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Abstract of the Dissertation

On the Lego-Teichmuller game for finite G cover
by
Tanvir Ahmed Prince
Doctor of Philosophy
in
Mathematics
Stony Brook University
2008

Given a smooth oriented closed surface of genus zero, possible with
boundary, we first fixed a G-cover of this surface where G is a fixed finite
group. To understand this, we break down this G cover into several pieces
and each piece is identified with a G cover of sphere with certain number of
holes. We called G cover of sphere with holes a “standard blocks”. Given a
G cover of a surface, there are many different ways to identify this G cover
with gluing of one or several “standard blocks”. We give a description of all
the ways in which a given G cover can be obtain by such a gluing process. In
the case when G is a trivial group, this kind of gluing process is called “Lego-
Teichmuller game”. We extend this notion of “Lego-Teichmuller game” in
more general situation when G is a finite group. First, we consider a complex
where each vertex is such an identification. Then we define some simple
moves and relations which will turn this complex into a connected and simply
connected complex. This will be used in the future paper to construct G-
equivariant modular functor. T his G-equivariant modular functor will be an
extension of the usual modular functor.
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1. INTRODUCTION

This paper can be thought of as an extension of the paper “On
the Lego-Teichmiiller Game” by Bojko Bakalov and Alexander Kir-
illov Jr [BK]. In the paper [BK], authors gave the description of how
to represent a given smooth, compact, oriented surface, possibly with
boundary by gluing of several “simple pieces”. Here “simple pieces” are
just sphere with n holes. One application of this is the construction
of modular functor; it suffices to define the vector spaces associated
with sphere with n holes; actually we can just take n < 3. Then since
the behavior of modular functor under gluing is known, this defines
a unique vector space associated to any surface. Of course, there are
many different ways to represent a given surface as a result of gluing
several spheres with n holes, here n can vary. So some natural questions
arise; like how one can describe different ways of gluing “simple pieces”
that give the same surface? Let M(X) be the set of all such way of
getting the surface ¥ from the “simple pieces”. In the paper [BK], they
described some simple moves or edges and some relations among them
which turned M (X)) into a connected and simply-connected complex.

This definition of modular functor can be extended. Let G be a fi-
nite group. And let ¥ — 3 be a given G-cover of ¥. It is possible
to extend the definition of modular functor from the surface, X, to the
G-covers of surface, ¥ — X.This idea will be formalized in later pa-
per. This extended modular functor will also satisfy a similar gluing
axiom, just like the regular modular functor, but now we are gluing
G-covers of surface and not just surface. Thus if we know the value
of the extended modular functor on the “simple pieces”, of course we
need to know what are these “simple pieces” in this case, then this
will be enough to define Extended modular functor to any G-cover.
Since any G-cover can be constructed from the gluing of these “simple
pieces” and the behavior of the extended modular functor under gluing
is known, this will define a unique value for a given G-cover.

As in the paper of [BK], we are faced with similar questions. Let
M(3, %) denote the set of all possible way of gluing together “simple
pieces” to construct the given G-cover, & — 2. Is it possible to define
some simple moves to go from one parameterization to the other? Is
is possible to define all the relation between these moves? ie describe
when a sequence of moves applied to a given parameterization yields
the same parameterization? In other word, we are trying to define
some simple moves and relations similar to the paper [BK], which will
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turn M (f), ¥)) into a connected and simply-connected complex. This
paper runs side by side with the paper [BK], although there are some
differences. It is recommended that readers first read the paper [BK]
before reading this one. This paper only deals with the case when the
base surface, >, has genus zero. The case of positive genus will be
considered in the subsequent papers.

2. SOME BASIC DEFINITION

Let us start with some basic definitions.

2.1. Extended Surface.

Definition 1. An extended surface is a compact, smooth, oriented,
closed surface, X, possibly with boundary and also comes with a choice
of distinguished or marked points on each of its boundary component.

We denote by A(X), the set of the boundary components. So an
extended surface will be denoted by (X, {ps}ecars)) where p, is the
choice of marked point on the ath boundary component.

Sometimes we will also denote a boundary circle by a Greek letter.

2.2. G-cover of Extended surface . G will always denote a finite
group, which is given and fixed throughout the whole paper. Let
(X, {Pataca(s)) be an extended surface.

Definition 2. By a G cover of (3, {pa}acas)), we mean (7 : 3 —
¥, {p.}) where (7 : ¥ — X) is a principal G-cover and {p,} are choice
of points on the fiber of p,. In other word, p, € 7 !(p,) for all a €
A(D).

2.3. Morphism between G-cover of extended surfaces.

Definition 3. Given two G covers of (3, {p,}) say (7 : ¥ — 2, {p.})
and (7 : X — X,{p,}), by a morphism between them we mean a

homeomorphism f : ¥ — ¥ so that the following conditions are satis-
fied:

i) f(pa) = po for all a € A(X)

i) 7f = f.7, here f, : ¥ — ¥ is the homeomorphism we get by
restriction of f to X

iii) f preserves the action of G on each fiber.

See the diagram below:



N
HE
b

Remark 1. Sometimes, we require f, : ¥ — > to be the identity.

=1
M<—1>00

_

f

Although in this definition, we leave the base space fixed, there is no
need to do this. We can easily defined morphism between two G covers
where the base space is not fixed.

Definition 4. Let (7 : ¥ — %, {p.}) be a G cover of (Z, {p,}) and
let (7t : 3 — X, {p,}) be a G cover of (X', {p,}). By a morphism be-
tween them, we mean a homeomorphism f: 3 — 3 so that it satisfies
the following condition:

i) f(pa) = pa for all p,

ii) f commutes with the action of G.

Because of the second condition, it is easily seen that f descends to a
homeomorphism on the base surface by f, : ¥ — ¥’ where we defined
fu(b) = 7f(b) where b € #~'(b) . It is easily seen that f, does not
depend on the choice of b. Also #f = f.7.

In other words the diagram below is commutative:

f

_

1

>E’

Remark 2. Here we introduce the notation, Mory (X, %) to denote all
the morphisms between the G-cover ¥ and % so that the induced map
on ¥ is identity. Also we use the notation Mor(3,3) to denote all
morphism between G-cover & and > where the induced map on the
base surface can be anything.

2.4. Orientation of the boundary circle. The orientation of the ex-
tended surface, X, naturally induces orientation on the boundary circle.
We want to explain this in a little detail. Let D = {z € C||z| < 1}.
First, we fix an orientation on the complement of D. This orientation
is given by the choice of the basis, {1,i},on C, and the counterclockwise
orientation on the unit circle. See the figure 1. Now for each boundary
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counterclockwise
orientation of unit
circle.

FIGURE 1. orientation on the complement of the unit disk

circle of X, we choose a small neighborhood around the circle. This
neighborhood is homeomorphic to F = {z € C|1 < |z| < 1 + ¢} for
some €. For any such homeomorphism which preserve the orientation
of the surface, there is an unique choice of orientation of the boundary
circle of 3 so that the map also preserve the orientation on the bound-
ary. This gives an orientation to each boundary component of 3.

2.5. Monodromy .

2.5.1. Definition of Monodromy. Monodromy will be an important tool
to describe G-cover. In fact soon we will prove that two G-covers of a
surface of genus 0 are isomorphic iff their monodromy is same.

Definition 5. Let (7 : X — %, {p,}) be a G-cover of (3, {pa facas))-
Consider the a th boundary circle, S, where the base point on S is
p. and the point on the fiber above is p,. This S has an orientation
which comes from the orientation of the surface. Let « : [0,1] — S be
a parameterization of the boundary circle S which also preserves the
orientation of S. We also assume that «(0) = a(1) = p,. Then there
is a unique lifting of o to the G-cover, say & : [0,1] — X such that
&(0) = p,. We define the monodromy, m € G, of this a th boundary
circle to be that unique element of G such that

(1) ma(0) = a(1)

Lemma 1. Monodromy does not depend on the choice of parameteri-
zation
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Proof. This is not hard to see. From the definition, we see that the
monodromy only depends on the starting point of the lifting; if we
know the starting point of the lifting, everything else is determined by
the cover, including the end point of the lifting. And monodromy only
depends on the starting point and the ending point of the lifting. The
details are left for the reader. U

2.5.2. Relation Between Monodromy and Lifting of a Map. Given two
G-covers and a map between their base surfaces, we want to know under
what condition this map can be lifted to the covers. Monodromy helps
us to partially answer this question. We have the following lemma.

Lemma 2. Let (7 : X — X, {p,}) be a G cover of (3, {p.}) and let
(7% — X {p.}) be a G cover of (X', {p.}). Here we also assume
the base surfaces to be connected. Let f : X — ' be a homeomorphism
of the base surfaces which maps marked points to marked points, that
is f(pa) = pl,. See the diagram below:

Then
(1) The lifting of f to G-covers ¥ — S is unique, if it exists at
all.
(2) If in addition, we assume that the genus of both base surfaces

are 0, then f can be lifted iff monodromy of the two G-covers
match. That is

m((0%);) = m(f(9%);)
where m((0%);) = monodromy of (0X); boundary circle of .
and m(f(0X);) = monodromy of f(0X); boundary circle of 3.

Note that the homeomorphism, f : ¥ — X', maps the boundary
components of 3 to the boundary components of >'.

Proof. (1) is obvious. To be more specific, let f; and fy be two lifting
of f. From the definition of lifting and morphism of G covers (see 2.3),
f1 and fo must satisfy

Th=nfa=fT
So if x € X then both f; and f; maps the fiber above the x to the fiber
above the f(x). Moreover from the definition of morphism between
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G-cover we must have f1(p,) = fo(Pa) = Pu

Also both f; and f; commute with the action of G. This information
guarantees that they must agree on all the fibers of same connected
component. But since our base surfaces are connected they must agree
everywhere. So f; = fs.

For (2), we will use the following standard proposition of G cover:

Proposition 1. Let 7 : ¥ — % and 7 : S — Y be two G covers and
f X — X be a map between the base surface. Then this map, [ can be
lifted to the G cover if and only if the monodromy of every loop, a, in
73 — Y s equal to the monodromy of the corresponding loop, f(«),
in#: % — Y. And in the case that both of the base surfaces, ¥ and
Y, have genus zero, then f can be lifted to the G covers if and only if
the monodromy of the corresponding boundary circles match.

