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Chapter 1

Introduction

Back in 2000, Khovanov produced a link invariant in the form of a bi-graded homol-
ogy theory now known as Khovanov homology and whose graded Euler characteristic
recovers the Jones polynomial. To be more precise, if D is a diagram of a link L,
then Kh (L) is a bi-graded abelian group which is obtained by taking homology of
a chain complex KhC%/ (D) with a differential

d: KhC" (D) — KhC"™ (D).

The fundamental property of this chain complex is that two link diagrams of the
same link differing by a sequence of Reidemeister moves give rise to chain complexes
that are homotopy equivalent, and this makes Khovanov homology a link invariant.
The property of ‘categorifying’ the Jones polynomial is
X(KR(L)) =Y (=1)'¢’ tkKh(L) = (q+q ") J(L)
i,J

where J(L) is the normalised Jones polynomial, with J(U) = 1 for the unknot
U, and yx is the graded Euler characteristic. Since then, a plethora of invariants
has been defined. For example, Khovanov homology can be thought of as a single
member of a whole family of link homology theories for each integer n > 2 known
as Khovanov-Rozansky homologies, which are defined in [KR08a] and categorify
the quantum sl(n) link polynomials. Other invariants have a much more geometric
flavour, providing, for example, slice genus bounds arising from perturbations of
Khovanov homology (see [Ras04]) and further, Khovanov-Rozansky homologies (see

[Lob09], [Lob12] [Wu09]).



Chapter 1. Introduction 2

Of particular interest to this thesis is a more recent invariant arising from Kho-
vanov homology known as the Khovanov stable homotopy type, which was con-
structed by Lipshitz-Sarkar in [LS14a] as a space-level refinement of Khovanov ho-
mology. In their paper, they construct a family of spaces X’ Ij(h(L), for each j € Z,
whose stable homotopy type is an invariant of L and whose reduced singular coho-

mology recovers the Khovanov homology of L. That is,
H(X],,(L)) = Kh'(L).

In fact, this thesis focuses more directly on a construction that predates and directly
influences the work of Lipshitz-Sarkar. What inspired their work was a paper written
by Cohen-Jones-Segal [CJS95a] which asks whether such a space-level refinement
exists that would provide a stable homotopy type for Floer homology. Although such
a homotopy-theoretic description of Floer homology was not produced in [CJS95a,
Cohen-Jones-Segal did set up a construction using higher-dimensional moduli spaces
from Floer theory, and this was successfully implemented in [LS14a]. The fact
that a machine designed for Floer theory can be applied successfully to Khovanov
homology should be of no surprise, since the two theories have been shown to be
related via spectral sequences (see [Ball0], [OS05]) and further relations between the
two is actively studied. The information of such higher-dimensional moduli spaces
is encompassed in what Cohen-Jones-Segal call a framed flow category. A framed
flow category is a category € whose objects are Z-graded, and whose morphisms
are manifolds with corners satisfying certain compatibility conditions, which are
outlined in Chapter 2. Cohen-Jones-Segal in [CJS95a] provides a machine whose
input is a framed flow category 4 and whose output is a CW-complex |%’| called
the realisation of €. Thus, in order to produce a Khovanov stable homotopy type,
Lipshitz-Sarkar in [LS14a] produce a Khovanov flow category, denoted €k, and a
fair amount of work goes into producing a framing for this category. To do this,
a relatively simple flow category is used to model €k, and this is called the cube
flow category. In their sequel paper [LS14b], Lipshitz-Sarkar make use of stable
cohomology operations induced by the stable homotopy type Xkp(L). In particular,
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they develop a combinatorial definition for computing the second Steenrod square
Sq® : Kh(L,7/2) — Kh'™(L,7/2).

When the link L has relatively simple Khovanov homology, Baues [Bau95] shows
that the operation Sq?, along with Sq' (which is determined by integral Khovanov
homology), is enough to determine the stable homotopy type of Xg,(L). This
includes all links with up to 11 crossings, and [L.S14b| provides a list of the stable
homotopy types for all such links. Moreover, it was later shown by Seed in [Seel2]
that there are several pairs of knots and links with isomorphic Khovanov homologies
that can be distinguished by their associated homotopy type, making the stable
Khovanov homotopy type a stronger invariant than Khovanov homology.

Even more recently, the author of this thesis along with Lobb and Schiitz has
looked at providing a more compact description of the Khovanov stable homotopy
type for knots and links that admit a special kind of diagram. In [JLS15], Jones-
Lobb-Schiitz consider knots and links that admit a diagram which can be constructed
by gluing together a collection of elementary tangles (see Definition 5.3.1, Figure
5.3). Such diagrams are referred to as matched diagrams and are usually denoted
Dy, where r = (ry,...,7,) € (Z\ {0})™ for an underlying diagram D that can be
constructed by gluing together m elementary tangles, each with |r;| crossings for
i =1,...,m. An observation by Bar-Natan in [BNO7] (see also [Kho00, Subsection
6.2]) describes how Gaussian elimination can be used at the level of the Khovanov
chain complex of such links, resulting in a description of the complex as a tensor
product of ‘flattened’ complexes. Jones-Lobb-Schiitz consider this simplification
under Gaussian elimination and construct a framed flow category .Z(D,) whose
objects correspond to the standard generators of the cancelled complex, and whose
morphisms are modified accordingly (this is described in Chapter 5.3). In [JLS15],
difficulties similar to that in [LL.S14a] arise in providing a framing of the flow category
Z(D;). A flow category known as the sock flow category is constructed which is
analogous to the cube flow category in [LS14a], and models .Z(D,). The ultimate
outcome of the construction in [JLS15] is that if a link L has a matched diagram
Dy, then | Z(D,)| =~ |€xn(L)|. Khovanov homology is a special homology theory

(n = 2) that occurs as a generalisation (n > 2) of a family of homology theories
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defined by Khovanov and Rozansky in [KR08b|. Additional motivation for study-
ing matched diagrams is the realisation of Krasner in [Kra09] that by performing
Gaussian elimination on matched diagrams, the Khovanov-Rozansky chain complex
can be described using a TQFT similar to the one above, but with V' = Z[z]/x™.
Therefore, by producing a homotopy type associated to such diagrams one may be
able to produce a conjectural description of a Khovanov-Rozansky homotopy type.
This is precisely the approach taken in [JLS15] where the authors describe in detail
how the generalisation for all n > 2 works. For the purpose of this thesis, we shall
only be focusing on the case n = 2, where we give a simpler description of the
Khovanov homotopy type associated to matched diagrams.

The original work of this thesis can be summarised as follows. Firstly, the main
theorem (Theorem 3.1.1) extends classical handle-cancellation occurring in Morse
theory to framed flow categories. That is, by assuming that two objects of a framed
flow category ¥ have gradings that differ by one and have a moduli space between
them that is a single point, one may cancel these two objects to give a new framed
flow category €y with two fewer objects, whose realisation || is homotopy equiv-
alent to the realisation |%’|. The theorem is stated in Chapter 3 as follows.
Theorem 3.1.1 Let (%,1,¢) be a framed flow category containing two objects
x and y with M(x,y) = *. The realisation |%| is stably homotopy equivalent to
the realisation |€y|, where Ob(%x) = Ob(%) \ {z, y} and the morphisms of &y are
defined in Definition 3.1.1.

This is a completely general result in the language of flow categories, and a di-
rect application of the theorem is exhibited in the Khovanov set-up that is described
above. In particular, the calculations of Steenrod squares can be simplified so that
computations that once required the use of computer-implementation can be can-
celled down and computed by hand. Chapter 6.4 does this explicitly for the first
knot (819 = 7'(3,4)) which gives rise to a non-trivial Steenrod square, and thus pro-
vides the non-triviality result of [LS14b, Theoreml]; X} (819) is not a wedge sum of
Moore spaces. In this example, a sequence of handle-cancellations is provided that
results in a final flow category containing only 3 objects. The stable homotopy type

can then be determined directly.
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This thesis is organised as follows. Chapter 2 introduces the general language
of flow categories, and describes what is meant by a manifold with corners. It goes
on to describe how such manifolds may be embedded into cornered Euclidean space
in a nice way, particularly for morphisms of flow categories that are themselves
manifolds with corners. The chapter then describes (in the language of [LS14al)
the Cohen-Jones-Segal construction of a CW-complex from a framed flow category.
Continuing in the general setting of flow categories, Chapter 3 provides the main
theorem on handle-cancellation in framed flow categories. Khovanov homology is
not mentioned until Chapter 4, where the entire set-up of [LS14a| is described. This
includes a diagrammatic definition of Khovanov homology using resolution configu-
rations and the construction of the framed flow category €k, whose output from
the Cohen-Jones-Segal machine gives the Khovanov stable homotopy type. Chapter
5 provides an overview of the work in [JLS15], namely the effect of Gaussian elim-
ination on the Khovanov stable homotopy type. Then finally, Chapter 6 highlights
how second Steenrod squares can be described for framed flow categories in general,
and outlines the procedure of [JLS15] for computing the second Steenrod square
of a cancelled category. The thesis concludes by highlighting how the cancellation
theorem (Theorem 3.1.1) can be used to simplify drastically the computations of

second Steenrod squares.



Chapter 2

Framed Flow Categories

2.1 Manifolds With Corners

In order to define a (framed) flow category, a fair amount of technical language has
to be introduced, such as manifolds with corners and neat immersions/embeddings.
We begin this chapter by setting up this language before proceeding to define the no-
tion of a flow category, and further, a framed flow category. A smooth n-dimensional
manifold-with-corners is similar to an ordinary smooth n-manifold, except that the
differential structure is such that neighbourhoods of points in the manifold are home-
omorphic to open subsets of [0,00)" = R, as opposed to R". The language here

follows [Lau00] and [J&n68].

Definition 2.1.1 A smooth n-dimensional manifold-with-corners is a topological
space X along with a collection of charts {(U,,ha)}aca where the U, cover X
and each h, is a homeomorphism from U, to an open subset of R’} such that the

transition maps

Rap = hg o h ' ) ho (Ua NUg) = hg(Us N Up)

ha (UaﬁUB

extend smoothly for each o, 5 € A.
For each x € X, let ¢(x) be the number of 0 coordinates in h,(x) for any a € A.

Then the codimension-i boundary of X is denoted

0'X = {z € X|c(x) =i}.
6
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Each z € X belongs to at most ¢(z) connected components of 9'X. A boundary
hypersurface is the closure of a connected component of 9'X and a face of X is a
union of disjoint (possibly empty) boundary hypersurfaces of X.

If X is a smooth manifold-with-corners and each z € X belongs to precisely ¢(z)
connected components of ' X, then X is said to be a smooth manifold-with-faces.
The ordinary boundary 0.X is defined as the closure of the codimension-1 boundary
X,

It should be clear that every face of a manifold-with-faces is itself a manifold-
with-faces. In this way, the notion of a face can be extended to higher codimensions
of a manifold-with-faces. For example, if Y is a face of a manifold-with-faces X,
then any face of Y can also be considered a face of X (one codimension higher).

For non-negative integers n and k, a smooth n-dimensional manifold-with-faces
X can be endowed with a k-face structure (01.X,...,0X), which is an ordered

k-tuple of faces of X satisfying:
1. U, 0,X = 0X.
2. 0,X N0;X is a face of both ;X and 9;X for all ¢ # j.

A smooth manifold-with-faces X along with a k-face structure is called an n-

dimensional smooth (k)-manifold.

If a = (a1,...,ax) € {0,1}* then define

X ifa=(1,...,1)
X(a) :=
(1 0;X otherwise.
{ila;=0}

For each a < b in {0,1}" there is an obvious inclusion X (a) — X (b).

Definition 2.1.2 Define 2" to be the category with one object for every element of
{0,1}" and a unique morphism from b to a if b; < a; for i = 1,...,n. Let |a| be the
sum of the entries of a € {0,1}", which is called the weight of a. Denote by 0 the
zero vector (0,0,...,0) and by 1 the vector (1,1,...,1).

The category 2" is used to define an n-diagram, which is a functor from 2" to

the category of topological spaces. An (n)-manifold can be viewed as an n-diagram
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() A manifold-with- (b) A manifold-with-faces, (c) A (2)-manifold with d;

corners,  but  mot a byt not a (2)-manifold. solid and 02 dashed.

manifold-with-faces.

Figure 2.1: Examples of manifolds with corners, faces and (n)-manifolds.

by considering the (|a|)-manifold X (a) defined above. A product of an (n)-manifold
X with an (m)-manifold Y is defined as the (n + m)-manifold X x Y obtained via

the isomorphism 2" = 2" x 2™,

Let Y be an (n)-manifold. Then the inclusion maps Y (a) — Y (1) are all injec-
tive, and Y = Y'(1) is the direct limit of Y, considered as an n-diagram. Thus, it is
possible to describe the boundary of an (n)-manifold Y without mentioning Y'(1).
This is the purpose of the following definition and, along with the proposition that
follows (which is [LS14a, Proposition 3.9]), is used in the inductive procedure of

defining moduli spaces between decorated resolution configurations (see Proposition

4.3.2, particularly (B2)).

Definition 2.1.3 Consider 2"\ 1, the full subcategory of 2" consisting of all objects
except 1. A truncated n-diagram is a functor from 2™\ 1 to the category of topological
spaces. If the restriction of the functor for a truncated n-diagram to each maximal
dimensional face of 2" \ 1 produces a k-dimensional (n — 1)-manifold, then the
truncated n-diagram is called a k-dimensional (n)-boundary.

For an (n)-boundary Y, there is a continuous map

¢q Y (a) — colimY
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for each a € {0,1}" aside from 1, where colimY is the pushout for Y. This means
that for any k-dimensional (n)-manifold X, the restriction to 2" \ 1 produces a
(k — 1)-dimensional (n)-boundary Y such that colim}y = 0X. Moreover, the map

¢, is injective.

Proposition 2.1.4 Let X and Y be two n-boundaries, so that X (a) and Y (a) are
both compact for each object a in 2" \ {1}. Consider a natrual transformation
F Y — X that has the property that I restricted to each face of Y is an (n — 1)-
map. If F(a) : Y(a) — X(a) is a covering map for every object a of 2" \ {1},
then

G = colim(F') : colim(Y) — colim(X)

is a covering map.

Definition 2.1.5 Given an (n + 1)-tuple d = (dy, ...,d,) € N*™! define the Eu-

clidean space with corners
Ed =R% x Ry x R" x Ry x --- x R} x R,
This can be given an n-face structure by defining
ORI =R® x R, x --- x R%1 x {0} x R% x --- x R, x R

which will be referred to as the i-boundary or i-face of EZ.
For 0 < B< A<n+1let Eq[B : A] denote the Euclidean space with corners

B2,
Definition 2.1.6 A neat immersion 1 : X & E9 of an (n)-manifold X is a smooth
immersion (for some d € N"™!) satisfying:

1. v Y9 Ed) = 9;X for each i.

2. The intersection of X (a) and E4(b) is perpendicular for each b < a in {0, 1}

Condition (1) is that ¢ is an (n)-map which is defined in general as a smooth map
between (n)-manifolds which sends i-faces to i-faces.

A neat embedding is a neat immersion that is also an embedding.



2.2. Flow Categories 10

A given neat immersion 2 : X & Ed with d € N™™! can be stabilised in the sense
that there is an induced neat immersion <[d’] : X 9 E3+9" for each d’ € N1,
Given a neat immersion 1 : X 9 E9 the normal bundle v, is defined as the normal

bundle v,(,) for each immersion u(a) : X (a) & E(a) given a € {0,1}™.

The fact that neat embeddings exist is provided by the following variant of the
Whitney embedding theorem for manifolds with corners from [Lau00, Proposition

2.1.7).

Lemma 2.1.7 Let X be a compact (n)-manifold and 2 : 9X < E9 be an embedding
satisfying the properties
e 1 (O;EY) = 9, X for each 4, and

e X(a) intersects Ed(b) perpendicularly for each b < a in {0,1}"\ {1}.
Then +[d’ — d] can be extended to a neat embedding of X in EY for some d’ > d.

2.2 Flow Categories

Definition 2.2.1 A flow category is a pair (€,| - |) where € is a category with
finitely many objects Ob(%¢’) and | - | : Ob(%") — Z is a function called the grading

satisfying the following conditions:

1. Hom(z,z) = {Id} for each object z € Ob(%) and for z # y € Ob(%),
Hom(z, y) is a smooth compact (|z|—|y|—1)-dimensional (|x|—|y|—1)-manifold
which will be denoted by M(x,y). Note that M(z,y) = 0 for |y| > |z| (a

negative dimensional manifold). In particular, set M(x,x) = ().
2. For z,y,z € Ob(¥) with |z| — |y| = m, the composition map
o: M(z,y) x M(z,z) = M(z,y)
is an embedding into 9,, M (x,y). Further,

OM(z,y) x M(z, z for i <m
o (OM(z,y)) = (z29) (#,2)

M(z,y) X O—pM(x,2) for i >m.
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3. For x # y € Ob(%) the composition map o induces a diffeomorphism

M (z,y) = H M(z,y) x M(z,2)

{z:]z|=lyl+i}

The morphism space M(z,y) defined in the first condition is called the moduli

space from x to y.

In light of this definition and the discussion in the previous subchapter, let © be

the diagram with vertices given by the spaces
M(zmay) XM(zm—lazm) Xoeee XM(ﬁ,Zl) (21>

for a distinct collection of objects z1,..., 2, in Ob(%) \ {z,y}, and with arrows

corresponding to a composition of moduli spaces. Then,
OM(x,y) = U M (z,y) = colim®. (2.2)

Definition 2.2.2 Let f: M — R be a Morse-Smale function on a closed manifold
M (that is, f is a Morse function with a gradient flow such that the stable and
unstable manifolds intersect transversally). The Morse flow category € is the flow
category whose objects are the critical points of f (graded by their index), and
whose moduli spaces are defined as follows. Let p € Ob(%) be a critical point of f.

The stable manifold of p, with respect to the positive gradient flow V f, is given by
Wop) = {zeM| Jimr@)=p}
—00

where ~, : R — M is the smooth flow given by Vf and ~,(0) = . The unstable

manifold of p with respect to this flow is
W) = { o € 0| tim 2= }.
For a pair of critical points p, ¢ € Ob(%%) denote by
M(p,q) = W*(p) N W*"(q)/R

the quotient on this intersection by the action of the gradient flow. The transversality

condition ensures this is a smooth (|p| — |¢| — 1)-dimensional manifold, and for each



2.2. Flow Categories 12

a € (f(q), f(p)) C R, this manifold M (p, ¢) can be embedded into W*(p)Nf~*({a}).
The moduli space M(p, q) can then be defined as the compactification of M(p, ¢) by
adding broken flow lines between the critical points p and ¢, as described by Austin

and Braam in [AB95, Lemma 2.6].

The following definition describes a useful convention that was introduced in

[LS14a].

Definition 2.2.3 Let % be a flow category and Ob; (%) be all the objects of € with

grading ¢, for some integer i. For pairs of integers ¢ and j, let
M= I M)
zEObi(%),yGObj(%)

For all m,n,i with 1 < i < m — n, the diffecomorphism from part (3) of Definition

2.2.1 induces a diffeomorphism
OM(m,n) = M(n+1i,n) Xop, ) M(m,n +1).

Definition 2.2.4 Let € be a flow category with each object x € Ob(%) satisfying
B < |z| < A for some integers A, B € Z. Then for a fixed d = (dg,...,da—1) €
NA~B a neat immersion 1 of € relative d is a collection of neat immersions gy

M(z,y) + Eqlly| : |z|] for each pair of objects x,y € Ob(%) such that:

1. For all + and j with B < j <17 < A, ¢ induces a neat immersion

uit [ M,y) = Ealj i)

z,y:|z|=i,ly|=J

2. For all objects z,y, z € Ob(%) and points (p,q) € M(z,y) x M(x, z)
1zy(poq) = (zw(p), 0, Zx,z(q)).

A neat immersion ¢ is called a neat embedding if the induced maps 2; ; in (1) are
all embeddings. Given a neat immersion 2 relative d and some other d’ € N+,
denote by 2[d’] the neat immersion relative d +d’ which is induced by the inclusions
Eq[B : Al < Eq,a[B : A], which themselves are induced by natural inclusions

R% = R% x {0} — R4+,
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As highlighted in [L.S14a], the Cohen-Jones-Segal machine (Section 2.3) requires
the input of a framed neat embedding, which is defined below. However, much of
the language constructed in this section regards the more general notion of a neat
immersion, which will be necessary later when discussing covering spaces. Lemmata
2.2.5,2.2.6, 2.2.8 and 2.2.11 will ensure that any neat immersion may be perturbed

(in a unique way) to a neat embedding to satisfy the Cohen-Jones-Segal prerequisite.

Lemma 2.2.5 There is a neat embedding for any flow category, relative to some d.

Proof: This is essentially a corollary of Lemma 2.1.7, where a choice of d can

be made to ensure each ¢, ; is a neat embedding for each B < j <i < A. O

Lemma 2.2.6 Let 2(f) be a smooth S*~!-parameter family of neat immersions of a
flow category € relative some (fixed) d. Then for a sufficiently large choice of d’, the
family of neat immersions 1(#)[d’] can be extended to a smooth D*-parameter family
of neat immersions '(r, 6) of the flow category €, where S*~! = 9D*. Furthermore,
if 2(0) is a neat embedding for a single point 6, € S*~! then ¢/(r,6) can be made
into a neat embedding for all interior points (r,8) of D¥. In particular, two neat

embeddings of ¥ relative d are isotopic through neat embeddings relative d’.

Proof: The interpretation in [LS14a, Lemma 3.18] of [Lau00, Lemma 2.2.3] gives
the sufficient choice of d" as d; = 2d; + 1. This enables them to define an isotopy of
neat immersions/embeddings as follows. Assume that D¥ is the unit disk in R* with
points in D* given by (r,6) where r is the distance of the point from the origin, and
6 € S¥~! = ODF. It suffices to define 7, ,(r,0) for each pair of objects z,y € Ob(%).
Let || = m and |y| = n. Then 1, ,(0)[d'] : M(x,y) & Eg[n : m] has coordinates
defined by

12.4(0)[d'] = (2,(0),0,0,7,41(0), ..., Tn—1(0), 2m—1(0), 0,0).
Now consider the function f :[0,1] — R, defined as

el = it £0,1
f(r) =

0 otherwise.
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Figure 2.2: A framed neat embedding of the flow category in Example 2.2.1.

For a choice of point 6y € S*~! (that possibly gives a neat embedding 2()), the
isotopy defined in [LS14a, Lemma 3.18] is

Uy (1, 0) = (1= 1)1 (o) + 12, (0), f(r)en(6o), £ (r)inr1(00),
(1 = 7)2n11(00) + 7241(0), . . (1 = 7)om—1(60) + 770—1(0),
(1 = r)tm—1(60) + rtm-1(0), f(r)tm-1(6o),0).

O

Definition 2.2.7 Let € be a flow category with a neat immersion ¢ relative d. A
coherent framing ¢ for 1 is a framing for v,, , for each x,y € Ob(%’) such that the
product framing v,, , X v,, . is equal to the pullback framing o*v,, , for all x,y,z €
Ob(¥) (see Figure 2.2).

A framing ¢ of an immersion ¢ : M(a,b) & Eq4[|b| : |a|] may be interpreted as
an immersion

p: M(a,b) x [—e,e] Wt — B[] : |al]

such that ¢(x,0) = «(z), and we shall adopt this interpretation throughout.

Example 2.2.1 Let % be the flow category whose objects are Ob(%¢") = {z, y1, y2, 2}
such that |z| =2, |y1] = |y2| = 1 and |z| = 0, depicted as follows
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where the O-dimensional moduli spaces are labelled in blue. The moduli space
M(x, z) is therefore an interval whose boundary is given by the product of the

0-dimensional moduli spaces as
3./\/l(x, Z) = (M(yhz) X M(I7y1)) U (M(y272) X M(%?ﬁ))

This interval can be depicted as

Mz, z)=
p-a q-b

A neat embedding (relative d = (do,d;) = (1,1)) for € is depicted in Figure 2.2,
where the points p and ¢ are embedded into R% = R, and the points @ and b are
embedded into R% = R, along with their framings. The coherent framing condition
of Definition 2.2.7 is also illustrated in Figure 2.2 where the interval M(z,z) is
embedded into R% x R, x R%.

Lemma 2.2.8 Let D* be a k-dimensional disk with ODF = D! Ugr—2 DE~!. Con-
sider a smooth D*-parameter family of neat immersions 1(t) of a flow category €
along with a smooth D*~!-parameter family of coherent framings ¢(t) for 2(¢)|ps—
(for either of the hemispherical boundary disks). Then ¢(¢) can be extended to a

smooth DF-parameter family of coherent framings for 1(t).

Proof: By considering the normal bundle of the collection of neat immersions
tay(t) - M(z,y) & Elly| - |2]]

for each pair of objects z,y € Ob(%) and t € D*, [LS14a] provide the dashed map

which extends the following commutative diagram
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M(z,y) x DF1 ——— EO(N)

2
T
-
-
-
-
-
-
-
-
-

M(z,y) x D¥ —— BO(N)

where N = djy + -+ + djz-1 and FO(N) — BO(N) is the principal bundle of
the classifying space of O(N). They do this inductively on |z| — |y| using the collar
neighbourhood theorem (see [Jan68, §1]) and the fact that boundary points of moduli

spaces are given by products of points in lower-dimensional moduli spaces. O

Definition 2.2.9 A framed flow category is a triple (€,1,p) where € is a flow
category which is neatly embedded with 2 relative d, along with a coherent framing
@ for a.

A chain complex C,(%,1,¢) can be associated to a framed flow category in
the following way. Each C,,(%,1, ) is the free abelian group generated by objects
x € Ob, (%) with grading n. If z,y € Ob(¥) are objects with |z| = |y| + 1, then
the moduli space M(x,y) is a 0-dimensional (0)-manifold (i.e. a disjoint union
of points). These points are assigned a framing in {1}, and the boundary map
between x and y is the signed sum of points in M(z,y). Dually, a cochain complex
C*(%,1, ) can also be associated to (€, 1, ). Following the terminology of [L.S14al,

we say that the framed flow category refines its associated (co)chain complex.

Definition 2.2.10 Let ¢ be a coherent framing for a neat immersion ¢ of some flow
category €. By Lemma 2.2.5, one can choose a neat embedding ¢’ of . By Lemma
2.2.6, 2 and ¢/ can be stabilised so that ¢[d] and ¢/[d’] are isotopic for some choice
of d,d’. Further, ¢ induces a coherent framing for :[d] ; call this ¢ too. Finally,
Lemma 2.2.8 allows one to produce a coherent framing ¢’ for ¢/[d']. Then the framed

flow category (%,7[d],¢’) is said to be a perturbation of the framed flow category
(€2, ).

The previous two lemmata then combine to give the following.
Lemma 2.2.11 Let (%, 10, o) and (%, 11, 1) be two perturbations of a framed flow

category (%,1, ). Then there exists a smooth 1-parameter family of framings of €

that connects (19[do], o) to (11[d1], 1) for some dg, d;.
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Proof: By definition of a perturbation, there exist some dj, d} for which there
exists a l-parameter family of neat immersions ¢;(¢) connecting 2[d}] to ¢; as well as a
1-parameter family of coherent framings ¢;(t) for #;(t) for each i € {0,1}. Moreover,
Lemma 2.2.6 ensures that, for a sufficiently large choice of d, there is a 1-parameter
family of neat embeddings ¢(t) connecting uo[dj] to 2;[df].

The following set-up is from [LS14a, Lemma 3.23|. There is a dA-parameter
family of neat immersions of ¥ where A is a triangle whose edges correspond to
the neat immersions #;(¢)[d/] for ¢ = 0,1 and «(¢). By Lemma 2.2.6 a choice of large
d can be made so that there exists a A-parameter family 7 of neat immersions of
%, such that 7 restricted to the corresponding edges of A gives ;(¢)[d} + d] for
i = 0,1 and +(¢)[d], respectively. A framing ¢ for 7 can be produced using Lemma
2.2.8 by extending the framing on the edges of dA which is induced by ¢o(t) and
¢1(t). A l-parameter family of framings connecting 2p[do] to 2;[d;] is then given by
(7]e, ¢|e) where e is the edge of A corresponding to the 1-parameter family of neat

immersions () of €. O

2.3 Cohen-Jones-Segal construction via Lipshitz-
Sarkar

As was briefly alluded to in the introduction, there is a process that allows one
to construct, from a given framed flow category &, a CW complex |%|. This CW
complex is constructed in such a way that its cellular chain complex C*(|%|) is
isomorphic (after some grading shift) to the chain complex C*(%’) obtained from % .
An outline of the construction of || was first given by Cohen-Jones-Segal (inspired
by Franks [Fra79]) in attempt to acheive a spectrum (or space-level refinement) for
Floer homology. As expressed in [CJS95a], their attempt was not entirely successful
but they do outline a detailed recipe for constructing a CW complex from any
given framed flow category; a recipe that was implemented successfully in [L.S14a]
to produce such a spectrum for Khovanov homology, namely a Khovanov stable
homotopy type. The immediate output of the Cohen-Jones-Segal machine is a CW
complex that we shall define in this section. It should be noted that the Khovanov
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stable homotopy type is defined as a (de-)suspension of this output where the input
is a particular Khovanov flow category, constructed in [LS14a]. We shall handle this

special case in later sections.

