 Yo Y1 Yo Y

21 I 1 - T I 2z O B 1
64: 65: 66:

Y Yo Y Yo Y

2 4 4 B 4 A 4 A
67: 68: 69:

Y1 Yo Y1 Yo Y1

4 A T R 2 a4 40
70: 71: 72:

Y1 Yo Y1 Yo Y

4 %
73: 74: 75:

n Yo Y1 Yo %

z1 29 29 z1 z1

76: 77: 78:

hn Yo Y1 Yo Y

29 21 21 29 29

79: 80: 81:

Y1 Yo Y1 Yo Yi

ol i 2 2

Figures 35

o
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S —— &

I S

SL &

82:
Y1 2} 29
23 z} 23
85:
Y1 29 2]
s} ! 20
88:
Y1 29 21
23 23 2}
91:
Y1 z z3
23 29 21
94:
Y1 29 23
29 z1 29
97:
5

Z5 2z ) zy
100:
1
23 23
U1 _+_?_+_?_+_ Yo
29 29 2] 23
103:
0
23 23
U1 _+_?_+_?_+_ Yo
29 2] 29 23
106:
1
z3 2!

AL il S

84:
i 21 29 Yo
23 23 z} 23
87:
i 29 z1 Yo
23 23 z3 23
90:
Y1 2 29 Yo
23 B 2 7
93:
(7 29 z Yo
4 A LI
96:
v 29 z Yo
23 29 21 z
99:
7 3
Y1 _+_?_+_?_+_ Yo
29 21 29 2
102:
23 2
i _+_f_+_?_+_ Yo
23 29 2} 29
105:
7 3
Y1 _+_f_+_?_+_ Yo
£z 23 29 29
108:
2} 23
Y1 _+_f_+_?_+_ Yo
29 29 23 21
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109 110: 111
2 2 2 7 2 z
21 23 29 29 21 29 23 29 29 29 23 21
112 113: 114
23 z3 z1 29 21 29
A A4 oA oA A A4 A I
115 116: 117
21 29 21 29 29 21
B 5 @B B4 I B 5 %A
118 119: 120
29 2 29 21 29 21
B A 5 A R LA A4 5 %
There are 26 length-one trees in T®? which are shown and labeled below.
121: 122: 123:
21 zs P zs 2tz zs 7 28
Y1 2y 2 Yo U 2y 29 Yo N 2y 2 Yo
124: 125: 126:
28 zs A zs  Z 2t z3 2y 2 2tz za
(1 29 2 Yo 29 29 Yo N 2 28 Yo
127: 128: 129:
1 0 1 0 1 0
Y1 z3 z3 Yo Y1 zg z3 Yo Y1 zg z3 Yo

1
Z1 % Z3 21 Z1 %2 Z3 21 Z1 22 Zy 21
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130:

Y1 z3 29 Yo
29 29 :
133:

Y1 29 z5 Yo

Z1 %22 zy 21

135:

139:

23 zi 23 z3
145

0 1

23 Z3

Z3 %1

131:
Y1 29 23 Yo
2tz 29 29
134:
Y1 23 z5 Yo
2 23 zy 2
137:

<
[y
|
NO
%N
[
<
(=)

1 1 .0 0
1 %3 %3 Z1
140:
1 0
%) Z5
yl-+'--;>(%———+'—-y0
0 1 .0 1
Z3 Z1 21 Z3
143
1 0
Z3 Z3
Y1 —+++—y0
1 1 .0 0
Z1 Z5 Z9 Zq
146
0 1
Z3 Z3
Y1 —+++—y0
0 1 .0 1
Z1 Z5 Z9 Z3

132
Y1 29 23 Yo
2 7 25 71
135
1 0
Z2 23
Y1 —+++— Yo
Jo S R B
138:
0 1
Z9 29
Y1 —+++— Yo
A oz A
141:
z5 2
yl-‘bh--%)<g--+’-y0
1 1 .0 0
Z3 Z1 29 Z3
144:
z3 23
Y1 —+++— Yo
Az 2
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The dual boundary complex, A23)  is a two-dimensional simplicial
complex. We provide a partial construction by calculating the maximal
simplices and their faces. Labels on simplicies indicate their corresponding
dual graph as labeled above.