Proof. A proof of this or some equivalent statements can be found

in many standard books on topology. For example see section 1.3 of
[AH]. O

From the above proposition, the statement 2 of our lemma easily
followed.
O

2.6. Gluing of two G-covers of extended surfaces.

Definition 6. Let (7 : & — %, {p,}) be a G cover of (X, {p,}) and let
(72 — ¥ {p,}) be a G cover of (X, {p.}). Let s,; : (O%); — (9%),
be an orientation reversing map of the ith boundary circle of 3 to the
j th boundary circle of ¥ so that s;;(p;) = pj. Then we define the
gluing of these two G covers under s; ; to be the following G cover:

fr|_|fr:i|_|i:—>z|_|z’

where ¥| | 3 is the surface obtained by identifying points on (0%);
to the points on (9%'); through the map s;;. And X LI, , > is the G

’

cover obtained by identifing a point (¢, g), where t € (0X); and g € G,
to the point (s; ;(t),g).

2.6.1. How to glue two G-covers. Such a gluing not always exists, but
if it exists, it is unique. So we have the following lemma.

Lemma 3. Let (7 : ¥ — . {p.}) be a G cover of (X,{p.}) and let
(7 : X — X {p.}) be a G cover of (¥, {p.}). Take b € A(X) and
6



Fiber of o —» Want to glue these -
Db ° two G covers
o
Also need to glue .

base surface where
pp glued with pl,

Py

F1GURE 2. Fiber of the two boundary circles we want to glue

ce A(Y). We want to glue (0%), and (0Y'),. Then :

(1) If the gluing exists, there is a unique way, up to isomorphism
of G covers, to glue these G-covers

(2) Gluing is possible iff the monodromy, my, of (0X), and the
monodromy, m. of (0X'). are inverse of each other. That is
mym,. = 1.

Proof. Not only we need to glue (0%), and (0%'), but we also need
to glue the cover above it. See the diagram on figure 2. We identify
py € (0%), with p, € (0Y'), and this will basically tells us how to glue
(0%), with (9%, since, first of all the orientation of the boundary circle
comes from the orientation of the surface, and the set of all orientation
preserving homeomorphisms from (9%), to (9X'), which map p, to p),
is homotopic to each other. This is how we glue (9X), with (9%'),
Now what about the cover? Let us take a small neighborhood of
py and p), on the circle (0X), and (9¥'), so that the fiber above these
neighborhoods of circles break up into disjoint pieces and each piece
maps homeomorphically by @ and 7 to these neighborhoods of circle.
see the diagram on figure 3
One of the pieces on the left contains p, and one of the piece on the
right contains p.. Also G acts simply transitively on these pieces. By
definition, we require the piece containing p; to be glued with the piece
containing p. so that the action of G commutes with the gluing. This
fixes how the pieces of G-cover containing p;, will be glued to the pieces

Fiber of
p/



Each \_/

piece .

maps

homeo- M

morphi- . . .
cally S piece contain-
by 7 to Db mng

the Db

neigh- NS

borhood

of py NS

by

N

The neighbor-
hood

of Pv

NS

Each piece °
maps homeo- .
morphically
by 7 to ¢
the neighbor- w piece
hoogi Pe containing
of pl, Pe
P

N

The neighborhood
of p,

Ficure 3. Neighborhood of distinguished points and

the fiber above it

of G-cover containing p.. Now we move around the circle and repeat
the same process until we cover the whole circle, (9%), and (9%)...
This tells us that there is at most one way to glue. Note that not
always we can glue two G- covers. For example take |G| = 2. Take one
G-cover to be the trivial G-cover of the circle and the other G-cover to
be the double cover of the circle. These two GG-covers can not be glued.
The second part of the lemma is left to the reader. Basically one
sees that as we moved around the whole circle and then glue or we first
glue and then move around the whole circle, in either case we arrived
at the same point since the monodromy are inverse of each other. So
we don’t have any problem to glue. Readers can supply the detail. [
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FIGURE 4. A standard sphere with four holes where the
marked points are denoted by p1, ...p4

3. STANDARD BLOCK

3.1. Standard sphere, S,,. For every n > 0, we define the standard
sphere, S, to be the Reimann sphere C with n disks |z — k| < % re-
moved and with the marked points being k — %, here k =1,2,3,...n. Of
course, we could replace these n disks with any other n non-overlapping
disks with centers on the real line and with marked points in the lower
half plane. Any two such spheres are homeomorphic and the homeo-
morphism can be chosen canonically up to homotopy. Note that the set
of boundary components of the standard sphere is naturally indexed
by numbers 1, 2, ...n. The standard sphere, S4, with four holes is shown
on figure 4

3.2. Standard blocks, S, (g1, ..., gn; A1, .-, hy). Inthe paper [BK], where
|G| = 1, standard blocks are just these standard spheres,S,,,n = 1.2....
So we need to extend this definition to the general case where G is a
finite group. To do this we start with the following construction. Let
us start with a standard sphere with n holes, S,, and 2n elements from
G where we denote these 2n elements as {g1,...,¢,} and {hq, ..., h,}
and we also required that ¢;...g, = 1. First we make the cuts on .S, as
in figure 5. Here the point ¢ € 5, in figure 5 is the point at co. In fact
q can be chosen to be any point on the upper hemisphere as long as it
does not belong to the boundary circles. Then one can easily sees that
Sy \cuts is simply connected. So G-cover of S,,\cuts is trivial. In other
word, G-cover of S,,\cuts looks like

9



choice of points on
the base surface.

FIGURE 5. Cuts on S,

Sp\ cuts x G

|

Sn\ cuts

Although there is only one G cover of S, \cuts up to isomorphism, there
are a total of |G| many way to identify G cover of S,,\cuts with G, but
the important thing here to notice is that any such identification is iso-
morphic. So we chose one such identification. Now consider the ith cut.
We want to glue the fiber on the left hand side of the ith cut with the
fiber on the right hand side of the ith cut. This identification must pre-
serve the action of the group G. Thus the identification can be given by
a multiplication on the right by some element of the group G. We chose
this element to be g; € GG. That is we glued along the 7th cut by mul-
tiplication of the right by g;. See figure 6. Now we choose p; = (p;, h;)
as the choice of point in the fiber of p;. Thus we end up with a G cover
of S,. The reason we require that ¢;...g, = 1 is easy to see. Consider
a point (t,x), where x € G, on the G-cover. As we moved along each
cut, we multiply on the right by g;. After moving along all the cut, we
end up with ( some point on of the base surface ,xg;¢s...g,), but then
we must have r = xg1¢...g, or equivalently ¢;...g,, = 1. Thus from the
data g¢i,...,g, and hq, ..., h, where ¢,...g, = 1, we have constructed a
G cover of S,.

10



The point 4—\‘
x ./_> x, glued xg;

with point
LGi

gluing along 7 th cut

FIGURE 6. A point x on the left hand side of the fiber
of the ith cut is glued to xg; on the right hand side

Definition 7. The G cover of S,, constructed above is called standard
block and will be denoted by S, (g1, ga---., gn; b1, ho...., hy,) where we
always assume that ¢;¢s...g,, = 1 although we do not always write this
explicitly.

3.3. When two standard blocks are isomorphic. Given two G-
covers of S, we want to know when they are isomorphic, hence the
following lemma:

Lemma 4. Let S,(g1,...-9n; h1,...hy) and S, (g, ....g5; hy...h.) be two
standard blocks. Then they are isomorphic iff 3x € G so that vg;x™* =
g, and hyx=' =k fori = 1..n. We denote the isomorphism, S,(g,h) —
Sn(g',h’) by ¢,

Proof. First assume S,(g1, ....gn; b1, ...hy,) and S, (g1, ....g5; h}...hl) are
isomorphic. This means there exist an isomorphism of G-cover which
by definition (see section 2.3 on page 2) maps (p;, h;) — (p;i, h}) and
preserve the G-action. So on the fiber, this isomorphism is just the
right multiplication by some element ! € G. Also the following con-

dition must satisfy along the cut:
11



First glue and then apply isomorphism = First apply isomorphism and
then glue.
In other word, if ¢ is a point on the fiber above the ith cut, then we
must have

tgix—t =ty

or gy = xgix " fori=1..n

And of course we must have h;z~! = R/ from the definition of isomor-
phism of two G-cover.

The other direction is easier to show. We define the isomorphism on
each fiber through the multiplication on the right by #=!. This can be
easily seen to satisfy all the required property of isomorphism. 0

3.4. Monodromy of a Standard Block. The next natural question
is to ask what is the monodromy of the standard block, S, (g1, g2...9n; b1, ha...hy).
So we have the following lemma:

Lemma 5. Let S,(g1,...-Gn; h1,...hy) be a G-cover of S,. Here we
assume the orientation of the boundary circles induces by the outward
normal vector according to the right hand rule. See section 2.4 on
page 3 for the discussion of how the orientation of the surface induces
orientation on the boundary. See the picture on figure 7. Then the
monodromy m; € G around the 1th boundary circle is given by:

mi = hig; 'hi!

Proof. Given a parameterization « : [0,1] — ith boundary circle of S,,,
we lift this path starting from (p;, h;), and as we cross the cut labeled
by g; from right to left, we end up with (x,h;g;'). See the picture on
figure 8.

And as we continue all the way, at the end we arrive at the point
(ps, hig; *). So from the definition of monodromy, the ith monodromy
m; € G is given by

mih; = hig; ' so

12



choice of points on
the base surface.

FIGURE 7. observe the orientation of the boundary circles

We need to glue along
this cut, labeled by

(9i> hi)

* represents a point
on the base surface

_ » They both belong to the
(piv hl)
fiber of p;

(pis higi ")

Ficure 8. Finding Monodromy of a standard block

3.5. Gluing of two standard blocks. Let the standard block S,,(g1, ..., gn; P, ...
and Sy, (U1, ..., Up; V1, ...y Uy) are given. We want to know when we

can glue these two standard blocks along the ¢ th boundary circle of
Su(g1y s Gn; P, ooy hy) to the j th boundary circle of S, (w1, ..., Up; V1, -y V).
Hence we have the following lemma:

13



Lemma 6. i th boundary circle of S,(g1, ..., Gn; P, ..., hy) can be glued
to the j th boundary circle of Spy(U1, ..., Um; V1 ooy Um) iff hig; thy ' =
[wju; to;

Proof. According to lemma 5 on page 12, monodromy of the ¢ th bound-
ary circle of S,(g1, ..., gn; h1, ..., hn) is given by h;g; 'h; ! and the mon-
odromy of the j th boundary circle of Sy, (u1, ..., Up; V1, ..., Uy,) is given
by vjuj_lvj_l. Now according to the lemma 3 on page 6, such a gluing
exist if and only if these two monodromy are inverse of each other, that
is hig; 'hit = [vju; ot O

Remark 3. We will use the notation
Sn(gla ooy On; h17 (L3} hn) |_| Sm(ula cory Ums U1y oeny vm)

¢,hi,vj
to indicate that the ith boundary of the left standard block is glued
along the cut ¢ to the jth boundary of the right standard block.