Definition 2.3.1 Let (%,1,¢) be a framed flow category relative d. For an arbi-
trary object a in Ob(%) of degree m, recall that for each object b in Ob(%) of degree

n < m, we have a framed neat embedding
tap : M(a,b) x [—g, ] Tdn-t 5 [ R R]%™ x [0,R] x --- x [0, R] x [-R, R]*~*

where R is chosen to be large enough that all moduli spaces M(a, b) can be embedded
in this way. Moreover, choose B < A € Z as in Definition 2.2.4 so that every object
a € Ob(%¥) satisfies B < |a] < A. The CW complex |%| consists of one 0-cell (the
basepoint) and one (dg + -+ + da_1 — B + m)-cell C(a) for every object a of &
defined as

[0, R] x [~R, R]%® x - - - x [~ R, R]™* x {0} x [—¢,e]™ x {0} x - - x {0} x [—¢, ],

Each cell C(a) is considered a subset of a different copy of the ambient space
R, x R% x ... x R_ x R%-1, The neat embedding 2 can be used to identify
particular subsets

M(a,b) x C(b) = Cy(a) C 8,C(a) (2.3)

in the following way:

Cy(a) =[0,R] X [-R, R]%® x --- x [-R, R x {0} x
tap (M(a,b) x [—g, g™t Ham=1) x {0} x [—¢,e]™ x -+ x {0} x [—¢,e]%

C dC(a).
It will be useful to introduce notation for this identification by letting
Lop: M(a,b) x C(b) — 0,C(a) (2.4)
be the identification M(a,b) x C(b) = Cy(a). Let

C=dg+ - +ds,— B (2.5)



2.3. Cohen-Jones-Segal construction via Lipshitz-Sarkar 19

Then the attaching map for each cell 9C(a) — |€|(¢T™V is defined via the Thom
construction for each embedding into JC(a) simultaneously. That is, for each subset
M(a,b) x C(b) = Cp(a) C IC(a), the attaching map projects to C(b) (which carries
trivialisation information), and sends the rest of the boundary dC(a) \ U, Cy(a) to
the basepoint.

The fact that this construction is well-defined is shown in [LS14a, Lemma 3.25]
which also describes how the attaching maps give a natural isomorphism of chain

complexes. The lemma is re-stated below.

Lemma 2.3.2 The CW complex |¢| defined in Definition 2.3.1 is well-defined.
Moreover, the cochain complex C*(%,1, ) associated to & is isomorphic to the
reduced cellular cochain complex 5*(|%,¢|)[—C], where C' in the degree shift is also
defined in Equation 2.5 of Definition 2.3.1.

The isomorphism type of |¢’| is shown to be independent of the choice of real
numbers R and e in [LS14a, Lemma 3.25] and, by considering a one-parameter
family of framed neat embeddings between two perturbations (zg, ¢o) and (21, ¢1) of

(2,¢), it can be shown that the CW complexes |€|,, o, and |€| are isomorphic

11,$1
(also [LS14a, Lemma 3.25]). A choice of different A, B, and d gives rise to a stably
homotopy equivalent CW complex (see [LS14a, Lemma 3.26]) that is a suspension
of the original CW complex a number of times. These results are re-stated below

for later reference.

Lemma 2.3.3 The isomorphism type of |4, | is independent of the choice of real
numbers R and ¢ and different choices of R and ¢ give homeomorphic spaces. More-
over, by considering a one-parameter family of framed neat embeddings between two
perturbations (g, ¢o) and (21, 1) of (2, ), it can be shown that the CW complexes

€ 19,00 a0d |€],, o, are isomorphic.

Lemma 2.3.4 Let (¢,1,¢) be a framed flow category, with a neat embedding ¢
relative d. Choose integers A, B € Z as in Definition 2.3.1 and consider the CW

complex |%|,, constructed with this choice.
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For d’ > d, let ¥ =1[d’ — d] denote the induced neat embedding relative d’ and
let ¢’ be the induced coherent framing for +/. By using d’ if necessary, choose integers
A’ > A and B’ < B. Recall from Definition 2.3.1 that C' =dg +---+ds_1 — B, so
let C'" =dpg +---+da_1 — B'. Then there is a homotopy equivalence

o540 2 57N,

This construction of |%’| is shown to agree with the construction of [CJS95a]
in [LS14a, Prop3.27], and is referred to as the realisation of €. Since this thesis is

based on the language of [LS14a], this equivalence is omitted.

2.4 Covers of flow categories, sub-complexes and
quotient-complexes

This subchapter follows [LS14a, Subsection 3.4] and outlines important methods for
proving the invariance of the Khovanov homotopy type. These methods may also be
used in [JLS15] (see Subchapter 5.5) to prove equivalence of stable homotopy types
arising from different choices of tangle decompositions of a link diagram. Since the

methods are of particular importance, we shall also include the proofs from [LS14a].

Definition 2.4.1 A cover is a functor F : 41 — %5 between two flow categories

which preserves gradings such that for all z,y € Ob(%) either

1. Mg (x,y) =0 or

2. F: My (2,y) = M, (F(2), F(y)) is a (Jz| — |y| — 1)-map, local diffeomor-

phism and a covering map.

A cover F is trivial if for all z,y € Ob(%)) the covering map F : My (z,y) —
M, (F(x), F(y)) restricted to each component of M, (z,y) is a homeomorphism

onto its image.

Given a neat immersion ¢ of %5 relative d, a cover F : €, — %> provides a neat
immersion of €] through a composition 20 F. A coherent framing for 20 F is induced
by a coherent framing for 2, and then the flow category %, can be framed using a

perturbation as in Definition 2.2.10.
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Definition 2.4.2 Let %’ be a full subcategory of a flow category . Then %’
is a downward closed subcategory if for all x,y € Ob(%) such that M(z,y) # 0,
x € Ob(%”) implies that y € Ob(%”). If for all such pairs of objects, y € Ob(%”)
implies that x € Ob(%’) then ¢’ is a upward closed subcategory. Upward and

downward subcategories of flow categories are themselves flow categories.

Definition 2.4.3 Let ¢” be a downward (respectively upward) closed subcategory
of a flow category %, and let » be a neat embedding of € with a coherent framing
@. Let /" and ¢’ be the induced /inherited neat embedding and coherent framing for
¢'. Define ]‘K|’(l ») to be the subcomplex (respectively, quotient complex) of |€|, )

which is constructed using precisely the cells corresponding to objects of %”.

Remark: It is important in the previous definition that the subcategory %" is a
downward (respectively upward) closed subcategory, so that ]‘@”|’(Z ») is precisely the

CW complex |€”|(y,) constructed from ¢”.

The following lemma will be the key to describing the Khovanov stable homotopy

type as a wedge sum decomposition over the quantum gradings (see Definition 4.3.6).

Lemma 2.4.4 If " and ¥” are two downward closed subcategories of a framed
flow category ¥ satisfying the property that every object of % is in precisely one
of € or €”, then the CW complex || decomposes as wedge sum of |€”| with |€”|
where both downward flow categories are framed with the induced framing. That

is, |€| = |€"| v |€"|.

Proof: This follows by considering the attaching maps Cy(a) — C(b) from the
construction of |¢’| in Definition 2.3.1. Let |€|' (respectively, |€|") be the sub-
complex of |€’| whose cells correspond precisely to the objects of ¢” (respectively,
%"). Then since the subcategories ¢” and ¢ are both downward closed subcate-
gories that bisect €, any object a of % is in either of these categories. Moreover,
M(a,b)xC(b) = Cy(a) is attached to C(b) where b is forced to be an object of the same
category as a. The rest of OC(a) is sent to the basepoint and so |€| = |€|" V |€|".
Moreover, |€| = |€'| and |€|" = |€"| since both subcategories are downward

closed. O
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Lemma 2.4.5 Let %’ be a downward closed subcategory of a framed flow cate-
gory €, and let ¢ be the complementary upward closed subcategory (both framed
with the induced framings). The following statements about the associated chain

complexes of these framed flow categories hold.

1. The inclusion |€”’| < |%| induces a homotopy equivalence when C*(¢") is

acyclic.

2. The quotient map |€| — |€”| induces a homotopy equivalence when C*(%”)

is acyclic.

3. The Puppe map |€¢"| — X|¢”’| induces a homotopy equivalence when C*(%)

is acyclic.

Proof: The subcomplex |€”| of |%’| has a corresponding quotient complex | €| =

|%|/|€"|. Consequently, there is a short exact sequence of reduced cellular cochains
0— C*(|€"]) = C(€]) — C*(|€"]) — 0
which gives rise to a long exact sequence of reduced cohomology groups
o= HTN(E) = HY(|")) » H (%)) = H( %) = H(16") — .

The maps H'(|%|) — H'(|%")), H(|€"|) — H'(|%]) and H}(|€"]) — H'(|%"|)
for each i, are induced by the maps highlighted in the statement of the lemma;
namely, the inclusion |¢”’| < |€|, the quotient |€| — |€”| and the Puppe map
|€"| — X|€”|, respectively.

Using Lemma 2.3.2, if C*(%) is acyclic, then H(|€|) = 0 for all i where €, in
turn, is given by the framed flow category €”, ¢’ and €. In Case (1), this gives
rise to an isomorphism of cohomology groups H(|%|) = H(|%”|). By the version
of Whitehead’s Theorem obtained as a corollary of the Hurewicz Theorem (see
[Hat02, Th.4.32, Cor.4.33]), a map between two simply-connected CW complexes
that induces isomorphisms on homology is a homotopy equivalence. Since each
]‘f\ is well-defined up to stable homotopy, each of these CW complexes can be
assumed to be simply connected, (de)suspending if necessary. Here, the inclusion

map |6’| — |%| induces a homotopy equivalence. Case (2) is similar. Case (3)
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is slightly different in the sense that the isomorphisms H'~'(|¢”|) = H'(|€"|) are
induced by the Puppe map |€”| — X|%’| and so the suspension is required to shift

the degrees of the cohomology before arguing as above. O



Chapter 3

Handle Cancellation in Framed

Flow Categories

3.1 A cancellation theorem for framed flow cate-
gories

In this subchapter, we show that the space arising from a handle-cancelled category
is stably equivalent to the space arising from the original category. Much of the ar-
gument relies heavily on a particular homotopy (or deformation retract) which takes
place in the cells of |¢|. Throughout this subchapter, let € denote a framed flow
category (%,1, ) with two of its objects having a one-point moduli space between

them, M(z,y) = x. Let || =i and |y| =i — 1.

Definition 3.1.1 Denote by %y the flow category whose object set is identical to

that of €, minus z and y, and whose moduli spaces! are given by

M(a,b) = M(a,b) Uy (M(Jr,b) X M(a,y))

where f identifies the subsets

M(z,b) x M(a,z) U M(y,b) x M(a,y) C M(a,b)

'In order to distinguish the two categories, we write @ for the object of € if a is an object of

€ different from z or y.

24
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and

M(z,b) x (M(z,y) x M(a,z)) U (M(y,b) x M(z,y)) x M(a,y)
C M(z,b) x M(a,y).

We call €y the cancelled category (relative to z and y) of €.

It follows from the existence of collar neighbourhoods for (n)-manifolds, see
[Lau00, Lemma 2.1.6], that M(a,b) is a (|a| — |b| — 1)-dimensional (|a| — [b] — 1)-
manifold, and %y is a flow category, with grading obtained by restriction. This
chapter is dedicated to the proof of the following theorem about handle cancellation

in general framed flow categories.

Theorem 3.1.1 Let (%,1,¢) be a framed flow category containing two objects x
and y with M(x,y) = *. The realisation |%| is stably homotopy equivalent to the
realisation | €| of the cancelled category, where Ob(%) = Ob(%) \ {z,y} and the

morphisms of @ are defined in Definition 3.1.1.

In their definition of a realisation of a framed flow category in [CJS95a], Cohen-
Jones-Segal were trying to achieve a description of a Floer homotopy type. Moreover,
Floer theory is an infinite-dimensional analogue of Morse theory (see [BH04, §9], for
example), and the realisation of a Morse flow category & recovers the underlying
manifold (see main theorem of [CJS95b] and [CJS95a, §5]). Therefore, Theorem
3.1.1 can be thought of as a generalisation of handle-cancellation in Morse theory (see
[Mil65, Theorem 5.4]) and we shall highlight how the Morse theoretic cancellation

can be described in our language in the following example.

Example 3.1.1 Let M be the deformed 2-sphere depicted in Figure 3.1a, and let
far o M — R be a self-indexing Morse-Smale function on M. Consider the Morse

flow category €7%,,, whose object set is given by the critical points of f as
Ob(cng) = Crit(fM) = {a7 T, Y, b}

where |a| = |z| =2, |y| = 1 and |b] = 0. With respect to the positive gradient flow

V fur, the (transverse) intersection of the stable and unstable manifolds of = and y,
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(a) A deformed 2-sphere with two maximal (b) A 2-sphere with a single maximal and sin-

critical points. gle minimal critical point.

Figure 3.1: An example of handle cancellation.

respectively, is given by the single point
M(z,y) = W*(x) "W (y) /R = {}

as highlighted in red in Figure 3.1a. This corresponds to the O-dimensional mod-
uli space M(x,y) of €y, being a single point, %, and will be the point about
which we will cancel. The remaining intersections of stable and unstable mani-
folds of critical points with relative index 1 are also highlighted in red in Figure
3.1a. The corresponding 0-dimensional moduli spaces are given by M(a,y) = {p}
and M(y,b) = {q,r}. Handle cancellation in Morse theory allows us to alter the
gradient-like vector field on an arbitrarily small neighbourhood of the single trajec-
tory from x to y, producing a new gradient-like vector field for the Morse function
fs2 on the 2-sphere. In particular, this provides a diffeomorphism between the two
manifolds M and S2.

To see how this is described in terms of a cancelled category, consider the 1-
dimensional moduli spaces of €%,,. Recall from Definition 2.2.2 that the moduli
spaces of a Morse flow category are defined as the compactification of the intersection
of their corrseponding stable and unstable manifolds by adding broken flow lines.
Here, this means that the moduli spaces are intervals whose boundaries are given
by products of the 0-dimensional moduli spaces. Firstly, M(a,b) is a single interval

with OM(a,b) = M(y,b) x M(a,y) = {q - p,r - p} given by
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M(a,b) = |
q-p r-p

and secondly, M(z,b) is a single interval with M (z,b) = M(y,b) x M(x,y) =
{q - *,r- %} given by

By choosing the single-point moduli space M(x,y) = {*} to cancel, we can
produce a cancelled flow category € = €, whose objects are Ob(¢y) = {a,b}
and whose only moduli space is given by M(a,b) = M(a,b) U (M(z,b) x M(a,y)).
Since |a| = |z| and M(a, z) = 0, the gluing takes place only along M (y, b) x M(a, y).
The boundary points {q-*,r %} = OM(z,b) become {q-*-p,r-*-p} in the product
M(z,b) x M(a,y), and so the two intervals are glued together to form a single circle

of the form

q-xp r-xp

This circle is highlighted in red in Figure 3.1b as the equator of the 2-sphere S2,
and is precisely the intersection of the stable and unstable manifolds of a and b,
respectively, with respect to the positive gradient flow V fg2. Moreover, Theorem

3.1.1 provides a homotopy equivalence between |€%,,| and |6}, |.

The previous example highlights how the main theorem (Theorem 3.1.1) contains
handle cancellation occurring in Morse theory. For a general framed flow category &,
we must provide framed neat embeddings of the new moduli spaces of € described
in Definition 3.1.1, so that we can exhibit a homotopy between the realisation of
% and the realisation of 5. A somewhat simple deformation, which is defined

on the cell C(x) of |%|, will provide an intuitive description of how to embed the
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moduli spaces of €. Recall that C(z) is a (C' + i)-cell and a single copy of C(y) =
M(z,y) x C(y) is identified on its boundary (particularly on the (i — 1)-face) via

Cy(x) =[0, R] x [-R, R]"" x -+ x [=R, R]"2 x {0} X 15, (M(z,y) x [—¢,€]" ) x
{0} x [—€,€]% x -+ x {0} x [—¢,e]®™1 C 9,_,C(x).

Note that we can assume 2,, embeds the point M(z,y) = * as 2,,(x) = 0 in
R%-1 and hence we can think of the framing of that point as the restriction of
an isomorphism of R%-1. This gives a homeomorphism between C,(z) and the

(C'+i—1)-cell C(y).

Definition 3.1.2 Let U, : 9C(z) \ Cy(z) — C(x) (with parameter ¢ € [0, 1]) define
a deformation of C(x) which takes each face of the (C' +i)-cube C(x) (including the
(i — 1)-face away from C,(z)) through the interior of C(x), so that eventually when

t =1, each face lies in Cy(x) = C(y). This deformation can be characterised by the

following properties:

1. Each ¥, : 9C(x) \ Cy(z) — C(z) is a deformation of OC(x) \ C,(z) that is the
identity on 0C,(z).

2. The map V¥, : 9C(z) \ Cy(x) — C(x) is the inclusion map.

3. The map ¥, : 9C(x) \ Cy(x) — C,(z) takes the union of all the faces of C(z)
to Cy(z) on the (i — 1)-face.

It is necessary to outline some required features regarding the smoothness of
these maps W;. It will be required that these maps are smooth on subsets Cy(z)
of dC(z) \ Cy(z) in order to keep track of their framings. Since each of the subsets
Cy(z) is identified on the n-face of C(z), a stronger condition that can be assumed
is that W,, for each t, is piecewise-smooth in the sense that it is smooth on each
face OxC(z) for k = B,...,i — 1 (see Figure 3.4). Each ¥, will also have to behave
well on particular corners 0;,C(z) := 0,C(x) N OxC(x) for B < j < k < i — 1. Here,
it is enough to allow the corners to be flattened as long as the piecewise smooth

condition is preserved on the mutual faces.
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In addition, the face-structure of C(z) = Dl OxC(x) is altered by the deforma-
tion W,. Each k-face is collapsed to Wy, ((9ké:(§)) in Cy(x) of the (i — 1)-face. It
will be useful to keep track of these faces in order to define neat embeddings for ¢y,
since each Cy(x) is identified with the n-face (|b| = n) and we need this to remain
true, even after collapsing.

As we run the parameter ¢ through [0, 1], we are in essence taking an interval
product with Cp(x), and thus there is an inherent framing on these newly embedded

moduli spaces M(z, b), for each ¢t. Since each U, fixes OC,(x), subspaces of the form

[0,R] x [-R, R]*® x --- x [-R, R]*"* x {0}x
1y (M(y, ) x [, g™t =2 5 ) 5 {0} X 15 (M(z,y) X [—€,6]% 1) x
{0} x [—&,e]® x -+ x {0} x [~¢,¢]** C 0C,(x) C IC(x)

which have a product framing given by the framings of M(y,b) and M(x,y), are also
fixed. This framing is coherent with the inherent framing from the interval product
of Wyle, () for each t in [0,1]. The deformation ¥, : 9C(x) \ Cy(x) — C(x) will assist
in describing embeddings of the moduli spaces M(a,b) of %€y, and subsequently
providing a CW complex |€y|.

Recall from Definition 3.1.1 that M (a,b) is formed by gluing the two moduli
spaces M(a,b) and M(z,b) x M(a,y) along their common boundaries. Thus we
shall define an embedding for each of these moduli spaces separately, and emphasise
how the gluing works; the former of the two is embedded with its original embedding
from (%,2,¢). A framed embedding I'; pxq, of the product moduli spaces M (x,b) x
M(a,y) is described in Lemma 3.1.3 along with a description of how the two moduli
spaces are glued together. A framed embedding I'; j of the moduli spaces M(a, b)
is then described in Lemma 3.1.4. Some alterations are needed to ensure that
these embeddings are neat embeddings, and this is described in Lemma 3.1.5. The
embeddings defined in this section follow the notation of Equation 2.4 of Definition

2.3.1, where identifications
Lop: M(a,b) x C(b) = Cy(a) — 0C(a)

were defined.
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Lemma 3.1.3 There is an embedding
Lapxay - M(2,0) x M(a,y) x C(b) = IC(a).

Moreover, this embedding can be defined to agree with I',;, on the boundary com-

ponents (M(y,b) x M(z,y)) x M(a,y) UM(z,b) x (M(z,y) x M(a,z)).

Proof: Consider each M(z,b) embedded into Euclidean space as
Gyt M(2,0) x [—e,e]™ T %t — [—-R R]™ x [0,R] x -+ x [0, R] x [-R, R]“.

As this embedding provides an identification I',;, of M(z,b) x C(b) with the subset
Co(z) of OC(x)\Cy(x), it is affected by the deformation W;. We know that varying ¢ in
[0, 1] provides an interval product of framed embedded subspaces W¢|c, ) (Cy()) in-

side C(x), so in particular we can look at the framed embedded subspace W1 |¢, ) (Cy())

inside C,(z) (see Figure 3.4). This provides an embedding of M(x,b) x C(b) into

[0, R] x [~R,R]* x -+ x [-R, R%2 x {0} X 15 (M(z,y) x [—&,e]%")
x {0} x [—¢,e]% x -+ x {0} x [—¢,e]™1 = Cy().
given by
Uile,@) 0 Tap : M(x,b) x C(b) = Cy(x).

Now by abusing notation slightly, let T} : C,(z) — M(z,y) x C(y) be the obvious

homeomorphism, so that

I'lo \I/1|cb(x) o Fx,b : M(:L‘, b) X C(b) — C(y)

z,Y

provides an embedding of M(x,b) xC(b) into a one-point product of C(y). To embed
the product moduli space M(z,b) x M(a,y) x C(b), consider the identification

Loy M(a,y) x C(y) = Cy(a) C 0;,-1C(a)

with M(xz,b) x C(b) embedded into the C(y) component via I',} o Wile,z) © T
Then define the embedding

/

r M(z,b) x M(a,y) x C(b) — 9C(a) (3.1)

z,bxa,y :

by F;7bxa7y(p, q,0) =TLq, (q, F;; o Uile, @) © Tap(p, 5)) (see Figure 3.5).
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Notice that the embeddings T

z,bxa,y

and T, agree on (M(y,b) x M(z,y)) x
M(a,y) since ¥; is the identity on those points, but on M(z,b) x (M(z,y) x

’

M(a, x)) they disagree. We fix this by altering I in the collar neighbourhood

z,bxay
M(x,b) x M(a,z) x [0,1] x C(b)
of M(z,b) x M(a,y) x C(b). Now consider the embedding
Lsbxay 1 M(x,b) x M(a,y) x C(b) — 9C(a) (3.2)

that is defined as T’ away from this collar neighbourhood, and defined as

I
z,bxa,y

Isbxay(0,q,t,0) =Tay (q, Uile, @) (Lap(ps 5))) on points (p, ¢, t,d) in the collar neigh-
bourhood. Altering ¢ from 0 to 1 has the effect of tracing from the embedding I'

!

(when ¢ = 0) to the embedding T', ., , (

when ¢ = 1). We need to check that this
alteration in the collar neighbourhood M(z,b) x M(a,z) x [0,1] does not effect
the intersection with the collar neighbourhood M(y,b) x M(a,y) x [0,1], which
is M(y,b) x M(a,z) x [0,1]*. However, since I';; sends the boundary component
M(y,b) x M(z,y) x C(b) to Cy(z) NCy(x) C OCy(x), then each ¥, has no effect on

this particular collar. Hence, I'; pxq, provides an embedding satisfying the required

properties. O

Since the embeddings defined in the proof of the previous lemma may seem a

little abstract, let us consider an example.

Example 3.1.2 Let €4 be a framed flow category with Ob(%%) = {a,x,c,y,b}
such that |a| = 2, |z| = |¢| = 1, and |y| = |b] = 0. Consider the following illustration
of cg*

a
p1 P2

x c
« 41 4
Y b

where the 0-dimensional moduli spaces are all single points that are labelled in blue.

The 1-dimensional moduli spaces can be drawn as
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M(a,b) = |
q1 - P1 qs - P2

Ma,y) = |
* - D1 q1 - P2

Now assume that ¢ is a neat embedding of € relative d = (dp,d;) = (1,1). The

cells needed to construct the CW complex |G| are:
C(a’) = [O’R] X [_Rv R] X [OaR} X [_R) R]
C(‘T) = [OvR] X [_Ra R] X {O} X [_576] = C(C)
Cly) = {0} x [—e,¢] x {0} x [—&,e] = C(b).
All of these cells are subsets of E =R, x R x R, x R. Moreover,

OE = ({0} x R x Ry x R) | J (R4 x R x {0} x R)

is a 3-dimensional (2)-manifold, which can be illustrated by flattening out the corner-
plane {0} x R x {0} x R to give a homeomorphism JE = R? (c.f. [LS14a, Figure
3.3]). Under this homeomorphism, the boundary 0C(a) has subsets identified with

certain moduli spaces that are depicted in Figure 3.2.

Figure 3.2: Example: %. Identifications of cells in 9C(a).

In blue is the embedding I',;, and in green the embedding I', = of M(a,b) x C(b)

a7y

and M(a,y) x C(y), respectively. The rightmost (white) cube is C.(a) = C(¢) and
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the leftmost (white) cube is C,(a) = C(x). The cell C(z) has parts of its boundary
identified with both C,(x) and Cy(z), and can be depicted on its own as in Figure
3.3.

Figure 3.3: Example: €. The cell C(x).

The cell C(y) is green and the cell C(b) is blue. Further, the deformation ¥; on C(z)
(which is piecewise smooth on faces) sends JC(x)\C,(x) through C(x) to C,(x). This
results in an embedding T, } 0 Wy ¢, () 0Tz of M(z,b) x C(b) in the cell C, () = C(y).
This embedding is highlighted in blue in Figure 3.4, where the image of the faces

are outlined.

Figure 3.4: Example: @4. The result of collapsing C(z) using V¥;.

Now recall that the embedding I", ;. , . is defined in Equation 3.1 as the embedding
Loy of M(a,y) x C(y) with Cy(z) embedded into C(y) as above. This embedding,
together with the embedding I', ;, is depicted in Figure 3.5.

The cells C;(a) and Cy(a) are dashed lines because they correspond to the objects

that are being cancelled. The embedding I', 5 is highlighted blue as before, and the
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Figure 3.5: Example: €. The embedding I';; (in blue) and T, ;. . (in purple).

embedding I" is highlighted purple. Notice that the two framed intervals do

z,bxa,y

not agree on their boundaries corresponding to
M(z,b) x M(a,z) and M(z,b) x (M(z,y) x M(a,z)).

This is the purpose of the alteration of fx,bxa,y in the proof of Lemma 3.1.3. The

/
z,yXa,y

embedding I'; pxq, is defined in Equation 3.2 by altering the embedding I’
in a collar neighbourhood of M(z,b) x M(a,y) x C(b). The alteration uses the
deformation W, and takes place inside C,(a); it is highlighted red in Figure 3.6.

Figure 3.6: Example: €%. The embeddings I';; and I'; pxq,y-

In this figure, the embedding I'; yxq, of M(z,b) X M(a,y) x C(b) is depicted as the

concatenation of both the red and purple framed embedded intervals.
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Lemma 3.1.4 There is an embedding I';; : M(a,b) x C(b) — 9C(a).

Proof: Since M(a,b) = M(a,b)Us M(x,b) x M(a,y) (Definition 3.1.1), we may
use 'y and I'; pxqy to embed the respective components of M(a, b) into C(a). The
fact that these embeddings agree on the gluings defined by f in Definition 3.1.1 is

given by Lemma 3.1.3, and we can define an embedding as I';; = T'qp UT'; pxay. O

Example 3.1.3 Consider again the framed flow category % from Example 3.1.2.
In Figure 3.6, the embeddings I', ;, and I'; 4, are depicted. The embedding I'; yxq,y
agrees with I', , on the boundary component (M (z, b) x M(a, z)) xC(b) of M(a,b) x
C(b). Moreover, the embedding I'ap = Fap ULz pxay can be seen in Figure 3.6 as the

concatenation of the blue, red and purple framed embedded intervals.