127
113 73
135 m 121
127
97 81
139 ™ 123
131
109 90
145 S 126
129
115 75
137 1 121
131
101 83
140 oL 123
132
111 92
146 126

127
113 81
135 ) 123
127
97 39
139 o 125
128
107 74
144 0 122
128
117 85
136 o 123
129
99 93
141 T 125
132
111 78
146 122

127
105 39
143 =5 125
128
117 74
136 TE 122
129
99 82
141 TS 124
128
107 91
144 o 125
130
119 76
138 o7 122
133
103 84
142 0 124

127
105 73
143 ) 121
129
115 82
137 = 124
131
101 90
140 0 126
131
109 77
145 ) 121
130
119 36
138 TS 124
133
103 94
142 5 126
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129

129

131

131

106

94

106

114

114

121

50

143

125

53

143

123

51

135

121

49

135

133

132

128

128

34

116

78

118

91

98

98

124

57

137

122

55

136

125

54

139

123

52

139

132

130

130

133

102

100

108

110

126

60

140

124

58

141

122

56

144

126

59

145

133

130

132

133

110

108

118

116

121

62

145

125

65

144

123

63

136

121

61

137

134

134

130

132

88

120

30

120

100

87

102

124

69

138

122

67

138

5

66

141

123

64

140

134

134

134

134

104

104

30

112

112

126

72

142

124

70

142

122

68

146

126

71

146



Chapter 5

Euler Characteristic of AU/

In this chapter, we use combinatorial techniques to compute the Euler
characteristic of A, An introduction to the Euler characteristic is provided
in Chapter 1, but to summarize, the Euler characteristic is a topological
invariant that is defined for simplicial complexes as follows.

Definition 5.1. Let X be a finite simplicial complex and let X[k] be the set of
k-dimensional simplices in X. Then, the Euler characteristic of X is defined as

dim(X)

xX) = > (DMK
k=0

In other words, it is the alternating sum of the number of m-dimensional simplices
in X forallm=0,1,...,dim(X).

By deriving a generating function for the number of k-dimensional
simplices in AU, we are able to prove that

YAy =1 —(1=r)".

5.1 Recursive Relation for |A""[k]|

Since the Euler characteristic is the alternating sum of the number of k-
dimensional simplices in a given simplicial complex, we need a way to
count the number of k-dimensional simplices in A", This is equivalent to
counting the number of length-(k + 1) trees in I To do this, we define
the following relation that is recursive on n:
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Proposition 5.1. Let r,n > 0 and -1 < k < n, and let |AU"[k]| denote
the number of k-dimensional simplices in A", Then, the following recursive
relationship on n holds.

AT ()| = (1 + K)AT Dk = 1]] + (r(k + 1) + DIAT" V(K] (5.1)

Proof. Since k-dimensional simplices correspond to length k + 1 trees in
rem (5.1) equivalently counts the number of length k + 1 trees in ), Let
T be some length k + 1 tree in T""). We want to count the ways in which we
can obtain T by adding an orbit to a tree in T""~1). We have two base cases.

(1) When k = -1, |[A""[-1]| = 1. This base case corresponds to a tree of
length 0, of which there is only one for all r, n (each marked point leaf
is incident to the center node).

(2) When n = 0, |A""[k] = 0. This base case corresponds to a tree with
no orbits of light points. Unless k = —1, there are no stable trees of this
form.

We proceed in cases.

® Case1: Let Ty be a length k tree in "= To obtain a length k + 1 tree,
we must choose a corresponding vertex on each spoke from which to
extend another edge and vertex. There are k + 1 options for this, as
we could choose any of the k vertices on a given spoke or the center
vertex. This new vertex will only have two incident edges, so to meet
the stability conditions, we must add an nth orbit, 291, el z,ﬁ‘l to these
vertices. Choose one of the r new vertices to ascribe z). Then, the
rest are determined by the automorphism ¢. Thus, there are r(k + 1)
unique ways to create T from T; and |AC=D [k - 1] possible T; from
which to choose.