3.6. Groupoid.

Definition 8. A category is called a groupoid if all of its morphism is
invertible.

We list two important examples of groupoid which will be needed
later.

Example 1. For a fized S, consider the category, Y,, defined in the
following way:

obj(Y, )= G-covers of S,

mor(Y, )= isomorphisms of G-covers which are trivial on S,,.

Since only morphisms are isomorphisms, this is obviously a groupoid.

Example 2. We define the category T,, in the following way:

0bj(T,,) = {standard blocks} ={S, (g1, 92, -..-Gn; h1, ho...hy)|g;: € G and h; €

G fori=1..n and g192...9, = 1}

According to lemma in 3.3 on page 11 all the isomorphism between two
standard block can be defined in the following way:

mor(Su(gr, g2, ---Gn; 1y P hn), Su(Gy, Gay oGy Yy, By b)) )={x € Glegia™ =
g; and hjx=' = h; fori = 1..n}. Since given a morphism x € G in this
category the inverse morphism is x=* € G, every morphism is invert-

ible. So the category T, is in fact a groupoid.

We have the following important lemma:
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Lemma 7. The groupoid Y, is equivalent to the groupoid T,. See
example 1 and 2 above for the description of Y, and T,,.

Proof. To prove this lemma, we will use a well known theorem from
category theory.

Theorem 1. Let A and B be two categories, and F : A — B is a
covariant functor, so that the following two conditions hold:

(1) For any two objects, X,Y € Obj (A), the map Mor o(X,Y) —
Mor g(F(X), F(Y)), induced by F, is bijective.

(2) The map F is essentially surjective. That is given any object,
V € Obj (B), there exist an object, U € Obj (A) so that
F(U) =2 V. Here the symbol = means isomorphic.

Then F' is in fact an equivalence of categories.

Proof. For a proof of this theorem, see any standard book on category

theory, for example “Categories for the working Mathematician” by
Mac Lane, see [C]. O

Now let us come back to the proof of our lemma. We will con-
struct a functor V : T,, — Y,, so that V satisfies the two conditions
of Theorem 1. Then this V will define the equivalence between T,
and Y,,. Given a standard block, S, (g1, g2, -..-Gn; b1, ha...h,) where g; €
G and h; € G for i = 1...n and ¢19>...g, = 1, this standard block, in
particular, a G cover of S,,. That is

V(Sn(g1, 92, ---Gn; h1, ha...hy,)) = the G cover of S, corresponding to the standard block

Similarly, if ¢, : S,(91, 92, --Gn; P, howo ) — Sn(ghs Gy -Gl B, Ry D)
is a morphism between two standard blocks, then V(¢,) is the same
morphism between the G covers.

To show, this functor V satisfies the condition 1 of the above theo-
rem, we just refer to the lemma 4 on page 11. First note that, by this
lemma, given any two standard blocks, either there exist an unique
morphism, ¢,, between them or there is no morphism between them.
In either case, the condition 1 is obviously satisfied.

For condition 2, let 7 : S, — S, be a G-cover of S,,. First, we
make the same cuts on 5, as figure 5 on page 10. Then the G-cover
of Sy\cuts is trivial. In other word, the G-cover of S, \cuts can be

identified with
15



The point 4—\‘
x ./_> x, glued xg;

with point
LGi

gluing along 7 th cut

FIGURE 9. Gluing the ith cut

Sp\ cuts x G

|

Sy\ cuts

Now we need to identify the components of S,\ cuts x G with the
group GG. Here we have choice. So we make some choice, it does
not matter how we want to do this. Now we basically repeat the
same construction when we describe standard blocks, namely, from
this trivial cover, to get the original cover we started with, we need
to glue the cover along the cuts. See the picture on figure 9. This
gluing must preserve the action of G on the fiber. So to glue along
the ¢-th cut, there must exist g; € G so that the point ¢ on one side of
the cut must glued with the point tg; from the other side of the cut.
Thus for a total of n-cut we get {g1,¢92...9» € G}. Also to start with,
our G-cover comes with a point (p;, h;) on the fiber above p;. This
gives us {hy, ha...h, € G}. To show g;...g, = 1 is easy. Consider a
point (¢,x), where x € G, on the G-cover. As we moved along each
cut, we multiply on the right by g;. After moving along all the cut, we
end up with ( some point on of the base surface , xg;¢gs...9,), but then

16



Here the cut system, C' = {cy,¢o,c3,¢4}

FIGURE 10. An example of a cut system

we must have x = g19...g, or equivalently g;...g, = 1. Thus the G
cover S, is isomorphic to the standard block S, (g1, -..gn; b1, ...hy). This
shows that the functor V satisfies the second requirement of the above
theorem. O

Remark 4. In particular, the above theorem shows that every G cover
of S,, is isomorphic to a standard block.

3.7. Review of the parameterization for the case |G| = 1. For
the readers convenience, we will review the concept of parameterization
for the trivial case, |G| = 1, from [BK]. We begin with some definitions.

Definition 9. Let ¥ be an extended surface. A cut system, C, on X is
a finite collection of smooth, simple closed non-intersecting curves on
Y. such that each connected component of the complement, ¥\C| is a
surface of genus zero. In this paper, we will always assume the surface
Y has genus 0. So in this case, the requirement that each connected
component of the complement, ¥\, is a surface of genus zero is always
satisfied.

An example of a cut system is given in figure 10.

Definition 10. Let ¥ be an extended surface with genus zero. A
parameterization without cuts of ¥ is a homotopy equivalence class of
homeomorphisms ¢ : ¥ ~ S,,, where .5, is the standard sphere with n
holes.

Definition 11. Let X be a an extended surface. A parameterization,
P, of ¥ is a collection (C, {¢,}), where C'is a cut system on ¥ and ¢, are
17



FIGURE 11. Standard marking on S5, sphere with 5 holes

parameterization without cuts of the connected components 33, of X\,
i.e. homotopy equivalence class of homeomorphisms ¢, : ¥, ~ .S, .

Definition 12. Let S, be the standard sphere with n holes. We let
mg be the graph on it, shown in figure 11, for n = 5. This graph has a
distinguished edge- one which connected to the boundary component
labeled by 1. This distinguished edge has been marked by an arrow.
We call myg, the standard marking without cuts on S,,.

Let ¥ be an extended surface with genus zero. A marking without
cuts of ¥ is a graph, m, on ¥ with one distinguish or marked edge such
that m = ¢~'(my) for some homeomorphism ¢ : ¥ — S,,. The graphs
are considered up to isotopy of 2.

Definition 13. Let X be an extended surface. A marking, M of X is a
pair, (C,m), where C is a cut system on ¥ and m is a graph on X with
some distinguished edges such that it gives a marking without cuts on
each of the connected component of ¥\C'. We will denote the set of all
marking of a surface ¥ modulo isotopy by M (X). A marked surface is
an extended surface, ¥, together with a marking, M on it.

An example of a marked surface is shown on figure 12. Sometimes,
for the convenience of drawing, we drop the surface from the picture
and just draw the marked graph if no confusion arise. So for example,
the marked surface on figure 12 may be just drawn as in figure 13.

18



Here the cut system, C' = {cy, c2,¢3,c4} and the
marking M is as shown on the figure.

FIGURE 12. An example of a marked surface

> R .
X, ,' :
. C
. . C2
X - )
o
Cq ‘
& s

Here the cut system, C' = {c1, ¢2, ¢3, ¢4} and they
are placed on the vertices corresponding to the
cut.

Ficure 13. Marked graph without the surface

3.8. Parameterization in the general case. In this paper we will
only consider G cover of extended surface for which the base surface is
connected and has genus zero. But this definition makes sense in the

general case also.

Definition 14. Let X:] — Y be a G cover of an extended surface, >. A
parameterization of ¥ is an isomorphism of this G-cover with one or
gluing of several standard blocks. We have defined what we meant by

19



gluing of G-cover (see section 2.6.1 on page 6). That is if f is a pa-

rameterization of the G-cover ¥ then f is just an isomorphism which
looks like :

f:2— 5, (g}, eGp i B, h)) |_| ..... |_| S, (gt ...gfbk;hlf, hflk)

S pl B2 k=1 1k
cishy hg cjhi ™k

For the explanation of the above notation see the remark on section
3.5 on page 13.

3.9. Visualizing parameterization. We need some kind of graphical
way to represent parameterization of G-cover of extended surface just
as in the case of |G| = 1 which is described in the subsection 3.7 on page
17. So we need a similar kind of machinery in this general case. The
lemma 7 gives us a way to visualize G-covers of extended surface. Given
a G-cover of an extended surface,> — X, first we marked the base
surface, . In other word, we identify the base surface, 3, with one or
gluing of several standard spheres. For details about the marking of an
extended surface see the subsection 3.7 on page 17. This marked base
surface gives the parameterization of the base surface, ¥, with one or
gluing of several S,, where n may vary. Let C' be the cut system of this
marking. If we restrict the G cover, ¥, to each connected component
of ¥\C, then the whole G cover can be realized as a gluing of all this
restriction. Each such restriction is isomorphic to one of the standard
block, S, (g1, -y Gn; P, ---, hy), where n may vary for each restriction. So
the whole G cover, ¥ — ¥, can be identify with the gluing of several
standard blocks (one for each restriction). We can include all this data
into the surface, 2 as follows:
We label each edge of our marking graph with a pair (g;, h;) which
comes from the identification of the restriction of ¥ to the component
containing the edge. See the proof of the lemma in section 7 to see
how to assign (g;, h;) to each edge. See a typical picture on figure 14.
sometimes, we drop the picture of the surface and just draw the graph
for simplicity, if no confusion arise. So for example, we will usually
draw the picture on figure 14 as a simple figure in 15

This gives a visual presentation of the parameterization of our G-
cover of extended surface with one or gluing of several standard blocks.

4. MOVES

At this point, we want to remind our readers about our main goal
of this paper. we will eventually define a 2-dimensional CW complex

M (f], Y)), which has the set of all parameterization of Y as the set of
20



glued along the cut c¢. We must have yz~ly~! = ’

[wz~tw =]~ for this gluing to exist. See lemma 6 for detail.