If we let II[b : a] : C(a) — Eq[b : a] denote the obvious projection map, and

Loy M(a,b) x [—e,e]® T Tim=1 5 9C(a)

denote the embedding I', ; restricted to the necessary framing coordinates of C(b),
then the original embeddings 2,4 : M(a,b) x [—¢,g|®TTdm-1 — E4[b : a] can be
recovered from the composition TI[b : a]|y o I'y,. Therefore, one would expect to be
able to define embeddings of the moduli spaces M (@, b) in a similar way. However,
these embeddings would not be neat since boundary components of both M(a, b) and
M(z,b) x M(a,y) that are defined as interior points of M (a, b) need to be identified
with part of the interior of 9,,C(a). This is the case in Examples 3.1.2 and 3.1.3 of
©'x, where the embedding I';; protrudes into the 1-face of C(a) (the red framed
interval in Figure 3.6). Therefore, relevant information about the moduli spaces is
lost after projecting via the analogous projection map II[b : @] : C(a) — Eq[b : a].
Instead, we alter these embeddings slightly as outlined in the proof of the following

lemma.
Lemma 3.1.5 For each @,b in Ob(%%), there are framed neat embeddings
Tap t M(a,b) x [—e,e]™ T dmt — Eylb : df

Proof: The framed neat embedding 7;; will be defined on each component of

M(a,b) = M(a,b) U (M(z,b) x M(a,y)) individually. The original embedding



3.1. A cancellation theorem for framed flow categories 36

tap = 11[b: @)y o0 f‘aj, is already neat on the M (a,b) component of M(a, b), however
recall that there are boundary components of M(a,b) in ¢ that are interior points
in the corresponding component of M(a,b) in €. This also holds for the framed
embedding

Tybxay : M(x,0) x M(a,y) x [—¢,e]" %=1 5 9C(a)

which is defined as the restriction of I'; px,., to the framing coordinates [—¢, g]dn*+Fdm-1

of C(b). The embedding 7, 5 should reflect this accordingly, and will therefore be de-
fined as a perturbation of the embedding f‘aJ, U fx,bxa,y-
Recall that in Lemma 3.1.3 the embedding I'; jx4,, Was defined on the collar

M(z,b) x M(a,z) x [0,1] x C(b)

by I'sixay(p,q,t,0) = Fm(q, Uile, @) (Lap(Ds 5))) For t = 0, the framed moduli
spaces M(z,b) x M(a,x) x C(b) are embedded into the corner 0,;C(a). As the
parameter ¢ runs through [0, 1], the embeddings of these framed moduli spaces pro-
trude into the i-face 0;,C(a) C 0C(a) and in particular, lie slightly in the interior of
C.(a) &2 M(a,z) x C(x). Since ¥, is a deformation retraction of the cell C(x) to
C(y), there is a neighbourhood of the corner 9, ;C(a) that contains this deformation.
Moreover, this neighbourhood is contained in the C(z) component of C,(a) and is
homotopically a disk. Let NN, (&L,ZC (a)) denote this neighbourhood, where € > 0 is
such that

Ty bxay : M(z,b) x M(a,y) x C(b) = 8,C(a) UN(9,.C(a))

is a framed embedding (see Figure 3.7), where the coordinates of N,(9,:C(a)) are

identical to 0,,;C(a) away from 0,,C,(a) C 0,,C(a) and are contained in

[0,R] x [-R, R]*® x --- x [-R, R]*"* x [0,¢] x [-R, R]"™ x - -
x [-R, R]%' x {0} x [-R,R]* x --- x [-R, R x
{0} x [—€,e]% x -+ x {0} x [—¢,e]®1 C 9,C(a).

The necessary perturbation then comes in the form of a continuous map

P :0,C(a) UN(0,:C(a)) = 0.C(a) (3.3)
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(a) Two faces of a cube C(a); vertically is the i-face, horizontally is the n-face. The blue

interval protrudes into the vertical i-face.

(b) The neighbourhood N¢(8y,;C(a)) of the ‘corner’ line, highlighted in red.

(¢) The result of pushing the neighbourhood N(9y,;C(a)) using P.

Figure 3.7: A small illustration of the definitions of N, (&L,iC (a)) and P.
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which will have the effect of pushing this disk into the n-face, from the i-face, of
9C(a). To describe P, let N(9,:C(a)) C 8,C(a) be a disk identical to N,(9,.C(a)),
but lying in the n-face of C(a) so that both disks intersect on the (n,i)-corner (in
Figure 3.7, N, (am-c (a)) would be the horizontal equivalent of N, ((9MC (a))) P is
defined to

to

(0n.:C(a))

1. send N, (am-C(a)) NN, (&MC(CL))
8N6 (OWC(@)) \ .]V6 (871726(@)) N N€

2. send ON,(0,,C(a)) \ Ne(0,,:C(a)) N Ne(0n,:C(a)) to
N, (8,172(7(@)) NN, (am-C(a))

and be continuous on the rest of 9,C(a) U N (0,,C(a)). Now let
P :0C(a) — OC(a) (3.4)
be a continuous map obtained by extending
P :0,C(a) UN(0,:C(a)) = 0.C(a)

to the entire boundary of C(a). The ‘push map’ P ensures that the embeddings of
M(a,b) x C(b) can be pushed to lie entirely in the n-face of 9C(a).

The remaining hurdle in providing a neat embedding is to ensure that boundary
components of M(a, b) that come from boundary components of M(z,b) x M(a, y)
are identified with parts of the n-face of C(a). Currently, I'; x4, identifies such
components with the interior of C(y) in Cy(a) = M(a,y) x C(y) (see Figure 3.4,
where Cy(z) is embedded into C(y)). But recall that the deformation W, alters the
faces of C(z) in the sense that each 9,C(z) is mapped (smoothly) to ¥y, (9xC(z))
inside Cy(x) = M(x,y) x C(y). This alteration is therefore apparent in dC(a),
particularly in C,(a). By redefining the corners 0y,_1C(a) precisely on the faces
OkCy(a) C O,i—1C(a), we can ensure that the embeddings I'; pxq., send the boundaries
of M(z,b) x M(a,y) x C(b) to the correct faces of C(a). So let the k-face of Cy(a) be
replaced by W15, (9xC(z)) C C(y). The boundary components of M(z, b) x M(a,y)
are then embedded to the correct boundaries as inherited by Cy(z) = M(x,b) x
C(b) C 0,C(x).
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Now define the embedding
Tap t M(a,b) x [—e,e]™ T dm1 5 Eylb: df
by 75 = I[b,a) o P o (Tap UT, pxay). 0
Example 3.1.4 Consider the recurring example of the framed flow category @.
The embedding I'; 5, as seen in Figure 3.6, embeds M (a, b) x C(b) in C(a). However,

the embedding protrudes into the 1-face (which is the i-face) of dC(a). Applying

the map
P :0C(a) — 0C(a)

will push this interval into the 0-face only, and the result is illustrated in Figure

3.8. The neighbourhood N (8y:C(a)) is a small 3-disk inside C,(a) = C(z) (the

TR
£8
Ty

=

Figure 3.8: Example: @%. The result of applying the push map P to dC(a).

dashed box in Figure 3.6) that contains the framed (red) interval which corresponds
to the alteration I'y pxay(p,¢,t,0) = Los (q, Uiley ) (Tap (D 5))) for t € (0,1), which

is defined in Equation 3.2.

Corollary 3.1.6 Let (€,1,¢) be a framed flow category containing two objects x
and y with M(x,y) = *. Then there is a framed flow category (¢x,7, ») whose

objects and moduli spaces are defined in Definition 3.1.1.

Proof: The flow category % itself is defined in Definition 3.1.1. The framed

neat embeddings 7;; are constructed in Lemmata 3.1.3, 3.1.4 and 3.1.5. O



3.1. A cancellation theorem for framed flow categories 40

Proof of Theorem 3.1.1: The realisation |%%| is built up inductively from
cells C(a) for objects a of ¥y with increasing indices, |a|, as prescribed by the
Cohen-Jones-Segal construction in Definition 2.3.1. The way in which these cells
are attached correspond to the framed neat embeddings 7, ; defined in Lemma 3.1.5.
By attaching all cells C(a) with |a| < |y| = i — 1, the pair of skeleta |£|~2?) and
|%5|%?) are identical. Further attaching all cells C(a) for objects @ with index equal
to ¢ — 1, we have

%] = |%u|D UC(y) < |€u]" .

For objects @ of €y of index m > |z| = i the cells C(a) are attached to |€|™~Y

inductively in the usual way, corresponding to the identifications
Lop: M(a,b) x C(b) — 0C(a)

defined in Equation 2.4. However, the cells C(a) are attached to |€y|™ Y corre-
sponding to different identifications that come from the embeddings 7, ; constructed
in this subchapter. To show that the CW complexes produced as a result of these
methods are homotopy equivalent, consider the CW complex that is obtained from
|%’| by collapsing the cell C(z) via ¥, (Definition 3.1.2). Denote this collapsed CW
complex by X, so that X is homotopy equivalent to |€|.

As a result of collapsing C(z) in |%|, cells C(a) that were once attached to C(x)

in |€|™~Y using the identifications
Loz : M(a,z) x C(x) = 0C(a)

are now attached to X ™~ in a slightly different way. In particular, the deformation
¢+ OC(x) \ Cy(x) — Cy(x) ensures that the identifications of C,(a) C 9C(a) are
pushed to C,(a) N Cy(a) and thus will occur in the normal fibre C(y) which comes

from the identification
Loy M(a,y) x C(y) — C(y).

The attachment corresponding to identifications of dC(a) that do not involve C(z)
or C(y) remain the same. Recall, from Lemma 3.1.3, that this was precisely how the
embeddings

I2bxay : M(x,b) x M(a,y) — IC(a)
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were defined. Therefore, the way in which the cell C(a) is attached to X ™~ is given
by the embeddings I'; ; = 'qp UT'z pxa,y defined in Lemma 3.1.4. The collapsed CW
complex X is therefore the Thom space of the normal bundle coming from the

embeddings I'; ; that describe how each C(a) is attached to X1, Recall that

f’aj) : M(@,b) x [—¢,e]d T Him=1 5 5C(a)
is defined as the embedding I'; ; restricted to the framing coordinates
[—,e]®™ x {0} x - x {0} x [—¢,e]®m?

of C(b). The fact that X does not give the realisation |6 | immediately is due to the
embeddings IN“C—LJ-, not coinciding with the coordinates of dC(a) which are identified
with the embeddings 7; ;. However, in Lemma 3.1.5 the neat embeddings 7 ; of the
framed flow category €y are defined via perturbations of the embeddings 1;@,1; inside
dC(a). In particular, 7, ; = I[b, ao Po (fa,buflﬂ,m,y), where TI[b, a] is the projection
to the coordinates Eq[b : a] and P is the push map defined in Equation 3.4 in the
proof of Lemma 3.1.5.

Since both fa,,; and P o f‘@g are embeddings of M(a,b) x [—e, g]@+F+dm-1 into
JC(a), and the push map P is an isotopy inside 0C(a), the Isotopy Extension The-
orem (which is stated after this proof) ensures that there is a global isotopy in the
Euclidean space Eqb : a] between the two embeddings which extends the isotopy in
OC(a). In particular, it can be assumed that the cells C(a) are attached to X (™1
in the same way the cells C(a) = C(a) are attached to |€p|™ V. This gives a ho-
motopy equivalence |€| ~ X ~ |€y| of CW complexes. Since these CW complexes
are well-defined up to stable homotopy type, the homotopy equivalence described

above gives rise to an equivalence of spectra when passing to suspensions. O

The following version of the Isotopy Extension Theorem has been stated in terms
of the language used in this thesis. An original statement and proof can be found

in [Hir94, Theorem 1.3, §8].

Theorem 3.1.2 (Isotopy Extension Theorem) Let A, B C E be compact sub-
sets of a Euclidean space E, and let T': A — B be an isotopy. Then there is a global
isotopy @ : E — E such that T' = ®| 4.



Chapter 4

Khovanov Stable Homotopy Type

In [LS14a], Lipshitz and Sarkar define a particular framed flow category @ which
refines the Khovanov chain complex. They define this category as a cover (in the
sense of Definition 2.4.1) of another, simple flow category € (n) known as the cube
flow category. Once Gk, is defined, a CW spectrum X, can be defined which is the
result of plugging %y, into the Cohen-Jones-Segal machine (where it is necessary
to construct a coherent framing for a neat embedding of €;,). Since the objects of
the Khovanov flow category are in one-to-one correspondence with the generators
of the Khovanov chain complex, we shall outline a definition of Khovanov homology
beforehand, following the approach in [LS14a] to use a diagrammatic definition using

resolution configurations.

4.1 The cube flow category and its framing

This subchapter is an overview of the construction in [L.S14a, Section 4] of a local
model for the Khovanov flow category; the cube flow category. Certain results are
of particular use in the description of Steenrod squares (see [LS14a, Subsection 3.3])

so we shall focus a little more on the details of their proofs.

Definition 4.1.1 Let f; : R — R be a self-indexing Morse function with a single

critical point of index 0 and a single critical point of index 1. Then denote by

42
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fn : R™ — R the Morse function

fn(l‘ly---amn) = fl(xl) + - +f1(~rn)

which has critical points in {0, 1}". Then define the n-dimensional cube flow category
%c(n) as the Morse flow category €%, of f,. As noted in [LS14a, Definition 4.1], a

concrete choice for f; could be f(x) = 32% — 23,

Denote by C(n) the n-cube [0, 1] considered as a CW complex. For a vertex
v=(v1,...,0,) €{0,1}" of C(n), let |v| = v1+- -+ v,, and write v <; uwif v < w on
the cube with |u|—|v| = i. The following observation about €¢(n) is [LS14a, Lemma

4.2).

Lemma 4.1.2 There is a one-to-one correspondence between objects of ¢ (n) and

vertices of C(n) that preserves the grading. Moreover,
1. The moduli space Mg, () (u,v) =0 for all uw < v in {0,1}".

2. Whenever u > v, Mg, (u,v) is naturally diffeomorphic to Mg, (ju—p))(1,0)
where 1 = (1,...,1) and 0 = (0,...,0).

One particular result that is important in Lipshitz-Sarkar’s description of a
Steenrod square on Khovanov homology is that Mg, ,)(1,0) has a simple form

for n = 1,2, 3. This is contained in the following lemma.

Lemma 4.1.3 The moduli spaces Mg, (n+1)(1,0) are difeomorphic to D™ for each
non-negative integer n, with the boundary Mg, (n4+1)(1, 0) homeomorphic to S™ 1.
In particular, Mg, ) (L,0) is diffeomorphic to a single point, an interval, and a

hexagon for n = 1,2, 3, respectively.

Proof: We shall only give the diffeomorphism type of Mg, ()(1,0) for n =
1,2,3. The inductive argument for general n is given in [LS14a, Lemma 4.3] and
uses the properties of the Morse function f,.

For n = 1, the moduli space Mg, (1)(1,0) is clearly a point by characteristics
of the Morse function fi(x) (there is only one flow line between 1 and 0). When

n = 2, the ‘square’ moduli space for C(2) = [0, 1]* has flow lines from (1, 1) to (0, 0).
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The moduli space Me,(2)((1,1),(0,0)) can be seen to be an interval classified by
its two boundary points which correspond to the products of the single-point mod-
uli spaces Mg, 2)((0,1),(0,0)) x Mg, 2((1,1),(0,1)) and Me,(2)((1,0),(0,0)) x
Me.qy((1,1),(1,0)), which are both canonically diffeomorphic to M, 1)(1,0) x
Me.a)(1,0) by Lemma 4.1.2. Note that Mg, 2)(u,v) = for u,v € {(0,1),(1,0)}.
There is an inductive procedure for the n = 3 case that is similar to the one from
the n = 2 case. Firstly, note that the moduli space Mg, 3)((1,0,1),(0,1,0)) = 0
since (1,0,1) £ (0,1,0). For all u,v € {0,1}* with v <; v, Mg, (u,v) is a sin-
gle point, and for all u,v € {0,1}* with u <5 v, Mg, (u,v) is an interval. The
only new information required for the 3-dimensional case is contained in the moduli
space My, (3)((1,1,1),(0,0,0)) since this is the only pair with (0,0,0) <3 (1,1,1).
Clearly this is a hexagon, with vertices made up of moduli spaces corresponding to
twice-broken flow lines (that is, a product of codimension-2 moduli spaces which
are all single points), and edges corrsponding to once-broken flow lines (that is, a
product of an interval with a point). O

Given two vertices v <,, u of the cube C(n), define a cellular structure on it by

letting the associated m-cell be
Cow={2e€[0,1]"|v; <z <uVi}.

Definition 4.1.4 Let C,, be an m-cell of C(n). Define the corresponding inclusion

functor

Iuﬂ, : Cc(m) — CC(TL)

as follows. Let u and v differ in the coordinates with indices j; < jo < - -+ < j,,, and
consider an object z € {0,1}™ = Ob(Cc(m)). Then define a new object 2’ € {0,1}"
by

1 ifu=1

p=2%0 ifu=0

z; if i = ji.
\

The full subcategory of Co(n) with objects given by

{2' | z € Ob(Cc(m)) }
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is naturally isomorphic to Co(m) (since by Lemma 4.1.2, all moduli spaces are

naturally diffeomorphic). The functor Z,, is defined to be this isomorphism.

4.1.1 A particular framing of the cube flow category

Throughout we shall be interested in the cellular cochain complex C*(C(n),Z) of
C(n). The generators will be thought of as the cochains C** given by

Cuw — 1
Cow v — 0 if (v, 0") # (u,v).
With Z/2-coefficients, the differential on C*(C(n),Z/2) can be written easily as

SCWY — Z Cu’,v+ Z Cu,v’.

s> u o' <qv

Definition 4.1.5 Let 1° € C*(C(n),Z/2) be the i-dimensional cochain which eval-
uates each i-cell to 1. A sign assignment is a 1-cochain s € C*(C(n),Z/2) such that
ds = 12.

Note that 1?2 = 0 so 1% is a 2-cocycle. Moreover, since H*(C(n),Z/2) = 0,
then such a sign assignment exists. If s and s’ are two sign assignments, then
d(s—s') =0so0 s—s"is a cocycle. Since H'(C(n),Z/2) =0, s — s' is a coboundary
so that s = s’ + dp for some p € C°(C(n),Z/2).

The standard sign assignment s is the sign assignment given by

SO(C(El,...,ET,1,8r+1,...,En),(&‘l,...,ET,O,ET+1,...,ETL)) =&+ ---& (mOd 2) .

Note that we can think of a sign-assignment in the following way. Let v <; u so
that C,, corresponds to an edge of the cube. If s(C,,) = 0, then C,, is decorated
with a + in the cube, and if s(C,,) = 1, then C, , is decorated with a — in the cube.
The condition that §s = 12 guarantees that there are an odd number of — signs on

each face of the cube.

Definition 4.1.6 Any sign assignment s gives a chain complex C?*(n) generated by
vertices {0, 1}" over Z. The chain complex C*(n) is called the n-dimensional cube
complex. Moreover, if |v| = k in the cube, then v is a generator for C*(n) and

v = Z (—1)%Cunly

u>1v
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is the differential.

Remark: This sign assignment corresponds to Khovanov’s original sign assignment,
and the n-dimensional cube complex corresponds to Khovanov’s skew-commutative
cube (see [Kho00, §3.3])

The procedure in [LS14a, Subsection 4.2] provides a framing for the cube flow
category in such a way that it refines the cube complex C¥(n). By orienting the cells

of C(n) by the product orientation, the differential in C*(C(n),Z) can be written as

5CU,U = Z (_1)80(Cu7v’,u7v)cuvv, _ Z (_1>50(Cu’—v,u*’v)cul7’U

v’ <qv u'u'>qu

given by the standard sign assignment s;.

Definition 4.1.7 A coherent orientation for Cc(n) is a choice of orientation for all

moduli spaces M(u,v) in Co(n) such that the following conditions are satisfied:

1. For u <; v/, consider M(u,v) is a subspace of
M(u,v) = M(u,v) x M(u',u) C OIM(u',v).

Then the orientation of M (u,v) has a subspace orientation which differs from

the boundary orientation by —(—1)%Cw-vu-v),

2. For v' <; v, then the difference of the subspace orientation from the boundary

orientation is (—1)%(Cu=—'u=2) where M (u,v) is considered as the subspace

M(u,v) =2 M(v,v") x M(u,v) C IM(u,v).

By using the standard sign assignment, [L.S14a, Lemma 4.8 shows the following.

Lemma 4.1.8 A coherent orientation for Co(n) exists.

Consider a neat embedding ¢ of €x(n) relative some d with a framing on all
moduli spaces of dimension strictly less than k. In [L.S14a, Subsection 4.2], Lipshitz
and Sarkar discuss the question of when one can extend this over moduli spaces
of dimension equal to k. The answer is given using obstruction theory. Since this

thesis focuses on the application of handle-cancellation in framed flow categories (the
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key application of handle-cancellation in framed flow categories here being at the
level of Steenrod square computations), and handle-cancellation is not necessary
when producing a cancelled version of the Khovanov flow category (see [JLS15]),
the details of this obstruction theory argument are omitted. An overview of the
argument is given as follows.

By considering some (k+1)-cell C,,, of the cube C(n), the boundary of embedded
moduli spaces dt,,, (M (u,v)) is an oriented (k — 1)-sphere S*~! which is framed by
the product framing ¢, , of the boundary components, and these are already framed
by assumption since they are of lower dimension. Now taking some framing ¢, of
the normal bundle to 2, (M (u,v)) = DF gives an element of m,_1(O(N)), for some
sufficiently large N, in the following way. At each point p on S¥7!, chose the
element of O(N) that sends the frame ¢, ,(p) to the null-cobordant frame g (p).
This element of m;_1(O(V)) is independent of g since two different null-cobordant
frames produce a map from S*~! to the orthogonal group and their null-cobordance
produces a null-homotopy of the map.

Moreover, since N > k — 1, m,_1(O(N)) can be identified with 7;_;(O), and
this gives an element o € C**1(C(n),m,_1(0)). The element o is the obstruction
class, and by definition o = 0 if and only if the framing extends over k-dimensional
moduli spaces. This obstruction class is used to show that different sign assignments
will give rise to homotopy equivalent stable homotopy types, and therefore ensuring
that we can choose (and fix) the standard sign assignment. The necessary results

from [LS14a] are now listed below.

Lemma 4.1.9 The obstruction class o defined above is a cocycle.

Additionally, the obstruction class o is also a coboundary since C(n) is acyclic.
Then the following proposition is a result of showing that one can modify fram-
ings in the interior of the (k — 1)-dimensional moduli spaces using a cocycle o €
Ck(C(n), m_1(0)) which produces a new obstruction class o/ = ¢ + da.. The proof
of the proposition focuses on providing such a modification so that da« = —o, and

hence shows that the resulting obstruction class o’ is trivial.

Proposition 4.1.10 Given a sign assignment s for C(n), the cube flow category
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%c(n) can be framed in such a way that it refines the n-dimensional cube complex

C¥(n) associated to the given sign assignment.

Finally, the following lemma ensures that neat embeddings and framings for the
cube flow category @ (n) yield equivalent stable homotopy types (see Choice (5) of
Proposition 4.4.1).

Lemma 4.1.11 Given a sign assignment s for C(n) and two framed embeddings
(20, v0) and (21, 1) of €c(n) that refine the cube complex C*(n), there is a smooth
1-parameter family of framed embeddings connecting (o[do], o) and (z9[d1], 1) for

some dgy and d;.

Proof: The existence of a 1-parameter family of neat embeddings (t) of ¢ (n)
(for t € [0,1]) with 2(0) = 120[do] and 2(1) = 2;[d;] for sufficiently large dy and
d;, is given by Lemma 2.2.6. The framings ¢y and ¢; will be extended to a 1-
parameter family of framings ¢, of «(t) by framing the moduli spaces 1,,, () (M (u,v))
inductively on |u—wv|. To begin with, the sign assignment ensures that when v <; u,
the framings of the moduli spaces 2,,,(0) (M (u,v)) and 2,,(1) (M (u,v)) (which are
both points) are the same. In particular, this framing is positive when s(C,,) = 0
and negative when s(C,,) = 1, and there does exist a 1-parameter family of framings
connecting the two endpoints.

Now assume that for some k£ > 1, such a 1-parameter family of framings ¢, for
1u0(t) exists for all |[u —v| < k. An extension of ¢; to all k-dimensional moduli
spaces is produced up to some modification, if necessary, for the (k — 1)-dimensional
moduli spaces (fixing the endpoints). So fix a coherent orientation of é¢(n) and
look at the boundary &(M(u,v) x [0,1]) oriented as the boundary of a product.
Since M(u,v) is a (k + 1)-disk, 9(M(u,v) x [0,1]) is a k-sphere S*. The framing
on M(u,v) x {i} is the pullback of the framing ¢; on 1,, for i = 0,1. The framing
on OM (u,v) x [0,1] is the pullback of the product of the framings of all the lower
dimensional moduli spaces that the boundary consists of. The question of extending
the framing over the (k + 1)-disk D™ with dD*™! = S* again reduces to an ob-
struction theory argument by comparing null-concordant framings of S*. Lipshitz

and Sarkar then use a modification argument similar to the one above to produce a
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~ X

Figure 4.1: The 0- and 1-resolutions of a crossing.

vanishing obstruction class (c.f. [LS14a, Lemma 4.13]). O

4.2 Khovanov homology using resolution configu-

rations

This subchapter is an overview of the definition of Khovanov homology using res-
olution configurations, as described in [LS14a, Section 2]. In Subchapter 5.3, an
analogous definition from [JLS15] will be given for a cancelled complex associated
to a matched diagram. The original appearance of resolution configurations pre-
dates [LS14al; see in particular [ORS13], which contains some diagrams that will be
referred to later in this chapter. Note, however, that [ORS13] focuses on odd Kho-
vanov homology and in this thesis we are solely concerned with ordinary Khovanov

homology.

Definition 4.2.1 A resolution configuration D is a pair (Z(D), A(D)) where Z(D)
is a disjoint union of embedded circles in S%, and A(D) is a totally ordered collection
of embedded arcs in S? such that Z(D) N A(D) = dA(D).

The index of the resolution configuration D is the number of arcs in A(D),

denoted ind(D).

Definition 4.2.2 Let L be a link diagram with n ordered crossings. For each
crossing, a resolution is a choice of either a 0- or 1-resolution which replaces the
crossing with a non-crossing diagram using the convention of Figure 4.1. For v =
(v1,...,v,) € {0,1}", the v-resolution is the collection of circles obtained as result

of taking the v;-resolution at the i*" crossing for i = 1,..., n.

Definition 4.2.3 For any link diagram L with n crossings, a resolution configura-

tion Dy (v) can be associated to each v € {0,1}" by taking the v-resolution of the
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diagram. If the O-resolution was taken for the i*" crossing (i.e. if v; = 0), then an arc

is placed between the two arcs of the resolution. Clearly, |v| = Yv; = n—ind(Dp(v)).

The arcs in the previous definition will signify where a 1-resolution is still to be

made in the Khovanov cube.

Definition 4.2.4 Given two resolution configurations D and E, a third resolution

configuration D \ E can be defined by
Z(D\E)=Z(D)\ Z(FE) A(D\E)={A€ AD)|VZ e Z(E),0ANZ=10}.

Let the intersection resolution configuration be given by DN E = D\ (D \ E).
Although the total orders on A(D N E) and A(E N D) may be different, it is still
true that A(DNFE)=A(END) and also Z(DNE)=Z(END,).

Definition 4.2.5 A resolution configuration D is said to be basic if every circle
in Z(D) intersects an arc in A(D). That is, there are no circles in Z(D) that are

disjoint from all of the arcs in A(D).

Definition 4.2.6 Given a collection of arcs A’ C A(D) in a resolution configuration
D, it is possible to perform surgery along these arcs by deleting a neighbourhood
of 0A" in Z(D) and connecting the resulting endpoints up along the boundary of
the neighbourhood that is outside Z(D). Doing this results in another resolution
configuration s/ (D) known as the surgery of D along A’. The circles Z(s4/(D)) are
the ones obtained by performing surgery along all arcs in A’, and the arcs of s4/(D)
are the arcs of D that are not in A’. The maximal surgery on D is the one obtained

by performing surgery along all arcs of A(D), and is denoted s(D) = s4(p)(D).

The following lemma follows immediately from the previous definition.

Lemma 4.2.7 Let F be a resolution configuration obtained from a resolution con-

figuration D by a surgery. Then E has the following properties:
1. D\ E is a basic resolution configuration.

2. E\ D =s(D\ E).
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OO 0

(a) An index 1 resolution configuration D.  (b) The resolution configuration s (D).

Figure 4.2: Surgery on an index 1 resolution configuration D, consisting of a single

circle Z and single arc A.

3. DNE=EnND.

Definition 4.2.8 A resolution configuration D admits a dual resolution configu-
ration D* in the following way. The circles Z(D*) are obtained from Z(D) by
performing maximal surgery on D, so that Z(D*) = Z(s(D)). The arcs A(D*) are
dual to the arcs A(D) in the sense that if A; is an arc of A(D), then A} is an arc of
A(D*) with boundary on Z(D*) that intersects A; once.

By collapsing the circles of a resolution configuration to points/nodes, one can
obtain an associated graph which can be thought of as the result of a forgetful map.
This language will be useful when talking about the 2-dimensional moduli spaces of

the Khovanov flow category.

Definition 4.2.9 Let D be a resolution configuration. A graph G(D) can be asso-
ciated to D which consists of a vertex G(Z’) for each circle Z' in Z(D), and an edge
G(A) for each arc A’ of A(D). A leaf of a resolution configuration D is a circle Z’
in Z(D) such that G(Z’) is a leaf of G(Z) (that is, a vertex of degree 1). A co-leaf
of D is an arc A; of A(D) such that its dual A} has an endpoint which is a leaf in

the dual resolution configuration D*.

Definition 4.2.10 A labelled resolution configuration is a pair (D, x), where D is
a resolution configuration and x is a choice of labelling for each circle in Z(D) with

either x, or z_.

Definition 4.2.11 Let (D, z) and (E,y) be two labelled resolution configurations.
Define a partial order < on such objects so that (E,y) < (D, z) when
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1. D is obtained from E by performing surgery along a single arc in A(E). In

this case, either:

(a) Z(E\ D) contains exactly one circle Z;, and Z(D \ E) contains exactly

two circles Z, and Z3, or

(b) Z(E'\ D) contains exactly two circles Z; and Z,, and Z(D \ E) contains

exactly one circle Zs.
2. Both labellings x and y induce the same labelling on DN E = EN D.

3. In case (1a), either y(Z;) = x(Z2) = x(Z3) = x_ or y(Z;) = x4 and
{2(Zy),2(Z3)} = {xy,x_}. In case (1b), either y(Z;) = y(Zs) = x(Z3) = x4
or {y(21),y(Z2)} ={z—, 24} and x(Z3) = 2.

The partial order < is then defined for all resolution configurations as the transitive

closure of this relation between two resolution configurations.

Definition 4.2.12 A decorated resolution configuration is a triple (D, z,y) such
that (s(D),x) and (D,y) are both labelled resolution configurations satisfying the
property that (D,y) = (s(D),x).

