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“A man is like a fraction whose numerator is what he is and whose denominator is
what he thinks of himself. The larger the denominator, the smaller the fraction.”

Tolstoy
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Abstract

The aim of this work is to generalize Forman’s discrete Morse theory, on one end
to discrete Morse-Bott theory, motivated by Morse-Bott theory in the smooth
setting, see [9], [8]. On the other, motivated by J-N. Corvellec’s Morse theory for
continuous functionals, see [13]|, we generalize Forman’s discrete Morse-floer theory
by considering a vector field more general than the one extracted from a discrete
Morse function.

A discrete Morse function, see [20], is defined on a CW complex such that,
it locally increases in dimension except possibly in one direction. The extracted
vector field from this discrete Morse function has the properties that each cell
has either one incoming or outgoing arrow but not both and there are no closed
orbits. A boundary operator is constructed from this vector field configuration, see
[21], by considering the chain complex generated only by the critical cells, these
are the cells without arrows. This yields the Betti numbers of the cell complex.
One obtains the Morse inequalities which are inequalities between the numbers of
critical cells of fixed indices and the Betti numbers.

Our first generalization of the above theory is our discrete analogue of Morse-
Bott theory, on CW complexes. Where, a function assumes the same value on
systematically defined collections of cells. This function will then admit critical
collection of cells instead of just critical cells. We define a discrete Morse-Bott
function by requiring some specific conditions on the collections of cells. The
reduced collections represent our critical collections. We obtain some discrete
Morse-Bott inequalities, that is, the Poincaré polynomial of the CW complex is
expressed in terms of those of the reduced collections, excluding the noncritical pairs.
The vector field originating from this discrete Morse-Bott function is such that,
inside each collection a cell can have as many incoming and/or outgoing arrows,
but between the collections there are no closed orbits. We also do some Conley
theory analysis, see [12], [32], [23], by using the reduced collections, also excluding
the noncritical pairs, as the isolated invariant sets. We systematically define their
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respective isolating neighborhoods and exit sets, and these two constitute the index
pairs. The Poincaré polynomial of the CW complex is then expressed in terms of
those of the index pairs.

Next, we generalize Forman’s discrete Morse-Floer theory. We take a finite CW
complex, in which every cell is given an orientation. This CW complex has a vector
field configuration which is such that a cell can have as many outgoing or incoming
arrows as possible but there are no closed orbits. This in particular tells us that
this vector field originates from some function. Using a systematic definition for
our critical cells, we then define a boundary operator, using all the given arrows, by
means of a probabilistic and averaging technique. From this boundary operator, the
Betti numbers of the CW complex are extracted, and we also get an analogue of the
Morse inequalities for the CW complex under consideration. After appropriately
defining the isolated invariant sets using this arrow configuration, we also obtain
the result in Conley theory analysis.
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Introduction

Morse theory is a very important tool for the study of the topology of differentiable
manifolds. It was first introduced by Morse in 1925, in [10]. It recovers the
homology groups of the manifold from the critical points of a Morse function and
the relations between them. The Morse inequalities are inequalities between the
Betti numbers (these are the dimensions of the homology groups) of the manifold
and the numbers of critical points of fixed indices of the function. To get the
homology groups, one attaches a k-dimensional cell for each critical point of index
k, and gluing relations between those cells then yield the homological boundary
operator. Floer, in [19], discovered a more direct way to achieve this. He directly
constructed the boundary operator from the critical points by counting the gradient
lines between critical points with index difference one. Floer’s direct construction
of the boundary operator in terms of critical points and gradient lines, without
having to invoke the local geometry of the manifold in question, made spectacular
applications to symplectic geometry possible. In fact, Floer’s theory needs only
index differences, but no absolute indices, and it therefore also applies in certain
infinite dimensional situations, with functionals like the Dirac functional where
each critical point would have an infinite index. Floer homology was fully developed
in [14]. For a presentation in the context of Riemannian geometry, see also [31].

Morse-Bott theory, introduced by Bott in [%], being a generalization of Morse
theory, was developed to treat the cases where instead of having critical points, one
has critical submanifolds. To each critical submanifold, one associates a certain
index that is determined by looking at the Hessian restricted to the normal part of
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the submanifold, since on the tangential part it vanishes. The Poincaré polynomial
(and hence the Euler number) of the manifold is then obtained from the Morse-Bott
inequalities in the sense that it is expressed in terms of the Poincaré polynomials
of the critical submanifolds, taking their respective indices into account.

Conley theory on the other hand, introduced by Conley in [12], and being
more dynamics related, focuses on the study of the topological invariants of a
given manifold. Using the (negative) gradient flow lines generated by some (Morse)
function, one obtains for each isolated invariant set its isolating neighborhood and
exit set for the flow, and these two constitute an index pair. One obtains the
Poincaré polynomial of the manifold by summing up those of the index pairs up
to some correction term. In particular, the Euler number of the manifold is then
obtained by summing for all isolating invariant sets the alternating sums of the
dimensions of the homology groups of the index pairs.

1.1 Discrete Morse theory

In a rather different direction, Forman in 1998, in [20], developed a discrete version
of Morse theory for CW complexes. A CW complex, introduced by J. C. Whitehead
in [18], is a decomposition of a space into cells each of which is homeomorphic to
an open disc. The dimension of the disc specifies the dimension of the cell. The
CW construction uses a specific gluing procedure via the characteristic maps. This
space is endowed with the weak topology and satisfies the condition that the closure
of each cell intersects only a finite number of cells. We write ¢® to emphasize
that o is a cell of dimension k. The topological boundary elements of a cell are
called its faces. If a cell ¢®) is a face of another cell 7, we write o < 7 to indicate
that dimo = dim7 — 1, in which case ¢ is called a facet of 7. We say o®) < 7
is a regular facet of 7 if, for ., the characteristic map of 7, we have: the map
0 o7 (™) — o™ is a homeomorphism and ¢=!(c®) is a closed k-ball.

We denote the cardinality of a set A by fA.

A discrete Morse function, according to Forman, is a real-valued function defined
on the set of cells such that it locally increases in dimension, except possibly in
one direction. More formally, Forman’s definition of a discrete Morse function f on
a CW complex requires that for all cells o(®,

for all 7 s.t. o is an irregular face of 7, f(0) < f(7);
Un(o) := t{r7**Y | 5 is a regular facet of T7and f(7) < f(o)} < 1;

and

for all v s.t. v is an irregular face of o, f(v) < f(0);
Dn(o) == #{v*=V | v is a regular facet of cand f(v) > f(o)} < 1.
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When o is not a regular facet of some other cell, it is automatically critical; in the
regular case, o is critical if both Dn(c) and Un(o) are 0. In fact, one easily sees
that at most one of them can be 1; the other then has to be 0.

A CW complex is regular if all the faces are regular. As examples one has
polyhedral, cubical and simplicial complexes.

A pair {o,7} with ¢ < 7 and
f(o) > f(r) is called a noncritical
pair. If we draw an arrow from o to
7 whenever ¢ < 7 but f(o) > f(7),
then we get a vector field associated to
this function, and each noncritical cell
has precisely one arrow which is either
incoming or outgoing. Therefore, for the
Euler number, we only need to count
the critical cells with appropriate signs
Figure 1.1: Vector field of a Morse according to their dimensions, since the
function noncritical cells cancel in pairs. This

is illustrated in Figure 1.1, where the
0-cells are the blue nodes, the 1-cells are the black edges and the 2-cells are the
triangles in cyan. Moreover the noncritical pairs have their values with the same
color (different from the color red) while the critical cells have their values in red.

We recall that, see [23], a combinatorial vector field on a CW complex K is a
map V:K — K U {0} that satisfies: if the image of a cell is non zero, then the
dimension of the image is the dimension of the cell plus one; the image cells have
zero images; for each cell o, either V(o) = 0 or o is a regular face of V' (0); and the
pre-image of a given cell contains at most one element. One thinks of the function
V' as assigning an arrow from o to 7 whenever V(o) = 7. In this way, each cell
can either have one incoming or outgoing arrow but not both. We write 0 — 7
whenever there is an arrow from o to 7.

It is an important consequence of Forman’s definition that the vector field
admits no closed orbits, where by a closed orbit we mean a path of the form

Og —>Top>01 —>T1 > ...0m —> Tm > 00-

Since a combinatorial vector field can also admit closed orbits, the vector field
constructed from a discrete Morse function is a combinatorial vector field that has
no closed orbits. Conversely, one can always construct a discrete Morse function
from a combinatorial vector field that admits no closed orbits.

The main purpose of this work is to relax Forman’s assumptions, by considering
a vector field originating from some function. We want for such a vector field, in
contrast to Forman’s assumption, that a cell can have arbitrarily many incoming
or outgoing arrows. In addition we exclude closed orbits.



4 1 Introduction

Before moving any further, let us first describe some motivating results in the
contexts of discrete Morse-Floer and Conley theories.

Forman’s definition leads to the natural question whether in that setting also an
analogue of Floer’s theory is possible, which was answered still by Forman, in [21],
in the case of CW complexes, where he uses the notion of gradient path to define
the boundary operator in the discrete setting. That is, he defined a boundary
operator using the vector field generated from this discrete Morse function. See
Definition 5.2.3 for the reformulation for CW complexes. We provide a proof for
the fact that, the square of this boundary operator is zero, see Theorem 5.2.1. Our
proof is based on an inductive argument: first, we show that any discrete Morse
function can be transformed into one where all the cells are critical; then, moving
from a situation in which the square of the boundary is zero, arrows are added
one by one in the complex, and at each step, it is checked that the square of the
boundary computed is still zero.

Forman answered the question of a discrete analogue of Conley theory for CW
complexes, see [23]. He first uses a combinatorial vector field, and as isolated
invariant sets he considers the rest points (which are the critical cells) and the
closed orbits. The isolating neighborhoods here are the unions of all the cells in
the isolated invariant sets together with the ones in their boundaries; the exit set
is just the collections of cells in the isolating neighborhood that are not in the
isolated invariant sets.

1.2 The project and the results

Now going back to this definition of a discrete Morse function according to Forman,
and that of a boundary operator on a Morse complex, a natural question is whether
any generalization of these concepts is possible. That is, if any one of those
conditions is omitted is there a possibility of developing a similar concept like
the one by Forman in discrete Morse theory? This is our main concern. We are
interested in answering this question because we would like to derive the topological
properties of a cell complex from a vector field more general than the one extracted
from a discrete Morse function. This idea comes from the fact that Conley theory
in general uses arbitrary gradient flow lines to extract the topological invariants of
the manifold under consideration. In the smooth setting, Morse-Bott theory is a
generalization of Morse theory. Also, the notion of Morse theory for continuous
functionals by Corvellec [13] tells us that Morse theory can be broadened. That
is, considering continuous functions that are not necessarily differentiable having
isolated critical points, some generalized Morse inequalities can still be obtained.