FIGURE 14. Visualization of the parameterization of
G-cover with the gluing of S5(g1, 92, x; h1, he,y) and
54(37_1793794,9533/7 h37h47h5>

(92, h2)

FiGure 15. We usually do not draw surface and just
draw the graph

vertices. The edges of M (3, ¥) will be directed; we call them moves.
It is convenient to look at M (3, ¥) as a groupoid with objects—all ver-
tices and morphisms between two vertices—the set of homotopy classes
of paths on the edges of M(X, %) from the first vertex to the second
one (going along an edge in the direction opposite to its orientation
is allowed). We will use group notation writing a path composed of
edges Ey, Fs,... as a product E; ... E}, and we will write E~! if the
edge F is traveled in the opposite direction. Then the 2-cells are in-
terpreted as relations among the moves: we will write E; --- B, = id
if the closed loop formed by the edges Fi,..., Ej is contractible in
M(%,%); if we want to specify the base point for the loop, we will
write Ey - -+ Ex(M) = id(M). We will write £ : M — M’ if the edge E
goes from M to M’.
21



after applying the map z

|

here the boundary circle « is here the boundary circle 3 is con-
connected to the distinguished nected to the distinguished edge.
edge.

FIGURE 16. A pictorial description of z map for n =4

Our Main Theorems state that the complex M (3, ¥) is connected
and simply-connected. This main theorem will be described in detail
after we describe the moves or edges in this section.

4.1. Standard Morphism. Before describing our moves, we need to
define some standard morphisms between our standard blocks. These
are described in terms of lifting of certain morphisms between base
surfaces S,,. These are:

z: 5, — 5,
b: Sg — 53
gy Sk WS — Sk

For a more elaborate description of these morphism, see the paper [BK].
Here we will just give a quick description.

1: z is the rotation of the sphere which cyclically permutes the
boundary circles. That is if m is a marking on S,, then z(m)
will be the same marking (of course up to homotopy) on S,
but with a different distinguished edge. See the figure 16 where
n =4.

2: Now we will describe briefly the braiding, b, see [BK] for detail.
If we label the boundary circles of S3 by a;, 3,7, then sometimes
we will denote by b, g the braiding of the o and 5 component
of S3. Let m is the graph on S3 shown on the left hand side of
figure 17. Then we define the b, g by figure 17.

3: i, is the identification of the result of gluing Siy; and Sy
(along the (k4 1) th boundary component of the first one with
the 1 st boundary component of the last one) with, Sy, the
standard sphere with (k + [) hole. For more detail description
see [BK].
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b=bag

FiGUuRE 17. Visual description of b map

Lemma 8. Fach of the above defined morphisms between S,, (n = 3 in
the case of b) can be uniquely lifted to the G-cover of Sy, Sp(g1, ----Gn; b1, .. hy),
described by:

Z:5,(91--gn; b1 hy) — Su(Gns 91--Gn1; iy b by 1)
b: S3(91, 92, 933 h1, ha, hs) — 53(91929f1791,g3; h29f17 h1, hs)
Ok Se+1(g,h) U Sii(g', ') — Sipu(g”,h")

where

g = (91 --9k+1)
h = (hy..lyg)
g = (91,911
W o= (K,..h,,)

So that hy1gp by = g R b = 14
And

7

g = (919 G5--G1s1)
W' = (hy.h By R )

Remark 5. Notice that we need hyi19;, 1 hity = [hhgy 'h'] ™! so that

it is possible to glue the (k + 1) th boundary circle of Sy,; with 1st

boundary circle of S;;1. This is to make sure that the monodromy (see

2.6.1 on page 6) of (k + 1) th boundary circle of Sy is inverse of the
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monodromy of 1st boundary circle of S;;; (recall that the orientation
of two boundary circles must be opposite for glue to exist). The second
equality, hy1 = h}, is an extra one which is not needed for the gluing
to exist but we assume this extra condition whenever we want to apply
Qg 1

Proof. First consider the G-covers, S, (g1...gn; h1...hy,) and Sy, (gn, g1---Gn-1; Fn, B1...hn_1),
and the map z : 5, — 5,,. Our base surface, S, has genus zero and
the map z preserves the monodromy which can be easily checked by
hand. So according to lemma 2 (see 2 on page 5), this map z can be
uniquely lifted to the G-cover. Similarly, in all the other cases, all we
have to check that the maps b : S35 — Ss and oy : Spr1USi41 — Sk
preserve the monodromy. This can be easily checked by hand, using
the lemma 6. U

4.1.1. The standard morphism, ¢,,x € G. This is just a reminder to
the reader. We have already defined ¢, move before. This is the
morphism between standard blocks defined by

Gz 0 Sn(g1ee-Gn;ha.hy) — Sp(zgie ' xguart hyrt h,at). See
lemma 4 on page 11.

42. Z, B ,and F Move. For |G| = 1, these moves are described in
the paper [BK]. Readers might want to read this first before continue.
We again want to remind our readers that our base surface will always
have genus 0, unless otherwise specified. We will first have three moves
similar to the Z, B and F moves of the paper [BK]. These moves
will be called Z-move, B-move and F-move respectively. Note that we
use boldface letter to denote these three moves so that it does not get
confused with the Z, B, and F moves of the paper [BK]. Then we will
have two extra moves which do not have any correspondence to the
paper [BK]. So again Z, B and F will denote the moves in the case
of |G| =1 and Z, B ,and F will denote the moves in the general case.
Each move will take a parameterization to another parameterization.
So let us start describing these moves in more detail:

4.2.1. Z move. Given a G-cover (7 : ¥ — X, {p,}) of (X, {pa}), and
a parameterization of this G-cover with a standard block. This means
we have an isomorphism, f, of this G-cover with one of the standard
block say S, (g1..-Gn; h1..-hy). Z move takes this parameterization f
to the parameterization Z o f where Z is the standard morphism de-
fined in the lemma 5. This new parameterization identify the original
G-cover with S, (g, 91---Gn—1; on, R1...hy—1). Look at the diagram below
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Original G-cover N Sn(g1---gn; by .hy) HiSn(gn, G1--Gn-1; hny by by 1)

J/

sof=7(f), L m(;\’/e applied to f

4.2.2. B move. Given a G-cover (7 : & — %, {p,}) of (X, {pa}), and

a parameterization of this G-cover with a standard block, S5(g1, 92, g3; h1, ha, h3).
This means we have an isomorphism, f, of this G-cover with S3(g1, g2, g3; h1, he, hs).
B move takes this parameterization f to the parameterization bo f

where b is the standard morphism defined in the lemma 8. This new pa-
rameterization identify the original G-cover with Ss3(g19291 ", g1, 93; hagy ', hi, hs3).

4.2.3. F move. Here the setup is a little different from the above two
moves. Fist, let ¥ be an extended surface of genus 0 with one cut {c}.
This cut {c} divides ¥ into two pieces. Say, G-cover of one piece is
parameterized with Sy, (g, h) and the other with S;;1(g’,h’'). That is
the parameterization, f, is given by:

f : i — Sk—i—l(gvh) |_| Sl-l—l(g/ah/)

chi41
where
g = (91--9rs1)
h = (hy...hgs1)
gl = (giangrl)

h/ = (hllv ;—&—1)

And also heergi il = g by = B

Thus the parameterization of the whole G-cover, f, identifies the G-
cover with the result of gluing these two standard blocks along the
k + 1 st boundary circle of one side with the 1st boundary circle of the
other. See the picture on figure 18 for more detail. Now by applying F
move to f, we get a new parameterization oy ;o f. Note that, ag o f is
a parameterization of G-cover of ¥ with no cuts with Si;(g”, h”) where

7

g = (91~--9k,g§---92+1)
h" = (hl...hk,h;... ;H).

See the figure 19.
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(gl/-s-p h2+1)

I of

then
(k415 hiet1)

The
cut

Glued along the cut

| || |

Visualization of the parameteriza- Visualization of the parameteri-
tion with Sky1 zation with Sjy1

FiGURE 18. Visual description of the parameterization

of f
r (gl/+1’ h2+1)

l of
them

i

The cut is gone when we apply F move to the
parameterization f

FIGURE 19. Visualization of the parameterization F(f)
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(z,y) T (z71y)
The cut ¢

FIGURE 20. Remark with F move

Remark 6. If two components are glued along a cut where the edges
corresponding to this cut are labeled by (z,y) and (z,w), then for this
gluing to exist, we must have

1 -1

vy trt = [pw 2T
See subsection 3.5 on page 13 for more detail explanation. Now to
apply F move to this cut, we also required the extra condition that
y = w. This will imply that zz = 1. The requirement, y = w, is not
necessary for gluing to exist but we only require this whenever we want

to apply F move to a cut.

A remark about notation: Note that by applying a F move, we
are removing a cut. If the cut for one component is labeled by (z,v)
then the cut for the other component must be labeled by (x~1,y) for F
move to apply. See the picture on figure 20. This x € G is completely
determined by the label of all the other cuts since they all must multi-
plied to 1 € GG. But for the second component y, we have a choice. So
it is better to encode the cut ¢ and the label y in the notation. From
now on, a F move will always be denoted by F, to emphasize the cut,
¢, and the choice of point, y.

4.3. Py-move where x € (. Beside Z, B and F move, we need one
more move which we will denote by P, where x € GG. This Py-move is
defined in the following way:

Given a G-cover (7 : ¥ — X, {p.}) of (2, {p.}), and a parameteri-
zation of this G-cover with a standard block. This means we have an
isomorphism, f, of this G-cover with one of the standard block say
Sp(g1---gn; h1...hy). Pyx move takes this parameterization f to the pa-
rameterization ¢, o f where ¢, is the morphism defined by

bz + Sp(gr.-gn; b1 hy) — Sp(zgrz™t. xgurt hya=t h,at). See
the lemma 4 for the description of ¢(x). See the diagram below:

IR Sp(G1eee-Gn; b hy) 3 Sp(zgrr . wgpr bz k)
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4.4. T;, move. Say we have the following parameterization, f, of our
G-cover:

f:i —>Sn(91---9n—1,33;h1 n—1,Y |_|S ~Um—-1,Y, V1. 'Um—l)

c is the cut where we glue the two components. Note that all conditions
are satisfied so that the gluing make sense. Here x is determine by all
the other element, namely, z = (g1...gn—1)"' = (U1...up_1) "%, but y is
not determine; we can choose y freely. By definition, Tgi (f) is the
following parameterization:

T;,y(f):z S (gl -In—1,T; hl n—1, < |_|S ’LL1 Um—15 2, V1--Um— 1)
7y

Where we replace the choice of “y” with the choice of “z”.

Remark 7. Although we introduce this new move, T7 /, this can in fact
be thought of as composition of two F move. Namely T; /= F_ 1F

The move, F.,, will remove the cut, ¢, with the ch01ce of pomt y,
while the move F_, will replace the cut, ¢, but this time with the
choice of point z. The reason for introducing such an extra move will
be clear later, but introducing this new move T7 & and adding the
relation T§ , = F_JF.y will not do any harm, since one can easily sees

that the complex M (%, ¥) without the TS, move and T, = F;1F.y

relation is connected and simply-connected iff the complex M (i, Y)
with the T7, move and T7, = F;;Fc,y relation is connected and
simply-connected.