Given a decorated resolution configuration (D,z,y), a partially ordered set

P(D,z,y) can be associated to it, consisting of all labelled resolution configura-

tions (F, z) such that (D,y) < (E,z2) < (s(D), z).

Definition 4.2.13 Given a decorated resolution configuration (D, z,y), the dual
is defined as the decorated resolution configuration (D*,x* y*), where D* is the
dual of D, x* is the dual of x in the sense that it disagrees on every circle in
Z(s(D)) = Z(D*), and y* is the dual of y in the sense that it disagrees on every
circle in Z(D) = Z(s(D*)).

A case-by-case check for all cases in Definition 4.2.11 where ind(D) = 1 gives
the following.

Lemma 4.2.14 Let (D, x,y) be a decorated resolution configuration. The partially
ordered set P(D*,y*, x*) is the reverse of the partially ordered set P(D,x,y).
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The following lemma, which is [LS14a, Lemma 2.14], describes how to associate
a resolution configuration to an already existent resolution configuration which con-
tains a leaf. We state it here since it is used later when describing the 2-dimensional

moduli spaces of the Khovanov flow category (see Lemmata 4.3.9 and 4.3.17).

Lemma 4.2.15 Let (D, z,y) be a decorated resolution configuration with a leaf
Zy € Z(D) and an arc A; € A(D) with one point of 0A; lying on Z;. Further, let
Zy € Z(D) be the circle containing the other point in 0A;, Z7 € Z(s(D)) be the
circle containing both points of A7, and finally let

Zy € Z(sapya (D)) \ {Z1}

be the unique circle containing a point of dA;. Now consider the resolution config-
uration D’ obtained from D by deleting Z; and A;. The label y on Z(D) induces
a label ¥ on Z(D'), and the label z on Z(s(D)) \ {Z;} induces a label 2’ on
Z(s(D')) \{Z3} so that (D', 2/, y') is also a decorated resolution configuration. Set
2(Z3) = x(Z7) it y(Zy) = x4, or set ' (Z3) = x if not. Then,

P(D,z,y) = P(D',2",y) x {0,1}
where {0, 1} is the partially ordered set with two elements and 0 < 1.

Proof: The isomorphism of partially ordered sets
P(D,x,y) — P(D',2',y") x {0,1}

presented in the proof of [LS14a, Lemma 2.14] produces, for each (E, z) € P(D, x,y)
with £ = s4(D) for some A C A(D), an object ((E',2),i) € P(D',z',y') x {0,1}.
This task is separated into two cases corresponding to whether the arc A; is in A
or not. When A; € A, iis set as 0 and E' = s4(D’). In this case, a labelling 2z’ on
Z(s4(D") is induced by the labelling z on Z(sa(D)) = Z(sa(D')) 1 {Z;}. When
Ay ¢ A, iisset as 1 and E' = s\(a,}(D’). Then denoting {Z4} as the collection of
circles Z(s4(D)) \ Z(sa\{4,3(D")), and letting {Z/;} denote the collection of circles
Z(sa\a}) (D)) \ Z(sa(D)), a labelling 2’ on Z(sa\a,(D')) N Z(sa(D)) is also in-
duced by the labelling z. Finally, 2’ labels Z’; in the following way: if y(Z;) = =4,

set 2/(Z)) = z(Za), otherwise set 2'(Z)) = x,. O
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Definition 4.2.16 Let L be an oriented link diagram with n crossings that are or-
dered. Then the Khovanov chain complex { KhC*I(L),d} is defined in the following
way.

The bigraded chain group KhC(L) is a freely generated Z-module with genera-
tors given by labelled resolution configurations (Dy(u), x) for u € {0,1}". There are
two gradings on KhC'(L), an i-grading known as the homological grading denoted

gry, and a j-grading known as the quantum grading denoted gr,. They are defined

as:
gty ((Dp(u),z)) = |u| — n_ and,
gl"q((DL(“)J)) =n, —2n_+#{Z € Z(Dr(u) | 2(Z) =2, }
—#{Z2eZ(Dp(u) | 2(2) =z}

where n, denotes the number of positive crossings of L and n_ = n — n, denotes

the number of negative crossings. The differential § preserves the quantum grading
and increases the homological grading by 1. It is defined by

0(Dr(v),y) = > (=1 (D (u), z)

(Dr(u),z)
jul=of+1
(DL(W)vy)<(DL (u),z)

where sq is the standard sign assignment from Definition 4.1.5.

4.3 The Khovanov flow category and stable ho-
motopy type

Up to this point, it has only been mentioned briefly that the Khovanov flow category
Cxn(D) is a flow category associated to a link diagram D, which covers the cube
flow category %¢(n) where n is the number of crossings in D. Here, we follow
Section 5 of [LS14a] closely, where they construct the moduli spaces of this flow
category inductively. Using the Cohen-Jones-Segal construction with €k, will give
the Khovanov stable homotopy type. Firstly, we introduce some language for moduli

spaces of resolution configurations.
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Let (D,z,y) be a basic decorated resolution configuration of index n. Then
we shall associate to (D, z,y) an (n — 1)-dimensional (n — 1)-manifold M (D, x,y)
together with an (n — 1)-map

F:M(D,z,y) — M%(n)(l, 0).

These spaces are built inductively with the inductive hypothesis that the following
four conditions are satisfied, the first three of which are analogous to the second and

third conditions of Definition 2.2.1:

(A1): For an index n basic decorated resolution configuration (D, x,y), let (E,z) €
P(D,z,y) be of index m. Denote by z| and y| the induced labellings on
s(E\s(D)) = s(D)\ E and D \ E, respectively. Denote by z| the induced
labellings on both (for simplicity of notation) s(D\ E) = E\ D and E'\ s(D).

Then there is a composition map
o: M(D\ E,z[,y) x M(E\ s(D), ], 2|) = M(D, z,y)
that respects the map F in the sense of the following commutative diagram:

M(D\ E, z[,y]) x M(E\ s(D), |, 2]) —— M(D, z,y)

l}'x}'

Mo n-m)(1,0) F

lL,yonl,U

M) (0,0) X M, () (L, 0v) ———— Mg ) (1,0)
where the vector v = (vy,...,v,) is defined so that v; = 0 if the i® arc of
A(D) is also in A(FE), and v; = 1 otherwise.
(A2): The faces of M(D,z,y) are defined by

OiM(D, x,y) = OeypiM(D, x,y)
= H o(M(D\ E, z|,y]) x M(E\ s(D), x|, z])).

(E,z)eP(D,x,y)
ind(D\ E)=i

(A3): F is a covering map and local diffeomorphism with:
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(A4): The covering map F is trivial on each component of M(D, z,y).

Recall from the discussion in Subchapter 2.2 after Definition 2.2.1 that one can

define a diagram © with vertices (c.f. Equation 2.1) given by the spaces
M(D\ Eg, 2|, yl) X M(Eg \ Ep—1, 251, 25]) X - - x M(E1\ s(D), 2, 21)

for a sequence of (D,y) < (Ek,z;) < -+ < (E1,21) < (s(D),z) in P(D,z,y), and
edges corresponding to compositions using o above. Denote by Oe.pM (D, x,y) the

colimit of © so that

OcapM (D, z,y) = colim® = U OcapiM (D, z,y)

is an (n — 1)-boundary whose top-dimensional faces are equal to Ouyp M (D, x,y)

(c.f. Equation 2.2). Then (A2) above gives the following.

Lemma 4.3.1 0., M(D,x,y) = OM(D, z,y)

Lipshitz-Sarkar describe the moduli spaces M(D,x,y) inductively, assuming
that for ind(D) = 1, M(D,x,y) is defined as a single point. Assuming that
each M(D,z,y) has been defined whenever ind(D) < k, the following proposition,
which is [LS14a, Proposition 5.2], describes the inductive argument of producing

M(D, z,y) whenever ind(D) = k.

Proposition 4.3.2 For each basic decorated resolution configuration (D, z,y) with
ind(D) < n, let M(D,z,y) and F : M(D,z,y) = Me,napy)(1,0) satisfy condi-
tions (A1)-(A4). Then, for any index (n+1) basic decorated resolution configuration

(D, z,y), the following conditions are satisfied:
(B1): The previously defined F together define a continuous map
f|8 : aesz(Da x, y) — 8M%”c(n+1) (la Q)

which preserves the structure of the (n)-boundary on both sides. This means

that F|;" (8;M(L,0)) = OewpiM(D, x,y), or that F

Dexp,iM(D,x,y) 1S an n-map.

(B2): Moreover, the map F|y is a covering map.
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(B3): The existence of an (n)-manifold M(D, z,y) along with an n-map

=) =

J M(Daxay) — Mcgc(n+1)<1 O)

that satisfy conditions (A1)-(A4) is equivalent to the condition that F|s is a
trivial covering map. In particular, for n > 3 the moduli space M(D,z,y)

and map F necessarily exist.

(B4): If M(D,z,y) and F : M(D,z,y) = M m+1)(1,0) exist and n > 2, then
they are both unique up to diffeomorphisms that fix the boundaries.

Proof: We describe the proof, following [LS14a].

(B1): Consider the diagram € with vertices given by the spaces

Moy (U, 0) X Megy (1) (Vk—1, V) X -+ = X Mgy 1y (L, v1)

for v; € {0,1}"* such that 0 < v, < --- < v; < 1, and edges corresponding to

compositions o for ¢ (n + 1). This composition induces a homeomporphism
colim€ = OMe, (n41) (1,0)

by definition of €¢(n + 1) being a flow category (Definition 2.2.1). The maps F
(assumed to exist by induction) induce a map of diagrams G : ® — € which is
defined on M(D\ Ey, zx|, y|) X M(Ep \ Ex—1, 2k-1|, zk|) X - - - x M(Ey\ s(D), z|, z1])
to be

(-,Z:vk’QXIy X~..XILU1)O<‘FX...X.F)

k—1,Vk

where vy, has its i entry equal to 0 if the i arc of A(D) is in A(E,,), and is equal
to 1 otherwise (c.f. the commutative diagram in (A1), which ensures G defines a
map of diagrams). Setting F|s = colimG is enough.

(B2): The inductive hypothesis is that F : M(D’,2',y") = M, napry)(1,0) is
a covering map whenever ind(D’) < n. To see that this is also true for M(D, x,y)
with ind(D) = (n + 1), consider F|y = colimG defined in the proof of (B1). The
result then follows from Proposition 2.1.4 (see also [LLS14a, Proposition 3.9]).

(B3): By Lemma 4.1.3, each Mg, 41)(1,0) is topologically an n-disk, with
boundary Mg, n41)(1,0) topologically an (n — 1)-sphere. Then (B1) along with
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(B2) means that 0., M (D, z,y) (which has to cover these spheres) is itself a disjoint
union of (n — 1)-spheres, so the covering map is

m

Flo: J[ 5" — s

i=1
and the result follows. The statement that M (D, z,y) and F exist necessarily when
n > 3 comes from the fact that any cover of S"~! is trivial for such n.

(B4): Finally, this condition follows since Lemma 4.3.1 ensures that any other
M (D, x,y) satisfying conditions (A1)-(A4) has the same boundary as M(D,x,y).
Then both are disjoint unions of disks, as argued in the proof of (B3). Therefore,
they are diffeomorphic as long as the boundary is fixed and the diffeomorphism

commuted with F. O

Thanks to the previous proposition, we can assume that spaces M(D, x,y) and
maps F exist satisfying conditions (A1)-(A4) for every index n basic decorated
resolution configuration (D, z,y). In particular, when n is equal to the number of
crossings of a link diagram L, we can define the Khovanov flow category @xn(L) as

a cover of the cube flow category €c(n).

Definition 4.3.3 The Khovanov flow category € (L) is the flow category whose
objects are in one-to-one correspondence with the standard generators of Khovanov
homology, as defined in Definition 4.2.16. That is to say, Ob (%Kh(L)) consists of
labelled resolution configurations x = (Dy(u),x) for u € {0,1}". The grading |x| is
the homological grading gr;,(x) from Definition 4.2.16. Note that an orientation of
L is needed to define the gradings, but the rest of €, (L) is defined independently.

For objects
X = (DL(U,),LU) and Yy = (DL(U>7y)

of €xn(L), define M, (1)(x,y) to be empty when x < y (with respect to the
partial order of Definition 4.2.11). When y < z, the moduli space M, 1)(X,y)
can be defined as follows. Denote by x| the restriction of the labelling z on s(Dy(v)\
Dr(u)) = Dr(u)\Dy(v), and denote by y| the restriction of the labelling y on Dp,(v)\
Dp(u). Then (D (v)\ Dr(u),z|,y|) is a basic decorated resolution configuration and
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the moduli spaces of the Khovanov flow category are defined as

M) (%, y) = M(D(0) \ Dr(u), z], y]).

Moreover, condition (A1) on moduli spaces of resolution configurations provides

composition maps that induce composition maps

M 1)(Z,y) X Mgy, (1) (X,2) = My, () (X, y)

for the Khovanov flow category.

Definition 4.3.4 A functor .# : €xn(L) — %c(n)[—n_] is defined for the Kho-
vanov flow category as a cover of the cube flow category (where [—n_| denotes a
shift in homological gradings of the category, and is omitted unless it is needed).

The functor is defined on objects by
F(Dp(u),x) = u.
The associated morphisms
T+ My, w)(Dr(u), ), (DL(v),y)) = Mg m)(u,v)

are given by the composition

Iu,'u
M(Dr(v) \ Dr(u), z],y]) —2—= Mg qu—poy (L, 0) —= Meg (0, v).

Lemma 4.3.5 The moduli spaces M(x,y) are only non-empty when gr (x) =
gr,(y) and gry(y) < gr,(x).
Proof: The moduli spaces are only non-empty when y < x, and from the

definition of the partial order (Definition 4.2.11) along with the definition of the

Khovanov chain complex (Definition 4.2.16), this happens only if gr,(x) = gr (y)

and gr, (y) < gr,(x). U

Lemma 4.3.5 ensures that objects of (L) related by moduli spaces split up
in quantum gradings. Therefore, if €}, (L) denotes the full subcategory of k(L)
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with all objects of quantum grading ¢, then the Khovanov flow category €, (L) can

be described as the disjoint union of all such full subcategories,

Cren(L) = [ €hu(L).

qEZ

Using Lemma 2.4.4, the Khovanov space X, (L) (defined in the following definition)
therefore decomposes as a wedge sum over such splittings of quantum gradings. If
the oriented link diagram L has n crossings, the Khovanov flow category is defined
as the cover of the cube flow category éc(n), so one can choose a sign assignment
s for ¢¢(n) and a framing of - (n) relative s. Then a neat immersion of €k (L)
together with a coherent framing is produced using the cover .# : €xp(L) — 6o (n)
and the framing of € (n) relative s (as argued in Subchapter 2.4). Finally, a choice
of perturbation can be made so that one can obtain a framing of €xp(L). Recall
that by Lemma 2.3.2, if we define the Khovanov space as the output of the Cohen-
Jones-Segal machine, then the Khovanov homology of the link is recovered from the
reduced cohomology of the Khovanov space shifted by (—C) for the positive integer
C defined in Equation 2.5 of Definition 2.3.1. In particular, we have the following

definition.

Definition 4.3.6 The Khovanov space is the CW complex |€5(L)| obtained as a
result of the Cohen-Jones-Segal construction. A framed neat embedding for € (L)
can be provided using the cover .%# as described above. The Khovanov spectrum Xk,
is defined as the suspension spectrum of the Khovanov space which is de-suspended
C' times (in order to give the correct Khovanov homology). The Khovanov spectrum

decomposes as a wedge sum over the quantum gradings as
Xien(L) = \/ X%, (L).
J

The following example describes how the previous definition ties together with
the material described throughout this chapter. It is similar to the example of

[LS14a, §9.1].

Example 4.3.1 Consider the 1-crossing unknot U as:
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OO

There are two resolutions of this diagram, and they are the resolution configurations

depicted in Figure 4.2. The resolution interval is an interval whose boundary points

consist of the O-resolution and the 1-resolution as

OO 0

The O-resolution Dy (0) consists of two circles, and there are four possible labellings.

Let
z1 = (Duy(0), viv4),20 = (Duy(0), viv-),xs = (Du(0), v_v4 )24 = (Dy(0), v_v-)

be the four corresponding objects in €, (U). The homological degrees are gr,(z;) =
—1fori=1,2,3,4. The 1-resolution Dy (1) consists of a single circle with two possi-
ble labellings. Let v = (Dy(1),v4) and yo = (Dy(1),v-) be the two corresponding
objects in €xp(U). The homological degrees are gr;,(y;) = 0 for ¢ = 1,2. The two
objects x1 and y; have the same quantum grading gr,(71) = gr,(y1) = 0 and a single
moduli space between them. The objects x5, x3 and y, all have the same quantum
grading gr,(z2) = gr,(v3) = gr,(y2) = —2. There is a single moduli space between
ro and 9, and a single moduli space between x3 and y,. The only object with

quantum degree —4 is z4. The Khovanov flow category €k, (U) is:

T ) XT3 oy

n Y2

The only moduli spaces are single points. In particular, a choice of framed embed-

ding of €xn(U) relative d = (d_1,dy) = (—1,0) can be made so that the disjoint
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union

M(:Bh yl) I M($2a y?) I M(Ig, y2)

of three points can be embedded into R4t = R, with a positive framing coming
from the standard sign assignment. Now |, (U)| is constructed using Definition

2.3.1 as follows. The two cells C(y;) and C(y9) are given by
{0} x [~¢,€]/0{0} x [—¢,¢] = S".
The 1-skeleton of |G (U)|V is therefore S* v S'. The cells C(z;) are given by
[0, B] x [=R, R]/ ~i

for i = 1,2,3,4 where ~; are identifications defined as follows. The identification
~1 identifies

{0} X Py (M(I17y1) X [_5’5]) - 8C(x1)

with C(y1), and the rest of dC(x;) to the basepoint. Therefore, C(z) is a 2-cell
whose boundary is attached to the first wedge-summand of |€,(U)|M) = St v S

by a degree-one map, yielding D? vV S'. The identifications ~; for j = 2,3 identify
{0} X a4 (M(j,52) x [—¢,¢]) € IC(x;)

with C(y2), and the rest of dC(x;) to the basepoint. Therefore, C(z;) is a 2-cell
whose boundary is attached to the second wedge-summand of |6, (U)|M) = StV S?
by a degree-one map, for j = 2,3. This produces an S? component, and the result
of attaching the first three 2-cells to €, (U)|(") is D* V % Finally, ~y4 identifies
the entire OC(z4) to the basepoint, providing another S? wedge-summand. The CW
complex |€xn(U)| is given by

|Cxn(U)] =D? v S v §?
and so the Khovanov spectrum Xy, (U) is given by

Xin(U) = 72(S? v §2) = SY v S°.
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4.3.1 The 0-dimensional moduli spaces

Defining the 0-dimensional moduli spaces M (D, z,y) as a single point is all that is

required. Since Mg, (1)(1,0) is also a single point, the map
F: M(D,z,y) = Mg,y (1,0)

is defined for such basic decorated resolution configurations to send point to point
(and conditions (A1)-(A4) are satisfied trivially).

Remark: Note that the simplicity of this definition is not a luxury that can be
assumed of the sock flow category defined later in Subchapter 5.2 since there exist

two-point moduli spaces after cancellation.

4.3.2 The 1-dimensional moduli spaces

Let (D, x,y) be a decorated resolution configuration of index 2. The definition of
the 1-dimensional moduli spaces M(D,z,y) actually depends on a global choice
due to an occurrence of what Lipshitz-Sarkar refer to as ladybugs in [LS14a]. Before
defining a ladybug, it will be useful to define the following notion which is used

throughout this subsection.

Definition 4.3.7 Let (D, x,y) be an index 2 basic decorated resolution configura-
tion. A mazximal chain consists of a labelled resolution configuration (D', z) such
that (D,y) < (D', z) < (s(D), ). For an index n basic decorated resolution config-
uration, a maximal chain would require a sequence of n — 1 intermediate labelled

resolution configurations (D), z;) for i = 1,...,n — 1 with
(D,y) < (D, 21) <+ < (D, 201) < (s(D), @),

Definition 4.3.8 A ladybug configuration is a decorated resolution configuration

(D, z,y) of index 2 satisfying the properties that:
1. Z(D) is just a single circle Z, and

2. The two arcs Z; and Z5 of A(D) intersect Z in such a way that their boundary

points alternate around Z.
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Figure 4.3: An index 2 resolution configuration that is a ladybug.

Due to a restriction of gradings that occur in this way, the labels are y(Z) = z,
and z(s(Z)) = x_, where s(Z) is the single circle in Z(s(D)). In certain contexts,

D may also be referred to as a ladybug configuration. See Figure 4.3

Lemma 4.3.9 Consider a decorated resolution configuration (D,z,y) of index 2
and write A(D) = {A;, Ay} where A; precedes A, in the total ordering of arcs in
D. The number m of labelled resolution configurations (D', z) such that (D,y) <
(D', z) < (s(D),x) is either 2 or 4. The case m = 4 occurs if and only if (D, z,y) is

a ladybug configuration.

Proof: If D admits a leaf or a co-leaf in the sense of Definition 4.2.9, then
Lemmata 4.2.14 and 4.2.15 imply that P(D,x,y) is isomorphic to {0, 1}, and hence
m = 2. All possible index 2 decorated resolution configurations are listed in [ORS13,
Figure 2] and as highlighted in [L.S14a], the only ones that do not admit leaves or

co-leaves are ladybug configurations where m = 4. O

As a result of the previous lemma, 0., M (D, z,y) consists of either 2 or 4 points.

Firstly, consider the case when m = 2. Then the map
.7:|a : &awM(D, (E,y) — @M%C(Q)(l, Q)

is a trivial covering space and condition (B3) of Proposition 4.3.2 ensures that
M(D, z,y) can be defined with a map F : M(D,z,y) — Mey,2)(1,0) that satisfy
conditions (A1)-(A4). To be explicit, M(D, z,y) is a single interval with boundary
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Figure 4.4: The various surgeries on a ladybug configuration. Each of the two

intermediate resolution configurations have two different labellings.

OeapM(D, z,y), and F is a diffeomorphism that is fixed on the boundary corre-
sponding to the two diagrams D; and D, that contain A; and A, in the set up of
Lemma 4.3.9.

For the case m = 4, there is a choice to be made about which of the 4 points are
paired off to bound an interval. This choice was made explicit in [LS14a, 5.4.2] in the
following way. There are two ways to deconstruct the maximal surgery on the single
circle Z of Z(D); by first performing surgery along A; followed by surgery along A,,
or by first performing surgery along A, followed by surgery along A;. In each case,
the first surgery yields two circles, which we denote as {Z;1,Z; 2} = Z(s4,(D)) for

1 = 1,2. The choice is then a bijection

{211, Z1p} < {221, Zap}
In order to explain this bijection, some notation is needed.

Definition 4.3.10 Let (D, z,y) be the index 2 basic decorated resolution configu-
ration in question. Assume that oo € S? is not part of D C S?\ {co} = R?. Then
the two arcs A; and As lie inside this plane with one outside of Z (denoted A,,; and
one inside Z (denoted A;,). Let Z be oriented with its inherited orientation from
the disk is bounds in R%. There are four arcs of Z \ (0A; U OA,), so with respect
to this orientation, define the right pair of components to be the arcs which direct

Aout to A;p,. The remaining pair is called the left pair.
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This definition is invariant under isotopy by the following lemma, which can be
verified by considering a right pair as the pair of arcs obtained by traversing along

Ay or Ay and then turning right.

Lemma 4.3.11 Any isotopy of Z U A; U Ay in S? takes the right pair to the right

pair.

The convention of [LS14a] is to choose the right pair to construct M(D, x,y),
and we shall follow this convention for convenience. Thus, if { P, @} is the right pair,

assume that P C Z;; and Q C Z;5 for i = 1,2. This determines a bijection
i & Lo Zig & Lo

which will be called the ladybug matching. The left pair will result in different
moduli spaces, so denote them by M, (D, z,y). They will be of use later. There are
four maximal chains in P(D, z,y) that give the four points of OM (D, z,y). They

are:

where the labellings are listed in order for Z;; and Z,, respectively, for i = 1,2.
Then the two intervals of M(D,x,y) are the ones whose boundaries are a LI ¢ and

bl d. The existence (and uniqueness up to isotopy) of the map
F M(D7 z, y) — MCKC(Z) (l7 Q)

is given since Mg, (2)(1,0) is a single interval I, and Fl|y sends a and b to one
endpoint of I, and send ¢ and d to the other endpoint of I. This results in the

following proposition.

Proposition 4.3.12 For an index k£ < 2 basic decorated resolution configuration
(D, x,y), there are spaces M(D,x,y) and maps F satisfying the conditions (Al)-
(A4).
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4.3.3 The 2-dimensional moduli spaces

By (B3) of Proposition 4.3.2, in order to provide M(D,x,y) for ind(D) = 3, it is

only necessary to show that
./—"|a : 8emp./\/l(D, I,y) — 8M(gc(3)(l, Q)

which is a covering map (by (B2) of Proposition 4.3.2), is a trivial covering map
on each component of Oepp M (D, z,7y). Both OcrpM(D, 2, y) and 0 Mg, 3)(1,0) are
2-boundaries, and in particular OMe,(3)(1,0) is a 6-cycle (by Lemma 4.1.3). So
consider both as graphs, so that F|g respects the graph structure and it is enough
to show that 0., M (D, z,y) is a disjoint union of 6-cycles. Following [ORS13] and
the definition of dual resolution configurations (Definitions 4.2.8 and 4.2.13), proving
that OerpyM (D, x,y) is a disjoint union of 6-cycles reduces to checking a number of
cases, and this is precisely the method of [LL.S14a, Subsection 5.5]. These cases are
illustrated in Figure 4.5, and the following three lemmata from [LS14a, Subsection
5.5] are needed to ensure that checking the cases is sufficient. The first follows from

the fact that 0., M (D, z,y) covers a 6-cycle.

Lemma 4.3.13 The graph 0.,, M (D, z,y) consists of a disjoint union of cycles,
each of which has a number of vertices that is divisible by 6. Moreover, if the graph

OcapM (D, x,y) has exactly 6 vertices, then it is a 6-cycle.

Lemma 4.3.14 The boundary of the right-pair moduli space .., M (D, z,y) is iso-
morphic to the left-pair moduli space of the dual e,y M. (D*, 2%, y*).

Lemma 4.3.15 Both graphs 0., M (D, z,y) and 0., M.(D*, z*, y*) have the same
number of vertices and the same parity of the number of cycles. Consequently, the

graphs are isomorphic if 0., M (D, z,y) has at most 12 vertices.

The last two lemmata result in the following:

Corollary 4.3.16 The graph O, M(D,x,y) is a 6-cycle (respectively, a disjoint
union of 6-cycles) if and only if 0,, M. (D*, z*, y*) is a 6-cycle (respectively, a disjoint

union of 6-cycles).
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In [ORS13, Figure 4] and [LS14a, Figure 5.3], seven resolution configurations
are illustrated that are of fundamental importance for the discussion of this section.
These are listed in Figure 4.5.

The resolution configurations D,, D, and D, are the only basic index 3 resolution
configurations with leaves and ladybugs up to isotopy in S? and reordering of arcs.
The resolution configurations Dy, D., Dy, D, are the only basic index 3 resolution
configurations without leaves or co-leaves up to isotopy in S? and reordering of
arcs. Moreover, the configurations Dy and D, are dual to configurations D, and

D, respectively.

Lemma 4.3.17 If D has a leaf, then 0,,, M (D, x,y) is either a 6-cycle or a disjoint

union of 6-cycles.

Proof: The proof of this lemma uses the naturally associated index 2 resolu-
tion configuration (D', 2',1y’) constructed in Lemma 4.2.15. The key property is
that P(D,x,y) is naturally isomorphic to P(D’,z’,y') x {0,1}. When (D', 2',y/)
is not a ladybug configuration, P(D’',2',y’) is isomorphic to {0,1}?. Therefore,
P(D,z,y) has exactly six maximal chains in this case, and Lemma 4.3.13 implies
that 0., M (D, x,y) is a 6-cycle.

When (D', 2/, y') is a ladybug configuration, then by reordering arcs if necessary,
D is isotopic to either D,, D, or D,.. Grading restrictions mean that the only possible
labelling y of the leaf in D, and D, is z, and y has to label one of the leaves of D.
with x .

The four maximal chains in P(D’, 2/, y') have the form
di=1[8<¢ <q]

for i = 1,2,3,4. Let the ladybug matching be dy <+ dy and d3 <+ d4. Then the
12 vertices in P(D,z,y) = P(D',2',y") x {0,1} are represented by the following

maximal chains
U = [(67()) = (Civo) = (04,0)(05, 1)]
Vi = [(/8’0) = (Civo) = (Ci> 1)(04, 1)}
w; = [(670) = (57 1) = (Ci’ 1)(0(, 1)]
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4, O O,

(a) Dq (b) Dy (c) D
o==0
(d) Dy
(e) De
2 3
1
() Dy. (8) Dy

Figure 4.5: The only basic index 3 resolution configurations with leaves and lady-
bugs are D,, Dy, and D, up to isotopy in S2. The only basic index 3 resolution

configurations without leaves or coleaves are Dy, D., Dy and Dy, up to isotopy in

S2.
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for i = 1,2,3,4. Then [LS14a, Lemma 5.14] shows that the corresponding compo-
nents of Oe,M(D, x,y) are

V1--U1-_U__Vy__Wo__W1_-V1 and V3-__U3__Uy-__Vg__Wy4__W3__V3

where a__b denotes an edge joining a to b. O

The previous lemma and corollary then summarise to give the following:

Corollary 4.3.18 If D is a co-leaf, then 0., M(D,z,y) is a disjoint union of 6-

cycles.