We recall that for the vector field of a discrete Morse function, the number of
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incoming arrows or outgoing arrows of a given cell cannot exceed one. Also, each
cell can have either one incoming or one outgoing arrow but never both. Finally,
the vector field does not admit any closed orbit.

We now present the results we obtained.

Discrete Morse-Bott theory

Our first goal is to construct a discrete analogue of Morse-Bott theory. This
involves generalizing discrete Morse functions to include the case where a discrete
function can have larger critical collections of cells, instead of only simple critical
cells. We define a discrete Morse-Bott function by requiring some conditions on
specific collections of cells, where the function assumes the same value for all the
cells in the collection. Using the reduced collections, excluding the noncritical
pairs, we obtain some discrete Morse-Bott inequalities. That is, the Poincaré
polynomial of the CW complex is expressed in terms of those of the reduced
collections. The vector field originating from this discrete Morse-Bott function is
such that inside each collection a cell can have possibly more than one incoming
and /or outgoing arrow, but between the collections there are no closed orbits. We
also do some Conley theory analysis by using the reduced collections (excluding the
noncritical pairs) as the isolated invariant sets, and define their respective isolating
neighborhoods and exit sets. These two constitute the index pairs. The Poincaré
polynomial of the CW complex is then expressed in terms of those of the index
pairs.

It should be noted that, when considering our discrete Morse-Bott function, the
extracted discrete vector field is not a combinatorial vector field, see Figure 5.26.
Thus Forman’s discrete Conley theory and our approach are complementary.

However, we could not achieve a direct Floer theory approach to our discrete
Morse-Bott framework. That is, we could not define a boundary operator between
the reduced collections. The only way was perturbing the discrete Morse-Bott
function to get a discrete Morse function and then applying Forman’s discrete
Morse-Floer theory.

A generalized discrete Morse-Floer theory

The second point is a generalization of Forman’s discrete Morse-Floer theory.
We consider a vector field on a cell complex which is more general than the one
extracted from a discrete Morse function. In particular, a cell can have an arbitrary
number of incoming or outgoing arrows. However, we need the vector field not
to have closed orbits. We define a boundary operator from which we can derive
the Betti numbers of the CW complex under consideration. We also derive some
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Morse-related inequalities as well.
More specifically, on a finite CW complex K, in which each cell is given an
orientation, we consider the following arrow configuration.

Definition 1.2.1 (Arrow configuration). An arrow configuration assigns to
each k-cell o a collection of (k + 1)-cells that have o as a facet. We draw an arrow
from o to each cell in that collection. The cardinality of that collection is denoted
by nou(0). Conversely, for each k-cell o, we let n;, (o) be the number of arrows that
it receives from its facets. Thus ny, (o) is the number of outgoing arrows of o while
nin(0) is the number of incoming arrows of o.

We require that at most one of ny.(0) and ny, (o) be different from zero and
that there should not be any closed orbit.

When n;,(0) > 2 (resp. neu(0) > 2), we say the corresponding cell o is
abnormally downward (resp. abnormally upward) noncritical.

On one hand, the Euler number of the finite CW complex K at hand can be
retrieved using the following idea:
Vo®) e K, the contribution of ¢ is the function C': K — Z defined by:

C(O'(k)) — (_1)k + nm(_l)k—l + nou(_l)k+l-
We have the following:

X(K) =) C(o), (1.1)

ocekK

where x(K) is the Euler number of the CW complex K.

Observe that if a cell has only one arrow (either incoming or outgoing) then its
contribution is zero. See Proposition 6.1.2 for the precise statement and proof of
(1.1).

We recall that if K is a CW complex (in which every cell is endowed with an
orientation called initial orientation), and R is any principal ideal domain, Cy(K; R)
is the free R-module generated by the (oriented) k-cells of K. The cellular boundary
operator 0°: Cp11(K; R) — Ci(K; R), is given by

8C(T(k+1)> _ Z[T(kﬂ) : a(’f)]o(k),

o<t

where [7 : o] is the incidence number of 7 and o. That is, the number of times that
7 (along its boundary) is wrapped around o. (Taking the induced orientation from
7 onto ¢ into account: for ¢ a regular facet of 7, if the induced orientation on o
coincides with the initial orientation of o, [1 : o] = +1; if not then it is —1).
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In order to develop Floer’s theory in this setup, we start with a finite CW
complex, in which each cell is given an orientation and whose Betti numbers can
be computed using cellular homology. We define a boundary operator, using all
the arrows, which is based on some probabilistic and averaging technique. This
boundary operator is the composition of some systematically well-defined “flow
map” with the cellular boundary operator. The critical cells are of the following
types: the cells with no incoming and outgoing arrow; the abnormally downward
noncritical cells; the cells having an outgoing arrow pointing to an abnormally
downward noncritical cell; the abnormally upward noncritical cells; the cells having
an incoming arrow from an abnormally upward noncritical cell. The most important
facts about this boundary operator is that the extracted Betti numbers are exactly
the topological Betti numbers.

1.3 Organization of the thesis

This thesis consists of six chapters:

In Chapter 2, we define the basic concepts about cell complexes and the possible
operations on them. We focus on the deformation retraction in CW complexes
in general. This is because Forman’s boundary operator preserves the homotopy
type as a result of applying some deformation retraction. Most importantly, we
provide our definition of a symmetric subdivision of a cell, see Definition 2.3.3,
which is the logical geometric interpretation of the many incoming arrows of a
given cell. Since for irregular CW complexes it is not very clear what it means
to subdivide in a symmetric way, we subdivide cells having incoming arrows from
their regular facets. In this way, after mapping the cell with its arrows to a disc
of appropriate dimension (under the inverse image of the characteristic map), we
subdivide this ball symmetrically, and project back this subdivision to the cell, see
Figure 2.15. We provide along some proofs of the fact that applying the above
mentioned operations to CW complexes still yields CW complexes.

Chapter 3 is about the concept of cellular topology, in which we recall the notions
of homotopy equivalence of two cell complexes, as well as that of cellular homology.
We also emphasize that the operations of subdivision and deformation retraction
do not change the homotopy type of the complex under consideration. We then
also define the Betti numbers which are just the dimensions of the corresponding
homology groups of the complex, the Poincaré polynomial as well as the Euler
number of the given complex which is just the alternating sum of the Betti numbers.

Chapter 4 focuses on the different notions of Morse, Morse-Floer, Morse-Bott
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and Conley theories, and the emphasis by which all these methods yield the Poincaré
polynomial and hence the Euler number of the object under consideration. We give
the definition of a Morse function and the statement of the Morse inequalities. In
Morse-Floer theory, it is shown how the Betti numbers are obtained from Floer’s
boundary operator whose definition is also given. After giving the definition of
the Morse-Bott function which generalizes that of a Morse function, the Morse-
Bott inequalities are stated. We also recall what Conley theory analysis is all about.

In Chapter 5, after briefly reviewing discrete Morse theory and discrete Morse-
Floer theory according to Forman, we provide our proof of the fact that the square
of Forman’s boundary operator is zero, see Theorem 5.2.1.

We present a solution to the question of an analogue of Morse-Bott theory
for CW complexes, see Section 5.3. We consider a function assuming the same
value on maximal collections of cells, where the union of the closure of the cells
in each collection should be connected. The idea is, such a function has to be
discrete Morse on the complex except possibly in these collections. That is, we
define our discrete Morse-Bott function by requiring that for each such collection,
the discrete Morse conditions have to be valid for those cells that have faces or are
faces of cells not contained in the collection. See Definition 5.3.2 for the precise
formulation. A cell o in a collection C' is said to be upward noncritical (resp.
downward noncritical) w.r.t. C, if there exists a 7 ¢ C, 7 > o (resp. 7 < o) such
that, f(7) < f(o) (resp. f(7) > f(0)). Also of importance in this discrete setting
is the analogue of a critical submanifold, which we call a reduced collection. For
a collection O, the reduced collection C"*¢ is obtained by taking out of C' all the
upward or downward noncritical cells w.r.t. C'. See Definition 5.3.5. We also derive
an analogue of the Morse-Bott inequalities, excluding all those reduce collections
that are noncritical pairs, since the contribution of any noncritical pair always
cancels out in the computation of the Euler number. Surprisingly, it turns out that
the reduced collections will always have a positive contribution in terms of their
Poincaré polynomial, when the computation of the Poincaré polynomial of the entire
complex is carried out. This justifies the fact that our analogue of a Morse-Bott
index is just zero. For more insight, see Theorem 5.3.7 for the formulation and
proof of our result. The proof of the desired discrete Morse-Bott inequalities is just
based on some perturbation technique, that is the discrete Morse-Bott function is
perturbed to get a discrete Morse function.

A discrete analogue of Conley theory using a discrete Morse function is quite
simple. This is why, using our discrete Morse-Bott function on a CW complex,
we present our brief approach on discrete Conley theory, see Section 5.4. The
isolated invariant sets are the reduced collections, excluding the noncritical pairs.
As index pair for each isolated invariant set, we have: the isolating neighborhood
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is the union of the closure of all the cells in the reduced collection; the exit set is
just the collection of those cells in the isolating neighborhood that are not in the
isolated invariant set, such that either their value is less than the value assumed in
the reduced collection, or they are upward noncritical w.r.t. the collection. Thus
the same technique as in the smooth case is applied. Our result is formulated in
Theorem 5.4.2. The proof however is based on our analogue of discrete Morse-Bott
theory, by making the observation that, the homology groups of a reduced collection
are the well-defined relative homology groups of its respective index pair.

Our solution to the question of a generalized boundary operator is then given in
Chapter 6, where, our approach to answering this question is mainly based on some
probabilistic method using averaging techniques. It consists in finding a boundary
operator that uses all the arrows, despite the difficulties we encounter which are:
abnormally downward noncritical cells and abnormally upward noncritical cells.
The definition of the boundary operator is given by Definition 6.4.1. To prove that
the square of this boundary operator is zero, which is the statement of Theorem
6.4.1, moving from a situation without any arrows (where the square of the cellular
boundary operator is zero), we create abnormally upward/downward noncritical
cells by adding arrows and at each step we show that the square of the newly
defined boundary operator is also zero.

Our result, the Morse-related inequalities, is expressed in Theorem 6.4.3. For
the proof, we suppose we are in a situation where all the cells in the CW complex
belong to either one of the following: the cells with no incoming and outgoing
arrow; the abnormally downward noncritical cells; the cells having an outgoing
arrow pointing to an abnormally downward noncritical cell; the abnormally upward
noncritical cells; the cells having an incoming arrow from an abnormally upward
noncritical cell. This gives us an equality between the chain complex generated in
our framework with the one generated using cellular homology. This is because
we already know that the Forman-type noncritical cells can always be collapsed,
preserving the homotopy type of the CW complex in the process. Also, this
boundary operator is defined in such a way that it maps the kernels of the cellular
chain complex to kernels in the new chain complex and vice versa. Hence the newly
computed Betti numbers coincide with the topological ones.