See the picture on figure 21 for a visual description of T move.

4.5. Moves, when more than one standard blocks are glued
together. Let X be a G cover of X. Also let f be a parameterization
of this G cover with gluing of several standard blocks. In other word,

[ ¥ — Snl(glah1> |_| Sng(g2ah2> |_| ----- |_| Snk(gkahk)

glued glued glued

This parameterization of f, by the restriction on each component, can
be realized as a gluing of k parameterization. That is f = fiU foU.....U
fx- Let E be one of the above five moves, that is E € Z, B,F,P,, T.
Then by the move id U id Ll .... U E U ... Uid(f), where E appears
in the ith component, we mean that we only apply E move to the
fi parameterization and identity to all others. An example of such a
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(z,9) T (=1, y)

The cut ¢

Visualization of f, where we only draw the ¢ cut and the edges
connected to ¢ cut. Because all the other edges and cuts are left
unchanged by the move T7 .

T3, (f)

(z,2) { (z71, 2)

The cut ¢
Visualization of Tg /(f), where we only draw the ¢ cut and the
edges connected to ¢ cut. Because all the other edges and cuts are
left unchanged by the move T7 ..

FiGURE 21. The sequence of diagram describing T move

move is shown on figure 22. For simplicity of the picture, we take three
components.

4.6. B; move. The B move is very restricted; it is only defined for
n = 3. So we need a little flexibility. This B; move will be a braiding
of ¢ and ¢ + 1 boundary circles. This is in fact not a new move but a
composition of previously defined moves. This will be used many times
from now on when we will describe the other moves and relation. So it
is important to do this right now. Let f be a parameterization of a G
cover, 3, with a standard block say S, (g1, ..., gn; 1, ..., hy). Then B; is
the composition of the moves described in the figure 23. Here we only
draw pictures for n = 6 for convenience but readers are clear of what
should be done for other n. If

i i) Sn(gla o5 On; h17 ) hn)

Then

= B;(f) _ _
X = Sn(Ql; -5 9i—1, 9i9i+19; 1797?7 <oy Gn; hlv ">hi—17 h’i—i—lgi 17 hi7 cey hn)
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\@\hl)
(t,y)

(927h2) (g47h4)

Parameterization f, where f identify the G cover with a gluing of three standrd
blocks. We denote the two cuts by ¢; and ¢o. Also we assume that all the condition
for gluing satisfy.

id U P Lid(f)

/ C?
(92,h2) ($g4x_1,h4x_1)

Note that we apply the P, move to the middle component leaving the other two com-
ponent unchanged

F1GURE 22. An example of a move when having more
than one component.

5. THE COMPLEX

5.1. Definition of the complex M (3, ¥). We are given a fixed G-
cover, II : ¥ — ¥, where ¥ will always denote an extended surface
which is compact, orientable, closed surface of genus zero unless oth-
erwise specified. We will first define the 1-skeleton of the complex,
M(f), Y)), that is the vertex and the edges.

{The set of vertex of M (%, %)} = {The set of parameterization of the
G-cover IT: ¥ — X}

A vertex, «, is connected to vertex 3, directed from « to (3, if 5 can be
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(93,h3) (94, ha) (939495 ' hags ') (93, ha)

Foy(f) 1
- @70) @ UB)(FL() (g2 h2)

o parameterization (id U B)(FgL(f))

pfil"fmeterlzat1on where id is applied to the componenet

Fc,y(f)' n = 5 and B is applied to the compo-

nent n = 3.
(91,h1) (g3, h3) (g5, hs) (9o, ho) (939295 " hagz")
2. ko) (94, ha)\95: 115 | applied
B; = composition of the to the previous
(g96,h6)  above three moves. one.
> (o) (965 he)
parameterization of F y applied to the
Parameterization f previous one.

FIGURE 23. description of B; move as a composition of
previously defined move

obtained from a by applying one of the following moves:

Z,Zfl,Bi,Bi_l,F,Ffl,Px,Pgl,T;”y,(T;y)*l in one of the compo-
nents. Having defined the vertex and edges of the complex M (f], Y,
now we need to define the relations or 2-cells of M(X,%). We define

the relations in the next section.
5.2. The Statement Of the Main Theorem.

Main Theorem. The complex, M (3, %), with the above defined edges
and relations (which will be described in the next section), is connected
and simply connected.

6. RELATIONS

Now it is time to define all the relations between these moves. These
relation will be described in the following subsections:

6.1. Obvious Relation.
EE'=E'E=1

Where E is one of the five moves, that is E € {Z,B;, F, Py, T;  }
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F1GURE 24. Visual description of the third P relation

6.2. P4« Relation. P, move commutes with all the other moves. More
precisely for all z,y € G and all cuts, ¢, we have the following relations:

(1)

(2) P.B; = BP,

Eig gxgc,y :1:)Fc7yx—1(Px U Py). See figure 24.
x'y = I'xy

Remark 8. Note the change of indices for F. Why we need to change
the indices is clear from figure 24. Here we only label the edges corre-
sponding to the cut c.

Remark 9. The last relation shows that whatever relation satisfied by
the elements of (G, the same relation hold for Py. So in particular this
implies (Py)™! = Py-1.

6.3. P — F relation. Let f be a parameterization having two compo-

nent glued to a cut ¢ where one edge of the cut labeled by (z,y) and
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A
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- >

P, Uid Fey

\J

F1GURE 25. Visual description of P — F relation

the other edge of the cut labeled by (z,w). For this glue to exist, we

must have yr =y~ = [wz"lw ™17, see the subsection 3.5 on page 13.

Let t = w™'y. Then one can easily check that txt™! = 271 yt=1 = w,
t712t = 27! and wt = y. Then P — F relation is the following relation:

Fow(PiUid) =F.,(id U P¢-1)

See the figure 25 for a visual description of this relation.

6.4. Z Relation. Z commutes with all the other moves. More pre-
cisely, let a parameterization, f, identifies a G cover,X, with the stan-
dard block S,,(g1, ..., gn; b1, ..., hy). Then we have the following relation:

ZB; = By Z

See figure 26 for a visual description of this relation.

Also let a parameterization, f, identifies a G cover, X, with gluing
of two standard blocks along a cut c.

f : i - Sn(gla oy Gn—1, T3 h17 SEET) hn—lvy) |_| Sm(.f_l,gi, "'7g;n—1; Y, hlla ) h;n—l)
¢y
Then we have the following relation:

(idUZ)T; , =Ty (idUZ)

See figure 27 for a visual description of this relation.
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(9igi19; " hivrg; )
(92, hz) (9ishi)  (giv1, hitr) (92, h2)

(gu.}.}‘%)

(9i9i+19; ", hivrg; ")
(leh%) (9, hi)

(gn—la hn—l)

(91,h1)
(g2, h2)
(g3, h3)

(91,h1)
(92, h2)
(g3, h3)

(id U Z)

(gl, hl)
(92, h2)

(g3, h3)

(91, h1)
(92, h2)
(93, h3)

Here for simplicity of the picture, we take n =4 and m = 3

FIGURE 27. The commutativity of Z and T moves
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(91, M)
(92, h2)
(93, h3)

(91,h1)
(92, h2)
(g3, h3)

(id U B)

F1GURE 28. The commutativity of B and T moves

6.5. B Relation. From above relations, we already know that B move
commutes with Z and Py move. But we have more-B also commutes
with the T move. More precisely, let a parameterization, f, identifies a
G cover,Y, with gluing of two standard blocks where one of the standard
blocks has three boundary circles.

f:i_)Sn(gla--'>gn—lax;h’17"'7hn—17y)|_|S3(x_17givgé;y7 llthQ)
Y

Here ¢ denotes the cut where these two standard blocks are glued to-
gether. Then we have the following relation:

(iduB)Tg, = Ty ,(id UB)

See figure 28 where for simplicity we take n = 4.

6.6. T3, relation. This is simply the relation T7 = F;;Fcyy which

is expected.

6.7. Rotation axiom. Let f: % — Sn(g1--Gn; h1...hy) be a param-
eterization of the G-cover, ¥. Then the rotation axiom says that if we
apply Z move n times to the parameterization, f, we get back the same
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(93, h3) ~
Visualizat%\ Ié; Q
of

ZS
f ) (92, h2)

For simplicity of the picture, we take n = 3.
FI1GURE 29. The 2-cell of Z relation, for n = 3

parameterization, f. That is Z"f = f or Z™ = 1. See the diagram on
figure 29.

6.8. Commutativity of Disjoint Union. Let ¥ = ¥;| |3;. Then
by restriction, the G-cover ¥ —— ¥ can be broken down into two
pieces, say,

jl — 21 and jg — 22. B

Thus a parameterization of > — > can be realized as disjoint union of
two parameterization, one for 231 — Y1, and the other for 232 — Y.
We can reformulate this statement in the language of complex. In this
case, it means that if A is a vertex of the complex M (3, ¥), then A
can be written as A = (A;, Ay) where A; is a vertex of M(fl, Y1) and
A, is a vertex of M(3,,%5). Let E; be an edge of M(%;,%;) directed
from A; to A}, here i = 1,2. Then the commutativity of disjoint union
is the following relation:

(id| | E2)(Eq | |id) = (Eq | |id)(id| | E2)

See the diagram on figure 30 for a visual presentation.