Lemma 4.3.19 1. Let D be a resolution configuration isotopic to Dy from Fig-

ure 4.5 (perhaps reordering the arcs). Then 0.y M(D,, x,y) is a 6-cycle.

2. Let D be a resolution configuration isotopic to D, from Figure 4.5 (perhaps

reordering the arcs). Then 0., M (D, x,y) is a disjoint union of two 6-cycles.

Proof: Part (1): Clearly P(D,z,y) has 6 maximal chains, each of the form
v=[(D,y) < (B2 22) < (E1,21) < (s(D), x)]

where FEs is obtained from D, by merging Z; and Z;. Thus, the labelling z, is
determined completely by D, E, and y (c.f. Definition 4.2.11). For each of the three
choices for (Es, z9) (given by each arc), Es \ s(D) is not a ladybug configuration
and so there are precisely 2 maximal chains in P(F; \ s(D),x, 25). This means
OcapM (D, x,y) has exactly 6 vertices and is a 6-cycle by Lemma 4.3.13.

Part (2): The only possible compatible labellings is = x_x_ and y = x;. The

vertices of the cube of resolutions .., M (D, z, y) are given by the following maximal
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chains of P(D, x,y):

vi = [(D,24) < (54,(D),212_) < (s4,,,(D),2-) < (s(D),z_2_)]
vy = [(D,24) < (s4,(D), 213_) < (s4,,4,(D), 2_3_24) < (s(D),2_7_)]
vy = [(Dy24) < (54, (D), 2-24) < (s43,4,(D), 2-) < (s(D), w--)]
v = [(D,24) < (s4,(D), 2-24) < (s4,,4,(D), 2-s2-) < (s(D), 2_2_)]
vs = [(D,24) < (54,(D),212-) < (s4,,,(D),2-) < (s(D), z_2_)]
v = [(D,24) < (54,(D), 713_) < (s4,,4,(D),2-) < (s(D), z_2_)]
vr = [(Dy24) < (54,(D), 2-24) < (s43,4,(D),2-) < (s(D), w--)]
vs = [(D, 1) < (54,(D), x-24) < (s45,45(D), ) < (s(D), w)]
vo = [(D,24) < (54,(D),717_) < (s4,,4,(D),2-) < (s(D),z_2_)]
)

After making a choice of ladybug matchings, [LS14a, Lemma 5.17] provides the
resulting components of Op,, M(D, x,y) as

V1--UV2-V12--V11--Vg--VU7--U1 and V3--U4--V10--V9--V6--VU5--U3

where, again, a__b denotes an edge joining a to b. O
Since the resolution configurations Dy and D, from Figure 4.5 are dual to the
resolution configurations Dy and D, from Figure 4.5, respectively, then the following

corollary follows immediately from Corollary 4.3.16.

Corollary 4.3.20 If a resolution configuration D is isotopic to Dy or D, from

Figure 4.5, then 0.., M (D, z,y) is a disjoint union of 6-cycles.

Proposition 4.3.21 For an index k£ < 3 basic decorated resolution configuration

(D, x,y), there are spaces M(D,x,y) and maps F satisfying the conditions (Al)-
(A4).

Proof: As discussed at the beginning of this subchapter, it was enough to show

that 0., M (D, x,y) is a disjoint union of 6-cycles. Using Proposition 4.3.12 proves
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the case k < 2. By Proposition 4.3.2, in order to prove the case k = 3, it suffices to
verify the map
OeapM(D, z,y) — OMeg.m)(L,0)

is a trivial covering map which, as discussed, was equivalent to verifying that each
component of Jeyy M(D, x,y) is a 6-cycle. This problem was broken up into cases
in [LS14a, Subsection 5.5]. When D has a leaf or a co-leaf, Lemma 4.3.17 and
Corollary 4.3.18 ensure the 6-cycle condition is satisfied. Since the remaining four
cases are isotopic to one of Dy,D.,D; or D,, Lemma 4.3.19 and Corollary 4.3.20

collectively deal with the remaining cases. O

4.3.4 The n-dimensional moduli spaces, n > 3

Proposition 4.3.22 For an index n basic decorated resolution configuration (D, z, y),

there are spaces M(D, z,y) and maps F satisfying the conditions (A1)-(A4).

Proof: This follows from Proposition 4.3.21 when n < 3, and Condition (B3)

of Proposition 4.3.2 when n > 4. O

4.4 Invariance of the Khovanov Spectrum

This subchapter makes a note on the invariance of the Khovanov spectrum, which

gives the main theorem of [LS14a]:

Theorem 4.4.1 For an oriented link diagram L, let Xgp,(L) = V,; X%, (L) be the
Khovanov spectrum of L from Definition 4.3.6 and let K'h(L) = €D, ; Kh™I(L) be
the Khovanov homology of L from Definition 4.2.16. Then Xk (L) satisfies the

following two properties:

1. The Khovanov homology Kh*/(L) = €, Kh*/(L) can be recovered from the

reduced cohomology of X éh, with

H'(X}y, (L)) = KK (L),
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2. The stable homotopy type of le(h(L) is an invariant of the isotopy class of
the link corresponding to L, and is independent of all the choices made in its

construction.

A collection of choices are made in the construction of Xk, and [LS14a, Section
6] proves that the Khovanov spectrum is invariant under these choices. They are

listed as follows:
1. A convention of a left or a right ladybug matching.
2. An n-crossing diagram L of the link.
3. An ordering of the crossings of L.
4. A particular sign assignment s of the cube C(n).

5. A framed neat embedding 2, and a framing ¢ of that embedding, for - (n)

relative the sign assignment s.

6. A framed neat embedding of the Khovanov flow category @ (L) relative some

d, which is a perturbation of the framed embedding (7, ¢).

7. The numbers used in the Cohen-Jones-Segal construction of the CW complex.

In particular, the integers A and B, and real numbers € and R.

Recall from Lemma 2.3.3 that the independence of Choice (7) has already been
shown. The independence of choices (3)-(7) is shown in [LS14a, Proposition 6.1],

assuming a fixed choice of ladybug matching.

Proposition 4.4.1 Given a fixed choice of ladybug matching, the stable homotopy
type of Xxn(L) is an invariant of the chosen link diagram (that is, invariant of the

choices (3)-(7) above).

In order to show that the construction of X3, (L) is invariant of any choice of
link diagram (i.e. choice (2)), it suffices to show that it is invariant under all three

Reidemeister moves RMI, RMII and RMIII, and [LS14a, Propositions 6.2-6.4] deals

with them independently. It is worth noting that the arguments there are inspired by
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Ny
)

/

Figure 4.6: The 2-crossing tangle where Reidemeister Move II takes place.

the chain homotopy equivalences (see [BN02], for example) for Khovanov homology
under RMI-RMIII, where particular subcomplexes of the Khovanov complex are
quotiented out yielding homotopy equivalent chains. Let us show the RMII case
in order to highlight the use of upward and downward closed subcategories (see

Subchapter 2.4).

Proposition 4.4.2 Let L be a link diagram and L' be a link diagram obtained from
L by performing a Reidemeister-IT move. Then the two Khovanov spaces X7}, (L)

and X Ij(h(L’ ) are homotopy equivalent.

Proof: Since the RMII move takes place locally on a 2-crossing tangle (see
Figure 4.6), consider the resolution ‘square’ with vertices (00),(10),(01) and (11)
corresponding to the resolutions taken at each crossing. Only one of these vertices
yields a diagram with a circle in it and depending on the ordering of crossings, it
is either (10) or (01). Let us assume that this vertex is (01). Let C; be the acyclic
subcomplex of KhC'(L') that is generated by the (01)-resolutions that label the circle
with z, along with all (11) resolutions. Then C; corresponds to an upward closed
subcategory @ or €kp(L'), with a complementary downward-closed subcategory
%, that corresponds to the quotient complex Cy = KhC(L')/C; generated by all
objects not in C; (that is, all (00)-resolutions, all (10)-resolutions and the (01)-
resolutions that label the circle with z_). Further, the chain complex Cy can be
decomposed into an acyclic quotient complex C3 and a complementary complex CY.
The chain complex C consists of all (00) resolutions and the (01) resolution with an
x_ labelling of the circle. Thus, C} is the remaining (10)-resolution, which is clearly
isomorphic to KhC(L). Since the category %3 corresponding to Cj is a downward

closed subcategory of %5, and the complementary subcategory %, corresponding to
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C, is isomorphic to € (L), applying Lemma 2.4.5 twice yields the result. O
The one choice remaining (choice (1)) that is dealt with last in [LS14a] is the

ladybug matching.

Proposition 4.4.3 The stable homotopy type of Xg,(L) is independent of the
ladybug matching.

The proof of the independence of ladybug matching is given in [LS14a, Proposition
6.5] by an argument which describes a rotation by 7 of a link diagram L around the y-
axis, whose key characteristic is that is exchanges right and left pairs in each ladybug
configuration. The independence of ladybug matching then reduces to independence
of Reidemeister moves since the resulting link diagram is also a diagram of the
underlying link.

Let us conclude this chapter with a note on handle cancellation (Theorem 3.1.1)
in the Khovanov flow category. The invariance of the Khovanov homotopy type
under Reidemeister moves I-111 is shown in [LS14a] using arguments similar to those
in [BNO2]. In particular, the existence of the upward and downward closed subcate-
gories that are described in this chapter are essential. In the Khovanov flow category,
all 0-dimensional moduli spaces are single points and so cancelling these special sub-
categories to exhibit invariance under Reidemeister moves can be described in terms
of handle cancellation, where the new moduli spaces are unaffected by the choice
of moduli space to cancel (see Definition 3.1.1). So whilst the arguments in this
chapter can be reformulated using handle cancellation, they are not simplified in
doing so. Handle cancellation in flow categories allows further cancellations to be
made with no restriction to upward or downward closed subcategories and we will
see how this can be taken further in later chapters. In particular, the worked exam-
ple in Subchapter 6.4 describes how various cancellations are made to significantly

simplify the Khovanov flow category associated to the knot 8.



Chapter 5

Gaussian Elimination and its

effect on the Khovanov space

It has been known for some time that the Khovanov complex for knots/links that can
be represented by a particular type of diagram can be simplified (or ‘flattened’ in a
sense) via Gaussian elimination. The links of interest are those with a diagram that
can be built up of positive and negative elementary (2-crossing) tangles (see Defini-
tion 5.3.1 and Figure 5.3). Such a diagram will be known as a matched diagram, as
in [JLS15]. The observation that the Khovanov chain complex can be simplified was
made by Khovanov in his original paper on the subject [Kho00, Subsec.6.2], which
computes the Khovanov homology of (2, n)-torus links. Bar-Natan (in [BN05]) later
extended Khovanov homology to tangles by studying a local version of the Kho-
vanov complex which looks at chain complexes of tangles up to chain homotopy
equivalence. In Chapter 3, the notion of handle cancellation was extended to gen-
eral framed flow categories and (as in [JLS15]) this allows for a simpler description
of the Khovanov homotopy type of associated to a matched diagram.

We shall overview how Gaussian elimination works in Khovanov homology in
Subchapter 5.1, and then proceed by outlining the description in [JLS15] of a more
compact version of the Khovanov homotopy type associated to matched diagrams. In
order to describe the original Khovanov homotopy type, it was necessary to construct
the Khovanov flow category which satisfies the nice property that it covers the cube

flow category; one thing that allowed for this was that all O-dimensional moduli

76
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spaces are single points. By performing Gaussian elimination, however, one allows
for O-dimensional moduli spaces to be more than just single points and therefore we
require a framed flow category, the sock flow category, that is analogous to the cube
flow category, but whose 0-dimensional moduli spaces consist of either 1 or 2 points.
The sock flow category was recently constructed by Jones-Lobb-Schiitz in [JLS15]
for the purpose of describing a compact version of the Khovanov homotopy type.
We will highlight the construction of the sock flow category in Subchapter 5.2 and
then describe the flow category that covers the sock flow category in Subchapter

5.3.

5.1 Gaussian elimination in Khovanov homology

Gaussian elimination is an extremely useful method for simplifying the Khovanov
chain complex associated to matched diagrams. We shall reserve this subchapter
to giving a brief overview of how Gaussian elimination can be applied to this set-
up, which should illustrate the motivation of [JLS15] and the rest of this chapter.
The preliminaries are quite algebraic and as such, it will be useful to consider the
Topological Quantum Field Theory (TQFT) version of Khovanov homology. There
are two main reasons for shifting to this algebraic definition of Khovanov homology.
Firstly, the TQFT definition allows us to describe Gaussian elimination algebraically
in terms of linear maps of vector spaces, as it was described in [BN07]. Secondly,
Krasner in [Kra09] describes the generalised Khovanov-Rozansky homologies for
matched diagrams in terms of a general TQFT that contains Khovanov homology
as a special case; this reason is also the motivation in [JLS15]. Here, we shall only
describe the Khovanov (n = 2) case.

The Khovanov complex is constructed in the usual way, by taking a diagram
D of a knot or link with n ordered crossings. At each crossing, either the 0- or
1-resolution can be taken, giving a choice of 2" different resolutions (see Figure
5.1) which all yield collections of circles. These are presented on the vertices of
the cube [0,1]™ according to the corresponding resolutions taken. The vertices of

the cube are given the obvious partial order ((0,...,0) being the minimum and
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~ X

Figure 5.1: The 0- and 1-resolutions of a crossing.

(

Figure 5.2: The saddle cobordism between a O-resolution and a 1-resolution of a

crossing.

(1,...,1) being the maximum), and travelling along an edge of the cube involves
changing exactly one coordinate from 0 to 1 on the vertices that bound that edge.
The corresponding change in the resolution diagrams is from a O-resolution to a
1-resolution, and therefore one can present the saddle cobordism of Figure 5.2 on

this edge.

Definition 5.1.1 Let V be a graded vector space spanned by v, and v_. Then a
(1+1)-dimensional TQFT Ais a functor from 1-manifolds together with cobordisms
to vector spaces together with linear maps between them. To each circle in the
resolution cube, A assigns the vector space V. Each additional circle corresponds
to a tensor factor of V. Moreover, A assigns to a cobordism of circles, a map
between vector spaces. Since the cobordisms on edges change one crossing from a
0-smoothing to a 1-smoothing, we will either be merging circles, or splitting them.

The corresponding maps are:

m:VeV =V AV =-VRV
Uy Q Uy > Uy Vy = Uy QU +v_ ®@uy
Vp @U_ — v Vo= V- @ U_

V- Q@ Uy = v

- Qu_+— 0
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The vector space V = (vy,v_) can be thought of as the Frobenius algebra Z|[z]/z?
by an identification taking v, — 1 and v_ +— x.

By applying A to the cube of resolutions for a diagram D, one obtains a cube
whose vertices are presented by tensor products of V' and whose edges correspond
to the linear maps m and A on the necessary tensor products. The Khovanov chain

complex is obtained from this cube by considering the following definitions.

Definition 5.1.2 Let v be a vertex of the resolution cube of a diagram D. It corre-
sponds to a collection of k circles, or equivalently the k-tensor product V*. Define
a homological grading as h(v) = |v| — n_, where |v| is the sum of the coordinates
and n_ is the number of negative crossings in D. Denote by w the image of v under
an edge-cobordism, then h(w) = h(v) + 1 (hinting at a cohomology theory). Define
an intermediate grading a by setting a(v,) = 1 and a(v_) = —1. This is extended
to tensors as a(v; @ -+ - @ v) = a(v1) + - - - + a(vg). Notice that a(w) = a(v) — 1.
This is used to define a quantum grading q as q(v) = a(v) + h(v) + ny —n_, where

n, is the number of positive crossings in D. Notice that g(w) = ¢q(v).

The Khovanov complex is defined by taking chain groups as a direct sum of all
tensor products on vertices with the same homological grading. Since the quantum
grading does not change passing over edges, this complex splits as a direct sum of
complexes; one for each quantum grading. This gives a bi-graded chain complex.
To ensure that this does give a chain complex, one can just sprinkle the cube with
(—)-signs so that every face anti-commutes, enforcing d> = 0. A coherent way to do
this is by considering a basis of the exterior algebra in n generators and using the
exterior multiplication Adz; to label each edge which changes the i*" coordinate by
dzx;.

By considering the local picture of tangles, we can apply the following form of
Gaussian elimination (as described in [BNO7]) to the Khovanov chain complex of

matched diagrams.

Lemma 5.1.3 If ¢ : B — D is an isomorphism (in some additive category), then

the four term complex segment given by
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-+ [4] b

is isomorphic to the (direct sum) complex segment

-+ [4] b
C E

B B 0 e—yp~ 16 D <o u>
[F]--

and both of which are homotopy equivalent to the (flattened) complex segment
) (=) )
} [ 7]

Here, A, C, E and F' are all arbitrary columns of objects in the same additive

- [4]

© z]

category as B and D. Moreover, the Greek letters are all arbitrary matrices of

morphisms in that category (with appropriate dimensions, domains and ranges).

Proof: Since the matrices in the first and second complexes differ by invertible

row operations (or a change of basis), the complexes are isomorphic. Moreover,

a—¢1op

(pmmort ) ant (*7°

are produced by the column and row operations on

(M 1/) and ;

respectively. From the d? = 0 property of the original complex, u¢ — vy = 0 and
pa — 65 =0 and so
a— ¢ 1B 0

(u—V%b‘l u) = <0 u> and 5 = 5

Since ¢ : B — D is an isomorphism, the last two complexes differ by the removal of

a contractible direct summand and hence are both homotopy equivalent. O
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XX

Figure 5.3: The 2-crossing elementary tangle 75.

N . (0,1)—(1,8) > <
77\

Figure 5.4: The resultant chain complex of 75, after Gaussian elimination.

In order to highlight the use of this lemma, consider the positive 2-crossing
elementary tangle Ty in Figure 5.3. Then the resolution square [0, 1]? consists of two
horizontal crossingless strands at (0,0), two vertical crossingless strands at (0, 1)
and (1,0), and a circle sandwiched by two crossingless vertical strands at (1, 1) (c.f.
Definition 5.3.7). The TQFT assigns the vector space V to the circle at (1,1),
and so this local complex is isomorphic to one which replaces the resolution at the
vertex (1, 1) by a direct summand of two copies of a vertical smoothing; one tensored
with v, and one tensored with v_. Since the homological grading increases by one
along each edge, there is an isomorphism between the direct summand which is
tensored with v_ and both of the vertical smoothings at (0,1) and (1,0). Making
a choice of which isomorphism to use (here, we shall use the one with (1,0)), one
can apply Lemma 5.1.3 to produce a ‘flattened’ three-term complex which consists
of all resolutions of (0,0) and (0,1), but only the resolutions of (1,1) that have a
circle decorated with v,. The differential from (0,0) to (0, 1) remains the same, but
the differential from (0, 1) to (1,1) obtains an additional component (see Figure 5.4

where the maps are defined below).

Definition 5.1.4 Consider a resolution consisting of two vertical crossingless strands
that are assumed to lie on separate circles. Applying the TQFT A to these circles
provides a tensor product V ® V. A map

(o, 1)L (1,0): VRV VRV
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N s > <(-,1>—(1,-)> <(-,1)+(1,-)> <(-,1)—(1,-) (-,1)i(1,-)> <
7N\

Figure 5.5: The chain complex L,, obtained from the chain complex of T;, by Gaus-

sian elimination.

can be defined by ((e,1) + (1,0))(v,w) = (v- ® v,w) + (v,v- ® w). The map
e : V. — V can also be defined as a map on a single vertical strand which multiplies
the decoration of that strand by v_ (or x in Z[z]/2?). This means that composing
e twice results in the trivial map.

Note that if both strands of the vertical resolution are part of the same circle,
then (e,1)+ (1, e) labels the circle with 0 = 2? € Z[x]/x?. Therefore, we can assume

that the maps (e,1) + (1, ®) are defined only on separate circles.

Proposition 5.1.5 Let T;, be the positive n-crossing elementary tangle. The chain
homotopy class [T,,] can be represented by the flattened complex L,, given in Figure
5.5.

Proof: The map s in Figure 5.4 denotes the saddle map between resolutions
(see Figure 5.2). The proof follows by induction. When n = 1, the result is obvious
by taking the single O-resolution and 1-resolution with the saddle map in between
(the n = 2 case is also described above). So assume that the result follows for 7,,_;
for some n > 2. To show that L, does indeed give a chain complex representing 7T,,,
consider the decomposition of 7}, into the two tangles T} and T,_;. The complex

[T,,] can therefore be represented by the tensor product Ly ® L,

) () () (s

SOSUNN

—2 ) O () O (e ) O (e =2 ) O
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where each of the top (respectively, the bottom) diagrams are given by the 0-
resolution (respectively, the 1-resolution) of T3 glued to the corresponding diagram
of T,,_1. Notice that gluing the O-resolution produces identical diagrams (up to ho-
motopy). Since each circle corresponds to V' = Z[z]/x?, and each decomposes into a
direct sum of a diagram where the circle is either labelled with v, or v_. Consider
the right-most diagonal map F1 ® s. This map splits into two components via the
direct sum decomposition described. In the same way as the T, case described im-
mediately before this proposition, this is an isomorphism on the diagram in which
the circle is labelled with v_. Therefore, using Gaussian elimination cancels these
two isomorphic components, leaving the top complex one diagram short, and the
bottom-right given by a single vertical smoothing labelled with an extra v,. This
process can be repeated with the new right-most diagram in the top complex, and
so on, until all that is left of the top complex is the 0-smoothing. This complex is

Ly,. O

5.2 The sock flow category

The sock flow category is obtained as a quotient subcategory of the Morse flow cat-

egory Grpn of the real projective space with its standard Morse function. Consider
RP" as
RP" = { [wg: @1 -2, | 0# (20,...,2,) € R}

where [xg: 2y - mp] = [Axg s Axy -2 Az for 0 # A € R. Then consider the
self-indexing Morse function f: RP™ — R defined by

Pz aa) =i /342
=1 =0

This Morse function has (n + 1) critical points given by

pi=[0:--0:1:0:---:0] € RP"
where the i*" coordinate is non-zero, for i = 0,...,n. Let v be the gradient for f
such that the gradient flow lines through z = [z : - - : z,,] are given by

Ye(t) =[x : €'y oo €™My
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With respect to the positive gradient flow, the stable manifold of a critical point p;

is given by
Wepi)={lxo:x1: - :2-9:1:0:---:0] | zg,...,2-1 €ER}
and the unstable manifold of a critical point p; is given by
Wp;))={[0:0:-+:0:1:mjpq:- ] | Tig1,...,xnp ER}.

Therefore, given two critical points p; and p; of f with j < ¢, the intersection of the

stable and unstable manifolds can be realised as
Wep) " We(p;))={[0:-+-:0:z;:---:miq:1:0:---:0] | z; #0}

which gives the uncompactified moduli space

Mpi,pj)) ={0:---:0:erxjyg - 12— :1:0:---:0]|e € {£1}, 2, € R}.

The compactification of this moduli space can be written as M(p;,p;) = S° x

[—00, 00|71, The composition maps are given as

le:mjpn i impg ol i mpyr iy 1]

/ . / . . / . / . . . .
=lee’ ifwj w00 By o g 2 1
for e,&’ € {£1}, where the obvious string of zeros are omitted for compact notation.

Definition 5.2.1 The n-sock flow category S, is the flow category whose objects
are Ob(S,)) = {0,1,...,n}. The moduli spaces are obtained from the Morse flow

category %grp» in the following way. Let

Jij - /\;l(pi,pj) — R

denote the composition of the embedding #;; : M(p;,p;) — W*(p;) with the pro-
jection to the last (i — 2) coordinates of W*(p;). Then let M(i, ) be the quo-
tient space of M(pi+1, pj+1) which identifies points that have the same image under
Ji+1,j+1. This is necessary since 7;1 is a 2 : 1 immersion, but 7; ; for 7 > 2 remains

an embedding.
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The flow category &S, is then obtained as the suspension of a quotient subcategory

of Ggrpr. In particular, the moduli spaces are

Msn (27]) = M‘@”an (pi-l-lapj-i-l)
~ S0 x [—1,1]77 !

whenever j > 1, and
M, (i,0) =2 [—1,1] %
Consider the following illustration of S,,:

RN R e S N S N R S

~

where each sign above an arrow corresponds to a single point moduli space between
those objects framed by the given sign. By writing M(i + 1,7) = {L, R} = {+, -}
for ¢ > 1, the 1-dimensional moduli spaces M (i + 2,1) are the two disjoint intervals
I, I, whose boundaries can be described as 0I; = {LL, RR} and 0I, = {LR, RL}.
This assignment of boundary components is inherited from the Morse flow category
of €rp~ and applies here since ¢ > 1. The moduli space M(2,0) is a single interval
with the obvious boundary components.

This entire construction can be dualised to obtain the dual n-sock flow cate-
gory S by setting the dual moduli spaces as M*(i,j) = M(—j, —i), and can be

illustrated in a similar way as:

Definition 5.2.2 For a k-tuple n = (ny,...,n;) € Z* with each n; > 1, define the
Morse function

fu :RP™H x .. x RP™H 5 R

by fa(zi,...,2) = fi(z1) + - + fe(xr), where each f; : RP™™! — R is the
standard Morse function defined at the beginning of this section. A Morse-Smale
gradient for f, is given as the sum of the gradients for each f;. In particular,
Crit(fo) = { Wi, -- - piy) | pi, € Crit(f;) for 1 < j <k } with ind((piy, - .., pi)) =
ind(p;,) + -+ - +ind(p;, ).
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The open moduli spaces M((p;,, . .. .Din)s (Pjys - - -+ Dj,)) are embedded in

WS((pin s 7pik:)) = Ws(ph) X X Ws<pik)'

Definition 5.2.3 Let €, be the Morse flow category of the function described in
the previous definition with r = (ry,...,7) € (Z\ {0})*. Repeating the quotient
construction of §,, in Definition 5.2.1 for n equal to each r;, yields a framed flow

category S(,...r,) called the r-sock flow category whose objects are the k-tuples

.....

(41, ...,1) with grading given by the sum of the entries. Each S,, is a subcategory

.....

ng)- When 7; <0, the 5 coordinate is dualised using S:j.

Note that if r = (£1,...,£1), then the flow category S, reduces to the k-cube
flow category of [L.S14a] in Definition 4.1.1. In this case, the different framings pro-
duce stably equivalent homotopy types (see Sections 4.4 and 4.1.1). The analogous
argument for S, is given in Section 5.4 where, in fact, the moduli spaces of each S,

of dimension greater than 1 need not be framed explicitly.

Proposition 5.2.4 Let r € (Z — {0})*. Then every moduli space M(a,b) is a

disjoint union of discs where a,b € Ob(S,).

Proof: Since the flow category S, is constructed as a quotient of the Morse
flow category %7,, it is enough to show that the same holds for the Morse flow
category. When k = 1, this follows from the description of the Morse flow category
given above, where all moduli spaces are disjoint unions of cubes. The inductive

argument then follows from the following lemma (Lemma 5.2.5). O

Lemma 5.2.5 If f: M — R and g: N — R are Morse functions on closed, smooth
manifolds M and N, let vy, vy be their Morse-Smale gradients. Let €% be the
Morse flow category of the Morse function F': M x N — R on the product given
by F(z,y) = f(x) + g(y), and let v(z,y) = (vm(z),vn(y)) be the Morse-Smale
gradient for F. For a,b € Crit(f) with ind(a) > ind(b) and p,q € Crit(g) with

ind(p) > ind(gq), the moduli space Mg, ((a,p), (b,q)) is PL-homeomorphic to
1. Mg, (a,b) x Mg, (p,q) x [0,1] if ind(a) > ind(b) and ind(p) > ind(q).

2. My, (a,b) if ind(a) > ind(b) and p = q.
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3. Me,(p,q) if @ = b and ind(p) > ind(q).

Note that the statement of the lemma is for PL-homeomorphisms because for
ind(a) > ind(b) and ind(p) > ind(gq) the moduli space M, ((a,p), (b,q)) will, in
general, produce more corners than Mg, (a,b) x Me,(p,q) x [0,1] and the two will
not be diffeomorphic.

Proof: The cases a = b and p = ¢ are easy to see, so we will focus on the case
where ind(a) > ind(b) and ind(p) > ind(q). In this case, k = ind(a, p) —ind(b, q) > 2
and the proof is by induction on k. The base case is trivial since when k = 2, both
Mg, (a,b) and Me, (p, q) are disjoint unions of points. The products of these points
give the boundaries for the intervals in M, ((a,p), (b,q)). So assume true for all
M. ((a,p), (b,q)) with ind(a, p) —ind(b, ¢) < k—1. Throughout the proof it should
be obvious which category the moduli spaces are from, and so we shall omit the
category from the notation.

Let ¢ be a critical point of f with ind(a) > ind(c) > ind(b) and r a critical point
of g with ind(p) > ind(r) > ind(q). Since % is a flow category, the boundary of
M(ap,bq) is

OMe, (ap,bq) =M(bp,bq) x M(ap,bp) U M(aq,bg) x M(ap,aq)

|J M(ep, bg) x M(ap, cp) U M(cq, bg) x M(ap, cq)
(cr)

U M(br,bq) x M(ap,br) U M(ar,bq) x M(ap,ar)
U M(er,bg) x M(ap,cr).