After constructing collections consisting of either: the cells with no arrows;
the abnormally downward noncritical cells together with their facets from which
their arrows come; the abnormally upward noncritical cells as well as those cells to
which their arrows point. The isolated invariant sets consist of these collections
with the exception that if any two collections intersect then you take their union.
Similarly, the isolating neighborhood is the union of the closure of each cell in the
isolated invariant set, and the exit set is the difference of both. We then also do
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some Conley theory analysis using this arrow configuration and the result is stated
in Theorem 6.5.5.



2

Cell Complexes

The focal point of this chapter is on cell complexes, which provide a natural way
of describing spaces combinatorially, preserving their homotopy types. We shall
mainly be interested in CW complexes which are also the most general of all. First
introduced by J. H. C. Whitehead in [18], when they are not regular, CW complexes
can provide the smallest number of cells needed in describing the topology of spaces.

In this chapter, we briefly recall the different examples of cell complexes,
putting a little emphasis on the regular CW complexes, in particular the polyhedral
complexes. We also recall some of the operations to be applied on CW complexes.

Section 2.1 focuses on CW complexes since our work is within the category of
CW complexes. An introduction to category theory can be found in [45], and also
[6]. Section 2.2 is about the regular cell complexes whereas Section 2.3 emphasizes
the given operations that we have on CW complexes, in particular our symmetric
subdivision. Given that this chapter is mainly a review of what is already in
the literature, among the very large number of those, we refer the reader to [35],

[ 2], L2724, and [34].

2.1 CW complexes

Let n > 0. An n-cell (a cell of dimension n) is a (topological) space which is
homeomorphic to the open n-disc {z € R"|||z|| < 1}. The closed n-disc is given
by D" = {x € R"|||z|| < 1}. A closed n-cell is a space homeomorphic to D". The
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0-cells are points.

One defines a cell complex as a decomposition of a space into cells, where the
highest dimension of the cells is that of the space. It should also be noted that
there is a specific gluing method that is used in order to properly construct the
space (from its cell decomposition) from gluing the cells along their boundaries.
This gluing procedure is by means of some maps called the characteristic maps and
it starts from the cells of lowest dimension to the cells of highest dimension.

We first describe what it means to build a new space from a given one, by
gluing along boundaries.

Definition 2.1.1. Let X and Y be topological spaces, A C X be closed, and let
f: A=Y be continuous.

We denote by Y Uy X the quotient space X UY/ ~, where the equivalence
relation ~ is given by a ~ f(a) (identifying every a € A with f(a) € Y ).

We say the space Y Uy X is obtained from Y by attaching X along f, and it
is equipped with the quotient topology in the sense that, if ¢: X UY — Y Uy X is
the quotient map, then a set S CY Uy X is open if and only if ¢~*(S) is open in
Xuy.

A cell-decomposition of a space X is a family = = {e,| a € A} of subspaces of
X such that each e, is a cell and

X =1Ilseqeq (disjoint union of the cells).
The n-skeleton of X, is given by

X(n) =0 acA,dimeq<n€a-

Example 2.1.1. (i) Every set with the discrete topology has a cell-decomposition
consisting of only 0-cells.

(i) A cell-decomposition of S' is S' = {ey, ey}, where ¢, is a 0-cell also understood
as a point, and ey is a 1-cell also understood as S'\pt, where the 1-cell is
attached to the O-cell along its boundary which is a disjoint union of two
0-cells. See Figure 2.1.

From now on, we denote by e a cell e of dimension n. Let 9'P be the
topological boundary operator given by 9'P?A = A\ A, where A, also denoted
Cl(A), is the closure of A, and A, also denoted int(A), is the interior of A.

The topological boundary elements of a cell are called its faces. If a cell o is a
face of another cell 7, we write ¢ < 7 to indicate that dimo = dim7 — 1, in which
case o is called a facet of 7.

A finite cell-decomposition is one consisting of finitely many cells.

We now give the precise definition of a CW complex according to Whitehead.
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. N\ -,

a 0-cell a l-cell after attaching

Figure 2.1: A CW construction of S*.

Definition 2.1.2 (CW complex, Whitehead). A pair (X, =), consisting of a
Hausdorff space X and a cell-decomposition = of X, is called a CW complex if
the following are satisfied:

(1) (‘Characteristic Maps’) For each el € =, there is a map Yo: D" = X
continuous, restricting to a homeomorphism Qo inpny: int(D") — e&n), and
taking S"! into X"V that is, 0o (S"7Y) is a subset of a union of finitely

many cells of dimension less than n.

(2) (‘Closure Finiteness’) For any cell e, € = the closure €, intersects only a
finite number of other cells in =.

(3) (‘Weak Topology’) A C X is closed (in X ) if and only if AN e, is closed (in
€a) for all e, € =.

The name ‘CW’ comes from (2) and (3) where C is for closure and W is for
weak.
We denote by A" the index set of the n-cells.

Definition 2.1.3 (Construction of a CW complex). A CW complex is
obtained by the following inductive construction of the skeletons:

(1) The 0-skeleton, X O s a discrete set consisting of the 0-cells.

(ii) Inductively construct X, by simultaneously attaching the n-cells el along
their boundaries via maps po: S 1 — XV This in particular tells us
that X is the quotient space of X ™V Iyecan D™ under the identification
x ~ @u(x), for x € S"1 = glPD",

(i4i) The space X =J, X™ is given the weak topology that is: A C X is open if
and only if AN X" is open for all n.

From now on we will abuse notation and denote a CW complex (X, Z) by the
space X.
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Remark 2.1.1. (i) A C X is open if and only if ¢=!(A) is open for any cell "

with ¢,: D™ — X being the characteristic map.

(41) X /X1 is homeomorphic to a wedge of n-dimensional spheres, one for
cach n-cell of X.

Definition 2.1.4. A cW complex is
a) finite if it has finitely many cells;
b) locally finite if every cell meets only finitely many closed cells;

c) of finite type if every skeleton is a finite CW complex;

d) countable if it has countably many cells.

The characteristic map is the attaching map, that is, in the process of
constructing the CW complex, it tells us how to attach the n-cell (along its
boundary) to the (n — 1)-skeleton. In the finite case there exists n € N s.t.
X® = X, whereas in the infinite case, X = U2, X®.

In this work we will only consider finite CW complexes.

By CW structure of a space we mean its cell decomposition.

Example 2.1.2. (a) The n-dimensional sphere S" has the CW structure with
one O-cell and one n-cell. Since the n-cell is attached via the map S"~! — (),
S™ can be seen as the quotient space D" /d"P D",

(b) Recall that the real projective n-space, RP", is defined as the space of all
lines through the origin in R"™! which is also the quotient space of R"*\ {0}
under the equivalence v ~ A\v, with v a vector and A # 0 a scalar. This is then
the same as considering S"”/ ~ with v ~ —v. It has the CW structure with
one cell in each dimension. Thus, since RP"™! is just D" with antipodal
points identified, RP™ is obtained from RP"~! via the attaching map (quotient
projection) S"t — RP"~ 1,

For CP", one takes one cell in each even dimension and the attaching map
to be S§*~1 — CpnL.

(¢) The torus T? also given by S! x S!', has a CW structure consisting of one
0-cell, two 1-cells, and one 2-cell.

The following are examples of spaces that are not CW complexes.

a) Every infinite dimensional Hilbert space. This is because, it is a Baire space.
A Baire space is a topological space in which the union of every countable
collection of closed sets with empty interior has empty interior. Therefore,
one cannot write an infinite dimensional Hilbert space as a countable union
of n-skeletons, since each skeleton is a closed set with empty interior.
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b) The Hawaiian earring is given by the infinite union of circles with centers (%, 0)
and radius % Hence, it is not locally contractible whereas CW complexes
are locally contractible (see |27, p. 522|).

A subcomplex of a CW complex X is a closed subspace of X which is such that
if it contains any cell, then it also contains the closure of that cell.

We call the pair (X, A) a CW pair whenever A is a subcomplex of the CW
complex X.

Let A be a subcomplex of X. A CW decomposition of the pair (X, A) consists
of a sequence of subspaces A € X@ ¢ XU C ... C X, where X = [J, X™ and

(1) X™ is obtained from X ™~Y by attaching n-cells,
(2) X has the weak topology w.r.t. all X n > 0.

Set A= XY then we say a pair (X, A) with the decomposition
(XM n > —1) is a relative CW complex.

Proposition 2.1.1. (i) If ¢ is the characteristic map for the cell e™ then
o(D™) = e™  in particular, &™) is compact.

(ii) A compact subspace of a CW complex is contained in a finite subcomplez.
(1i1) CW complezes are normal and in particular Hausdorff.

(iv) A function on a CW complex is continuous if and only if its restriction on
each cell 1s continuous.

Proof. (i) Indeed, &™) = p(int(D")) C (D) = o(D"), since p(D™) is compact
in a Hausdorff space and hence closed. On the other hand, ¢(D") =
¢(int(D")) C @(int(D")) = &™.

(17) See |14, p. 200].
(i13) See |27, p. 522].

(iv) See |35, p. 42].
[

Remark 2.1.2. In Definition 2.1.2, condition (2) always holds. Indeed, as seen
above, for ¢ the characteristic map of ™, ™ = x(D") is compact and hence
contained in a finite subcomplex. The idea then follows from the fact that ¢(S"!)
is a subset of a union of finitely many cells of dimension less than n. Condition (3)
is only needed in the case of an infinite cell-decomposition. Thus, since we are only
interested in the finite CW complexes, we only need to check condition (1).
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The following theorem gives the conditions under which a given CW complex
can be embedded in some Euclidean space. We refer the reader to [24, p. 46| for
the proof.

Theorem 2.1.2. Every locally finite and countable CW complex of dimension k
can be embedded in R* 1.

We now move to the regular CW complexes.

2.2 Regular CW complexes

We present some of the regular CW complexes, putting a little emphasis on the
polyhedral complexes. Roughly speaking, a CW complex is said to be regular if
the characteristic maps are homeomorphisms for each cell.

Definition 2.2.1. A4 cell o® is a regular face of another cell 7*+V if, for the
characteristic map @, of T, we have:
(i) @r: p=Y(0) — o is a homeomorphism,

(17) @71 (o) is a closed k-ball.

The construction in Figure 2.1 is an example of a non-regular CW complex for
St and Figure 2.2 shows an example of a regular CW complex for S*.