® Case 2: Let T, be a length k + 1 tree in ["n=1) Then, we can choose a
vertex on which to add z0. Then, z/, ...,z ! will be sent to vertices
according to the automorphism o. There are r(k + 1) + 1 vertices on
T,. Thus, there are (r(k + 1) + 1) unique ways to create T from T, and

|A" =1 (k)| possible T from which to choose.

Adding these two cases together, we see that |A") (k)| = r(1 + k)|AT"D(k -
D| + (r(k + 1) + 1)|AT"=D (k)| as desired. O

Figure 5.1 illustrates this proof by showing how we can get a length 3
tree in T®% from a length 2 and a length 3 tree in T3
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2 —— U 2 ——1

2} —e—n (k + 1) choices r choices
— —)
2 —e—2z!
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2 z Z 21 21 22 Z3 21 21 24 z 2z zy 2
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52 ~2 — % 0 0 S0 52 ~2 2 ’_::§ ~0 ~0 0
2z a4 23 2 T 23 3z 2
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FLIp SR

e
s

Y2 Yo Y2

Figure 5.1 The two methods in which we can create a length 3 tree in TG4
from trees in T3,

5.2 Generating Function for |A"")[k]|

Now that we have defined a recursive relation that counts the number of
k-dimensional simplices in A", we will use this to obtain a generating
function.

Definition 5.2. A generating function is a way to represent the elements of an
infinite sequence as coefficients of a formal power series.

In our case, the coefficients represent |A")| where r and k are fixed and
n increases with each term. We define both an ordinary and exponential
generating function, the latter of which will be used in our final proof of the
Euler characteristic.

5.2.1 "Ordinary" Generating Function

Define the generating function by

Frr(x) = Y 1A k]2, (52)
n=1
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The coefficient of the x" term of this power series represents the number of
k-dimensional simplices in AU, Multiplying by x(r(k + 1) + 1) we get

x(r(k +1) + DF, x(x) = x(r(k + 1) + 1) i AT K] |x"

n=1

=(r(k+1)+1) i |AU k][
n=1

Reindexing, we get

(r(k +1) +1) i AU K] = (r(k + 1) +1) i |AU =Dk "
n=1 n=2

Now, we have a generating function that for which the coefficients are
k-dimensional simplices in A1), Similarly, we can multiply F, x_1(x) by
x(k +1)r to get

x(k + 1)rF, j_1(x) = x(k + 1)r Z ATk - 1]|x"

n=1

= (k+1)r Z IAC D[k = 1]|x"

n=2

which provides us with a generating function that counts the number of
(k — 1)-dimensional simplices in A", Motivated by 1i we define the
following equation for F, x(x):

Frr(x) = x(k + 1)rF; p—1(x) + x(r(k + 1) + 1)F, k(x).
Solving for F, i(x) yields

x(k+ 1)r

Fo®) = T 0s D7D

F (). (5.3)

Proposition 5.2. F, y(x) has non-recursive solution

s rnx 1
Frx) = (B 1-x(rn+ 1)) 1-x >4
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Proof. Let |A”"I=1]| be the number of length O trees in " For all r,n,
|ACMI=1| = 1, where every marked point lies on one central component.
Note that this tree is not included in our construction of A" (there is no

such thing as a -1 degree simplex), but it provides a useful initial condition
for (5.3). Then, we can define

AT [=1]|x"

Ms

F—l,r(x) =

n=0

I
gk
RS

=

I
_ O

1—x

With this initial condition, we proceed with a proof by induction. For the
base case, let k = 0. Then, from (5.3) we know

xr
Fir,0)(x) = mFr,—l(x)
xr 1

_1—x(r+1)'1—x

1
_ rnx ' 1
(Ill—x(rn+1)) 1-x
n=1

as desired. Thus, the base case holds. Assume that for k = j, it holds that

j+1
rnx 1
F,i(x) = . .
(%) (ﬂl—x(rn+1)) 1-x

From (5.3), we know that

x(j+2)r
1-x(r(j+2)+1)

. j+1
3 x(j+2)r . rnx 1
S 1-x(r(j+2)+1) (Bl—x(rn+1)) 1-x

j+2
_ (l_[ rnx ) 1
nzll—x(rn+1) 1-x
as desired. Thus, the inductive step holds and Proposition[5.2/holds for all
and k. m|