These boundary components are all simplified when ind(a) —ind(b) = 1 or ind(p) —

ind(¢q) = 1. Note that

M(bp, bg) x M(ap,bp) = M(p,q) x M(a,b)
= M(a,b) x M(p,q) = M(aq,bg) x M(ap,aq)

To distinguish, write

M(a,b) X M(p,q) C M(ap,bq)
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for M(bp, bq) x M(ap, bp) to indicate that these are the broken flow lines that first

go from ap to bp, and then from bp to bq. Similarly, write
M(p, q) ® M(a,b)

for M(aq,bq) x M(ap,aq) indicating that these broken flow lines first go from ap
to aq, and then from aq to bg. It is sufficient to show that M((ap, bq) is a cylinder

between these two boundary components. By induction hypothesis, we have

M(cp,bq) x M(ap,cp) = (M(c,b) x M(p,q) x [0,1]) x M(a,c) and
M(cq,bq) x M(ap, cq) = M(e,b) x (M(a,c) x M(p,q) x [0,1]).

These two boundary components can be combined to give a cylinder C; with the

two boundaries

M(a,c) X M(c,b) K M(p,q) C M(a,b) ¥ M(p,q) and
M(p,q) K M(a,c) K M(c,b) € M(p,q) ¥ M(a,b)

sandwiching M(a, c) ® M(p, q¢) X M(c,b). Similarly,
M(br,bg) x M(ap,br)U M(ar,bq) x M(ap, ar)
is a cylinder C5 between

M(a,b) X M(p,r) K M(r,q) C M(a,b) ¥ M(p,q) and
M(p,r) K M(r,q) ¥ M(a,b) C M(p,q) X M(a,b)

sandwiching M (p,r) ® M(a,b) ® M(r,q). The two cylinders C; and Cy intersect

in two disjoint cylinders

M(r,q) x (M(c,b) x M(p,r) x [0,1]) x M(a,c)U
M(e,b) x (M(a,c) x M(r,q) x [0,1]) x M(p,r).

Finally,

M(cr,bg) x M(ap,cr) =Z(M(c,b) x M(r,q) x [0,1])x
(M(a, c) x M(p,r) x [0,1]),
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and this can be thought of as a square between the following four products

M(a, c) W M(p,r) W& M(c,b) W M(r,q),
M(a, c) ¥ M(p,r) W M(r, q) I M(c,b),
M(p,r) W M(a,c) ®M(c,b) K M(r,q) and
M(p,r) ¥ M(a,c) IM(r,q) 8 M(c,b)

and this is bounded precisely by the two cylinders C}; and C5. By considering their

collar neighbourhoods, the boundary components

M(ep, bg) x M(ap, cp) U M(cq,bq) x M(ap, cq) U M(er, bg) x M(ap, cr)
U M(br,bq) x M(ap,br)J M(ar,bq) x M(ap, ar)

combine together to give a cylinder between

M(a,c) ¥ M(c,b) K M(p,q) UM(a,b) X M(p,r) X M(r,q) and
M(p,q) K M(a,c) K M(c,b) UM(p,r) K M(r,q) ¥ M(a,b).

This can be repeated for every pair (¢, r), providing such a cylinder between
9(M(a,b) W M(p, q)) and I(M(p, q) W M(a,b)).

The interior of M(ap, bq) can be used to fill this boundary-cylinder to a cylinder of
M(a,b) x M(p,q). This is permissible by the existence of collar neighborhoods in
flow categories (see [Lau00] and [AB95]). O

5.3 A flow category associated to a matched dia-
gram

In this subchapter, we follow the construction of a flow category Z(D,) associated
to a matched diagram D, from [JLS15]. Recall that a matched diagram is a diagram

consisting of a number of copies of elementary tangles T,, (see Figure 5.6).

Definition 5.3.1 For an integer r € Z \ {0}, an elementary tangle T, of index r

is a 2-strand tangle of |r| crossings. The sign of r determines the sign of all the
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/ /
/ /

Figure 5.6: The n-crossing elementary tangle 7,,, for positive n. The mirror image

would be the tangle T_,,.

crossings in the tangle. Moreover, there is a choice of a pair of left and a pair of

right endpoints of the tangle.

Definition 5.3.2 A weighted matched configuration is a special resolution config-
uration (D,wp) (see Definition 4.2.1). In particular, a choice of the endpoints
of each arc A € A(D) is given as the L-endpoint and R-endpoint, so that 0A =
{pr(A),pr(A)}. Further, each arc A carries a weighting which is a pair of integers

wp(A) = (r,s) such that either 0 < s <rorr <s<0.

Definition 5.3.3 A labelled weighted matched configuration is a triple (D, wp, x)
such that (D, x) is a labelled resolution configuration and (D,wp) is a weighted

matched configuration.

Definition 5.3.4 Let (D, wp,z) and (E,wg,y) be two labelled weighted matched
configurations. Define a partial order < on such objects so that (E,wg,y) <

(D, wp,x) whenever one of the following are satisfied:

1. D and F are the same as resolution configurations (that is, they have the same
circles and arcs), but the weightings differ on a single arc A where wg(A) =
(r,s) and wp(A) = (r,s+1). In this case, the circles that are disjoint from 0A
are labelled identically by « and y. The circle(s) that intersect 0A are labelled

as follows:

(a) If the endpoints of A lie on the same circle, Z, then y(Z) = z, and
x(Z)=x_.

(b) If the endpoints of A lie on different circles, then denote them as Z; and
Zr where py(A) € Z;, and pr(A) € Zg. Then either y(Z1) = y(Zr) =
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vy and {z(z1),2(Zp)} = {zy, 2-}; or {y(Z1),y(Zr)} = {w4,2_} and
x(Zr) =x(Zg) =z_.

2. (D, ) is obtained from (E,y) by performing surgery along an arc A where
both labellings = and y (respectively, the weights wp,wg) induce identical
labellings (respectively, an identical weight w) on D N E = E N D. In this
case, the weighting w(A) = (r, s) is restricted to s = —1. Alternatively, (E,y)
may be obtained from (D, y) by performing surgery with both labellings x and
y (respectively, the weights w) inducing identical labellings on DNE = END.
In this case, the weighting w(A) = (r, s) is restricted to s = 1. Since both of
these situations are traits of Definition 4.2.11, one of the following situations

must occur:

(a) Z(E '\ D) contains exactly one circle Z;, and Z(D \ E) contains exactly
two circles Zy and Z3. Then either y(Z,) = x(Zy) = x(Z3) = x_; or
y(21) = oy and {2(Z2), 2(Z5)} = {wy, -}

(b) Z(E\ D) contains exactly two circles Z; and Z,, and Z(D \ E) contains

exactly one circle Z3. Then either y(Z;) = y(Zy) = x(Z3) = x4; or
{y(Z1),y(Zs)} = {z_, 24} and x(Zs) = =_.

The partial order < is defined for all labelled weighted matched configurations as
the transitive closure of this relation between two labelled weighted matched con-
figurations.

If (E,wg,y) < (D,wp,x) and there is a chain of precisely i such relations be-
tween pairs of labelled weighted matched configurations connecting (E,wg,y) to

(D,wp, ), then write (E, wg,y) <; (D,wp,x).

The following definition is an adaptation of Definition 2.4.1.

Definition 5.3.5 A morphism F : €1 — %> of two flow categories is a grading-

preserving functor such that

F : Hom(zx,y) — Hom(F(z), F(y))
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is a local diffeomorphism. A morphism F is called a disc cover if the morphism
spaces of %, are all homeomorphic to a disc. In this case, %) is said to be a disc

cover of 65.

A matched link diagram D gives rise to a flow category .Z(D,) which will be a
disc cover of the r-sock flow category S;, where r = (r1,79,...,7,,) are the indices
of the m elementary tangles that make up D. Following the influence of Gaus-
sian elimination, the idea is to take a single O-smoothing or 1-smoothing for an
entire elementary tangle to form weighted matched configurations. The rest of this
subchapter is devoted to the construction of Z(D,). As a result of the following
proposition from [JLS15], it may only be necessary to describe the objects of £ (D)

along with the moduli spaces of dimension less than 2.

Proposition 5.3.6 Consider a finite Z-graded set (/)vbl and a flow category ‘%Z
with Ob(‘ﬁzi) given by the elements of Ob, with gradings 7, i + 1, and 7 + 2. Let
%, be the category (which is not a flow category) with Ob(%;) = Ob; and with the
smallest morphism sets such that each ‘éz is a full subcategory (that is to say that
the morphisms of %% are determined only by the 0- and 1-dimensional spaces at the
minimum).

Further, suppose %, is a flow category whose morphism spaces are all discs.
Lastly, suppose that F: %Zi — %5 is a grading-preserving functor whose restriction

to each CJZZ is a morphism of flow categories. In this case
OHomg (b, a) = U Hom (¢, a) x Homg (b, c)
c:la|<|e|<|b]

is topologically a disjoint union of circles (since it only maps to the boundary of the

2-disc morphism spaces of 63). If the induced covering maps

Foa: Hom,; (b, a) — Homg, (F(b), F(a))

are trivial (on each component of Hom (b, a)), then there is a unique flow category

%, and a disc cover F : 61 — %5 satisfying:

1. Ob(%;) = Oby.
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2. The flow category %}, restricted to objects of grading i, ¢ + 1 and 7 + 2, gives
the flow category ‘%Z

3. % isa subcategory of 4.
4. F is the restriction of the functor F.

Proof: The proof determines %7 and F inductively. On the level of objects
and 0- and 1-dimensional moduli spaces, the conditions are vacuously satisfied. So
assume that a,b € Ob(%)) = Ob; with |b| — Ja| = 3. In this case, whenever
M(b,a) # 0, OM(b,a) is also determined as a disjoint union of circles. Since F is
required to be a disc cover, M(b, a) must be obtained by filling each circle with a
disc. As a result of doing so, a map F can be found which is defined on each 2-
dimensional moduli space and this follows from the trivial covering map hypothesis
on fb,a.

Now assume that a,b € Ob(%)) = Ob; with |b| — |a| = 4. Then the map
Fb,a|8./\/l(b,a) : aM(b) CL) — 8M(.F(b),f((l))

is determined (as long as M(b,a) and Fp, are defined consistently) and is a local
covering map of a 2-sphere, hence a trivial covering. Therefore, the moduli space
M (b, a) must be obtained by filling each sphere with a 3-ball that it bounds. This
inductive step continues for each relative index |b| — |a|] = k until all M(b,a) are

determined for all objects a,b € Ob(%)). 0

Therefore, in order to describe Z(D,), it suffices to describe the objects and
0- and 1-dimensional moduli spaces and then Proposition 5.3.6 prescribes a way to
simultaneously construct a disc cover F : £ (D,) — S, providing the 1-dimensional

trivial cover condition is satisfied.

Definition 5.3.7 Let D, be a matched diagram with m tangle summands. At each
of the tangles, define a vertical (respectively, horizontal) smoothing as the diagram
obtained by replacing the tangle with a non-crossing 2-strand diagram that connects

the four endpoints in two pairs vertically (respectively, horizontally).
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Definition 5.3.8 Let D, be a matched diagram with m tangle summands. By
adding an arc that connects the two strands of every vertical smoothing of the *"
tangle fori = 1,...,m, one can decorate that arc with (r;, s;) for a permissible choice
of s; according to Definition 5.3.2. In this way, a weighted matched configuration
(D,wp) can be obtained from any matched diagram D,. In this case, (D, wp) is
called the weighted matched configuration associated to D,.

The flow category associated to a matched diagram D, is the flow category £ (D)
defined as follows. The objects of £ (D,) are all possible labelled weighted matched
configurations associated to D,. The morphisms of .Z(D,) are described below using

a cover map and Proposition 5.3.6.

Recall that the objects of the r-sock flow category S, (Definition 5.2.3) are of the
form (s1,...,S,) where |s;| < |r;| and each s; is 0 or agrees in sign with r; for i =
1,...,m. The disc cover F : Z(D,) — S, is defined on the objects, 0-dimensional
and 1-dimensional moduli spaces, respectively, in the following series of definitions.
There will be a non-identity morphism between (E,wg,y) and (D, wp,z) if and

only if (E,wg, y) < (D, wp, ).

Definition 5.3.9 Let (D, wp,z) € Ob(Z(D,)) and (s1, ..., sy,) be as in Definition
5.3.2. Assuming that s; = 0 corresponds to the horizontal smoothing being chosen
at the i'" tangle. Then F : Z(D,) — S, is defined on objects to be the composition
of

(D,wp,z) = (S1,...,5m)

with the forgetful map that ignores labellings.

Definition 5.3.10 Suppose (E,wg,y) <1 (D,wp,z) for two objects of Z(D,).
The 0-dimensional moduli space M((E,wg,y),(D,wp,x)), which is necessarily a

disjoint union of points, consists of
1. Two points if (E,wg,y) <1 (D,wp, z) as in case (1a) of Definition 5.3.4.

2. A single point if (FE, wg,y) <1 (D, wp, x) as in each of the other cases (1b),(2a)
or (2b) of Definition 5.3.4.
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The morphism of flow categories F is defined on the 0-dimensional moduli spaces
as follows. Let p = (i1,...,%4,...,im) and ¢ = (i1,...,ia+ 1, ..., 1y) be two objects
of S¢. If 0 € {iq,in + 1}, then the one-point moduli space Mg, (g, p) will be denoted
by Py (to avoiding confusion of using L = R). If 0 ¢ {i,, i, + 1}, then the moduli
space Mg, (q,p) consists of two points. As described in Section 5.2, there is an

identification of moduli spaces
M, (q,p) = Ms, (i1,11) X -+ X M, (ia + 1,da) X oo X M, (im,im)

where the two points of Mg, (ia + 1,4.) were described by their preimages in
©rpra+1. These points will be denoted by L and R.

To determine the morphism F completely on the 0-dimensional moduli spaces,
it is left to describe which points of M((E,wg,y), (D, wp,x)) get sent to L and

which get sent to R.

Definition 5.3.11 Suppose (E,wg,y) <1 (D, wp, ) for two objects of £ (D,) cor-
responding to one of the four cases in Definition 5.3.4. In each of the corresponding

cases, the points described in Definition 5.3.10 are mapped under F as follows:
1. (a) Both points are mapped projectively to {L, R}.
(b) One circle in {7}, Zr} has a decoration that changes from z, to x_. If
it is Zp, the point is sent to L. If it is Zg, the point is sent to R.
2. (a) The single point is sent to Fj.
(b) The single point is sent to F.

The 1-dimensional moduli spaces of .Z(D,) are defined as follows, along with

how they are mapped under F.

Definition 5.3.12 Suppose (F,wg,y) <2 (D,wp,z) for two objects of Z(D,).
Then one of two cases occurs. Either the two objects are related by a double surgery
in the sense of a ladybug configuration (Definition 4.3.8), or they are not. In the la-
dybug case, there are exactly four points and a choice of pairs needs to be made. This

choice is the same as in Subchapter 4.3.2 and in particular, M((E, wg, y), (D, wp, z))
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consists of two intervals with the chosen pairs as boundary points. This, in turn,
determines the morphism F on M((E, wg,y), (D, wp, x)).

For the non-ladybug case, there is a unique choice (that is essentially forced) for
the moduli space M((E,wg,y),(D,wp,x)) and a morphism F|y((Ewp.y),(Dwn.e))
which is consistent with the existence of a disc-cover F that maps the 0-dimensional

moduli spaces as prescribed in Definition 5.3.11.

5.4 Framing the sock flow category

Since the matched flow category Z(D,) is described as a cover of the sock flow
category Sy, a framing of S, will induce a framing of .Z(D,). As with the cube flow
category Cc(n), which the Khovanov flow category @ (L) covers (see Subchapter
4.3), there is a natural question which asks whether different framings of S, give rise
to stable homotopy types that are equivalent. This section outlines the generalised
argument of [LS14a, Subsection 4.2] which is given in [JLS15]. Since not every
moduli space of S, is in the image of the covering map F : Z(D,) — S;, a complete
framing on .Z(D,) may be given from a partial framing on S,. Moreover, we shall
use properties of a general family of flow categories that the sock flow category lives

in; a disc flow category.

Definition 5.4.1 A disc flow category & is a flow category whose morphism spaces

are all homeomorphic to a disjoint union of discs.

Associated to a disc flow category & is a CW complex C(Z) that is described in
the following definition. Note that this is not the CW complex || from the Cohen-

Jones-Segal construction, since to define which would require a framed embedding.

Definition 5.4.2 Let 2 be a disc flow category. A CW complex C(2) is associated
to 2 which is defined as follows. C(Z) has a 0-cell for each object of &, and an
(r + 1)-cell C(M) for every component M of the r-dimensional moduli spaces of
2. The cellular structure of C(Z) is built up inductively. Assume that the -
skeleton C(2)% has been constructed. Then for a,b € Ob(2) with |a| = r and
la| = |b] =1 =14, let M C M(b,a) be a component of the moduli space (for all such
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pairs of objects where this is non-empty). Since M is a manifold with corners which
is homeomorphic to D’, the cell defined as C(M) = M x [r,7+i+1] is an (i+1)-cell.
It is attached via

Xum : 0C(M) — C(2)

with the property that ya (M x{r}) = {a} and xp (M x{r+i+1}) = {b}. Boundary
components of M (b, a) are given by products M(c,a) x M(b, ¢) for objects ¢ of ¥
with index r < |c| =s <r+ i+ 1. So if M, is a component of M(c,a) and M, is
a component of M (b, ¢) such that M., x My, C M, then define

XM|Mcabec><[r,s] : Mca X Mbc X [7’7 3] - Mca X [’f’, S] = C(Mca) and

XM|Mca><MbC><[s,r+i+1} : Mca X Mbc X [S,?” +i+ 1] —> Mbc [8 41+ ] C(Mbc>
as the projection maps.

Definition 5.4.3 A flow category F is a partial flow category of the flow category
Z if F is a wide subcategory of .Z and for all objects a,b € Ob(.7) = Ob(:%JY)

either one of the following conditions holds:
1. If M is a component of M z(b,a) then M C M (b, a).

2. If M is a component of M 7 (b, a), then no interior point of M is in M x(b,a).

Note that if .# is a disc flow category and % 7 is a partial flow category of .#

7,
then .7 determines a subcomplex C (ﬂ ) of C(#) which consists of all cells of C(.%)
that correspond to components of moduli spaces that have full dimension.

Suppose that Fisa partial flow category of . %, where .% comes with an embed-
ding, and the 0-dimensional moduli spaces in 7 are framed so that the framing can
be extended coherently to the 1-dimensional moduli space components of F that
are of full-dimension. This determines a sign assignment s of .%# Z as a cochain in
C’l(C(ﬁ), Z/2) in the same way as the sign assignment for the cube flow category
in Definition 4.1.5. Moreover, consider the question of whether one can extend this
framing of O-dimensional moduli spaces of .% 7 to a coherent framing (see Definition

2.2.7) of all full-dimensional moduli space components of . As with the cube flow

category, the answer can be reduced to an argument in obstruction theory. Again,
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since the main focus of this thesis is to highlight an application of handle-cancellation
in flow categories, we shall omit the full details of this obstruction argument and
simply provide an overview. The key point will be that there exists a particular
framing for the sock flow category, and that the resultant homotopy type does not
depend on this choice of framing.

The argument is set-up as follows (c.f. Subchapter 4.1.1 throughout). For all
full-dimensional components N C M x(b, a), fix a choice of orientation which orients
all 0-dimensional moduli spaces positively. The interior int(C(N)) can be identified
with int(/V) x R, and thus can be given the corresponding product orientation. For

a < ¢ <y b, consider each full-dimensional component M C M x(c,a) as
[T x {p:} = M x Mz(b,c) C ON.

For such triples, associate (M, N, p;) — t(M, N, p;) € {0, 1} where t(M, N,p;) = 0 if
the chosen orientation of M agrees with the orientation induced on M = M x {p;}
as the boundary component of N, and t(M, N,p;) = 1 if the orientations differ.
Similarly, for @ <; ¢ < b each full-dimensional component M C M x(b,c) can be

considered as

H{QZ} X M%J/\/lg;(c,a) x M c ON.

Then associate (M, N, q;) — t(M,N,q;) € {0,1} to such triples in the same way.
Then, for a full-dimensional component M C M x(b,a) the differential in the
cochain complex C*(C (Léz), Z) can be written as

sCM))= Y (F)URIOW) Y ()N

a<b<ic c<1a<ly

NCM z(c,a) €M z(a,c)
Pi€EM 5(c,a) NCM g(b,c)
Mx{p;}CON {@i}xMCON

where C'(M)" corresponds to the element whose dual is C(M) (i.e. the cochain
which assigns 1 to C(M) and 0 otherwise). By induction, assuming that all full-
dimensional moduli space components of Z of dimension less than k have been
coherently framed, [JLS15] proceeds in a similar manner to [LS14a] by producing a

cochain o € C’kH(C(%, 7,k-1(0)). In particular, on each full-dimensional compo-

nent M C M (b, a) of dimension k, M is a (k—1)-sphere S*~! which has a product
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framing from lower dimensional moduli spaces. Comparing this framing with a null-
cobordant framing produces an element 7;_1(O), and by definition o = 0 if and only
if the coherent framing of Z can be extended to all full-dimensional moduli space
components of .Z that are of dimension k. The important results from [JLS15] are

listed below.

Proposition 5.4.4 The obstruction class o is a cocycle.

An analogous modification argument (as in [L.S14a, Lemma 4.11]) provides for
a cochain 7 € Ck(C(ﬁ:), mr—1(0)) a modification of the framings for the (k — 1)-
dimensional moduli space components. This produces a new cocycle ¢/ = o + 01

along with the following proposition.

Proposition 5.4.5 If the cocycle o satisfies

(0] € H*(C(F), m1(0)) = 0
then the coherent framing of the moduli space components of Z can be extended to
the full-dimensional k-dimensional moduli space components, where one may have

to modify the framing on the (k — 1)-dimensional components as described above.

In a similar fashion to [LS14a], the inductive argument in [JLS15] takes a 1-
parameter family {lt}te[o,l] of embeddings of .# that connects two framed embed-
dings 1o and #; of Z. In particular, if it is assumed that 1y and 2; are both sup-
plied with coherent framings for the full-dimensional moduli spaces of Z that give
identical sign assignments, then the framings can be extended to frame each 0-
dimensional moduli space () (/\/lj(b, a)) for 0 < t < 1. So taking the inductive
hypothesis to be that the framings of the full-dimensional i-dimensional moduli
spaces 1,4(0) (M (b, a)) and 2,,(1) (M 5(b,a)) can be extended to the correspond-
ing moduli spaces #,4(t)(M z(b,a)) for 0 < t < 1 and i < k for some k > 1.
The following sphere is defined using these moduli spaces (c.f. the proof of Lemma

4.1.11) whose inherited framing is compared with a null-homotopic framing to give

the final obstruction class ¢ of the inductive procedure.
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Definition 5.4.6 For each k-dimensional full-dimensional moduli space component
M C M 3(b,a), define the obstruction sphere of M as the k-sphere
St = 1a(0) (M) Uno()(M)U | 1a(t)(0M).
1€(0,1)
The aforementioned obstruction class & is shown, through a similar argument to

its predecessor o, to be trivial in demand of the following proposition.

Proposition 5.4.7 The obstruction class & is a cocycle and if
6] € H*1(C(F), m(0)) = 0

then the coherent framing of the full-dimensional k-dimensional moduli space com-
ponents of 1,,(0) (M z(b,a)) and 4,,(1) (M z(b,a)) can be extended to the family
of framed embedded moduli spaces #,4(t) (M 5 (b, a)), where one may have to make
modifications of the framing on the (k — 1)-dimensional components similar in fash-

ion to Proposition 5.4.5.

With this overview of the obstruction theory argument, recall that the goal of
this section is to provide a framing of the matched flow category £ (D,) associated
to the matched diagram D, through the disc cover F : Z(D,) — S;. All of the
above work, which deals with disc flow categories, becomes useful if the covering
morphism F factors through a partial flow category; which it does. The partial flow

category we are interesred in is denoted S, and defined below.

Definition 5.4.8 Let r = (r1,...,7). To define the partial flow category S, of
Sy, it is sufficient to describe which full-dimensional moduli spaces of the latter
are included in the former. All 0-dimensional moduli spaces of S, are included
in gr. Recall that these are denoted as R and L. If a = (i1,...,1q4,...,7) and
b= (i1,...,%a +2,...,i) are two objects of S, then M(b,a) is 1-dimensional. In
the case that 0 € {i,, i, + 2}, this 1-manifold is a single interval. The interior of
these intervals are not included in gr. All other 1-dimensional moduli spaces are
included in S,. In particular, when 0 & {iq, i, + 2}, the I-manifold is a disjoint
union of two intervals; one has boundary {LL, RR} and the other has boundary
{LR,RL}.
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The partial flow category S, is then defined to be the largest partial flow category

of S, satisfying these conditions.

Proposition 5.4.9 The covering morphism F : Z(D,) — S, factors through the
partial flow category S,.

Proof: Since the moduli spaces in the image of F form a partial flow category
of &, this result follows if it can be shown that the intervals that are not included
in the definition of :S’Vr in Definition 5.4.8 are not in this image. However, if a,b, ¢

are three objects of %, that are mapped to

F(a):(il,...,ia,...,ik),
F() = (i1,...,ia+1,... i) and

F(€) = (iry - yia + 2, in)

such that 0 ¢ {i4, i, + 2}, then it cannot be possible that L € M(b,a) and
L € M(c,b). The corresponding statement in the Khovanov chain complex is that

multiplying by z? in the Frobenius algebra Z[z]/z? is the trivial map. O

Using this, [JLS15] applies the obstruction theory arguments to the partial flow
category S, and its cover .Z (D). A particularly useful result is the following.

Proposition 5.4.10 The CW complex C(S,) (which is a subcomplex of C(S,)) is

contractible.

To prove this proposition, the following result concerning particular Morse flow

categories that are disc flow categories is useful.

Lemma 5.4.11 Let f : M — R and g : N — R be two Morse functions on closed
smooth manifolds M and N with Morse-Smale gradients vy and vy, respectively.
Consider the Morse flow category % of the Morse function F' : M x N — R defined
by F(z,y) = f(x) + g(y), with the Morse-Smale gradient vp = (vg,v,). If €; and
¢, are disc flow categories, then it follows (c.f. Lemma 5.2.5) that €7 is too. In this

case,

C(r) = C(%)) x C(%,).
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Proof: As in the set-up of the proof of Lemma 5.2.5, consider a,b € Crit(f)
and p, g € Crit(g) with ind(a) > ind(b) and ind(p) > ind(q). Then the proof is by
induction on k = ind(a,p) — ind(b,q) > 2 and Mg, ((a,p), (p,q)) = Me,(a,b) x
M, (p,q) x [0,1]. When k = 2, both moduli spaces Mg, (a,b) and My, (p, q) are
disjoint unions of points. Moreover, if My, (a,b) = Ua; (respectively, Mg, (p,q) =
LIB;), then C(a;) = {au}x[|b], |a|] (respectively, C(8;) = {5;}x[lql, |pl]) is an interval
which is attached to the 0-cells corresponding to a and b (respectively, p and ¢). The
corresponding moduli space in € is an interval given by I = {«a;} x {§;} %[0, 1] with
C(I) = Ix[|(a,p)l,|(b,q)|]. This clearly gives the product of the two intervals above
attached to the corresponding intervals whose boundaries are the points {a;} x {3;}.
This deals with the base case.

For the inductive argument, it is helpful to highlight an observation about any
general disc flow category €. If M C My(z,y) is a component with |z| = 7" and
ly| = 0, then the attaching map xjs factors through the map

bum a(C(M)) = a(M X [0, 1]) N 517‘;1*1 ~ gT-1

which is defined as a composition of the following maps. First, collapse each bound-
ary disc M x {0} and M x {1} to a point. Then by considering each sequence of
components

N1 C Mcg(zl, Zo), ey Nk - M(g(zk, Zkfl)

which satisfy 2o =y, zx = x and 0 < |z1] < -++ < |p—1| < T with N = Ny x --- X
Ny C OM, collapse N x [0, 7] to

(Nl X [O, ’Zl|) U---u (Nk X Hck—laTD-

Since each NV, is a disc, it should be clear that the overall result of this composition
gives a (T — 1)-sphere.