6.9. Symmetry of F Move. Let f be the following parameterization
of the G-cover, X,

f18 — Skpalgr, grgrs b, i) |_| S1(91, - Greai s -higa)

¢ hgt1

36



(A], As)
idu Ez

E1|_|’Ld

(A, AL)

A= (A, As) Eq Uid
idu E2

(A1, AS)

Here E; is an edge from A; to A%, and i = 1,2

F1GURE 30. The 2-cell of commutativity of disjoint union

Here the symbol,

|

c,hi41
means that we glued along the cut ¢ where the edges of the cut are
labeled by (¢, hgy1) and (¢!, hgy1). This ¢ is completely determined by
all the other labels. More precisely we have the following:
The boundary component labeled by g1 of the standard block,
Sk+1(915 ---gks1; b1,y .. -hgs1) is glued with the boundary component la-
beled by g; of the standard block Si1(g1,...g741; hY, ..hy ). of course
we must have hgy1 = h} and gr1 = (g])~" for gluing to exist. From
this parameterization, f, we can get an another parameterization, j,
where

E i - Sl-i-l(géw 7gl+1vgl’ hl27 l+17 /1) |_| Sk-i-l(gk—i-hgh cees Oy P15 ”'7hk>

c,h
This is done by first interchange the component Si1(g1, -.-gk+1; P1, ---Pgt1)
and Sp41(94, -5 91415 MY, -, hyyp) and then we apply 271 to i1 (g4, -, 9113 Py oo higy)
and Z to Sk+1(g1, cey Okt1; P1y ooy hiy1) so that the boundary component

labeled by ¢; becomes the last component of Si1(g1, ...g115 P, - higq)
and the boundary component labeled by gi.; becomes the first com-
ponent of Sky1(g1, ---Gr+1; P1,-.-hiy1). See Lemma 7 for the description
of Z

Now the symmetry of F move is the following relation:

ZlFC,hk+1 (f) = ]:—"c,h’1 (j)
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Or in short, we can just say

Z'F =F_,/
iy
Here c is the cut where we glue the G-cover. For the notation, F.p,  ,
see the remark on sec 6.2.3. In word, this relation just says that, we
can first interchange the component, apply Z and Z~! move to the
components and then apply F move or we can just first apply the F
move and then apply some appropriate power of Z move.

c>hk+1

6.10. Associativity of Cuts. Let f be the following parameteriza-
tion of the G-cover ¥

fi2 = Skaa(g1, - grer; Pa, - Pisn) |_| Siv1(91, -9 My -h)

c1,hp
" "o "
I_I SnJrl(gla -'gn+1> hla "hn+1)
527}‘;4—1

For the description of the notation,

|_| and|_|

c1,hg41 e2,hy g

see the relation“Symmetry of F move”. Here ¢; denote the first cut
and ¢, denote the second cut of the gluing. Of course, we assume that
all the conditions are satisfied for gluing to exist. More specifically, we
assume the following conditions:

hr = hy h;+1 =h, gerg1 =1, gf+19,1/ =1

Now the “associativity of cuts” is the following relation:

FC2,hi+1Fclyhk+1 (f) = FCl,hk+1FC27h{+1(f)
or in short, we can just say

Fe,n F =F Fe,n

In word, this just says that, given two distinct cuts, it does not matter
in which order we apply the F move.

c1,hyyq c1,hyp g 41

/
141

6.11. Cylinder Axiom. We consider the standard cylinder (S;) with
the standard marking. See the picture on figure 31. Let f : Q —
Sy(x, 27"y, 2) be a parameterization of a G-cover, @ — Q. Also let j
be the following parameterization of G-cover, & — X

j : i B Sk—‘rl(gh "?')a8.gk7x_1;h17 7hkay)



FicUre 31. Standard marking on Sy

Note that, here we choose all the elements of G in such a way that
we can glue the G-cover €2 and X. So after this gluing, we get a new
parameterization of the G-cover

510
glued
Let us denote this parameterization by j U f. That is

j . f : i |_| Q - Sk+1<gl7 oy Gk xil; h’la ) hku y) |_| SQ(xJ xil; Y, Z)
glued 2l

Finally let E be a move which can be applied to the parameterization

J- In the language of complex this just means that E is one of the edges

of the complex M (3, Y) starting from the vertex j. Here of course, E

must be one of the following edges
Z,77' B;Bil,F,F!T¢ (T‘Zi},)*l,Px or P;1. Then the cylinder

z,y’
axiom is the following relation or 2-cell:

EF(jUf)=FEUid)(jU[)
Or in short, we can just say
EF = F(ELid)

6.12. Braiding Axiom. Before we define the braiding axiom, we need
the following two definition:
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ot
(9,h) T (g, 1)
The cut ¢
F1GURE 32. Requirement for F move

6.12.1. Generalized F move. We know that before we can apply F
move to a parameterization, there are some assumption we must sat-
isfy. More precisely, if (g, h) is the label for the last boundary circle of
one component, >, and (¢’, h') is the label for the first boundary circle
of the other component, 35, then to apply F move we must satisfy:
g =1land h =1

See the picture on figure 32. If to start with the boundary circle asso-
ciated with (g, h) is not the last one and the boundary circle associated
with (¢’,h') is not the first one, we can apply appropriate Z move to
Y1 and X5 to get what we want. In other word, the generalized F move
is the composition of the following moves:

N
Fen =Fen(Z2UZP)

Note that we used an arrow above the generalized F move to distin-
guish it from the usual F move. Sometimes if there is no confusion, we
will just use the notation F.j to denote a generalized F move. Here
“a” and “b” is chosen appropriately so that (g, h)-boundary circle of
Y1 becomes the last one and (¢’, A')-boundary circle of ¥5 becomes the
first one.

—>
Remark 10. In the case a = b = 0, the generalized F.j move becomes
the usual F¢ move. So we can think the usual F. 1 move as a special

. —_—
case of generalized F.p move.

6.12.2. generalized Braiding move. Let f be the following parameteri-
zation of the G-cover, %,

[:Y— S(k+l+n+m) (915 - Grrignams 1y o Pegipngm)
We also let
I, = {the set of boundary circle associated with (g1, ...gx)}
I, = {the set of boundary circle associated with (gxy1,..-gx+1)}
I3 = {the set of boundary circle associated with (gxyis1,---Grrin)}
I, = {the set of boundary circle associated with (gxitni1, - -Gktitnim)}
We want to define the generalized B move denoted by By, 1,. The best
way to explain this is through an example. For simplicity, we take



FIGURE 33. Visualization of f

|| = 1,|L5| = 2,|I3] = 2,|14] = 1, but readers easily see that it works
in general. Now without further delay, we define the generalized By, 1,
as the composition of the following moves:

First of all we are given:

f DI Sﬁ( g1 ,92,93,94, 95, Yge ;h17h27h37h47h57h6)' See ﬁgure 33

KR LK~
I Iy 3 I
for the visualization of f. In what follows, all the F and the F~! move

will be generalized Fc, h and (F.j)~" move, but we do not put arrow
sign on top to make the picture simple. we apply F_ 1 F_ 1 F 1 to

Cc3,W Cc2,V Cl,y
the parameterization f to get the following parameterization of X

F_l F_l F_l (f) : i - SS(gl7xag6;hl>ya hG) |_| 53(17_1,2,“;3/,11},1))

C3,W™ C2,V™ C1,y

(c1,y)

|_| S3(u_lag4795;v7h47h5) |_| S3<Z_17927g3;w7h27h3)
)

(e2,v (e3,w)

For simplicity of writing things down let us denote

q= ng{ngzl,vFgll,y(f)- See figure 34. Now to the parameterization ¢,
we apply the move idU (the usual B move on the edge labeled by (u,v)
and (z,w))UP, Ll id

Recall that P, means the P move for the element z € G. See section
6.3 for detail.

let us denote by r the parameterization {id Ll (the usual B move on the

edge labeled by (u,v) and (z,w))UP, Uid}(q)
41



FIGURE 34. Visualization of ¢ = F_} F L F L (f)

C3,W™ C2,V™ C1,y

Here

r: i —_— 53(917$796;h1>y7 h6) |_| Sg(I_l,ZUZ_l,Z;y,UZ_l,’LU)
(Clvy)

|_| 53('2“71’27172942717295271;1]2717 ! h’5Z |_| 53 792793;wah27h3>

covz—1 c3,w

See the diagram on figure 35. Finally, to get rid off all the cuts, ¢, ¢, ¢3,
that have been artificially created, we apply the move, F¢, v,-1Fc, wFec, vy,
to r. Thus

Feyve 1 FeywFey(r) 1 X — Se(g1, 294271, 295271, 92, 93, 963 ha, haz ™" hs2

See the figure 36. This is the end of the generalized By, 1, move. If we
put everything together, we have the following composition for By, 1,
move:

B1,15(f) = Feyva-1Fe, wFe, y{id U (the usual B move on the edge la-
beled by (u,v) and (z,w))UP, Uid}F_ F L F L (f)

Cc3,W™ C2,V™" C1,y

42
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FI1GURE 35. Visualization of r

(294271 hyz™1)

FIGURE 36. Visualization of Fe, y,-1Fc, wFe, y(7)

Remark 11. Note that we did not use any parenthesis to denote the
move Fe, yz1F e, wFe, y or FOI FLF U since by the ”associativity
of cuts”, it does not matter on which order we add or remove cuts.
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Remark 12. We might wonder, what is z that appear on the general-
ized B move above? We can in fact calculate the value of z quite easily.
rgeg1 =1 = =gy g5

urlgags =1=u=yg5'9,"97 95"

zur™ =1 =z =au™" = g7 95" 96919293 = 929

So z = gog3 In general z = multiplication of all ¢’s in I5.

Remark 13. The generalized braiding move agree with the usual braid-
ing move in the case when |Ip| = |I3| = 1.

6.12.3. Braiding Axiom. Now it is time to describe the braiding axiom.
We start with the following parameterization of our G-cover:

f:3— S4(91, g2, 93, 9a; h1, ha, hs, hy) where we name the boundary
circle 0, o, 3,7, in the increasing order; that is ¢ is the boundary circle
associated with (g1, hq) and 7 is the boundary circle associated with

(947 h4) .
Then the Braiding axiom is the following two relation:

Ba,’yBaﬂ(f) = B{a}:{ﬁﬁ}<f)
and

Ba B+ (f) = Bapy.(3(f)
Here B, etc denote the usual B move and By,},3+} etc denote the
generalized B move.
We will describe step by step move for the first relation of Braiding
Axiom since the description of the other relation is similar.

Bos(f) : £ — So(91, 92039 ", 92, as b, hagy ' ha, ha)
B Bas(f) : X — Se(g1, 929395 5 929495 *5 925 Py hags b hugy ', o)

Look at the definition of B move above. On the other hand
By (f) 12— So(g1, 920595 1, 929495 1, 923 by hsgz b, huga ™, ho)

See the diagram on figure 37 for a visual presentation.

6.13. Dehn Twist Axiom. Say, we are given a Standard Cylinder
(S2) with the standard graph (see the picture below) where we denote
by «, the first boundary component and by [, the second boundary
component. Also let f be a parameterization of our G-cover, 3, given
by
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I

Biays1(f)

FIGURE 37. 2-cell or relation of braiding axiom

I ¥ — 52(97971;h17h2>

Then the dehn twist axiom is the following relation:

ZB.5(f) = PgBﬁvaz(f)

Here B, 3 denote the usual B move and Py denote the P move for the
element g € G. For a detail description of these moves, see section 6.
For a better understanding, we breakdown this relation piece by piece:

B.s(f) 12— So(g97 g7, g hag ™ ha) = Salg™, g5 hag ™t ha)

ZB.s(f): 5 — So(g,9 " hay hag™t)
On the other hand

Z(f): >y — 52(9_179; ha, hy)
BsoZ(f): X — S2(g7'99,97" g, ha) = Sa(g, 97" hag, ha)

PeBsoZ(f): & — Sa(g99 " 997 g hugg ™" hag ™) = Salg, g ha, hag ™)
See the diagram on figure 38 for a visual description of the Dehn Twist
Axiom.