Pr,j+1(x) =

Pr,]'(x)
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5.2.2 Exponential Generating Function

Define the exponential generating function by
FrP(x) = Z AT k]|—. (55)

Similar to the "ordinary" generating function, the coefficients of 2- I in this
power series represent the number of k-dimensional 51mphces in A1),
Taking the integral of (5.5), we get

/ FOP(x)dx = / ZW") |—dx
Z n+1

A —
n=1

i |A(r n) ]| n+1
n+1"

Then, re-indexing, we get

ex - - x"
R W
n=2

Similar to the process used with the ordinary generating function, we can
use these calculations to rewrite (5.1) in terms of the exponential generating
function as so:

Fol()dx = r(1+ k)/ FOP (x)dx + (r(k +1) + 1)/ P (x)d.

Differentiating both sides, we get

d
dx

which is a first-order differential equation.

Foo () = r(k+ DFE (0) + (r(k +1) + DF, P (x), (5.6)

Proposition 5.3. By solving the differential equation given by (5.6)), we get

k+1 k+1
exp(x) Z( 1)k n+1( ) eSS (5.7)

. . €Xx
as a non-recursive solution for F, f (x).
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Proof. Let |A”"I=1]| be the number of length O trees in " For all r,n,
|ACMI=1| = 1, where every marked point lies on one central component.
Note that this tree is not included in our construction of A" (there is no
such thing as a -1 degree simplex), but it provides a useful initial condition

for (5.6). Then, we can define

n

X
|AY] 1]|n!

Ms

eXp _
Fr,—l (X) -

=
Il
o

I
gk
S [

[
=
o

We now proceed by induction. For the base case, let k = 0. Additionally, for
simplicity of notation, let y = F%p = Then, we know from that

vy =re*+1+r)y.

We can solve this first-order differential equation using the integrating factor
method. Our integrating factor is

U= 6/ —(1-r)dx _ e XX

Multiplying through by u, we get
e—(rx+x)y/ _ e—(rx+x)(1 + r)y = —pe ¥,

Then, integrating both sides, we get

/(e_(””x)y’ — e ()1 4 r)y)dx = / —re dx

e—(rx+x)y —e ™+ C
y= Cel*+x _ p*.
To determine C, we use the base case |A"9[k] = 0. In our generating function,
n = 0 corresponds to the constant term, so when we plug in x = 0 to F, x(x),
we should get 0. Thus,
0=C-1,

so C = 1. Then, we check

1
1
— pIXFX _ X -1 1-n nrx+x
y=e e § (-1) (n)e

n=0
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as desired, so the base case holds. Now, assume that for k = j — 1, it holds
that

] .
Pm__l(x)exp — Z(_l)]—n (il)enrx+x.
n=0

Then, let k = j. Again, for simplicity of notation, let y = F f)}p. The differential
equation for y given by is

j .
Yy =r(+1) ) (=) (;)e”*m +(r(G+ 1)+ 1)y.
n=0

Again, we solve this using the integrating factor method. Our integrating
factor is
= e—f(r(j+1)+1)dx — o xr(j+1)-x
Multiplying through by u, we get
j . / .
py —pr(G+1)+1)y = (r(]' +1) Z(—l)]_” (Zl)e”r“") e Xr(+h—x,
n=0
Then, integrating both sides,

j .
/ (wy" —u@r(G+1)+1)y)dx = / (r(] +1) Z(_l)j_n (r]l)enrxﬂc) e G+)-X g

n=0
i .

ey = / (r(j+1)2(—1)f‘”(7]1 )e"””)e—’x(f“)—xczx.
n=0

Because our sum is finite, we can swap the integral and the sum. We can
also pull u into the sum since it does not depend on n. Then,

j .
eIy = r(j+1) ) / (-1 (T]l )e””—v‘“)xcix
n=0

j .
=r(j+1)Z(—1)j_"(il ) / e =(+Dx gy
n=0
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1 ‘
— j—n nrx—(j+1)x
=r(j+1) E( 1) (n)rn—r(]+1)e +C

] .
Z 1)] n(]) 1’(] + 1) enrx—(j+1)x +C
n

e rn—r(j+1)
J +1

Z( 1)] n (] )enrx—(]+1)x +C.

n=0 n

Multiplying each side by e"*U+)*+*, we get
J j+1
— —1)y-"n nrx+x rx(]'+1)+x. )
y Z( ) ( " )e + Ce (5.8)

n=0

To determine C, use the base case that |A”9[k]| = 0. In our exponential
generating function, n = 0 corresponds to the constant term, so when we
pluginx =0to Ff)zp(x), we should get 0. So,

j .
_ i—n (]t 1
0= nE:O(—l)J ( " ) + C.