Since k is a relative degree, it can be assumed without loss of generality that
ind(b) = ind(q) = 0. Then the argument proceeds as follows. For a component
Mappgy C Meg(ap,bq), let My C Mg, (a,b) and My, C Me,(p,q) be the
corresponding components such that Mappg) = Map) X M(pq) * [0, 1]. Now consider

the cell C(Mappg)) = Miappg) % [0, k] of C(€F). Then X Map.bg) factors through the
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quotient map

¢M(ap,bq) : a(C(M(apJ)q))) = a(M(ap7bq) X [0, 1]) — S]]&_(al = Sk—l'

p,bq)

If n = ind(a) and m = ind(p) (recall that ind(a) + ind(p) = k), it suffices to show
that

k—1 n—1 m—1
SM(ap’bq) = C(Map)) X SM(M) U SM(a,b) x C(Mgp,q)

since this implies that C(%€F) is homeomorphic to C(€%) x C(%,). For each object ¢
of €y with the property that M N (Me,(c,b) x My, (a,c)) # 0, it follows that
M (ep,cq) N Mappg = Mpq)- In light of the above, the obstruction sphere of

M apbg) 18 given as
SMiapig = (C1(N) U Co(N)) U (C5(N) U C4(N))
where C1(N), Co(N), C3(N) and Cy(N) are defined as the unions

awm= U aw, GNy= J ow,

c<ia b<ic
NCMep ((cp,bg)) NCMeg, ((ap,cq))
.TGMch((ap,Cp)) xEM%F((C‘LbQ))
NX{"E}CaM(ap7bq) {x}XNCBM(ap’bq)

Cs(N) = U C(N), Cy(N) = U C(N).

r<ip qg<ir
iy
rEMy ap,ar reMeg 7,09
NX{:C}gaM(ap’bq) {x}XNCFaM(ap,bq)

The induction hypothesis then implies that C(N) U Cy(N) = SEZ,Z)I X C(Mp,q)
and C3(N) U Cy(N) = C(Mqp)) X S]’[‘/[_(;q). Moreover, the intersection is

(CL(N) U Cy(N)) N (C3(N) U Cy(N)) = U C(N)

b<ca<m-1c1<a
q<d2<p-1d1<p
NCM{F ((01d1702d2))

{a: | {:c}XNCawa’bq) }

=Syt gt
Ma,p) Mp,q)
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Now since the flow category S, is constructed as a Morse flow category of prod-
ucts of real projective spaces, it follows from Lemma 5.4.11 that the moduli spaces
of 8(,.....r,) can be constructed as manifolds with corners from the moduli spaces of

1) and S, yielding

gooe

Moreover, since the partial flow category S, of S, is the maximal such that includes
interiors of only particular 1-dimensional moduli spaces of S, (Definition 5.4.8), the
subcomplex C(S;) of C(S,) is the maximal such that includes the corresponding 2-
cells. Considering the above decomposition, these 2-cells are products of the 2-cells

and 0-cells of various factors. Consequently, it is also true that

Proposition 5.4.10 then follows from the lemma below.

Lemma 5.4.12 The CW complex C(S,) is contractible.

Proof: Assume without loss that » > 0. The dual case when r < 0 is similar.
First note that the associated complex C (gr) is a 2-complex since it only has full-
dimensional moduli spaces of dimensions 0 and 1. In particular, since Ob(:S'VT) =
{0,1,...,r}, there are r + 1 0-cells of C(gr). Further, there are 2r — 1 1-cells given
by a single interval Mz (1,0) and two intervals Mz (i+1,i) foreachi =1,...,r—1.
Finally, the 2-cells D? are attached corresponding only to those intervals that are
included as full-dimensional moduli space components. Each D? for i = 0,...,7 —2
is attached as follows. D is attached by letting its boundary circle S} trace along
the interval from 0 to 1, followed by one of the intervals from 1 to 2, and reversing
by tracing along the other interval from 1 to 2 and again along the interval from
0 to 1. For the other D? where i = 1,...,r — 2, the boundary circles S} trace
along the corresponding pairs of intervals. The important characteristic here is
that a deformation retraction can be obtained sequentially by collapsing D? , to
produce C(S,_1) from C(S,), then collapsing D2, producing C(S,_s) from C(S,_,),
and further until one obtains C(S;). Since C(S;) is an interval, all these spaces are

homotopy equivalent to a point. O
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Corollary 5.4.13 The obstruction class [¢] vanishes.

Which leads to the climax of this subchapter.

Theorem 5.4.1 If 7 and 7; are two framed embeddings of the sock flow category S,
that extend a particular sign assignment, then there are two corresponding framed
embeddings 2y and 2; of the matched flow category .Z(D,) obtained as perturbed
lifts. The CW complexes |-Z(Dy)|,, and |-Z(Dy)|,, obtained from the Cohen-Jones-

Segal construction are stably homotopy equivalent.

5.5 Inductive handle cancellation

This subchapter follows [JLS15] in showing that the stable homotopy types aris-
ing from different choices of tangle decompositions are stably homotopy equivalent.
Consider a matched diagram D, of a link which consists of m elementary tangles,
so that r = (ry,...,7rm) € (Z\ {0})™. Subchapter 5.3 describes how to associate
a flow category .Z(D,) to this diagram, and Subchapter 5.4 ensures that this is a
framed flow category, so one can apply to Cohen-Jones-Segal construction and pro-
duce a stable homotopy type |-Z(D;)|. The matched diagram D, can be described
alternatively as a diagram consisting of |ry| + - - + |ry,| tangles, each with a single
crossing (which is equivalent to evaluating a 0- or 1-smoothing at each crossing indi-
vidually). Let -Z(D(+1,..+1y) denote the corresponding framed flow category, which
reduces to the Lipshitz-Sarkar construction of the underlying diagram D. Again,
this produces a stable homotopy type |2 (D41, +1))| by the Cohen-Jones-Segal
construction. The two stable homotopy types just described are shown to be stably
homotopy equivalent in [JLS15] and we shall give an overview of the proof here,
which is by induction.

Consider a matched diagram D, of an underlying link diagram D, where r =
(ri1 + 1,79,...,7) and 7 is assumed to be at least 1 (the case for negative r; is
symmetrical). Then the first tangle 7,1 in the construction of D, as a concate-
nation of elementary tangles, can be decomposed into the two elementary tangles
T,, and T7. Let Dz denote the matched diagram of this new decomposition, where

r= (17,72 ..., ).
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s®1 (o,1)®1 (e,1)®1 (o,1)®1 (o,1)®1
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Figure 5.7: The first two coordinates of the cochain complex associated to the flow

—1®s Fl®s

category £ (Ds).

Proposition 5.5.1 Consider the matched diagrams D, and D; described above,
and assume that their respective associated framed flow categories £ (D,) and

Z(D;) are disc flow covers of the relevant sock flow categories. Then,

The proof of the above proposition becomes almost obvious when considering
the following elegant change of perspective. Consider an underlying link diagram
D that admits a matched diagram Dg where § = (—1, 1, S2,...,8,). Then D also
admits the matched diagrams Dg where s = (s7 — 1, 89,...,8,,) and Dg where s =

(s1,—1,89,...,8n). Then Proposition 5.5.1 follows from the following proposition.

Proposition 5.5.2 Assume that the associated framed flow categories .Z(Ds) and
Z (D) and Z(Ds) of the matched diagrams described above are disc flow covers of

the relevant sock flow categories. Then,

Proof: We shall only highlight the first equivalence, the second is similar. In
order to describe the proof, consider the cochain complex associated to £ (Ds) and,
in particular, consider the first two coordinates of the cochain complex as illustrated
in Figure 5.7. The standard generators of this cochain complex are in one-to-one
correspondence with the objects of Z(Dg). That is, the standard generators are
given on each vertex by an (m + 1)-tuple of integers (ig, ..., %) where each i, lies
between 0 and 7, (so has the same sign) and every circle in the resolution on that

vertex is decorated with either z, or x_.
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Figure 5.7 depicts the first two coordinates where the top-left coordinate corre-
sponds to (79, 71) = (—1,0) and the bottom-right coordinate corresponds to (ig,i1) =
(0, s1). The argument from [JLS15] then proceeds as follows (c.f. Proposition 5.1.5).
By taking a direct sum decomposition of every smoothing on the top row (that is,
for all ig = —1) depicted in Figure 5.7 into circles labelled with x, and circles la-
belled with z_, two collections of objects in Ob(.Z(Ds)) can be defined as follows.
Let Y denote all of the objects with bigrading (—1,0) and all the objects with bi-
grading (—1,41) for iy = 1,...,s; with the circle labelled with z . Let X denote all
of the objects with bigrading (0, s;) and all the objects with bigrading (—1,4;) for
11 = 1,...,s; with the circle labelled with x_.

A bijection

a:Y - X

can be defined by a(y) = x if M(x,y) = *, a single point, and this bijection assigns
pairs that will be cancelled with each other using handle-cancellation. Proceeding
to do so with pairs of objects in an order with non-decreasing cohomological degree,
leaves the first s; — 1 of s; vertices of the bottom row of the cochain complex in
Figure 5.7.

The observation that for any object a € Ob(.Z(Ds)) that is not in X UY we
have M(a,y) = ) or M(a(y),a) = 0, ensures that no moduli spaces change during
these cancellations. Clearly, the remaining full-subcategory can be identified with
Z(Ds) with a framing induced from the pre-cancelled set-up which is necessarily a

disc flow cover of the sock flow category S;. O

It should be noted that the above proof can also be described in the language
of upward and downward closed subcategories (see Subchapter 2.4) from [LS14al,
and so handle-cancellation does not become necessary for this to work. Proposition

5.5.1 now follows from Proposition 5.5.2, and these results give the following.

Theorem 5.5.1 For the matched diagrams D, and D4,
ginning of this subchapter, let £ (D) and £ (D11

+1) described at the be-

.....

+1)) be their associated framed

77777
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flow categories, the latter of which agrees with the construction of [L.S14a]. Then,

are stably homotopy equivalent.



Chapter 6

A Combinatorial Steenrod Square

on Khovanov Homology

In [LS14b], Lipshitz-Sarkar make use of stable cohomology operations induced on
Khovanov homology by the stable homotopy type Xxp(L). In particular, they study

the second Steenrod square
Sq® : Kh"/(L,Z/2) — Kh'™7(L,7/2)

which is induced by the Khovanov spectrum. Lipshitz-Sarkar give a combinatorial
description of Sq? and this is shown to agree with the one induced by the Khovanov
spectrum (see [LS14b, Theorem 2]). The significance of the Steenrod square was
highlighted at the end of their paper, where they determine the Khovanov homotopy
type Xkp(L) for all links L with up to 11 crossings, many of which yield non-
trivial Steenrod squares. This also exhibits the strength of the homotopy type as an
invariant since, as Seed shows in [Seel2], there are several pairs of knots and links
with isomorphic Khovanov homologies that can be distinguished by their associated
homotopy type. In this chapter, we shall define the Steenrod square using the
description in [L.S14b] relating to the Khovanov flow category and also extend this
definition (as in [JLS15]) to a general framed flow category. Once the necessary
language has been set-up, we conclude by highlighting how handle cancellation in
flow categories (Theorem 3.1.1) can be used to simplify computations, and work
through an example that computes a non-trivial Steenrod square for the first knot
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for which this occurs. This example will emphasise how the entire content of this

thesis ties together.

6.1 The second Steenrod square of a framed flow
category

This subchapter follows the modification in [JLS15] of the constructions in [LS14b]
to describe the second Steenrod square for a general framed flow category.

Denote by M,, = M(Z/2,m) the m'™ Moore space for Z/2, which is defined as
the space obtained from S™ by attaching one (m + 1)-cell via a degree-2 attaching

map. Throughout, assume that m is sufficiently large (m > 3 will do).

Proposition 6.1.1 For the Moore space M,,, Tpm1(Mp) = Z/2.

Proof: Recall that K,, is a space that, by definition, requires ,,(K,,) = Z/2
and m;(K,,) = 0 for i # m. The m-skeleton K5 can be chosen to be a single m-
cell with its entire boundary attached to the basepoint; so K = S™. Moreover,
T (Km) = Z/2 can be forced by attaching an (m + 1)-cell €™ via a degree-2 map
dem+l 5 K™ — S™_ This is the same as M, and so M, can be thought of as the
(m + 1)-skeleton of the Eilenberg-MacLane space K, = K(Z/2,m). It suffices to
show that 7rm+1(K(m+1 ) = Z/2. The pair (K(m+ ), ™) produces the exact sequence

Tmga (KD SmY 5 m 1(S™) = Tt (KDY 5 g (KD 6mYy 5 r, (S™)
and by using the excision theorem,

Tt (KD 8™ = oy (KD /8™ = 74 (S™HY) = Z and

T2 (K, S™) = Ton (KD /S™) = Mg (S™1) = 22,

The maps
Topt (KT 8™ = 71 (8™ — 7 (S™)

are therefore given by twice the Freudenthal isomorphisms, so that the sequence

becomes

7)2 2 7)2 = m (KO 5 725 7
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Then it follows that ﬂmH(K?(an)) >~ 7./2 as represented by the Hopf map S™* —

gm — gm oy gmt). 0

It follows from the previous proposition that in order to construct an Eilenberg-
MacLane space K,, from M,,, it suffices to attach one (m + 2)-cell T via a degree
0 map in order to kill the Z/2. The resultant cohomology of the (m + 2)-skeleton
Kr(nm+2) is
H™K™2 7y =0,  H"YK"™2 7)=7/2,  H"?(K"? 7) =7,

H™(K™2 7./2)=7/2, H™YK™2 7)=27/2, H"2(K"?2 7)=17/2.

By considering the generator « € H™(K,,,7Z/2), a Theorem originally due to Serre
(see [McCO1, Theorem 6.19]) ensures that H™"?(K,,,Z/2) = Z/2 is generated by
Sq(1).

Now let X be a CW-complex with a cohomology class u € H™(X,Z/2). Consider
a cellular map f : X — K,, with f*/ = u so that u is classified by f. Then Sq?(u) =
*Sq?(r) € H™2(X,Z/2) is determined by its restriction to H™2(X(m+2) 7 /2).
Therefore, it suffices to provide a cellular map X ™+?) — Kr(an) for which ¢ pulls
back to u. That is, it suffices to determine f*7’', where 7/ € C™"*(K,,,7Z/2) is
necessarily the cocycle representing Sq?(¢) and the dual of 7. If ¢ is an (m + 2)-cell
in X with an attaching map y,: S™*' — X+ then the restriction f|: X"+ —

M, composed with x, gives a representative in
Tt (Mi) = T 1 (KSHY) = w0 (S™) = 22

and by the construction of f this element also represents the evaluation of the cocycle
f*7" on o. Essentially, Sq*(u) is the obstruction of being able to produce a homotopy
of f that sends X (™2 to K\"™ . A cocycle representative sq2(u) € C™+2(X, Z,/2)
for Sq*(u) is therefore determined by the elements [f| o Xo] € Tmi1(My).

Since K" has no cells of dimension less than m, a map X+ — ("2
factors through the quotient X2 /X (m=1  Therefore, to understand Sq? it is
sufficient to describe f explicitly on X (™+2) /X (m=1) " Indeed, for a general framed

flow category (%, 1, p) where 7 is a neat embedding of € relative some d = (d;, d;+1),
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[LS14b, Proposition 3.6] ensures that the objects that are used to build X can all be
assumed to have gradings in {i,7 + 1,7 4+ 2}. Write m = d; + d; 1. The proposition
states a relation between the CW complex X constructed under this assumption, and
the skeleta of the CW complex obtained using the Cohen-Jones-Segal construction.

In particular,
EC+i—mX _ |%‘(C+i+2)/‘cg(0+i—l)
(where C' is from Definition 2.3.1) so that H (¢, Z/2) = H™(|€|,7Z/2).
Now consider a cocycle ¢ € C*(€;Z/2) representing u. Then
c= Z Ny
2€0b; (%)

for some n, € Z/2. The skeleta are built up inductively, and |€|™ = Vaeobi @) 5™
is a wedge of m-spheres. Define a map f™: |£|(™ — M, whose restriction to each
cell C(x) is a degree one map onto Mr(nm) whenever n, = 1, and the constant map
to the basepoint whenever n, = 0. By considering objects one grading higher, say

y € Ob(%) with |y| =i + 1, there is framed embedding of all points in M(y, z) as

Uy H M(y, x) x [—¢,e]% — R%,
)

z€Ob, (¢

The fact that ¢ is a cocycle forces [[ M(y, ) to be an even number of points for
each y. Let n(y) denote half of the number of such points (so 2n(y) is the cardinality
of this set of points).

Definition 6.1.2 If ¢ is the cocycle described above, then a topological boundary

matching for ¢ is a collection of disjoint, embedded, framed arcs
j . d; d;
n:[0,1] x [—€,e]" — [0,00) x R
for each y € Ob;1(%) and j = 1,...,n(y), satisfying
iN—1 diy _ d;
()~ ({0} x R%) = {0,1} x [—¢, €]

with

Jm{0.1} x {0} = {0} x4, (Hwy,x)) .
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Consider pairs of points py, p1 € [[, M(y, z) that correspond to endpoints of an arc
n} so that 77(0,0) = (0,1,(po,0)) and 7/(1,0) = (0,2,(p1,0)). The points py and p,
come with framings (signs) and if these differ, then the framing of 7}[{0,1} can be
assumed to agree with the framings of pg and p;. If this happens, the arc is said to
be boundary-coherent.

If, on the other hand, the framings of py and p; agree (that is, they have the
same sign), then the framing of ng can only be assumed to agree with the framing at
one endpoint; at the other endpoint it will agree with the framing at that endpoint
after reflecting in the first coordinate via R: R% — R% given by R(xy,...,z4,) =
(—x1, 2, ...,xq4). Quite naturally, arcs of this type are called boundary-incoherent.
This arc is endowed with an orientation from the endpoint at which the framings

agree to the endpoint at which the framings disagree.

For all objects y with grading ¢ + 1, the topological boundary matchings provide

an embedding
n(y)

My H[O, 1] x [, )%t 5 C(y)

j=1
defined as n,(t, 21, .., %4, Y1, - - -, Ydipr) = (Ui(t,$1, e Td)y Y1, s Ydiey ) OD the
disjoint union. Using these embeddings, the map f(™ can be extended to a map
on the (m + 1)-skeleton fm+V . |€|(m+1) — M, by attaching all cells C(y) with
y € Ob;41(%) in the following way. Away from the image of n,, the cell is sent
to the basepoint. For boundary-coherent arcs, the attaching map is given by the

projection
[07 1] % [_8’8]di+di+1 s [_87€]di+di+1 —y gditdit1 Mr(nm)

where [—¢, g]ditditt — Gditdit1 jg the quotient map on the boundary of [—¢, g]%+di+1,
For boundary-incoherent arcs, the attaching map is given by a degree 1 map over
the single (m + 1)-cell of M,,. The procedure described above for obtaining a
cocycle representative for Sq?(u) can now be carried out. However, the computable
descriptions that are outlined in both [LS14b] and [JLS15] require an amount of

care to be taken regarding framings. We shall outline what this entails and then go

on to state the necessary results (this set-up follows [LS14b, §3.2] and [JLS15]).
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Any framing of a path embedded in R™*! gives rise to a path of m orthonormal
vectors in R™*! and this collection of orthonormal vectors gives an element of
SO(m + 1). That is, a framed path in R™! gives rise to a path in SO(m + 1).
There is a one-to-one correspondence between isotopy classes of framed paths (with
fixed endpoints) in R™*! and homotopy classes of paths (with fixed endpoints) in
SO(m+1) provided m > 3 where both sets have two elements (hence our assumption
for large m at the beginning of the section). Thus, to specify an isotopy class of
framed paths for such m, it is enough to specify a homotopy class of paths in
SO(m +1).

Now consider objects z € Ob;5(%) and the one-dimensional moduli spaces
M(z,z). These are disjoint unions of intervals and circles and are embedded with
framings into R% x [0, 0o) x R%+1 in such a way that the endpoints of the intervals are
embedded into R% x {0} x R%+1. There are four possible framings at the endpoints

and these are

(617 s €Ay Cigly e eei+ei+1)7 (_617627 <oy €dyy €1y e 7667;—&-61-_._1)7

(€1, s €dyy —€di15Cdi42 - - > Costesr)s (—€1,€25 - -0y €y, €41, €dit2 - - - 5 Cestesrs)
denoted in compact notation as =, *, 7, T, respectively.

Definition 6.1.3 A coherent system of paths joining =, ©, 7,  is a choice of path

P1ps in SO(m + 1) from ¢; to g for each pair of frames o, py € {i,f,;,:}

satisfying the following cocycle conditions:
1. For all ¢ € {{,*,7,Z} the loop pp is null-homotopic;

2. For all o1, 02,03 € {1,T,7,2} the path ©1ps - Paps is homotopic (relative
endpoints) to P1ps.

A coherent system of paths is shown to exist in [L.S14b, Lemma 3.1], which is
described as follows. Firstly, denote by e; the first coordinate of R%, denote by e,
the first coordinate of R%+! and denote by é the coordinate of [0,00). Then for
o1,00 € {1,7, 7,2}, the coherent system of paths chosen in [LS14b] gives p1p, as

follows:
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1. i_f, ﬁ, jr_i, f: Rotate 180° around the es-axis, such that the first vector equals

e halfway through.

2. E, ﬁ: Rotate 180° around the e;-axis, such that the second vector equals e

halfway through.

3. 7=, ~F: Rotate 180° around the ei-axis, such that the second vector equals —é

halfway through.

4. i:,i, E, J_r_f: Rotate 180° around the e-axis, such that the second vector

equals —e; halfway through.

Consider a framed path in R% x [0, 00) x R%+1 that has endpoints in R% x {0} x

RY+1 given by two elements of {,* 7 =}

If the framed path has a homotopy
class in SO(m + 1) that is one of the classes described in (1)-(4), then it is called a
standard frame path. Otherwise, the framed path is a non-standard frame path.
Any framed flow category € whose 0-dimensional moduli spaces are all framed
using the standard + or — framings has intervals as 1-dimensional moduli spaces.

These intervals are either standard or a non-standard frame paths. All other 1-

dimensional moduli spaces are circles and represent an element of w1 (SO(m + 1)) =

H,(SO(m + 1)) = Z/2. Therefore, a function
frimy(M(z,z)) — Z/2

can be defined for all 1-dimensional moduli spaces M(z, x) to encode the framing,
where fr(I) = 0 € Z/2 means that an interval I being the standard frame path;
the trivial element of 7 (SO(m + 1)).

Definition 6.1.4 Framed interval components of a 1-dimensional moduli space
are called Pontryagin-Thom arcs, and the framed circle components are called

Pontryagin-Thom circles.

Recall that for a given cohomology class u € H'(4,Z/2), the cellular map
fm+D) g |+ — M, has been constructed satisfying fm*, = u. Let z €

Ob;12(%) and denote by

Xz 0C(2) = §™HL | g|(m+Y
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the attaching map of C(z). In particular,
St = 9C(2) = 9([0, R] x [-R, R]% x [0, R] x [-R, R]%+").

Recall also that the inclusion S™ C M, induces an isomorphism on 7,,,; and com-
posing y. with ™+ produces an element in m,,(M,,) = Z/2. Let f,: S™*! —
M,,, denote this composition. Moreover, each y € Ob;, (%) identifies a set on the

boundary of C(z) as
Cy(2) = [0, R] x [-R, R]% x {0} x M(z,y) x [~¢,e]%*+ C 0C(2)

and this set contains the framed arcs v; x [—¢,€]% x {0} x M(z,y) x [—¢, e]%+! that
come from the topological boundary matchings. Since the Pontryagin-Thom arcs
also sit in the boundary sets C,(z) C JC(z) identified for each # € Ob;(%) with
M(z,x) # (), these framed arcs can be concatenated with the Pontryagin-Thom
arcs to produce a collection of framed circles in OC(z) (the Pontryagin-Thom circles
obviously already produce framed circles in dC(z)). In particular, such objects x
form the linear combination that represents u. The map f, sends anything outside
of a neighbourhood of these framed circles to the basepoint. By construction, if
all topological boundary matching arcs are boundary-coherent, then the image of
f- is already contained in M™ = gm, Otherwise, there exist boundary-incoherent
topological boundary matching arcs and it is shown in [LS14a, Lemma 3.9] that there
are always an even number of them. In this case, [LS14b, Proposition 3.10] provides
an alteration of the maps f, that represent the same element in 7, 1(M,,). The
key point to note is that the construction does not focus on any particular framed
flow category and can therefore be used here. The framed circles obtained in this
way are denoted (K, ®). The finite collection of them together determine the value
of the cocycle ¢y representing Sq”(u). The work of [LS14b] then provides a compact
combinatorial way to read off the component corresponding to each (K, ®) as an
element of the first framed bordism group Q" = 7,,.1(S™) = Z/2. The relevant
proposition and its extension to Pontryagin-Thom circles from [JLS15] is stated

below.
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Proposition 6.1.5 Let (K, ®) be a framed circle of the form described above. If K
is a concatenation of Pontryagin-Thom arcs and topological boundary matchings,

then its value in Qf" = Z/2 is given as the sum of
1. The number 1.
2. The number of Pontryagin-Thom arcs in K with the non-standard framing.
3. The number of arrows on K which point in a fixed direction.

If K is a Pontryagin-Thom circle, its value in Q{T = 7./2 is given as the sum of
1. The number 1.

2. The value of the map fr: mo(M(z,2)) — Z/2 on the component corresponding
to K.

The value of ¢; € C""(%€,7Z/2) corresponding to z is then the total sum of

these numbers for all such framed circles (K, ).

6.2 A particular frame assignment for the sock
flow category

This subchapter defines a particular frame assignment for the sock flow category S,
for r € (Z\ {0})* by providing a particular sign-assignment and frame-assignment
of the 0- and 1-dimensional moduli spaces of gr. In light of the previous subchap-
ter, providing framing of the 1-dimensional moduli spaces is the key to computing
Steenrod squares of links admitting matched diagrams. The fact that this can be
extended to a framing for the entire flow category S, follows from some results
of [JLS15] (which we shall state) and the obstruction theory arguments highlighted
in subchapter 5.4. To begin with, let us recall the definition of S, and set up some
concrete notation for the 0- and 1-dimensional moduli spaces.

Consider the CW-complex C(S,) defined in Subchapter 5.4 where r € (Z\ {0})*
is denoted r = (71,...,7%). The CW-complex is given by the product

C(Sy) =C(S,y) x -+ xC(S,,)
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and its cells are products of the cells from each C (gn) The following notation is

consistent with [JLS15]. The O-cells of C(S,) (r # 0) are precisely the objects of S,.,

so let us denote them by

Ob(S,)={acZ|0<a<rifr>0,andr<a<0ifr<0}.

The 1-cells of C(S,) are in correspondence with the 0-dimensional moduli spaces and

so these cells can be denoted
Ry...,R._1,Lo,..., L.y forr>0, and R,,...,R_,L,,...,L_q for r <O0.

Recall that Rg = Lg are identified and R_; = L_; is the corresponding identification
for negative r. If |r| = 1, then the 2-cells will be non-existent. Otherwise, assume

|| > 1 and denote the 2-cells by

My...,M, 5 forr>1, and M,1,...,M_4 for r < —1.

Let @ € Cy(C(S,)) be the generators corresponding to the objects a. Let the genera-

tors corresponding to higher-dimensional cells keep the same notation above. Then

8Mj == Lj + Rj+1 - Lj+1 - Rj.

This notation can be extended to the product complex C(S;) in the following way.

Let a = (ay,...,ay) € Z* be the O-cells, and let the 1-cells be denoted by

Rfl:a1><~~~><aj,1><Raj><aj+1><--~><ak

Ll =ay X Xaj1 X Lg; X ajq X+ X a.

The 2-cells M7 can be written in a similar way, but notice that there are additional

2-cells arising as products of the 1-cells. Denote these by
where 1 < 7 <4 < k. In particular,

(R‘ZI,LZCL):G1X"'XCLJ‘_1XR%.Xaj+1X"'X(li_lx_[/aiXCLZ'+1X"'XCLk
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and similarly for the others. Higher dimensional cells admit a similar notation.
Continuing to follow the notation of [JLS15], a cell is said to be based at a if it
has a subscript a (since this really implies that the cells corresponds to a compo-
nent of a moduli space M(b,a) for some other object b). To define the particular
sign assignment of [JLS15] for C'(:S’v,r)7 a slight addition is needed to ensure that

the assignment is compatible with (possibly) negative values of r;. By defining

§=(01,...,0) € {0,1}* to be

0 ifr;>0
1 ifr; <0
then for every a = (ay,...,ay) € Z* let
a; = az+5z

foreachi=1,..., k.

Definition 6.2.1 The standard sign assignment s € C*(C(%), Z/2) is the cochain
defined by

S(Ré) =ay+--- —|—CL];1

s(L)) = a1+ +a;_y +d).

Both of these sums are elements of Z/2, and whenever an empty sum occurs, it is

treated as 0.

It should be noted that the standard sign assignment gives the framing of the
0-dimensional moduli spaces of S,, where sign assignments of products in the chain
complex C,(S;) are given by products of sign assignments in each of the chain
complexes C,(S,,) whose product gives C.(S;). The addition of o' ensures that
s(L_1) = s(R_1) in the negative case (s(Lg) = s(Rp) in the positive case already).
The addition of ¢ defined above is also needed to define a frame assignment of the

1-dimensional moduli spaces.
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Definition 6.2.2 The standard frame assignment f € C*(C(4),7/2) is the 2-

cochain defined as

FORY, Ry) = (a1 + -+ aj-)(a; + -+ aia)

FR,LY) = (a1 + -+ aj-1)(aj + -+ aiy +a))

FLLRY) = (a1 + -+ ajo1 +d)) (0 + ajpa + - + ai-1)

f(Lo Ly) = (ar + -+ ajoy + @) (8 + ajer + -+ + @iy + @)
FMD) = (a1 + - + aj_1)d]

where again these sums are elements in Z/2, and empty sums are treated as 0.

A very important property of the above standard sign and frame assignments
from [JLS15] is that when |r;| = 1 for all ¢ = 1,...,k only the frame assignments
f(RI, R!) are required and these recover the sign and frame assignments of [LS14b],
which is necessary since this is the result of evaluating resolutions at each crossing
(which corresponds to [LLS14a]) rather than at a collection of crossings that form an
elementary tangle (which corresponds to [JLS15]).