. N O

two O-cells two 1-cells after attaching

Figure 2.2: Regular CW construction of S!.

Definition 2.2.2. 4 cwW complex X s reqular if for each n-cell e((ln), the
characteristic map @q: St — XV js a homeomorphism.

Observe that in a regular CW complex, all the faces are regular. As examples
we have polyhedral, cubical and simplicial complexes, where the cells are polytopes,
cubes and simplices respectively.
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Polyhedral complex Cubical complex Simplicial complex
Figure 2.3: Examples of regular CW complexes.

Polyhedral complexes

Following [34], [13] and mostly [36], we give a brief review on polyhedral
complexes.
Let vg, v1,- -+ , v, be points in R%. An affine combination of the v,;’s is a point

T = Z?:o Aiv;, where Z?:o A = 1. An affine combination is a convex combination
if the \;’s are all nonnegative. The affine (resp. convex) hull is the set of affine (resp.
convex) combinations. It is an n-plane if the n + 1 points are affinely independent,

that is, the n vectors v; — vy, for ¢ =1,--- ,n, are linearly independent.
A convex d-polytope P is the convex hull of a finite collection of points
{vo, -+ ,vn}, denoted conv(vg, - - - ,v,), that affinely spans R?. Its faces are also

polytopes. It can alternatively be defined as a bounded subset of R?, that is the
solution of a finite number of linear inequalities and equalities, in which case,
S C Pis called a face of P if there exists a linear functional f on R¢ such that
f(s)=0forall s € Sand f(p) > 0forallp € P.

Definition 2.2.3. 4 geometric polyhedral complex P is a collection of convex
polytopes in R? such that:

(1) Ewvery face of a polytope in P is itself a polytope in P.
(1) The intersection of any two polytopes in P is a face of each of them.

The problem with geometric polytopes is that we are restricted when it comes
to the dimension. This is the reason why, in general, it is better to work with
abstract ones. We now give the definition for an abstract polyhedral complex.
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Let (P, <) be a partially ordered set (poset), we have the following:

Two elements F' and G of P are said to be incident if FF < G or G < F.

The least element, denoted by F'_q, is such that F'_; < F for all F' € P, and it
has rank —1. If P has rank n, the greatest element, if it exists, denoted by F,,, is
such that F,, > F for all I’ € P, and it also has rank n.

A chain of P is a totally ordered subset of P, and it has length [ if it contains
exactly [ + 1 elements. The maximal chains are called flags and they contain the
least and greatest elements. Denote by F(P) the set of all flags of P. Two flags
are said to be adjacent if they differ in exactly one element. If this element has
rank k, we say they are k-adjacent. P is flag-connected if any two distinct flags
f and g € F(P) can be joined by a sequence of flags f = fo, f1, -+, fs-1, [s = 9,
such that, f; and f;_; are adjacent for . =1,--- | s.

For any two elements F', G such that F' < G, the set {A|Ae€ P, F < A<G}
is called a section of P, denoted by G/F its rank is given by rank G — rank F' — 1.
It then follows that, if the rank of G/F_; is i, then G also has rank i. The rank of
P is the maximal rank of its elements. A k-section is a section of rank k.

P is strongly flag-connected if each section of P is flag-connected, equivalently,
if any two distinct flags f and g € F(P) can be joined by a sequence of flags
f=rfo, fi, -+, fs_1, fs = g, all containing f N g, such that, f; and f;_; are adjacent
fori=1,---s.

A poset P of rank n is said to be connected if either n < 1 or n > 2, and
for any two proper elements G and F' of P, there exists a finite sequence F =
Ag, Ay, -+, A = G of proper elements of P, such that, A; ; and A; are incident
fori=1,--- k.

P is said to be strongly connected if each section of P including P itself is
connected.

We are now ready to give the formal definition of an abstract polytope. The
elements of P are called its faces.

Definition 2.2.4. An abstract n-polytope P is a poset satisfying the following:
(1) P has a least and greatest face,
(2) each flag of P has length n + 1,
(3) P is strongly connected,
(4) for eachi=0,--- ,n—1, if F of ranki—1 and G of rank i + 1 are incident

faces of P, then there are precisely two i-faces Ay and Ay of P such that
F <A <G, fori=1,2.



2.2 Regular CW complexes 19

Note that the last condition is crucial since it is the reason why the square of
the natural boundary operator applied to a given polytope will be zero, as we will
see later. We shall refer to it as the incidence property of polytopes.

In Figure 2.4, the first and last complexes are not polyhedral complexes.

Figure 2.4: Examples of complexes.

Proposition 2.2.1. If P satisfies conditions (1) and (2) above, then it is strongly
connected if and only if it is strongly flag-connected.

For the proof see [30, p. 24].
We can now give the definition of a polyhedral complex.

Definition 2.2.5 (Abstract polyhedral complex). A polyhedral complex is
obtained by the gluing procedure of a CW complex, where each cell to be glued is a
polytope, and the intersection of any two polytopes is a face of both.
Its dimension is the mazimum dimension (or rank) of its polytopes.

Geometric realization

In this part we follow [36] and [13].

A realization of an abstract polytope is a geometric polytope in some Euclidean
space which is in correspondence with the abstract one in the sense that the
one-to-one image of the vertex set of the abstract polytope is the vertex set of the
geometric one. Also, the vertex map should induce maps on the respective faces
in such a way that there is a one-to-one correspondence between the faces of the
abstract polytopes with those of the geometric one. More importantly, the faces
of the abstract and geometric polytope are isomorphic and the partial ordering of
the abstract polytope is inherited by the geometric one. This then means that the
realization commutes with intersections.

Denote by P; the set of j-faces of P and 2% be the family of subsets of X. More
formally, we have the following definition.
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Definition 2.2.6. A realization of an abstract polytope P is a mapping fo of the
vertex set Py of P into some Fuclidean space. The image Vi of the vertex set of P
is the vertex set of the realization.

This mapping fy induces maps on the faces of rank greater than 0, this is the
content of the following theorem (see also |30, p. 122]).

Theorem 2.2.2. Let fo be a realization of an abstract n-polytope, then fy induces
surjections f;: Py — V;, and for j = 1,--- ,n, with V; C 2Yi-1, consisting of the
elements

fiF={fi-1iG|Ge Py and G <F} forF eP.

Also, f_1 is given by f_10 = 0.

A realization is given by all the mappings f;. If all the f;’s are bijective we say
that the realization is faithful. We say that a realization of an abstract polytope
P is symmetric if each automorphism of P induces an isometric permutation of
the vertex set of the realization. Faithful and symmetric realizations always exist
in the case of finite abstract polytopes. In this way each j-face of P is uniquely
determined by the (j — 1)-faces that belong to it.

A realization of a given abstract polytope is unique up to an affine transforma-
tion.

The reverse procedure, i.e. moving from a geometric polytope to an abstract
one, is also possible. This is achieved by mapping all the faces of the geometric
polytope to the faces of the abstract polytope bijectively, and of course preserving
the inclusion. In this way, the mappings also commute with the intersections and
we get an abstract polytope equivalent to the geometric one.

Polyhedral complexes are the most general among all the regular cell complexes.

Hasse diagram: The Hasse diagram provides a good description for posets
and polytopes in particular. It is drawn from the lowest rank elements to the
highest rank elements, from the bottom to the top in the sense that, any elements
on the same horizontal line have the same rank, and if F is a face that has as
subface A (i.e. A < F), draw a line from A to F. Figure 2.5 shows the Hasse
diagram of a (regular) pentagon.

A regular polytope is one for which all the faces “look” the same, that is, the
faces of the same dimension are all isomorphic, in the sense that their Hasse
diagrams are isomorphic (in terms of posets). In Figure 2.3, the middle and right
polyhedral complexes are both regular, while the complex on the left is not.
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Uy
€4 €3

(% U3

€5 €9

U1 €1 V2

Figure 2.5: A polytope and its Hasse diagram.

Definition 2.2.7. Let C be a collection of polytopes (it might as well be a
subcomplex) of a polyhedral complex K.

(i) The Closure of C, denoted CI(C) or C, is the smallest subcomplex that
contains C.

(1) The Star of C, denoted St(C), is an open neighborhood of C' containing
the set of all the polytopes of K which have a face in C. It need not be a
subcomplez.

(1ii) The Link of C, denoted Lk(C), is the topological boundary of the Star, that
is, C1(St(C)) — St(CU(C)). It is also a subcomplex.

In Figure 2.6, C is given by the two red vertices and the red edge. The Star
of C' is highlighted in green in the middle subfigure and the Link is the green
subcomplex in the last subfigure.

A cubical complex is a polyhedral complex for which all the cells are cubes.
It is mostly used in the area of image processing, but it will not be relevant for our
purpose.

Simplicial complexes

A simplicial complex is a polyhedral complex for which all the cells are simplices.
A k-simplex (simplex of dimension k) is the convex hull of k + 1 affinely
independent points. We use special names for the first few dimensions, vertex for
0-simplex, edge for 1-simplex, triangle for 2-simplex, and tetrahedron for 3-simplex.
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/

C = Cl(0) St(C) LE(C)

Figure 2.6: The closure, star and link of a collection of polytopes.

Definition 2.2.8. 4 geometric simplicial complex K is a finite collection of
simplices such that:

1) iftreKand o <71 then o € K,
2) ifm, o € K then N € K and is either empty or a face of both.
The dimension of K is the maximum dimension of its simplices.

A subcomplex of a simplicial complex is a subset which is itself a simplicial
complex.

Figure 2.4 shows how the conditions of the definition of a simplicial complex
may be violated.

If we denote by || K || the union of all the simplices of K with the topology
inherited from R?, then we define a triangulation of a given topological space X to
be a simplicial complex K for which there is a homeomorphism between X and || K ||.

The fact that K should lie in R? puts a restriction not only on the cardinality
of K but also on the dimension of its simplices.

In general replacing each simplex in K by its set of vertices yields a collection
of sets A such that if V€ A and W C V then W € A, this follows from the first
condition for having a simplicial complex K. The second condition tells us that if
W =ViNVy, then W C V; and W C V,, and this clearly is true. One remark is
that, the set of all the vertices of A is equal to the union of all the elements of A.
A is called the abstraction of K or the vertex scheme of K. Thus we have the
following definition.
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Definition 2.2.9 (Abstract simplicial complex). An abstract simplicial
complex is a finite collection of sets A such that if « € A and f C «, then
g e A.

The sets in A are the simplices and the dimension of each a € A is its cardinality
minus one, that is, dim @ = f(a) — 1. Let us denote by V(A) and V(K) the sets of
vertices of A and K respectively.

In what follows, if & = {vy,--- , v} € A by f(a) we mean {f(v1),---, f(v)}.