By the binomial theorem,

j+1
(_1+1)j+1 Z( )( 1)]+1 n(l)n

0= i ( )(_1)j+1—n.

n=0
Dividing both sides by -1,

—_

+

0= (]+1)( 1yin

0
(1) (j + 1) N (] + 1)(_1)]._j+1

= .
I

M\.

n=0 J 1
J ]+1
E j—n

(1) ( )—1.

n=0
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Thus, we have shown

] . i )
]+ 1 B ] +1
D ( ' )+C—;)<—1>f ( ' )—1,

so C = —1. Plugging this into 5.8 we get

J . i+ 1 .
y= ;)(_1)]—11 (] y )enrx+x _ erx(]+1)+x
j+1

— Z(_l)j+1—n (] ;: 1)enrx+x
n=0

as desired. Thus, the inductive step holds, and Proposition is true for all
r and k. O

5.3 Calculation of the Euler Characteristic

With a non-recursive solution for the exponential generating function of
|AC™M[k]|, we are now ready to prove the Euler characteristic of A,
Remember that the formula for the Euler characteristic is

n-1
XA = 3 (=1)F AT K],
k=0

In the previous sections, we defined an exponential generating function
fokp (x) for |AUM[k]|, so by taking the alternating sum of the coefficients

of Ff’;{p(x), we obtain an exponential generating function in which the

coefficients are the Euler characteristic of A" for given r where n increases
with each term. Let

() = YD)
k=0

be this generating function.
We'll first present a lemma that will be useful in our proof of the Euler
characteristic.

Lemma 5.1. Let u = e*. Then,

F:T]f(x) = u(u" - 1)1,
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Proof. By the binomial theorem,

k+1

u(ur _ 1)k+1 — Z (k : 1)(ur)n(_1)k+l—n

n=0
k+1

— Z(_l)kﬂ—n (k + 1)(ur)n U

n=0 n
k+1
— Z(_l)k+1—n (k + 1)(ur)n . urn+1

n=0 n

=F 0 (x)
as desired. m]
Theorem 5.1. The Euler characteristic of AU is given by
XAy =1-(1-r)".

Proof. We calculate a non-recursive solution for G, P (x). By lemma 5.1,

Gpr(X) — Z u(ur—l)k+1
k=0
_ 1
O
u(ur—l)

u’

u(ur—l)

Now, reversing our change of variables and replacing u with e*, we get

u(ur—l) ex(erx _ 1)

u’ erx
erx+x _ px

erx

S e(l—r)x.

Now, our conjecture is that x(A"M) =1 — (1 - r)". This has exponential
generating function

Z(l _ (1 _ r)n)fl_’: — e(l—(l—r))x
n=0 )

=¥ = e(l—r)x.
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The exponential generating function for the Euler characteristic, G,, and the

exponential generating function for our conjectured result are equivalent.
Thus,

XAy =1-(1-7r)"

as desired. m|



Chapter 6

Homotopy Type of AU

In this chapter, we provide a conjecture for the homotopy type for Al
While we will not prove this conjecture, we explore two possible proof
techniques: contractible subcomplexes and shellings.

Homotopy type is introduced in Chapter 1, but as a summary, it is
a property of topological spaces that provides insight into the space’s
general structure. If two spaces have the same homotopy type (i.e. they are
homotopy equivalent), we may continuously deform one space into the other
by compressing, dilating, and translating its parts, but without "cutting",
"gluing", or "ripping" its parts.

Definition 6.1. A homotopy between two continuous functions f, g from topo-
logical space X to topological space Y is a continuous function h : X x [0, 1] such
that H(x,0) = f(x)and H(x,1) = g(x) forall t € [0, 1].