Remark 14. Note that, here this dehn twist axiom differs from the dehn
twist axiom of the paper [BK] (the case when |G| = 1), because of this
extra Pg move appearing in the relation.
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o B

(ga}v ', hag™ 1)
Ozﬁ
(gg g -1  hog™ 1 v,}h P Bga

a 3 (97199, mg) = (9, h;\/g‘l, h2)
Bﬁ oZ(f)
\ —1 Mhl

FIGURE 38. 2-cell or relation of Dehn twist axiom

We conclude this section with the following lemma

Lemma 9. All the relations describe above make sense. In other word,
all the relation describe closed loop in our complex, M(3,%).

Proof. This is basically done when we explained the relation above. We
can review each relation one by one and infact see that they are closed
loop in our complex. The detail are left to the reader. U

7. PROVING THE MAIN RESULT
The rest of the paper is devoted to prove our main theorem.
7.1. A general Theorem about Complexes.

Theorem 2. We will use this result to prove our main theorem. Let
A and B be two 2-dim complex. Let 11 : BN — AW be o map of their
1-skeleton(vertices and edges), which is surjective both on vertices and
edges. Also suppose the following condition is satisfied:

(1) A is connected and simply-connected
(2) For every vertexa € A, I1"'(a) is connected and simply-connected.
That is every loop, completely lie in 11" (a), is contractable in

B.
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(3) Let

b, L by
and )

A
be two lifting of

aq i> a9

Then there is a path ey, starting from b’ll and end with b/l, and
completely lie in TI-*(a1) and a path ey, starting from by and
end with by, and completely lie in I~ (ay), so that the following
relation hold:

erf = fe

In other word, the following diagram commute:

b L v
er ] L e
b L b,
(4) Ewvery loop in A can be lifted to a contractible loop in B.

Then the complex B is connected and simply-connected.

Proof. Not hard and we will leave the proof to the reader. O

7.2. Proof Of the Main Theorem. Recall that the main theorem
says that the complex M (3, ¥)) is connected and simply-connected. To

use the previous theorem, we let
A = M(X):= (as defined in the paper [BK].)

e Vertex of M(X) = Marking with cuts
e Edges of M(X) = Z, B, F move described in the paper [BK]
e Relation = Described in the paper [BK]

We also let B = M(X,Y) := see section 7 for the definition of this
complex.

7.2.1. Description of 11 : M (%, 2)M — M(2)1. We first describe the
map of l-skeleton. If v is a vertex in M (X, ¥), then v is given by
marked graph, with (g;, h;) in each cut. II just take this vertex v to the
marked graph, forgetting about (g;, h;). This marked graph without
(gi, hy) is a vertex in M ()
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If E is an edge in M(X,%), where E is one of Z,B; or F move,
then II(E) is the corresponding Z, B; and F' move in M (X). Since
a Pg,g € G and Tg, move does not change the underling marked
graph, II(Pg) = II(Tg ) = empty edge. This conclude the description
of II. Note that II is obviously surjective both on the vertex and edges.

Lemma 10. The above map of complex, I1 : M(X,%) — M(X) make
sense. In other word, 11 does define a map of complex.

Proof. obvious. U

7.2.2. Description of a typical fiber. Let a € vertex (M(X)). We want
to describe IT71(a). Hence the following lemma:

Lemma 11. Let b and b € I (a). Then b and b is connected by a
sequence of moves of the form F;}chivy =Ty, and Px. See section 6
for the description of these moves and the notation. Here c; is the i-th
cut and z,y,x € G. Also conversely, only move that takes a vertex of

a fiber to the same fiber, is the move Tgi, and Py.

Proof. Let the vertex a € M(X) be parameterized by k cuts. That is

s=% || % [ o ] =

glued glued glued

Then the corresponding G-cover can also be break down as a gluing of
k G-cover. That is

S=% | % | - L] 5

glued glued glued

Then the parameterization, b and b can be realized as a gluing of k
parameterization; each one coming from the parameterization of ¥; —
>3; which we will denote by b; and b;. So in short hand notation we can
write b = by Uby ... LUby and b = b} by LI...LUb, . Here i = 1...k. Let

b: X — Sp (g1, gnyihlhh) | e || Su.(gf, gkt hE)
Clvhvlml Cr h!fb_l
Mg g
and let
b Y — Sy, (p1, ...p}ll; a, ...qil) |_| ..... |_| Sy, (PF, ...pﬁk;q’f, qﬁk)
cl’q"lll Ck)q:cl]:il

consider the parameterization

by : Y — Snl(gl% ...g}“;h}, ...h}“)



and R
bl D — Snl (p%: "'pil;(ﬁa eru)
Then

b’y Sy (91s Gy s By ) — Sy (D1 Dh s A1 G,
is an isomorphism of G-cover. So from lemma 3, we know that there
exist an ;1 € G so that S, (z1gi27", .10y 7 s hiay!, LhL 27h) =
S (PLs Py 01 -y )
Similarly we can find x5, 3, ...zx so that z;glx; " = pl and hiz;' = ¢}
for ¢ = 2...k. Now let us apply the Py, U .... U Py, move to b, Then

Py, U....UP, (b): X — S, (z19ta7?, gy wy shiay bl oY)

] - ]

1 ,.—1 k-1 _—1
c1,hn1:p1 Chyhng ~ %y

S (@rgiay ', apgh ap s ket Ly ot
By the choice of x4, xs, ..., xx, we must have, x,-gfx[l = p{ and héxi_l =
¢5as j=1.kandi=1.n;
In other word, Py, U.... LI Py, (b) =V

Now conversely, let b € II7'(a) and E is a move in M(%, %), so
that E(b) € TT7!(a). At first site, of course, all possibilities for E are
Z,Z7'B,B'F,F'P,P ! T and T '. ButthemoveZ,Z'B,B'F,F!
will take the vertex, b, outside the fiber II"'(a). So the only possible
value for E is Py and T7 jmove and their inverses. But P b= Py
and (T;y)_1 = (F;;F‘w)_1 = F;;qu = T5 ,. So the inverse of P,T
move are another P, T move. O

Remark: This lemma shows in particular that the fiber II7!(a) is
connected.

7.2.3. The fiber I~ (a) is simply-connected.

Lemma 12. The fiber 117 (a) is simply-connected. That is given any
loop, where each vertex of the looz) belong to 1171 (a), is contractable
using the 2-cell or relations of M(%,3).

Proof. We divide the proof in three cases.

case 1: no cuts and no boundary circle

Here the base surface, Y, is isomorphic to Sy, the sphere, and the G-
cover of X is trivial that is 3 x G. This case must be treated separately.
Although there is only one G-cover of ¥ up to isomorphism, there are a
total of |G| many parameterization of this G-cover. To see this, recall
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that a parameterization, f, of our G-cover X X (7 is just an isomorphism
from the G-cover ¥ x G to the G-cover Sy x G. of course this f must
maps a component of ¥ x GG isomorphically to a component of Sy x G.
Let say that

f(X x 1, where 1 € G) = Sy X h, where h € G

Then this information will determine f completely since f must preserve
the action of G on the fiber. More precisely we have:

f(X x x, where x € G) = Sy x zh

So a parameterization is completely determine by an element of h € G.
So in this way, we can identify the set of parameterization of our G-
cover to the group G. That is, in this case, vertex (M(3,%)) = G
What about the moves and relations? None of the moves, Z, By, Fc y, PxT} |,
make sense in this case since we do not have any cuts. But nevertheless,

it is possible to define moves. Recall that in general, given a parame-
terization, f, of our G-cover, applying a move to f means we compose
f with some standard automorphism of our “Standard Block”, G-cover
of S,,. In this case, the standard block is justSy x G. So what are all the
automorphism of the Sy x G? Again by the same argument as above
we can identify the set of automorphism of Sy x GG with G. So moves of
M(X,¥Y) = G. More precisely we connect x to yx by an edge directed
from x to yx. only relation here is precisely the relation satisfied by
the group. Trivially this complex is connected and simply-connected
(any closed loop starting from vertex x has the form g;gs...gxx = = but
then g1gs...gx = 1 which is a relation of our complex).

case 2: no cuts but at least one boundary circle

In this case, the base surface, X, is still simply-connected (remember
that we always assume % has genus 0). So the G-cover of this is again
> x G. So all the argument above goes through and we see that ver-
tex (M (2, %)) = G and the edges of M(%,%) = G. And the complex

M(%,¥) is connected and simply-connected.
case 3: at least one cut

This is the general situation. First recall the Py relation:

(1) PLZ = ZP,

(2) PxBi = Bi x

(3) PxF.y = qux—l(Px U Py)
(4) PyPy = Py

and also the relation T = F_1F.y.
Now given a loop completely lie inside the fiber IT"!(a), we know from
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lemma 10 that this loop consist entirely of moves of the form P, and
F_LFcy = Tg,. First we translate all the move of the form Py to the
right and combine all the P move together to create a single P move.
This can be done by the above three Py-relation. So we may assume
that the loop looks like :

Cci C1 Cc1 Ck Ck Ck
Z21,1,¥1,1 7 21,2,Y1,2"""" T Z1,ny,Y1,ng T Zk,1:Yk,1 "~ Zk,2:¥Yk,2" """ T ZknYkony

Py UP,U....LPy(b)

Here we choose b to be the starting vertex for our loop. Note that the
indices for the P move are all same, which we denote by z. This must
be the case for T move to make sense. Note also that that we gather all
T move associated to a given cut c¢. This can be done since first of all,
the associativity of cuts says that Fe; yFe, » = F¢, .F¢; y whenever i is
different from j. From this it follows that Tg o Ty y, = Ty, TS
whenever ¢ is different from j. Thus we can bring all T move as-
sociated to a given cut in one place. Now consider the ith cut, ¢;.