Two abstract simplicial complexes A; and A, are said to be isomorphic if there
is a bijection f between V(A;) and V(Ay) s.t. o € A; if and only if f(a) € As.

Out of all cell complexes, it is usually easiest to deal with simplicial complexes
due to their easy combinatorial structure.

Definition 2.2.10 (Geometric realization). A geometric realization of an
abstract simplicial complex A is a simplicial complex K for which there exists a

bijection f: V(A) = V(K) s.t. a € A if and only if conv(f(a)) € K.

The geometric realization is unique up to an affine isomorphism. In general
it makes more sense to just map any abstract simplex to the standard geometric
simplex.

We have the following theorem whose proof is found in [12, p. 15].

Theorem 2.2.3. FEvery abstract simplicial complex A is (isomorphic to) the vertex
scheme of some simplicial complex K.

Better still, we have the following theorem, see [17, p. 64] for its proof.

Theorem 2.2.4. Every abstract simplicial complex of dimension k has a geometric
realization in R2*+1,

We have seen that every finite CW complex can be embedded it into some
Euclidean space. This brings us to the second part of this chapter dedicated to the
operations one can apply on a CW complex.

2.3 Some operations on CW complexes.

Here we briefly mention some of the operations on CW complexes that we come
across, following [27].

Product: Let X and Y be two CW complexes, then their product X x Y is
also a CW complex with the cell structure given by: the cells of X x Y are of the
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form e(n) X e(ﬁm), where the e&n) are the cells in X and the e(ﬁm) are the cells in Y.

One should however bear in mind that the product topology on X x Y is coarser
that the topology on X X Y as a cell complex, but they both coincide if either one
of them has finitely many cells or if both have countably many cells.

®
o

Figure 2.7: The product of S' and I = [0, 1].

Quotient: Let (X, A) be a CW pair , then the quotient X/A is a CW complex
with the cell structure given by all the cells in X \ A plus one 0-cell which comes
from the set A being contracted into a point. Indeed the characteristic maps of
X /A are just the compositions of the characteristic maps of X with the quotient
map X — X/A. Figure 2.8 illustrates the quotient space of the torus T? (or S* x S')
with S* i.e. St x S'/St.

XS /C1
_{61 6(0)}

(0)

Figure 2.8: The quotient of the torus with S!.

We recall that a space is normal if every two disjoint closed sets can be separated
by disjoint open neighborhoods, and every normal space is Hausdorff in the sense
that we take, instead of closed sets, just two different points (understood as two
singletons).

The following proposition is found in |35, p. 59], [27], [24] and also [31].

Proposition 2.3.1. If X is normal and the quotient map X — X/ ~ is a closed
map, then the quotient space X/ ~ is normal.
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Proof. Let us denote by X the space X/ ~. Let C’l and Cg be two disjoint closed
sets in X. By the quotient topology, both ¢~ (C’l) and ¢~ (02) are closed in
X and disjoint since ¢~*(C1) N ¢ 1(C2) € ¢ }(C1 N Cy) = 0. Thus, normality
of X gives the existence of two disjoint open neighborhoods Uy := N ("1 (CY))

and Uy := N(¢71(C)) of ¢"1(Cy) and ¢~'(Cs) respectively. Now consider their
respective complements with respect to X i.e. X \ Uy and X \ Uy, they are both
closed so that their respective images with respect to our closed map ¢ are also

closed in X. So take U; := X \ (g q(X \ U1)) and Up =X \ (¢(X \ U3)) to be

the desired open neighborhoods of C’l and 02 respectively. We have U; N U, = ().
Indeed:

rely=adqX\U)=q ' (x)¢ X \U = q ' (z) €U,
so ¢ }(Uy) C Uy. Thus

0=01NU2 ¢ (U)Ng ' (Ta) = U:NTs = 0.

]

Join: If X and Y are two CW complexes, the join of X and Y, denoted
X %Y, is defined by the quotient space (X x Y x I)/ ~, where ~ is given by
(x,y1,0) ~ (z,92,0) and (z1,y,1) ~ (z2,y,1). That is X x Y x {0} is collapsed
into X while X x Y x {1} is collapsed to Y. Another way of seeing this is by
considering X %Y to be the collection of line segments joining points in X to points
in Y. Note that X %Y has the cell structure consisting of the product cells of
X xY x(0,1) and the cells of X and Y. If Y = {y} then X *Y = CX, the cone
of X. See Figure 2.9 for an illustration.

Figure 2.9: The join of S' and I = [0, 1].

Wedge sum: Let a € X and b € Y, the wedge sum of X and Y, denoted
X NY, is the quotient of their disjoint union X | |Y obtained by identifying
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a and b to a point. For O0-cells a and b, X AY is also a CW complex since
it can be regarded as X ||Y/(a ~ b). If we consider two spheres then their
wedge sum is the new space obtained from gluing the two spheres at two given
points. See Figure 2.10, where the first S? has the CW structure of one 0-cell and
one 2-cell, while the second has the structure of one 0-cell, one 1-cell and two 2-cells.

(2) (2)
o2 /\ o £(0) £ 1
eéo)( ------ ,6§) 6(2) go) « """ ,eé )
eéz) e§2)
°
el

Figure 2.10: The wedge product of S? and S?.

Smash product: The smash product of X and Y, denoted X VY, is defined
by X xY/X AY. Consider for example the torus T? also given by S' x S! : if
we consider its two generators say c; and ¢y, they intersect at a given point, take

this as S A'S! then collapsing ¢; and ¢, into a point yields S?, this is illustrated in
Figure 2.11.

Figure 2.11: The smash product of S' and S!.

Some of the operations above will be used in the following subsection which is
about symmetric subdivision.

Symmetric subdivision

We give here our definition of the symmetric subdivision of a cell, since our
theory starts with CW complexes. It should be noted that the resulting complex is
still a CW complex.
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We consider arrows coming from one cell to another. We associate to a pair
{o,7|0 < 7} an arrow from o to 7. Then ¢ has an outgoing arrow while 7 has an
incoming arrow.

We consider a given cell that has incoming arrows from some of its facets and
we want to isolate the facets having the outgoing arrows in a symmetric way.

We write ¢ — 7 if there is an arrow from o to 7.

We recall that if ¢ is the characteristic map of a cell 7", then ¢(D") = 7™,
where D" = {x € R"|||z|| < 1}, and ¢ maps int(D™) homeomorphically into
7(™ . The idea behind the symmetric subdivision is, we assume that the closure of
each cell is mapped to D™ under the inverse image of the characteristic map, we
symmetrically subdivide D™ and then map the symmetric subdivisions of D™ back
to the original cell under the characteristic map. First we define what we mean by
the “expansion” of incoming arrows of a disc.

Definition 2.3.1 (Expansion of incoming arrows). Let T be a cell with facets
o1, , 0k, and incoming arrows from some of its reqular facets. Let DT be the
corresponding closed disc which is the inverse image of T under the characteristic
map @ of 7. That is D™ := = Y(7). Let I C {1,--- ,k} be the index set of the cells
having the incoming arrows of T, that is, for each j € I, there is o; — 7. This also
means that there is an arrow ¢~ *(o;) — D7. Let b be the center of the disc D7,
define D™ to be
D™ i=bx o Yoy), fori=1,--- k.

For each j € I, expand the incoming arrow of each D™ step by step in the following
way:

Step 1 For each j € I, define I; to be s.t. [; NI =0 and any w < D™, w # ¢~ (0;)
satisfies w < D™ for s € I;. If I; # (), draw an arrow w — D™ for every

Step2 Foreach j € I', define I to be s.t. I;N(IUIY) = 0 and any w' < D™, w' # w
satisfies wt < D™ for s € L. If IJ1 # 0, draw an arrow w' — D™ for each
s€ . Let I* := Ujljl.

Continue as before until you get to step [.

Stepl For each j € I'™, define I\™' to be s.t. I.7' N (I UL I™) = 0 and any
w=t < D™l £ w2 satisfies w't < DT for s € Ijlfl. If I]l.’1 £ 0, draw
an arrow w'=' — D™* for each s € Ijl.’l. Let I' = Uj[]lfl.

The process stops when

{1 RN UL 1) = 0.
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Uy Uy
€4 €3 €4 €3

Vs V3 Vs U3

€5 €2 €5 €2

U1 €1 (%) U1 €1 V2

Figure 2.12: Expansion of incoming arrows.

We call the result of this procedure the expansion of the incoming arrows of T.

First we state what we mean by a given regular facet of a cell inherits a projected
arrow from the cell.

Definition 2.3.2 (Arrow projection). Suppose a given cell T has incoming
arrows from its reqular facets o4,--- ,0, then we project its incoming arrows onto
its reqular facets having no arrows in the following way:

If 7 has no incoming arrows from its reqular facet w, and w intersects one or more
of the o;’s fori=1,--- 1 we then project the incoming arrows of T onto w by
“supposing” there is an arrow from wNo; to w.

In Figure 2.13, ¢ has two incoming arrows e; — o and e3 — 0. We illustrate
the arrow projection by highlighting the face e; of 7 that has no arrow in red. The
second subfigure shows how e; inherits two incoming arrows, one from vy = e5 M ey
and the other from v; = e3 Ney.

The arrows generated by the two definitions above are “fictive” since they will be
eliminated in the next step. They are only useful for the subdivision of our cell. The
subdivision is achieved from the lower dimensional cells to the higher dimensional
ones and a subdivision of a k-cell will use the subdivisions of some of its (k—1)-faces.

The next definition provides a way to symmetrically subdivide an arbitrary cell
from some CW complex that need not be regular, provided its incoming arrows
come from its regular facets.

Definition 2.3.3 (Symmetric subdivision of a cell). We proceed from the
cells of lowest dimension to the highest and assume that the incoming arrows come
from regular facets.
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U3 U3
o o
7 6& €3 €2
U1 €1 V2 U1 €1 (%]

Figure 2.13: Arrow projection.

[opp

Fopp

[opp

Figure 2.14: The examples of F' and F°PP.

(1) Let S* be a 1-cell having two incoming arrows from its reqular facets vy and
vy. Let D' s.t. (D) = S' be the inverse image of S* under its characteristic
map @. Let bp1 be the center of D'. Then we define a symmetric subdivision
for St by:

St = p(bpr * 7 (v1)), SV = p(bpr x @ (v9))
and both are 1-cells.

(2) Let S*, k > 2 be a k-cell having arrows from 71, -+ ,7,, all reqular facets,
and let D* be its inverse image under its characteristic map .
Let F' = (Y,_, T;, and denote by I its vertex set. Define FPP to be the largest
subcomplex of S* that does not contain F i.e. FPP = conv{v; |v; ¢ Ir}. See
Figure 2.1/.