Two topological spaces X and Y are homotopy equivalent if there exists two
continuous maps f : X — Y and g : Y — X such that f o g is homotopic to
the identity map on Y and g o f is homotopic to the identity map on X.

Before presenting the conjecture on the homotopy type of A", we
introduce a few important definitions.

Definition 6.2. Let X and Y be two topological spaces with points xo and yo
respectively. The wedge sum of X and Y, denotes X V'Y, is the disjoint union of X
and Y where x is identified with yy, i.e.

XVY=(Xuy)/~

where xo ~ Yo. In other words, the wedge sum of X and Y obtained by gluing X
and Y together at a single point.



54 Homotopy Type of A"

This definition can be extended to any number of finite topological spaces.
Our conjecture for the homotopy type of A" involves the wedge sum
of spheres, also called a bouquet of spheres.

Example 6.1. Let X and Y both be circles. Then, X V'Y is given by a figure-eight.

X N

Figure 6.1 The wedge sum of two circles

Conjecture 6.1. The homotopy type of AU is a wedge sum of (r — 1)" spheres of
dimension n — 1.

To gain some evidence for why this might be true, we can look at two
brief examples.
Example 6.2. Tuke A??), which is isomorphic to Cg, the cycle graph on eight

vertices. It is not too difficult to imagine how, by rounding out the edges, we could
continuously deform A??) into the wedge sum of one sphere of degree 1 (i.e. a circle,

see figure 5.2).

Figure 6.2 A2? is homotopy equivalent to the wedge sum of one circle.

Example 6.3. Consider A®?). This graph contains 4 cycles. We can imagine
continuously deforming A®? to a bouquet of four one-dimensional spheres by
rounding out the edges and shrinking some of the edges until the four cycles meet
at a single point.

Additionally, our result for the Euler characteristic of A" provides
evidence that our conjecture of the number of spheres in the wedge sum is
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Figure 6.3 A2 is homotopy equivalent to a wedge sum of four circles.

correct. Since it is a topological invariant, the Euler characteristic of A®?
and the wedge sum of spheres of dimension (n — 1) should be equal.

Let W, r denote the wedge sum of k spheres of dimension m. It is known
that (W, x) = 1 + (=1)"k (nLab authors|(2024)). So, setting this (where
m = n — 1) equal to our result for the Euler characteristic of A("”), we can
solve for k.

1-(1-7r)"=1+(-1)""k
—~(1-r)"=(-1)""k

Multiplying both sides by -1,

(1-7)" = (-1)"k

_@=ry
C (-
=(r-1"

Thus, we expect that the number of spheres in each wedge sum will be
(r=1".

6.1 Approach 1: Contractible Subcomplexes
This approach is inspired by |Robinson and Whitehouse| (1996), who were

able to prove that the space of fully grown trees, T, is homotopy equivalent
to a wedge sum of spheres of dimension n — 3. This space is very closely
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related to I'p,; in fact, T, = I'g .41, the set of dual graphs of curves in
Mo, 1+1. Robinson and Whitehouse prove this using the idea of contractible
subcomplexes.

Definition 6.3. A topological space is contractible if it is homotopy equivalent to
a point. In other words, the space can be continuously deformed to a single point.

Example 6.4. Consider topological spaces in that resemble the letters A and G. The
letter G is contractible because it could be continuously shrunk to a single point.
The letter A, however, is not contractible. Notice that, since A has a hole, we can
not continuously deform it to a single point without ripping points apart or gluing
points together to close the hole.

A G

O

Robinson and Whitehouse defined subcomplexes of T, that were con-
tractible and proved that their union is either also contractible or empty,
Thus, the union of these contractible subcomplexes are also contractible, and
contracting this union leaves a space that is homotopy equivalent to a wedge
of spheres of dimension n — 3.

Our conjectural approach for proving the homotopy type of A" using
contractible subcomplexes is the same. We want to 1) find contractible
subcomplexes of A", 2) prove that their non-empty intersections must also
be contractible, and 3) prove that when the union of those subcomplexes
are contracted, the result is homotopy equivalent to a wedge of spheres of
dimension n — 1.