The standard sign and frame assignments defined above provide a framing of
the 0- and 1-dimensional moduli spaces of 57; Following the arguments of [L.S14b,
Lemma 3.5] which ensures that the partial framing defined there can be extended
to the entire cube flow category 6¢(n), [JLS15] also show that the partial framing
defined above can be extended to a framing of the entire category 5/’: To give
an overview, both of these papers proceed by showing that the image of the 2-
cochain f under the differential §, once applied to a 3-cell in the corresponding
set-up, is equal to a sum of sign-assignments on lower dimensional cells that form
the boundary components of the 3-cell. This then provides assistance in showing
that the framings of the 0- and 1-dimensional moduli spaces can be extended to
a framing of the 2-dimensional moduli space. Then the inductive framing of the
cube flow category in [LS14a] which is described in Subchapter 4.1.1 (respectively,
the sock flow category in [JLS15] desribed in Subchapter 5.4) provides a way to
extend the partial framing from [LS14b, Definition 3.4] (respectively, Definitions
6.2.1 and 6.2.2) to the entire cube flow category (respectively, sock flow category).

The following result is all that we need to take away from these arguments.
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Proposition 6.2.3 The partial framing from Definitions 6.2.1 and 6.2.2 can be

extended to a framing of the entire category .%.

6.3 Framing formulae for gluing moduli spaces

The ultimate goal of this chapter is to illustrate how the cancellation theorem of
Chapter 3 (Theorem 3.1.1) can be applied to simplify computations of Steenrod
squares. In particular, if € is a framed flow category that contains two objects x,y
with M(x,y) = {x}, then the cancelled framed flow category %y (see Definition
3.1.1) has moduli spaces that are obtained as a result of gluing moduli spaces from
% . Since the resulting spaces are stably homotopy equivalent, their Steenrod squares
coincide. This subchapter describes a compact collection of gluing formulae which
were developed in [JLS15] to frame the moduli spaces of the cancelled category.
Moreover, these formulae give the framings of the new moduli spaces in terms of
the framings of the original moduli spaces. For objects a,b € Ob(%), recall that the

new moduli spaces are defined as

M(a,b) = M(a,b) U (M(z,b) x M(a,y))

where the gluing takes place along M(x,b) x M(a, z) and along M(y, b) x M(a,y).
The framed embeddings of these moduli spaces were defined in Chapter 3 via em-
beddings I'; 5 = I'sp U 'y pxa,y, and providing a formula for a framing of two glued
intervals (which have pre-assigned framings) involves analysing the map I'; px4,. Let
us highlight how this works when M(x,b) x M(a,y) is a newly embedded disjoint
union of points; that is, when |a| = |z| =i+ 1 and |b| = |y| = i. Consider a product
of points (B, A) € M(xz,b) x M(a,y). The relevant cells corresponding to these

objects are
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Then [y pxay : M(z,0)x M(a,y) x{0} x[—e,e]% — {0} x[—R, R]%, which is defined
as the composition of 2,;, ¥y, z;; and 7,, (see Lemma 3.1.3). In particular, only
¥, may produce a non-standard framing, which can be assumed to be an inversion
of R% of a small sphere centered at 0 (or more specifically, a small sphere centered
around 1, , (%) with its framing). In fact, by assuming that points B € M(x,b) are
only embedded into the first coordinate of R%, then it can be seen that ¥, has the
effect of flipping the first coordinate of the framing of B. Therefore, if ¢, € {£+1}
denotes the framing of a point p, then g 4) = —epe.ca, where the negative sign
arises from the map W, as described above.

For 1-dimensional moduli spaces, assume that the objects a and b have gradings
la| =i+ 1 and |b] =i — 1. The analysis of this set-up breaks down into two cases,
each of which contains a number of subcases. The first case is when |z| = i, and
the second is when |z| = i + 1, recalling that y ought to always have one degree less
than z. Each of these cases have been considered in detail in [JLS15] and consists
of an analysis similar to that above. Here, we shall only state the final formulae
that occur from the gluings of interval moduli spaces (and, perhaps, embeddings of
circles).

Let us first consider the case when |z| =i. Let I C M(a,b) be an interval whose
endpoints are given by (C, D) € M(c,b)x M(a,c) and (C', D") € M(c,b)x M(a, )
for some ¢, € Ob(%) with |c¢| =i = || and = ¢ {¢,¢'}. Then I will remain an
interval in M (a, b) with the same framed embedding, and so its framing fr(I) does
not change. This is also true for any components of 1-dimensional moduli spaces
that are circles. However, if x € {c¢,¢} then I is glued to an interval of the form
{B} x J for B € M(x,b) and J C M(a,y). Such intervals {B} x J are embedded

using I'; pxa,y into 0;,_1C(a) and their framings are
fr{B} xJ)=fr(J)+1+e.+e¢p. (6.1)
In combination, [JLS15] provides the following:

Proposition 6.3.1 In the case that |x| = i, let a, b # y be objects with |a| = i+1 =
b| +2 and K C M(a,b).

1. If K is a circle then either
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(a) K C M(a,b), in which case fr(K) is the same as before.

(b) K ={B} x K’ C M(z,b) x M(a,y) in which case fr(K) = fr(K’).

(¢) K is the result of gluing intervals I,..., I, C M(a,b) with intervals
{B1} x Ji,... . {Br} x Jy C M(z,b) x M(a,y) in which case

k

frK) =k(1+e)+ Y (fr(h) + fr(J) +es,).

=1

2. If K is an interval, then either

(a) The endpoints of K are of the form (B, A) € M(c,b) x M(a,c), (B, A’) €
M(d,b) x M(a,d) with z ¢ {c,d}. Then K is the result of gluing
intervals I, ..., Iy41 C M(a,b) with intervals { By} x Ji, ..., {Bg} x Ji C
M(z,b) x M(a,y) in which case

k

friK) =k(1+e)+ > _(fr(l) + fr(Ji) + ) + fr(les).

i=1
(b) The endpoints of K are of the form (B, A) € M(c,b) x M(a,c), and
(B, C, D) € M(z,b) x M(c,y) x M(a,d) with ¢, # x. Then K is
the result of gluing intervals Iy,..., Iy C M(a,b) with intervals {B;} x

Ji, ..o {Br} X Jp € M(z,b) x M(a,y) in which case

k
frE) =k(1+e)+ep + Y (fr(L) + fr(J;) +ep,)-

i=1

(¢) The endpoints of K are of the form (By,C,D) € M(x,b) x M(c,y) %

M(a,c) and (Byy1,C", D') € M(x,b) x M(c,y) x M(a, ) with ¢, # .

Then K is the result of gluing intervals Iy, . .., I;, C M(a, b) with intervals
{B1} x Ji, ... . {Bis1} X g1 C M(z,b) x M(a,y) in which case

f?“(K) = (k + 1)(1 +€*) +eép +€Bk+1+

Z(fT(Ji) +ep;) + Z fr(L).

Now consider the case when |z| =i+ 1, and let J C M(z,b) whose endpoints
are given by (C, D) € M(c,b) x M(a,c) and (C',D") € M(c,b) x M(z,) with
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y ¢ {c,d}. For a point A € M(a,y), the interval J x {A} is embedded into

Ré-1 x [0,00) X R% using ['; yxa,, and its framing is given by

fr(J x{A}) = fr(J) (6.2)

for any A € M(a,y). If y € {c, '} then the interval is glued to another and [JLS15]

provides the following:

Proposition 6.3.2 In the case that |x| =i+ 1, let a # = and b be objects with
la] =i+ 1= |b|+2and K C M(a,b).

1. If K is a circle, then either

(a) K C M(a,b), in which case fr(K) is the same as before.
(b) K = K’ x {A} € M(x,b) x M(a,y) in which case fr(K) = fr(K’).

(c) K is the result of gluing intervals I,..., I, C M(a,b) with intervals
Ji x {A}, o Ty x {Ag} € M(x,b) x M(a,y) in which case

k

fri) =k +) (fr(L) + fr(J).

i=1

2. If K is an interval, then either

(a) The endpoints of K are of the form (C, A) € M(c,b) x M(a,c), (C", A") €
M(d,b) x M(a,d) with ¢, # x. Then K is the result of gluing inter-
vals Iy, ..., [r+1 C M(a,b) with intervals J; x {A1}, ..., Jp x {4} C
M(x,b) x M(a,y) in which case

k

fr(K) =k+Y (fr(L) + fr(J) + fr(lea).

i=1

(b) The endpoints of K are of the form (C,A) € M(c,b) x M(a,c), and
(C', D', Ap) € M(c,b) x M(x,d) x M(a,y) with ¢,¢ # x. Then K
is the result of gluing intervals Iy, ..., Iy C M(a,b) with intervals J; X
{Ar}, .. e x {Ar} € M(z,b) x M(a,y) in which case

k

frK) =k+ec+ep + Y (fr(l) + fr(J).

=1
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(¢) The endpoints of K are of the form (C, D, A;) € M(c,b) x M(z,c) X
M(a,y) and (C", D', Apy1) € M(,b) x M(z, ) x M(a,y) with ¢, # .
Then K is the result of gluing intervals Iy, ..., Iy C M/(a,b) with intervals
Ji x {A1}, o T X {Aga } C M(z,b) x M(a,y) in which case

k
frE)=1+k+eo+ep +ectep+ » (frl) + fr() + fr(Jis).

6.4 Example: The P(—2,3,3) Pretzel Knot

In this section, we consider the knot 8;9 in the form of the pretzel knot P(—2, 3, 3)
and highlight the power of Theorem 3.1.1 by computing its Steenrod square, as
outlined in [LS14b], after cancellation of numerous objects in the Khovanov Flow
Category. The significance of the knot 89 is that it is the first knot for which
the Khovanov homotopy type is not a wedge sum of Moore spaces, yielding the
nontriviality result in [LS14b, Theorem 1]. In particular, this occurs in quantum
degree 11, and X} (8;9) is not a wedge sum of Moore spaces. This is not, however,
the smallest link which has a non-trivial Khovanov homotopy type. In [LS14b], the
link with the fewest crossings satisfying this property is shown to be the 6-crossing
link L6n1 which is also the P(—2, 2, 2) pretzel knot. In fact, we will show that the 89
example contains the L6n1 example, and this will be highlighted at the appropriate
time. Consider the following diagram of 89 = P(—2, 3, 3):

83

The process of performing Gaussian elimination was described in Subchapter
5.1, and applying this process to the Khovanov complex of P(—2,3,3) in quantum
degree 11 results in a chain complex that has 31 generators. These generators are in

one-to-one correspondence with the objects of quantum degree 11 in the Khovanov
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Table 6.1: Objects of £ (D(_233))

Object Generator Grading | Object Generator Grading
aq (D(—1,0,0)7 CL‘+$+) 1 a7 (D(—1,0,2), 137) 3
Qo (D0,0,0), T4+T4_) 2 g (Di=2,3,0), ) 3
Qg (D0,0,0), T4+T_14.) 2 Qg (D(=2,03), ) 3
oy (D0,0,0), - 44) 2 Qi (D(—21,2), x4_) 3
a5 (D(—2,2,0), 95+) 2 Q21 (D(—2,1,2)> $71’+) 3
Qg (D(fz,o,z), 96’+) 2 €5) (D(fz 2,1)5 $+1’7) 3
a7 (D(fl 10),517+) 2 Qi3 (D(72 2,1),$JU+) 3
ag (D(-1,0,1), 74) 2 Qioy (De,1,1), z-) 4
Qg (D(—21,1y, T4+74) 2 o5 (D0,2,0), T—2_) 4
Q1o (D0,1,0), T+2-) 3 Qi (D0,0,2), T—2_) 4
a1 (D(0,1,0)7 $—$+) 3 Qo7 (D(71,2,1)7 $—$—) 4
a2 (D(0,0,1)7 $+$—) 3 Qg (D(fl,l,Q)y $—$—) 4
13 (D0,0,1), T-T4) 3 g9 | (D(—2,1,3),7—7_) 4
(14 (Di-110), x422) 3 aso | (D222),r-7_) 4
a5 (Di-1,10), —4) 3 as | (D-231),7-7_) 4
A6 (D(—1,2,0), x_) 3

flow category and their homological degress lie between 1 and 4. They are listed
in Table 6.1 (for a simpler example describing the notation used in the table, see
Example 4.3.1). The flow category associated to this matched diagram, along with
its O-dimensional moduli spaces, is displayed in Figure 6.1. The signs are sprinkled
as prescribed by the standard sign assignment of Definition 6.2.1 and the notation

for the O-dimensional moduli spaces is described in the following definition.

Definition 6.4.1 Suppose that (E,y) <; (D,x) as in Definition 5.3.10. Let j =
1,2,3 where for each j, (D, z) differs from (E,y) by taking the (s; + 1) resolution
instead of the s resolution. Let R} = +1 and L] = (—1)* denote the ® maps

from Definition 5.1.4 of the chain complex obtained after Gauss elimination, so that
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Lé = R% are the moduli spaces that correspond to the saddle map s on the j
elementary tangle, and Rf;j + ng is the two-point moduli space between the two
resolutions on the j** elementary tangle. Here, jo corresponds to an application of
e on the right vertical strand of the resolution, and ng corresponds to an application
of e on the left vertical strand. The saddle maps are the single point moduli spaces
from [LS14a] corresponding to maps from 0O-resolutions to 1-resolutions (see Figure

5.2).

Remark: Whilst the addition notation jo + Lg]_ comes from an operation on the
chain complex, we will use this notation to mean that there are two single point
moduli spaces between the corresponding objects. Occasionally, this may be writ-
ten as p U ¢, where p and ¢ are both single point moduli spaces. This ambiguity

should be understood throughout the worked example.

The higher dimensional moduli spaces are described in Subchapter 5.3 and are
omitted from Figure 6.1 since the first six pairs of objects that we cancel can
be chosen in such a way that the remaining moduli spaces are intact and all 1-
dimensional. To see how this works, recall that in Definition 3.1.1, moduli spaces
M(a,b) in the original category become M@, b) = M(a,b) x (M(z,b) x M(a,y))
in the cancelled category. So let M(a;, ;) = * denote the pair being cancelled
in Z(D(_233)). The first six pairs can be cancelled in the following order, where
M (i, o) x M(a, ) = 0 so M(ag, @) = M(au, o) for each k,1 ¢ {i,j} (see Def-

inition 3.1.1 and Figure 6.1, where the moduli spaces being cancelled are thickened):
1. M(ag,aq) = —R}
2. M(ap,a3) = R}
3. M(ayg, a0) = R2
4. M(aaq, cn3) = R2
5. M(asp, arg) = —R3

6. M(Oégg, 0119) = R(Z)
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P(~2,3,3).

Figure 6.1: The flow category .Z(D_233)) of 819
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Figure 6.2: The first cancelled flow category ¢ for P(—2,3,3) (and P(—2,2,2) by
Proposition 6.4.2).

Proposition 6.4.2 The 6-crossing link P(—2,2,2) has the same stable homotopy
type as the 8-crossing knot P(—2,3,3).

Proof: The 3-component pretzel link P(—2,2,2) admits a matched diagram
D(_559). All of the objects of the flow category .Z(D(_2229)) are also objects of
Z(D(_23,3)), where the latter has four additional objects corresponding to all coor-
dinates of the form (x,x*,3) and (%, 3, *). These objects are ayg, a9, (g9 and agy; all
of which get cancelled immediately with no effect on the remaining moduli spaces.
This means that the resulting stable homotopy types of P(—2,2,2) and P(—2, 3, 3)

must be equivalent. O

After cancelling the six pairs listed above, the resulting flow category, which
we shall denote by %), contains 19 objects, and is displayed together with its O-
dimensional moduli spaces in Figure 6.2. The 1-dimensional moduli spaces have
frame assignments as prescribed in Definition 6.2.2 and are listed in Figure 6.3. In
order to calculate the framings of each of the intervals, one must refer to the R;,
L; notation of the 0-dimensional moduli spaces in Figure 6.2. However, once these

framings have been calculated, this notation is excessive and we simply refer to a
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plus (respectively, a minus) using either a p or P (respectively, using m or M) where
lower case corresponds to a moduli space between homological degree 2 and 3, and
upper case corresponds to a moduli space between 3 and 4. The boundary points of
the 1-dimensional moduli spaces (which are listed in Figure 6.3) are labelled using
this notation. The objects of the flow category that correspond to each particular

boundary are also highlighted (in blue).

6.4.1 Cancelling moduli spaces

Continuing the process of cancellation further, we shall cancel the remaining single-
point moduli spaces a couple of pairs at a time; one pair with cohomological degrees
4 and 3, the other with cohomological degrees 3 and 2. The pairs being cancelled
are all highlighted in their corresponding flow category by a thickened line. Thus,
to obtain the subsequent cancelled flow category %5 of Figure 6.4, let us cancel
M(aq1,a4) = R2 followed by M(awas, aq6) = R}. By cancelling the moduli space

Moy, ay), the moduli space M(ays, a7) is altered, and is now given by
M(ags, ar) = M(ags, ar) U M(aqr, ar) x M(ags, ay).

Originally, M (a5, aiy) consists of the two intervals

a1 0 16 a1 0 16
— —

p-P m- P p-M p-P

and the product moduli space M(aq1, a7) X M(aas, ) is the single interval

aqq 0 (551
{p}x —
p-P p-M

where, again, the framings (computed using Definition 6.2.2) of the intervals are
labelled in red and the boundaries of the intervals are given by the product of the
lower-dimensional moduli spaces, as illustrated. The gluing of these two moduli
spaces takes place along the point being cancelled, aq7, and the result is the single

interval M (ags, @7) given by
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a1l 0 11
M(O&Q5,C¥4) = -
p-P p-M
Q16 0 Q16
M(Oé25,045) = -
p-P m- P
11 16 (6551 16
0 0
M(ags, o) = P —
p-P m - P p-M p-P
Qg7 0 Qg7
M(O{QG,O[6) = P
p-P m-P
Q16 Q22 a6 Q23
0 1
M(agr, a5) = — e —
p-M p-P m- M p-M
Q4 1 16 15 0 16
M(agz, a7) = — e —
p-M m - M p-P p-M
14 1 Q23 @15 0 [e5))
M(agz, ag) = — P
m- M p-M p-P m- P
a7 Q20 a7 Q21
0 1
M (ags, ag) = — P
p-M p-P m- M p-M
Q4 0 aq5
M(028,0A7) = p————
p- P p-M
14 91 15 Q20
0 0
M (g, ag) = P —
m-P m- M p-M p-P
Q22 0 Q23
M(Oégo,ag)) = P
p-P p-M
Q20 0 Q2]
M(Oégo,a(;) = P
p-P p-M
Qg0 Q23 Q2] Q22
0 0
M (asg, ag) = — P
p-P p-M m- M m- P

Figure 6.3: 1-dimensional moduli spaces for the first cancelled flow category %7.
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Figure 6.4: The second cancelled flow category %5.

16 a1 1 Q11 (€513

I Il il ]
r T

m.P p.p.P p.p.M p.P

whose framing is calculated using part (2a) of Proposition 6.3.1 as follows. Firstly,
part (2a) is used since the cancelled pair lie in degrees 2 and 3. The single interval
K = M(asgs, az) is obtained by gluing the two intervals I, Iy C M (ags, a7) to the
single interval {B1} x J; = M(aq1, ar) x M(ags, ay). Moreover, k =1, e, = 0, and

ep, = 0 and

Jr(K) =11 +e.) + (fr(lh) + fr(h) +ep,) + fr(l2)
=1(14+0)+(0+0+0)+0=1 (mod 2).

Secondly, cancelling the moduli space M(ags, ay6) effects the two 1-dimensional
moduli spaces M (a7, a5) and M (a7, a7). These moduli spaces both become single
intervals as follows. The moduli space M (aq7, o) originally consists of the two

intervals

Q16 0 Q29 Q16 1 Qo3
P —

p-M p-P m - M p-M

whose framings are highlighted in red. The product moduli space M (s, as5) X

M (a7, ) s the single interval
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16 0 16
—  x{M}
p-P m- P

and these two moduli spaces are glued together, along the moduli spaces that break

at aqg, to form
M(agr, @5) = M(aar, as) U M(aas, as) X M(aar, i)

which is the single interval

92 16 0 16 (6 D]
M(aia7, a5) = % | % |
p-P p-P-M m-P-M p-M

whose framing is calculated using part (2a) of Proposition 6.3.2 as follows. Firstly,
the cancelled pair lie in degrees 4 and 3. The single interval K = M(aqr, as) is
obtained by gluing two intervals I, Iy, C M/(agr, a5) to the single interval J; X
{A1} = M(aws, as) x M(aaz, ). Moreover, k =1 and

fr(K) =1(fr(li) + fr(1)) + fr(l2)
=1+ (0+0)+1=0 (mod 2).

The second moduli space that is altered as a result of cancelling the moduli space
M (ags, ) is M(aar, a7), which originally consists of the two intervals

Qe Qag @15 Q16
i o
p-M m- M p-P p-M

This moduli space is glued to the product moduli space M(ags, a7) X M(aaz, asg),

which is the single interval

16 1 16
—  x{M}
m- P p-P

These two moduli spaces are also glued together along the moduli spaces that break

at ayg to form
M(agr, ar) = M(aar, az) U M(aas, ar) X M(aar, aue)

which is the single interval
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Figure 6.5: The third cancelled flow category %3.

Q14 Q16 1 Q16 a5

I Il il ]

p-M m-P-M p-P-M p-P

The framing is also computed using part (2a) of Proposition 6.3.2 since the cancelled
pair is still the same, and the interval K = M(aq7, ) is formed by gluing two inter-
vals I, Iy C M(aar, ar) to the single interval J; x {41} = M(aas, ar) x M(agz, asg).

Moreover, k = 1 and

fr(K) = 1(fr(L) + fr(J)) + frl)
=1+(1+1)4+0=1 (mod 2).

Further calculation of the following 1-dimensional moduli spaces along with their
framings is left to the reader, and we proceed as follows. To obtain the next cancelled
flow category %5 (Figure 6.5), we cancel the moduli space M (aqg, a17) = P followed
by the moduli space M (a4, 7) = p. There is only one 1-dimensional moduli space

affected by cancelling M (agg, 7)), which is M(aws, ag). The new moduli space

M(Qgs, ag) = M(aas, ag) U X M (g, a) X M(aas, aq7)
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pUp G\ P

Figure 6.6: The fourth cancelled flow category %;.

is once again an interval obtained by gluing one interval between two others (as

above). Cancelling M (a4, a7) alters two 1-dimensional moduli spaces. They are
M(d277 659) = M(O{27, Oég) U M(O{14, Oég) X M(Oé277 Oé7)

M (s, ag) = Mg, ag) U M (g, ag) X M (s, ar).

They way in which both of these two new moduli spaces are formed is by gluing two
intervals together along a single point, whilst a separate interval remains unchanged.
These examples require the use of the gluing formula from part (2b) of Proposition
6.3.1.

The fourth cancelled flow category €, (Figure 6.6) is obtained by cancelling the
moduli space M(agg, ag) = p followed by the moduli space M(asg, aa3) = M. As a
result of cancelling M (g, ag), two 1-dimensional moduli spaces are altered. These
are:

M (s, Qg) = M(avas, cg) U M (w0, crg) X M (s, )
M@0, ag) = M (a0, ag) U M (g, cg) X M(azg, o).

Cancelling M (a3, ap3) also alters two 1-dimensional moduli spaces:

Mgz, ag) = M(aar, ag) U M (a0, arg) X M(aaz, ata3)
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! A
@ mum @ MUP @

Figure 6.7: The fifth cancelled flow category %i,.

M(aor, a5) = M(aor, as) U M(asg, as) X M(agr, aag).

Finally, we obtain the fifth (and final) cancelled flow category %pi, (Figure
6.7) by cancelling the moduli space M (aaq,a5) = p followed by the moduli space
M(agr, a15) = P. After the first of these cancellations, there is one new 1-dimensional

moduli space

M(agr, ag) = Moy, ag) U Mg, arg) X Mgz, ais).
The final sole 1-dimensional moduli space is

M (aigg, ag) = M (aag, ag) U M (a7, aig) X M (cuag, a15)

which consists of the two intervals

Qo1 0 (8531 Q21 0 Q21

m- M m' - P m' - M m- P

whose framings are calculated using Propositions 6.3.1 and 6.3.2 in the sequence

described above.

6.4.2 Computing Steenrod squares

In this subsection, we shall exhibit the consistency of the Steenrod square calcu-
lations after the series of cancellations described above. We shall first highlight
how the Steenrod square can be calculated from the first cancelled flow category %
(Figure 6.2). It is the non-triviality of this Steenrod square that exhibits the non-
triviality result in [L.S14b, Theorem 1]. Firstly, a choice of topological boundary
matchings has to be made and these are highlighted in Figure 6.8. Notice in partic-
ular that there are three pairs of choices for 7y (since a; and a5 both have two-point
moduli spaces from «y4), and we have chosen a boundary-coherent matching of the
two points corresponding to as, one with a positive and the other with a negative

(similarly for a;). According to these choices of topological boundary matchings, a
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Oy aq (€75 (€75
mi1 = —_— mr = _—
+ + + -
a7 Qg Qg Qg
ha = _— 7120 = —_—
+ - + +
ar Qg Qg Qg
Ts = —_— 21 = _—
+ + + -
Qs Qs (6% (07s]
Me,1 = _— T22 = _—
+ - + -
ary (%4 (0% Qg
e,2 = _ 23 = —_—
+ - + +

Figure 6.8: Choice of topological boundary matchings from the first cancelled flow

category %.

Steenrod square can be computed using Proposition 6.1.5 in the following way. Let
u € H?(%1;7/2) be the cohomology class represented by the cocycle ¢ € C?*(%6y;7Z/2)
given by

c= oy + a5+ e + a7y + .

Following the construction of Subchapter 6.1, the Steenrod square Sq?(u) is given
by the sum of the values assigned to each framed circle (K, ®) inside 9C(z) for each
z € {5, g, a7, Qag, azo }. The computation of the Steenrod square is illustrated
in Figure 6.9 and the individual components of the sum are listed below (where
we count arrows in the clockwise direction and sum in the order corresponding to
Proposition 6.1.5):

e The component from 9C(ags) is 1+ 0+ 1 =0 (mod 2) for the outside circle, and
1+0+0=1 (mod 2) from the inside circle, giving a total of 1 (mod 2).

e The component from 9C(ags) is 1 +0+ 0 =1 (mod 2).

e The component from 9C(ay7) is 1 +3 42 =0 (mod 2).

e The component from 0C(agg) is 1 +1+1=1 (mod 2).

e The component from 9C(agp) is 1 +0+ 1 =0 (mod 2).

Thus giving a non-trivial Steenrod square Sq(u) = 1 € Z/2.

In the previous section, the first cancellation that produced new moduli spaces
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Q11 0 11
8(/’(&25) :
11 16 16 a1
Q7 0 Q17
86(0426) : v
@22 0 @16 Q16 1 @23
86’((127) N
Q15 0 16 16 1 Qg
0 1
Q22 15 d1q @23
@20 0 aq7 aqr 1 21
AC(ovgs)
15 0 [e5V)
0 0
@20 15 [5V) 21
Q22 0 Q23
AC(auzo)

Q22 Q21 Q20 Q23

Figure 6.9: Computation of the Steenrod square from the first cancelled flow cate-

gory.
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was the moduli space M(aq1,ay). Recall that the moduli space M(ags, ) was

originally given by the two intervals
R e a1 g Qe

— —
p-P m- P p-M p-P

and the product moduli space M(aq1, a7) X M(ass, ay) was a single interval

aqq 0 6551
{p}x —
p-P p-M

As a result of cancelling M (a1, ay), these two moduli spaces are glued together to

form M (aws, a7), the single interval

16 11 1 11 16

I | Il |

I T T

m.P p.p-P p.p-M p-P

which was shown to have a non-trivial framing using Proposition 6.3.1. This is
a nice example that highlights the necessity of a gluing formula. Without it, the
framing would be 0 and the Steenrod square would be trivial; so the framing must
necessarily change.

In the previous subsection, a series of subsequent cancellations were made re-
sulting in the flow category €r;, (see Figure 6.7), which has no single-point moduli
spaces. To emphasise that this (relatively small) framed flow category contains all
the information that was essential in the original framed flow category in Figure 6.1,
we can compute the Steenrod square from here. The single topological boundary
matching and computation is illustrated in Figure 6.10. The only component for
the Steenrod square (where we count arrows in the clockwise direction and sum in

the order corresponding to Proposition 6.1.5) is
Sq*(u) =1+0+2=1mod 2.

The Khovanov stable homotopy type Xxi(819) can then be determined immedi-
ately as L 7'RP5/RP?, where it is necessary to desuspend once since the Steenrod

square is being computed from cohomological degree i = 2 (see [LS14b, Corollary
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(676) Q9

21 =
m m

Q21 0 Q21

aC(Oégg) :

Q21 Q21

Figure 6.10: Computation of the Steenrod square from the final cancelled framed

flow category GFiy.

4.4]). Consequently, this is also the same stable homotopy type of the pretzel link
P(-2,2,2).

Finally, it should be noted that in [L.S14b, Table 1], the stable homotopy type of
L6n1 is computed as L 2RP*/RP!, but this arises since Lipshitz-Sarkar are really
computing the Khovanov stable homotopy type of the mirror image of the pretzel
link P(2, -2, —2) = P(—2,2,2). This provides evidence for the conjecture in [LS14a,
Conjecture 10.1] that Khovanov spectrum of the mirror image of a link is given by

the Spanier-Whitehead dual. In particular, the two truncated real projective spaces

are Spanier-Whitehead duals and we have the following.

Proposition 6.4.3 Let X}/, denote the Spanier-Whitehead dual of the Khovanov

spectrum Xxp,. Then

XKh(P(Qa —2, _2)) = XKh(P(_Qa 272))\/'
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