(a) If Cl(DPP(SPI\UL_ 7)) =0, set SH = o(bpexp (1)) forl=1,---p.
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(b) FElse,

If F# 0 and F°P" is a face of S*, “project the arrows” and map S* to
D¥*. Then projecting the arrows will generate (k — 1)-dimensional
subsets of the disc D* with incoming arrows, subdivide them, and
get subdivisions DF LI ... DF-Lm of dimension k — 1 of the
corresponding (k — 1)-dimensional subsets of the disc D*. The
k-dimenstonal subdivisions are given by:

SkJ :QO(SO_I(TZ)*N(SD_I(Tl))) fO?"l: ]-a y Ps

where
N(p7H(n)) == {DF"Y | DY np Y (n) s a (k—2)-cell}.

This 1s illustrated in Figure 2.16.

Else do the “expansion of the incoming arrows first”, see Definition 2.5.1.

If, as a result of expanding the arrows, any part of D* has more
than one “expanded” arrow, then subdivide it.
The subdivisions of D* are obtained by collapsing each of the cells
having an “expanded” incoming arrow, and to get the subdivisions
of S* we take the image of the subdivisions of D*. This is shown in
Figure 2.17.

In the process of collapsing the cells having the incoming “expanded” arrows, if two
cells o1 and oy are such that: there is a v satisfying o1 > v < o9; the incoming
arrows of o1 and oy (from some other cells) come from the expansion of the
same initial incoming arrow, that is from the expansion of the same bpr * 7; then
also remowve this cell v together with its faces in o1 N oy that were created by the
subdivision.

Remark 2.3.1. Observe that the symmetric subdivision generated by Definition
2.3.3 is unique and does not depend on the geometry of the cells. The reason we
do the subdivision on the disc is to avoid any possible problem due to convexity.

Note that, the resulting subdivisions need no longer be convex, but this is not
a problem since we do not require any convexity, given that we are interested only
in the abstract cells.

Figure 2.15 illustrates the construction when the cell has some irregular facets:
after taking the inverse image of the cell under the characteristic map, the green
edge is unglued and this results in a disc with two incoming arrows. We then apply
Definition 2.3.3 to symmetrically subdivide this disc to get the subfigure in the
middle. The green edges of the subdivided disc are then glued back together, and
this gives a subdivision on the initial cell.
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Remark 2.3.2. Since the characteristic map maps the interior of the disc
homeomorphically to the cell, this in particular tells us that: whenever we subdivide
our abstract cell by drawing a straight line, we actually mean some curve having
no self intersections in the interior of the cell, and whose end points are those of
the straight line.

Figure 2.15: Projecting a symmetric subdivision.

U3
o
U1 €1 V2

Figure 2.16: Symmetric subdivision of a 2-simplex.

Example 2.3.1. In this example, we work on a disc of dimension 2.

e In Figure 2.16, the 2-cell ¢ has two incoming arrows, after projecting its
incoming arrows, we get the illustration in Figure 2.13, meaning that we have
to subdivide the edge e, and then get 0! := e] % e3 and 02 := €3 * es.

e In the top left subfigure in Figure 2.17, our o is such that F°P? = (), so we first
expand its incoming arrows, these are the arrows in green, at the top right
subfigure. In the process, the 2-cell w = (b, vy, v5) now gets two incoming
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Uy Vg
_—
€4 €3 €4 €3
Vs V3 Vs V3
€5 €2 €5 €2
U1 (&) Vo U1 €1 U2
V4 Uy l
€4 €3 €4 €3
Vs V3 Vs U3
€5 €2 €5 €2
—
U1 €1 U2 U1 €1 V2

Figure 2.17: Symmetric subdivision of a pentagon.

“expanded” arrows, so we have to subdivide it using (b) of Definition 2.3.3
above, refer to Figure 2.16. After this subdivision, we collapse all the 2-cells
having a green incoming arrow, and the resulting subfigure is the one at the
bottom left.

Example 2.3.2. In this example, we work on a disc of dimension 3. Let us suppose
that S3 is given by the first subfigure in Figure 2.18, and it has incoming arrows
from 71 := (vg, by, v5) the triangle in blue, 75 := (v4, bg, v3) the triangle in pink and
73 := (vg, by, v7) the triangle in green. We join the barycenter b of S® with each
triangle in its boundary, we get a total of 24 cells. Indeed, we have

<b7 b17 U1, Uﬁ)a (b7 bl; Vg, U7)7 (b7 b17 U7, U?)? (ba blu V2, Ul)

, (b, ba, v7,03), (b, by, vg, v3), (b, by, V3, V3)
(b, b3, v3,vs8), (b, bs, vs,v5), (b, bs, v5,v4), (b, b3, vy, V3)
(b, by, vs,v4), (b, by, vg,v1), (b, by, v1,Vg)
(b, bs, vg, vs), ( vs), ( v

(b7 be, 4, Ul), (bv bs, v1, 02)7 (57 b, v2, 03),

)

) b,b5,U5, 8/ b7b5av87 7)7(b7b5av77U6)
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Figure 2.18: Example of a symmetric subdivision in dimension 3.

Figure 2.19 demonstrates the expansion at each step. If there is an arrow from
an edge (wy,wy) to a cell (w,w;,wsy), this is understood as the expanded arrow
from (b, wy, ws) to the cell (b, w,wy,ws). If the arrow carries a number k and has
the same color with 7;, then this arrow is the expanded arrow of b x 7; at step k.
At step 2, (b, by, v4,v1) has 3 arrows, two blue and one pink, so we subdivide it
symmetrically into 3 parts (b, x3, vy, v1),(b, 3, by, v4) and (b, x3, by, v1). We have to
delete the cell (b, z3,by) along with (z3,b4) because (b, x3, by, v4) and (b, x5, by, v1)
have incoming arrows of the same color, that is, they both belong to the expansion of
the same b* ;. Similarly, the cells (b, b3, vs,v4) and (b, b3, vs, v5) also get subdivided
accordingly.

We represented the intersection of the subdivision in red, meaning, after doing
all the necessary expansions and collapses, we end up with the following:

the cell S3! is given by the expansion of 71, that is, it is the 3-cell bounded by
the following cells:
(by, v, vs5), (ba, Vs, v4), (ba, V6, 1), (b, v4, T3, 01), (U6, V1, b1), (b5, V7, Vg),
(UG, b5, ’05), (65, Us, U5), (U4, T2, ’U5), (’U5, T2,x1, Vs, ’05), (b, U1, bl),
(b, bl, Uﬁ), (b, Vg, U7), (b, Ur, b5), (b, b57 Ug), (b, Vs, ZEI), (b, x1, .I'Q),
(

b, z2, U4)7 (b7 V4, $3)7 (57 xs, Ul)%

the cell S*? is given by the expansion of 7y, that is, it is the 3-cell bounded by
the following cells:

(b67 V4, 711)7 (56, V1, Uz), (b67 V2, U3)7 (56, V3, 04), (U87 bs, U3)7 (53, V3, 04)7
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V4 (R}
Vs (0}
Vg (VA (]
Us
b 4
02
V2 V3
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Vg U3

Figure 2.19: Arrow expansion in dimension 3.
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(U47 T2, b3)7 (b37 T2, X1, /08)7 (/047 xs, Ul)a (b7 V4, x3)7 (b7 I3, Ul)a (b7 Ug, xl)a
(b7 Xy, x2)7 (b7 T2, U4)7 <b7 U1, U?)u (b7 Vg, U3)7 <b7 U3, US);

the cell S33 is given by the expansion of 73, that is, it is the 3-cell bounded by
the following cells:
(bg, Vo, 117), (bg, U7, 'Ug), (bg, Us, 113), (bg, Vs, ’UQ), (bl, Vg, 1)7), (bl, U7, ’Ug),
(bl, Vo, ’01), (b5, U7, Ug)(b, Vg, Ug), (b, Vs, 'Ug), (b, V1, ’Ug), (b, V1, bl),
(b, bl, Uﬁ), (b, Vg, U7), (b, Ur, b5), (b, b57 Ug).

Thus this is obtained from the right subfigure in Figure 2.18 by joining the
barycenter b to all the red edges.

The most important fact here is the preservation of the category of CW
complexes whenever a given cell of a CW complex is subdivided.

Proposition 2.3.2. Suppose we have a CW complex X and we subdivide a cell
of X to get a complex X'. Then X' is also a CW complez.

Proof. Let el be the cell that we subdivide into cells of dimension equal and less
than n.

Let ¢, be its corresponding characteristic map, then ¢, maps the interior
of an n-disc homeomorphically into e, Subdividing e therefore is equivalent
to subdividing the open n-disc, and each subdivision of the disc can in turn be
mapped homeomorphically into an open disc of the appropriate dimension. That

is, if el = Uges ws, where ¥ indexes all the cells in the subdivision of e then
there exist continuous functions pg: D — e s.t.

(Z) @B\int(DS) - w(S)

) e e

is a homeomorphism where 0 < s < n. Indeed: for each
cell wés ,0<s<n, p=,o0 hgl, where hg is the homeomorphism
between gp;l(w(s)) and int(D®). Note that this hg is also a homeomorphism

between gp;l(wé‘s)) and D*. We illustrated this in Figure 2.20.

(ii) ©p(S*~1) is the union of a finite number of cells of dimension less than s. To
get this, use the fact that we have a finite subdivision on our open disc and
it is true for @,.

(77i) X' has the weak topology and is Hausdorff. Indeed, ANa is closed in & for
all 0 € X' if and only if AN ™ is closed in é&n), if and only if AN w(;) is

closed in @DE;) for all wg in the subdivision, since @'

(continuous image of compact) in Hausdorff el (the Hausdorff property
is hereditary and X is Hausdorff) hence closed in e, Note that X' is
Hausdorff from its construction (since e is Hausdorff ).

= pp(D?) is compact
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Figure 2.20: Characteristic map of a cell in the subdivision.
O

We now move to the next subsection which is about deformation retraction in
CW complexes.

Deformation retraction

In this subsection, we prove that the operation of deformation retracting a given
subcomplex of a CW complex still leaves us within the category of CW complexes.

Definition 2.3.4. 4 subspace A C X s a retract of X if there is a retraction
r: X — A, such that, r oi =1idy where, i: A — X is the inclusion map.

A is a deformation retract if there exists a homotopy F: X x [0,1] — X, such
that, F(z,0) =idx and F(z,1) =ior(x).

A is called a strong deformation retract if in addition, F(a,t) = a for alla € A
and for all t € [0, 1].

Proposition 2.3.3. Suppose that a (closed) subcomplex C' of a CW complex X
is deformation retracted/collapsed into its (closed) subcomplex A, then the resulting
complez is also a CW complex.