To find these contractible subcomplexes, we consider subsets of trees in
I'"") that are defined by a property that is closed under edge contraction.

Example 6.5. Consider T®?). Figure 5.3 shows the subset of seven trees for which

zy is on the same node as y1. We claim that this subset is closed under edge
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contraction, and that all of these trees can contract to tree 14 (as labeled in section
4.6.2).

Y2 29 7 23 Yo

y2 22 29 Yo 2 £ P Yo y2 z} 22 Yo

Figure 6.4 The subset of 32 for which z) and y; are on the same node.

Then, by assigning a metric to each of the edges in these trees, we can define a
function on this metric that will continuously deform each tree into tree 14. For
trees that are length two in this subset (e.g. tree 24 as shown in figure 6.5), assign
metric x € [0, 1] to the inside edge on each spoke and metric 1 —x to the outside edge
on each spoke. Then, on interval t € [0, 1], we can continuously deform the inside
edges with x(1—t) and the outside edges with (1—x)+tx. At timet = 1, the inside
edges and outside edges will have their metric equal to zero and one respectively.
Recall from Definition 3.4 that we consider an edge with metric equal to zero to
be equivalent to that edge being contracted. Thus, tree 24 contracts to tree 14 as
desired.

Trees that are length one in this subset (e.g. tree 9 as labeled in figure 6.4),
are considered to be equivalent to length 2 trees for which one of the orbits of edges
is assigned a metric of zero. Thus, for tree 9, we can separate y; and zi from zé
on each spoke with an edge with metric equal to zero. The inside edges are thus
assigned a metric of one. Then, similar to above, on the interval t € [0, 1], we can
continuously deform the inside edges with (1 — t) and the outside edges with t. At
time t = 1,the inside edges and outside edges will have metric equal to zero and one
respectively. Thus, tree 9 contracts to tree 14 as desired (see figure 6.5).

Now, we know this subset of trees is contractible to tree 14, so their correspond-
ing simplices on A®?) must form a contractible subcomplex that contracts to the
vertex representing tree 14. This is shown in figure 6.6.
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24: 29 [ 14: 29 Y1
0 _
22
21 l 22 21 22
+ ¢ + + +
Y2 z% zg Yo Y2 zg z% zg Yo

Y1

2 r
) Yo

1
Py
L4

1
Py
@

30 26 30 26

Figure 6.6 A contractible subcomplex on AU,

6.2 Approach 2: Shelling

We start this approach by introducing a few important definitions.

Definition 6.4. A k-dimensional simplicial complex is called pure if its maximal
simplices all have dimension k.

Definition 6.5. Let X be a finite or countably infinite simplicial complex and let
C1,Cy, ... be an ordering of the maximal simplicies of X. Then, this ordering is a

shelling if the complex
j-1
Bj = (U Cl‘) N C;j

i=1
is pure and of dimension dim C; —1forall j = 2,3, .... If B} is the entire boundary
of C;j, then C; is called spanning.

A simplicial complex that admits a shelling is called shellable. 1t is known
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that if a simplicial complex is shellable, then it is homotopy equivalent to
a wedge sum of spheres (one for each spanning simplex of corresponding
dimension) (Francisco et al| (2014)). Thus, to find the homotopy type of
AU using this approach, we want to find a procedure that will produce a
shelling for any A",

Example 6.6. Consider A®?). Its maximal simplices are of dimension one (edges).
Figure 6.7 shows the edges labeled Cq through Cig. We can see that for all j =
1,...,18, C; either intersects the previously labeled edges at one vertex or two,
the latter of which makes C; a spanning simplex. Either way, each B; is a pure
simplicial complex, so this labeling admits a shelling.

S S o @i G g O Cis o Cs
L - * L

-/

Cio Cis Cio Cis

Figure 6.7 The labelling of the edges of A®?) above admits a shelling.

There are multiple possible shellings for any given A",

Example 6.7. All of the labellings shown in figure 6.8 are shellings of A"
(in this figure, the C is dropped and each maximal simplex is labeled with just a
number). The spanning simplices are highlighted. We see that for each, there are
four spanning simplices. Thus, as conjectured in Example 6.3, A®?) is homotopy
equivalent to a wedge sum of four spheres of dimension one (i.e. four circles).