What can we say about Tg . Tg _ .. TS 7 We use the re-
i,1,Yi,1 Zi 2,Yi,2 Zl,niyyl,ni

: c -1 c; c; [ _

lation T7 . = F_;F¢ to conclude that TZi‘lyyileZi}M,i’2 ..... TG e Vimg =

F_l. Fe.y . . All the middle part will be FF~' = 1. So now our loop

Ci,Zji,1
has the form

-1 -1 -1
FermiFeryim FesmiFeayang - Foom Feoyin, Px U Px U ... LU Px(D)
or
Cc1 Cc2 Ck
TZ1,1,y1,n1 TZ2,1,y2,n2 ....TZk’Lyk’nk P, UP,U....UPL(b)

Now consider the ith cut, ¢;. Say this cut is labeled by (u;,y;,,) for
one component and by (u;',yin,) for the other component. When
we apply Py UP, U ....LUP,x move to b, this cut will be relabeled
by (zu;x™" yip,xz™t) and (xui_lel,ymixfl) respectively. See how we
change the label for Py move in section[7]. Then we apply T¢

Zi,lyyi,ni
move to get the label (vu;z7!, 2;) and (zu;'z~' 21). See the se-
quence of picture on figure 39 for a visual description. But since it is
a closed loop, we must have

zu;x~ !t = u; and 2i1 = Yin,
as ¢ = 1...k Now we go back to the beginning and rewrite our original
loop but this time we will move P, LI Py U .... U Py to all the way left.

Recall the relation PyF¢y, = F¢yx-1(Px UPy). This will imply the
following two relation:

Py Feyx = Fey (P, UPy) and P, F_ !

cyx Fgl(PX UPX)
51 Y Y



ot
(Wi, Yin,) T (u; ' Yime)
The ith
cut ¢;
After applying P, move
— — ot
(zuz™!, yim,a 1) (zu™tz; ! yina ™)
After applying Tg! | /. move
— ot
(ruzz™t, 2;1) (mfli?i_l,zi,l)

F1GURE 39. To show fiber is simply connected

(t,yz) (t71, yx) (t, zx) (t71, zx)
e —————0
C T(z:x,yx C
— >
(Px UPy) (P LPy)
(ztz™, 2) (xt~tx=t 2)
(ztz™,y) (xt~'a™y) e L,
z,y C
C -

F1GURE 40. Visual description of what happens when
we interchange T and P moves

These above two relation together with Ty . = F_ IF.y will imply the
following;:

T, (PxUPy) = (PxUPL)T;

ZX,yX

See the figure 40 for a visual description of the above relation. So when
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we move (P, U Py... UPy) to the left, our loop will look like:

-1 -1 -1
P,UP, ... Pchl,zl,lecl,yl,nlxFC2,Z2,1XFcz,yz,n2x~--Fck,zk,leck,yk,nkx(b)
or
Cc1 Cc2 Ck
P.UP, L...U PXTZLIX,YWxTzle’yz’nzx....TZk‘lxyk’nkX(b)

Similarly as before, we consider the ith cut, ¢;, and label it with
(Wi, Yin;x) for one component and (u; 1,yi7nix) for the other compo-
nent. Now we apply T¢i move first to get the label (u;, 2;17)

2i,1X,Yi,n; X
and (u; ', z;12) respectively. Now we need to apply P, L P, L .... L Py
move, and this will give us the label (zu;z71, 21) and (zu;'z7t, 21).
Since this is a closed loop, in particular this will imply 2;1 = y;»,x as
¢ = 1..k. But we already know from above that z;; = ¥;,,. So this
means x = 1. That is Py = P; = identity or empty edge. Now our
loops look like

-1 -1 -1
FC1,Z171 FCl:yl,nl FCz,Zgy]_ FC27y2,n2 T ‘Fck,zk’l Fck:yk,nk (b>
But since we already found out that z,; = v;,, as © = 1..k. So each
-1 . .
cvziaFenyin, = 1. S0 our loop is contractable. U

7.2.4. The complex M(X).

Lemma 13. The complex M(X) is connected and simply-connected.
Here the edges of the complex are Z, B, F', define on the [BK]. Also the
relation is defined on the same paper.

Proof. This is exactly the [BK] is all about. So this paper is heavily
depend on this paper. We will not repeat the proof here. Interested

readers are referred to the paper [BK].
t

7.2.5. Proving part 3 of sec 9.1. Let
v, Lo,
and ;
R
be two lifting of
aq i> a9
Then we need to show that there is a path e, starting from b and end
with b}, and completely lie in IT7!(a;) and a path ey, starting from b}

and end with b}, and completely lie in II7!(ay), so that the following
relation hold:

53



ea f"(b7) = f'ex (V)
We know from lemma 8 that the vertex b and b is connected by a se-

quence of move of the form T7 / and Py and their inverses. We choose
such a path from b} to b}. Let us say the path is

(Py, UP, U UP, )T T2 Tok (b))

Z1,y1 ™ Z2,y2° Zx,Yk

For later reference, we will denote (Py, U Py, U ... UP, )T5t  Tg2 ..
L. So this path from b} to b} is just L(b]). Note that this path L(b})
completely lie inside the fiber II7'(a;). So we get our e; which is just
L(b]). Now depending on what kind of path the f is, we will have a

different construction for the path e,.

case 1: f = Z. In this case, we choose e; = L(b}y) more precisely,
the path from b5 to b is
e3 =L(by) = (Px, UPx, U ... UP, )T Te2 .. Tk (by)

Z1,y1 ™ Z2,y2° Zx,Yk

Since in this case, both f’ and f” is the Z move, the commutativity
that we want to show is

LZ(by) = ZL(by)
Recall (Py, UPy, U.... WP, )Tgr  Tg2 .. Tgk = L. But the Z
move commute with all the moves, so in particular, this means LZ =
ZL and we are done.

case 2: f = B. In this case, again we choose e = L(b}) more
precisely, the path from b5 to b, is
es = L(by) = (Px, UPx, U ... UP, )T T2 .. Tk (by)

Z1,y1 ™ Z2,y2° Zx,Yk

Since in this case, both f’ and f” is the B move, the commutativity
that we want to show is

LB(b) = BL(t))
here we suppress the indices for B since it is not important. Again
recall

(P, UP, U UP, )Tt T2 Tk =1

Z1,y1 7 Z2,y2°° Zx, Yk

But the B move also commute with the T and P moves (see the B
relation). So in particular, this means LB = BL and we are done.

case 3: f = F. This situation is little bit different from the above

two. Here the F' move for M(X) and the F move for M(%,%), both
o4

Ck
T Zk, Yk



will remove a cut, say the i-th cut. Then we choose

ey = (Py, UPx, U... UP,, U...UPy,) \T;iYITg;yz....Tg;yk(bg)

J/

Vv
but we do not include T3 ,,

Here P, means we do not include Py,. then the commutativity that
we want show is:

F(Py, U..P TS TS T =

Z1,y1 " Z2,y2°° Zx, Yk
> c1 c2 Ck
(Py, U  UP U UPy,) Ty Tays T F

TV
but we do not include T3 ,,

This is very easy to show. We will give the argument anyway for
completeness. We consider each cut one at a time. First consider the @
th cut, the cut removed by F. The left hand side of the above equation
will apply a bunch of T and a Py move to this cut first. But it does not
matter, since at the end the F move will remove this cut. And the right
hand side of the above euation will apply F move first and remove this
1-th cut. Now consider the j-th cut where ¢ and j are different. In this
case, the F move does not have any effect (does not change the label)
on the j-th cut. So both side of the above equation give rise to the
same label on this j-th cut (we can just forget about the F move from
both side since it does not have any effect). This finishes the proof.

7.2.6. Proving part 4 of sec 9.1. We need to show that Every loop in
M (%) can be lifted to a contractable loop in M (3, 3). First note that,
it is enough to prove this for 2-cell or relations in M (X). Because, then
any loop in M (X) can be break down to several 2-cell in M (X)), since
M (X) is simply-connected. We then lift each 2-cell to a contractable
loop in M(%,¥). Then finally, we use part 3 of section 9.1, to arrive
at our answer.

Now we will show that every 2-cell in M (X) can be lifted to a con-
tractable loop in M (%, X). We first observe that all the 2-cell in M (%),
consist of Z, B and F' move. And each 2-cell has a corresponding
exact 2-cell in M(X,%). For example, consider rotation axiom, the
2-cell in M(X) is Z" = 1 and the corresponding 2-cell in M(X,X)
is Z" = 1. Similarly for the braiding axiom, the 2-cell of M(X) is
BoyBag = Bay 15y and Ba,Bg~ = Biag) {4 and the corresponding
2-cell of M(2,%) is BayBagp = Bia} (s and Bay,Bgs, = Biasy ()
The only exception to this rule is the dehn twist axiom. Dehn twist
axiom for M(X) is ZB, 3 = BgZ and the corresponding dehn twist

55



Here,

- the
be M(X%,Y) lift-
and .

in
be Il a) 3 ofg
It does mnot 9.
matter a v cell
what point we 73 —
choose (93, h3) y 1
for b € 1171 (a) in
Visualizat%\ ’ a M
Of Z3 (b)
a (92, h2)
«@
v B
the
2w >
cell
B Z%(a) 73 =
o g .
in
M(X
. (%)
Here, a € M(X) ‘ Visualizatz)\ ’ )
Of ZS (a)

a

FIGURE 41. Here we take n = 3 for simplicity of drawing diagram

axiom for M(X,Y) is ZBas = PgBsoZ, we have this extra Py move
appearing in the case of M (f], Y)). But this will not be a problem. more
precisely, we do the following:

If Lis a 2-cell in M (X), say starting at the vertex a, then we first pick
any point on the fiber of a. Say b € II"!(a), it does not matter which
point on the fiber we choose. Then we apply the corresponding 2-cell
move of M (3, ¥) to b and this will give a contractable loop in M (X, X).
For example if we have the 2-cell Z"(a) in M(X) then a lifting of this
2-cell which is contractable is going to be Z*(b) in M (%, ). Look at
the diagram on figure 41. For the dehn twist, it is not a big difference.
If ZB,3 = BgnZ(a) is the 2-cell in M(X) then ZB, 3 = PBs,Z(b)
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a &

(9, hMl» hag™!)
B a ¥ Lifting of dehn twist
A (9, M) ZB, 5(f) P.B;.Z(f) axiom of M(X) to the
) ’ 2-cell of dehn wist ax-
a [

iom of M(%,%)

(g_17 h2g_
B(WV
« 3 (g7h1M17h2)

vertex b in v

M, % Jh )

Wh(ere ) (o1 v 2) L g “ /gﬂtxz(f)
be T (a) Tzl e (g, h1)

! g
9-cell of dehn twist axiom  Ba,s(a) 7 B,
in M(%) ; / Sa 5 3
a
vertex V « Ié;

FI1GURE 42. Lifting of Dehn-twist axiom

will be the corresponding lifting in M (3, X)) which is of course con-
tractible for the simple reason that ZB,s = PgBg.Z is a 2-cell in
M(%,%). See the diagram on figure 42. For all the other 2-cell, the
lifting is similar; so we leave those to the readers. So we satisfy all the
condition of sec 9.1. This finishes the proof of our main theorem.
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