Proof. Let r: C'— A be the deformation retraction, and let f be a (continuous)
extension on the entire complex given by: for z € X, f(z) = r(x) if x € C, and
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f(z) = x else. Observe that our deformation retraction of C' into A means we
collapse C' into A and this then means that the resulting complex is the quotient
X/ ~, where ~ is given by z ~ f(z). Thus the map ¢: X — X/ ~ is a quotient
map, and satisfies: for all z € C, ¢q(z) € A; and qa =id,.

The cells in X’ := X/ ~ are the cells in X \ C plus the cells in A. Any cell e,
in X’ has as characteristic map q o ¢,, where ¢, is the characteristic map for X.

We only need to show that X’ with the quotient topology is Hausdorff, and
that the weak and quotient topologies on X’ coincide. Since X is normal, from
Proposition 2.3.1, we need to show that our quotient map ¢ is closed in order to
deduce that X' is also normal and hence Hausdorff.

Since C' is a subcomplex (in a finite CW complex), it is the continuous image
(under the characteristic maps) of a finite union of compacts (the closed discs),
thus C' is actually compact. Let S C C' be closed then S is compact which implies
that ¢(S) is also compact in ¢(A) = A. But A is Hausdorff (as a subset of the
Hausdorff space X) thus, ¢(.5) is closed in A and A is closed in X’ which implies
that ¢(9) is closed in X’. Therefore, ¢ '(q(S)) is closed in X (by definition of
quotient topology) hence ¢|c is a closed map.

Now, for S closed in X, we have

S=(SNCYU(SNC) and ¢ (q(S) = (SN C) U (¢ (SN CY)).

thus, ¢~*(¢(S)) is the union of two closed sets in X, hence it is closed in X. This
implies that ¢ is a closed map. Hence, X’ is Hausdorff. The proof ends with the
following lemma, see also [35, p. 59|.

Lemma 2.3.4. The weak and quotient topologies on X' coincide. That s, for C
closed in X', ¢ 1(C) is closed in X if and only if C NG is closed in &, for all
o€ X

Proof: ‘=" Let C closed in X’ and suppose ¢ *(C) is closed in X. Take
o € X' then ¢ is compact (in a Hausdorff space) and hence closed. The set
g H(C)Ngq (o) is also closed in X (as a finite intersection of two closed sets), this
implies that q;l&((j) is closed in ¢71(5). Thus, CN& = q(q;l&(C)) is closed in
0, since ¢ is a closed map.

‘=’ Let 0 € X’ and suppose C'Na is closed in 7. Take 7 € X s.t. ¢(7) =o0.
Recalling that every continuous map from a compact space to a Hausdorff space
is a quotient map, we have that the map ¢z: 7 — & is a quotient map, thus
q‘;l(C N &) is also closed in 7 which implies that ¢ /(C)N7=¢ Y (CNa)NT
which is closed in 7 and 7 is closed in X, hence ¢ '(C) is closed in X

O
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Subdivisions and deformation retractions do not change the category of a CW
complex. On this basis, we shall now move to the topology of CW complexes in
the next chapter.



The topology of CW com-
plexes

A CW complex, as mentioned before, provides a decomposition of a space into cells
together with some gluing method. The most important property about it is the
fact that any CW construction of a given space has the same homotopy type with
the space. In this chapter, we study the topology of CW complexes thereby first
having an insight on their homotopy types and the operations under which they
might or might not change. We also recall the definitions of cellular homology that
we shall need later on in order to find the Betti numbers of the complex under
consideration. For a general review on topology, we refer the reader to [16] and

[41].

Section 3.1 is about the homotopy types of CW complexes whereas Section 3.2
is about cellular homology.

In the sequel, by maps we mean continuous maps and by spaces we mean
topological spaces.
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3.1 The homotopy types of CW com-
plexes

In this section, following [25] and [31], we present those properties of spaces that
make them to have the same homotopy types, and properties of functions on spaces
that make them homotopy preserving.

Given two topological spaces X and Y, let fy and f; be continuous maps from
XtoY.

Definition 3.1.1. We say that fy is homotopic to fi, and write fo >~ f1, if there
exists a continuous map F: X x [0,1] =Y s.t. F(z,0) = fo and F(z,1) = fi.

The relation of being homotopic is an equivalence relation. This is the content
of the following proposition.

Proposition 3.1.1. “~"4s an equivalence relation.

Proof.  a) Reflexivity: f ~ f. Indeed, define F' x [0,1] — X by F(z,t) = f(x).
F is well defined and continuous since it is the composition of f and the
projection of X x [0, 1] onto X.

b) Symmetry: if f ~ g then g ~ f. Indeed, if F': X x [0,1] — Y is continuous
s.t. F(z,0) = fand F(f,1) = g then define G: X x [0,1] = Y s.t. G(x,t) =
F(z,1—t), then G(z,0) = g and G(x,1) = f.

c¢) Transitivity: f ~ g and g ~h = f ~ h. Indeed, let F' be a homotopy from
f to g and G' a homotopy from ¢ to h. A homotopy H: X x [0,1] — Y from
f to h is given by:

Hr.) F(z,2t) for 0 <t <3,
Z, =
G(z,2t —1) for 3 <t <1

]

The next definition gives the conditions under which two given spaces are
homotopy equivalent.

Definition 3.1.2. 4 map f: X =Y is said to be a homotopy equivalence if there
exists a map g: Y — X s.t. go f~idx and fog~idy. We call g a homotopy
inverse of f and we say that the spaces X and Y are homotopy equivalent or have
the same homotopy type.

We then have the following basic properties about homotopy equivalence of

spaces and homotopy inverses of functions, and their proofs are found in [25], [3]
and [2].
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Proposition 3.1.2. We have the following:

1) if g is a homotopy inverse of some function, it is also a homotopy equivalence;

111) a map homotopic to a homotopy inverse is also a homotopy inverse;

)
i1) a map homotopic to a homotopy equivalence is also a homotopy equivalence;
)
iv)

any two homotopy inverses of the same map are homotopic.

Remark 3.1.1. From the above proposition, we make the following observations:
1) Any homeomorphism is a homotopy equivalence.
2) The identity map is a homotopy equivalence.

From the statements in Proposition 3.1.2, one sees that a homotopy inverse is
unique up to homotopy, and the composition of two homotopy equivalences is also
a homotopy equivalence. It should be noted that the same definitions and facts
also hold for maps of pairs.

Proposition 3.1.3. Homotopy equivalence is an equivalence relation.
Proof. Let X, Y and Z be topological spaces.
i) Reflexivity: X is homotopy equivalent to X by using the identity map.

i1) Symmetry: if X is homotopy equivalent to Y by means of a homotopy
equivalence f with inverse g, then Y is homotopy equivalent to X since if
go f ~idx and f o g ~ idy then this means that f is a homotopy inverse
for g.

i41) Transitivity: if X is homotopy equivalent to Y and Y homotopy equivalent
to Z, then we have homotopy equivalences f: X — Y and ¢g: Y — X;
h:Y — Zand k: Z — Y such that go f ~ idx and fog ~idy; koh >~ idy
and hok ~ idy. Then (ho f)o(gok) = ho(fog)ok ~ idy and
(gok)o(hof)=go(koh)o f~idy which means that X is homotopy
equivalent to Z.

]

The next proposition is important for this work since it establishes the fact
that any strong deformation retraction, see Definition 2.3.4, of some space into its
subspace preserves its homotopy type.

Proposition 3.1.4. If A is a strong deformation retract of X, then the inclusion
map, 1: A= X, is a homotopy equivalence.
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Proof. The proof follows from the fact that the strong deformation retraction
r: X — X is a homotopy inverse for the inclusion map. O

In the next subsection we present two important notions in homotopy theory,
although they are not used in this thesis.

Mapping cone and mapping cylinder

The mapping cone and mapping cylinder are two very important notions in
homotopy theory as they also provide a necessary and sufficient condition for a
given function to be a homotopy equivalence. One can express the mapping cone
in terms of the mapping cylinder. We will however not put too much emphasis on
this since it is not directly related to our work.

Definition 3.1.3. Let f: X = Y be a continuous map and I = [0,1]. The
mapping cylinder of f is the quotient space

M(f)=((XxI)uY)/~,
where ~ is given by (z,1) ~ f(z) for all x € X.
Definition 3.1.4. The mapping cone of f is
Clf)=((XxI)uY)/ ~,
where ~ is given by (x,1) ~ f(z) and (x,0) ~ (y,0) for all z,y € X.
One immediately sees that C(f) = M(f)/(X x {0}).

See Figure 3.1 for an illustration where X = S' and Y = {pt}, pt denotes a
point. Then the function f is the constant map S* — {pt}, and the mapping
cylinder of f is a cone whereas the mapping cone of f is the sphere.

Lemma 3.1.5. Let f: X — Y be a continuous map. Then Y 1is a strong
deformation retract of M(f).

Proof. See [35, P. 117]. O

The following theorem establishes the condition for which a given map f: X —
Y is a homotopy equivalence.

Theorem 3.1.6. 4 map f: X — Y is a homotopy equivalence if and only if X
is a deformation retract of M(f).

Proof. See [35, P. 119]. O
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M(f) c(f)

Figure 3.1: The mapping cone and mapping cylinder for the constant map on S'.

We recall that A pair (X, A) consisting of a CW complex X and a subcomplex
A of X is called a CW pair.

Now we move to the homotopy extension property of a given CW pair. For
more insight, we refer the reader to [27] or [25].

Definition 3.1.5 (Homotopy Extension Property). A CW pair (X, A) has
the homotopy extension property if, for a homotopy fi: A — Y and a map Fy: X —
Y s.t. Fola = fo, there exists an extension of Fy to a homotopy Fy;: X — Y s.t.

FtlA = ft~

The following proposition gives a necessary and sufficient condition for a CW
pair to have the homotopy extension property.

Proposition 3.1.7. A CW pair (X, A) has the homotopy extension property if
and only if X x {0} U A x I is a retract of X x I.

Proof. See |27, P. 532]. O

Lemma 3.1.8. The subspace (B™ x {0}) U (S"! x [0,1]) is a strong deformation
retract of B™ x [0, 1].

Proof. See also [25, P. 25]. O

The following theorem also known as the Homotopy Extension Theorem together
with Proposition 3.1.7 tells us that every CW pair has the homotopy extension

property.

Theorem 3.1.9 (Homotopy Extension Theorem). If (X, A) is a CW pair,
then (X x {0}) U (A x I) is a strong deformation retract of X x I.
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Proof. See |25, P. 27|. O

The next proposition is also of importance since it tells us that any quotient
space obtained by collapsing a contractible subspace has the same homotopy type
as the original space.

Proposition 3.1.10. If (X, A) is a CW pair and A is contractible, then the
quotient map X X/A is a homotopy equivalence.