We conjecture that it is sufficient that if the next maximal simplex you
label is adjacent to one that has already been labeled, then the resulting
labeling will be a shelling.
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6 2 13 11

Figure 6.8 Four shellings of AG2 with spanning simplices highlighted.

To get a procedural labeling of the maximal simplicies in A", one
approach we tried was to "swap" pairs of orbits on the maximal trees in
I, For example, in T??, consider the 2-simplex that corresponds to the
following length 3 tree to be C;.

Y1 Yo
21 23 z} 23 29 29

Then, we can swap the components to which zi and z; are incident, resulting
in the following length three tree, whose corresponding two-simplex we
label as the next maximal simplex in our shelling C,.

Y1 Yo

11
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This kind of swapping and labeling procedure guarantees that C; and
Cis1 are adjacent simplices in AU which we conjectured above as being
sufficient for a shelling. Figure 6.7 shows the steps of a specific swapping
procedure we tried, in which we cycle through swapping the outer two
components, inner two components, and center two components. However,
this procedure ultimately did not work. Any labeling procedure needs to
hit all of the maximal simplicies before hitting repeats. Otherwise, some
maximal simplicies will never be labeled. This causes challenges when
complexes contain many cycles, as this kind of swapping procedure often
takes us around one of the cycles and we are forced to repeat a simplex
before covering them all.

swap outside

swap middle

IS
[\

IS
0

[
=

——=
_‘ B
—e

swap inside

24
swap inside

—@
—e _
—— —o— —— —e—
—e
—e
——:=

Figure 6.9 Swapping procedure that results in adjacent simplicies.

For example, AB2 s a graph with no Eulerian path (i.e. a path that visits
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every edge exactly once with repeat visits to vertices allowed). Thus, the
swapping procedure described above will not work for AG2).

As of yet, we have not been able to find a procedural way to label the
maximal simplicies of A" such that C; and C;4; are always adjacent and
all maximal simplicies are covered.



Chapter 7

Future Work

In this chapter, discuss next steps for calculating the homotopy type and
leave you with some questions about A" that might be interesting to
explore in the future work.

7.1 Homotopy Type

The most immediate future work is to prove the conjecture of the homotopy
type of AU using one (or both) of the two methods presented in chapter 6.

If using the contractible subcomplexes approach, we need to find a way to
construct A" as a union of contractible subcomplexes for all 7, 1, such that
the intersection of these subcomplexes are either empty or also contractible.
Then, we will know A" is itself contractible, and must show it contracts to
a wedge sum of (r — 1)" spheres of dimension n — 1.

With the shelling approach, any procedure that provides a valid shelling
for any 7, n (i.e. a sequence of adjacent maximal simplices in A" such that
each maximal simplex is covered once) will immediately prove the desired
result.

7.2 Other Interesting Questions

In addition to the Euler characteristic and homotopy type, there are a few
other characteristics of A" that would be interesting to investigate.



64 Future Work

721 Automorphism Group

Calculating the homotopy type of A" will provide a lot of information
about its general structure, but there are properties that we cannot learn
from its homotopy type. For example, what are the symmetries of A"")?

This motivates future work into calculating the automorphism group of
A

Definition 7.1. The automorphism group of some space X is the group consisting
of automorphisms of X. In other words, it is the group consisting of transformations
that map X back to itself.

7.2.2 Flag Complex

Definition 7.2. A flag complex is a simplicial complex X that is completely
determined by its 1-skeleton. In other words, the maximal simplicial complex that
the set of one-dimensional simplices outlines must be equivalent to X.

Example 7.1. In figure 7.1, simplicial complex A is not a flag complex, but
simplicial complex B is. We see that the maximal simplex outlined by the 1-skeleton
of A is note equivalent to A. If this were the case, A would contain two 2-simplicies
instead of just one.

A 8

Figure 7.1 Simplicial complex B is a flag complex, while simplicial complex A
is not.

It is known that A, is a flag complex (Giansiracusa, 2016). Can we
conclude the same thing about A"")?

If AU is a flag complex, this could help calculate its automorphism
group, since the automorphism group of a flag complex is the same as the
automorphism group of its one-skeleton.
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