Proof. We need to find a function f: X/A — X s.t. gof ~idx/a and foq ~idx. A
being contractible, we can find a homotopy, F;: X — X, extending the contraction
of A, such that

FO = ZdX, Ft(A) C A and Fl(A) = pt,

where pt € X denotes the point to which A is contracted. We then have the
following facts:

x - 4 x

ql lq qoFy(A) = pt, it therefore factors into X % X /A — X/A

= satisfying go F, = F}, o
X/A F X/A ymg q t = Ly 0q.

x Ly Similarly, since F}(A) = pt, it induces a map
l /’ l f: X/A — X satisfying f oq = F;. Thus, for all [z] €
X/A,
X/A LN X/A qo flx] = qo foq(x) =qo Fy(x) = Fy oq(x) = Fy[x].

We have therefore found the desired function f since,
fogq=F ~Fy=1idy and gqgof=F ~F,= idxa-
]

The fact that the homotopy type of a CW complex does not change if we
subdivide a given cell or apply a deformation retraction is of importance. This is
the content of the following proposition.

Proposition 3.1.11. The homotopy types of CW complexes are left unchanged
under the operations of subdivisions and deformation retraction.

Proof. Tt follows from the facts that: any subdivision of a cell is the composition
of homeomorphisms with the characteristic map of this cell, and hence preserves
the homotopy type; and a deformation retraction is a homotopy equivalence. []

The homotopy of CW complexes is understood, we now move to the next section
of this chapter which is about the homology of CW complexes.
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3.2 The homology groups of CW com-
plexes

The computation of the homology groups of the CW complex is of great importance
since it gives the Betti numbers of the complex, these being the dimensions of
the homology groups. The Betti numbers denoted b;’s also give a topological
insight since each b; is understood as the number of i-dimensional “holes” that the
complex has. Just as in the theory of simplicial complexes, there are two ways
to compute the homology groups of CW complexes, one way is using singular
homology while the other is cellular homology. We recall that singular homology
on a given topological space X, see [17], is based on the fact that, the standard
simplex is mapped to the space by some continuous function, but it will not be
of our interest, we will only recall what is more appropriate to our work, which is
cellular homology.

We will start with an insight about how orientations of CW complexes are
carried out, then we give the definition of cellular homology. Here we mostly follow
[25] and [27] where the reader can find all the proofs of the statements made.

Orientations of CW complexes

A very important notion in orienting a CW complex is that of the degree of a
map. We talk of orientation of CW complexes for simplicity, but in fact we look at
local orientations, that is, each individual cell is oriented. Thus, before we show
how the orientation of a cell is carried out, we first recall the notion of the degree
of a map defined from S™ to S™ along with some of its properties.

Degree of a map S" — §”

For a map f: S™ — S”, the degree of f is the number of times that f wraps S"
around itself. For each such map f, we have that f.: HS(S") — H(S"), where H®
denotes the singular homology, is a homomorphism from an infinite cyclic group to
itself. In this case, the degree of f, denoted deg f, is the integer d s.t. f.[z] = d[z].
We have the following facts for n > 1.

Proposition 3.2.1. (i) The degree of the identity map is 1, since Idsn, =

(ii) If f is not surjective, deg f=0.

(131) If f ~ g then deg f= deg g.
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(iv) deg fog= deg f deg g.
(v) If f is a homotopy equivalence, deg f = +1.
(vi) If [ is a reflection of S, def f = —1.
(vit) The antipodal map S™ — S"™, x — —z, has degree (—1)"*1.
(viii) If f has no fized points, it has degree (—1)"*1.
Proof. See |27, P. 134]. O

In the next theorem, we see that for two maps from S™ to S™ to be homotopic,
they must have the same degree and vice versa.

Theorem 3.2.2 (Brouwer-Hopf). Two maps from S™ to S™ are homotopic if
and only if they have the same degree.

We recall that all the topological boundary elements of a cell are called its faces
and the co-dimension one faces are called facets.

Let e be a cell, an orientation on this cell is determined by its characteristic
map, say .. This means that an orientation is chosen on the respective disc D"
for which ¢, : D™ — (™. This orientation is then mapped to ™ via ¢. Recall that
a characteristic map for el can also be understood as a map ¢,: (D", S"1) —
(&, tre(M). This then induces a homeomorphism ¢': D"/Sr=1 — &™) /gtorg(n).
We also know that the map h,: D"/S""! — S" is a homeomorphism. Thus,
if ¢, and ¢, are two characteristic maps for the cell e, the homeomorphism
H = hyo(py) topjoh t: S* — S™ has degree £1. This follows from the fact that
any homeomorphism is a homotopy equivalence and any homotopy equivalence has
degree £1. The following is found in [25, P. 52].

Definition 3.2.1. Two characteristic maps @1 and @ for a given cell are
equivalent if and only if the corresponding map H has degree 1.

The equivalence of characteristic maps is an equivalence relation. Since the
homeomorphism H can only have degree +1. The content of the following
proposition is about the orientations of cells.

Proposition 3.2.3. Fach cell has exactly two orientations, one denoted by +
and the other by —. If a given characteristic map ¢ determines one orientation,
then @ o r determines the other, where, r: (D",S"') — (D",S"1) is such that
r(zy, - xn) = (—x1, 29, Ty).

Proof. See [25, P. 53]. O
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Thus, two characteristic maps belong to the same equivalence class if and only
if they yield the same orientation on the cell. This means that there are only 2
equivalence classes, one for which degH = +1 and the other for which degH = —1.

Let us consider each of the cells given in Figure 3.2 from which we want to
construct a ball of dimension 3. Each of them is given an orientation, and we would
like to show how these orientations will induce orientations on each of their faces.
This is crucial when determining the incidence number, see Definition 3.2.3 below,
between two cells ¢ and 7 with ¢ < 7. This incidence number is roughly speaking
the number of times that 7 (along its boundary) is wrapped around o, taking the
induced orientation from 7 onto ¢ into consideration.

e® ef? es)
T3 i) 4
i) e e(o)
N °
> < — +
1 T1 L1
Figure 3.2: Initial orientation for each cell.
It should be noted that if we have an orientation
on a given n-cell determined by coordinates
RS x1, - ,T,, the induced orientation on its facets
e® is determined in the following way: we consider
the first coordinate x; to be an outer normal to
2 2 . . .
s el? the tangent space of the inverse image of this

facet under the characteristic map of the n-cell.
Then we take the remaining coordinates, that is
Y1 i= To,  ,Yn_1 := Tn, to generate the induced
. orientation on the inverse image of that facet (under
0) the characteristic map of the n-cell). Mapping this
orientation back the to facet using the characteristic
Figure 3.3: Constructed CW map of the n-cell gives us an induced orientation on
the facet. This is always possible since the image of
the closed disc under the characteristic map is the
closed cell, which is the cell together with all its faces.
The case of an edge is already shown in the Figure 3.2, in the sense that we use
the convention that if a vertex has the arrow of the orientation coming towards it,

complex.
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we give it a + sign; if not then a — sign.

One then easily sees that after gluing everything together, see Figure 3.3,
e®) will have two induced orientations from e(": one being + and the other
—. So that the incidence number of e and e(®, denoted [e™ : e®], will be
[e) : e®] = +1 — 1 = 0. The other incidence numbers are illustrated in Figure
3.4, where, the induced orientation from e® on 652) and the initial orientation of
e'? coincide and the same applies to e5”. This yields [e® : ] =1 = [¢®) : e{?)].
The induced orientation from eéz) on e(!) coincides with the initial orientation on
e, whereas the one induced from 652) does not, this gives [ef) ceW] =1 and
[ e®] = -1

We shall see later on, when we define cellular homology, that with these incidence
numbers the square of the boundary operator is zero as expected.

2 2
e®) ef? s
Y2 ‘= T3 Y2 ‘= T3 Yw'= T2 Y1 ‘=42
I 2 [ y1 = A \{ A
T [ 4 1 1
Ll o> L--> <«==4d
X1 1 T

Figure 3.4: The orientation of a cell induces an orientation on each of its faces.

Remark 3.2.1. For each cell e, the above procedure is applied to the n-disc
and then mapped to e™ via the its characteristic map ¢. To get the induced
orientation of a facet of (™, one uses the fact that p(D") = ™.

In the case of simplicial complexes, the orientation is easily determined by a
given order of the vertices, this is explained in the following remark.

Remark 3.2.2. Orientation of simplicial complexes:

Let 0 = {vg,v1, -+ ,vq} be a d-simplex, there are (d 4+ 1)! ways of ordering its
vertices, and an orientation of a simplex is determined by ordering its vertices.

A permutation is said to be even if it consists of an even number of transpositions.
We will say that two orderings are equivalent if they differ by an even permutation.
This defines an equivalence relation on the set of orderings of . There are exactly
two equivalence classes for each o, each of which is called an orientation of o, one
corresponds to 4+ and the other to —.
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The consistency of the orientation of a simplicial complex is such that, if for
1 =1,2, 0, < 17 and v < oy, then the orientations on v induced by the induced
orientation of T on o1 and oy are different.

We also know from the definition of a polytope (since a simplex is also a
polytope) that if v*=2 and 7*® are incident there will always exist o; and o5,
01 # 09 such that v < g; < 7, for i =1, 2.

v Ul
°

[U] [017 U2] [017 Vg, U3 [U4, U1, V2, U3]

Figure 3.5: The orientation of a simplex induces an orientation on each of its faces.

From Figure 3.5, we see that the edge {v;,v2} has two different induced
orientations, vy, vs] and [vg, v1], with respect to the oriented triangles [vy, vq, v3]
and [vy, vg, v1] respectively. Note that the orientations in this case are given by the
natural boundary operator on simplicial complexes (see Definition 3.2.5 below).
On this note we move to the next subsection which is about cellular homology.

Cellular homology

We can now give the definition of cellular homology but first, we need to recall
some facts about singular homology, see [17] for more details.

We recall that for a subspace A of a topological space X, one has the short
exact sequence:

0— Cu(A) = Cu(X) = C(X)/CL(A) = 0,

where C,(A) denotes the singular chains on A and C,(X) denote the singular chains
on X. From this, one defines the relative singular homology groups over a principal
ideal domain R (or a commutative Ring)

Hy (X, A;R) = H; (Cu(X)/C.(A); R), forn=0,1,---

In the sequel, when we write H°(X) we mean H*(X; R).
Recall that if we have a CW complex X, X™ /X ™=1 is homotopy equivalent
to Agean S™, where A" is the index set of the n-cells of our CW complex X. This is
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equivalent to saying that HJ (X, X"~ is isomorphic to @, 4. HS (D", S"1).
Some properties of singular homology are given in the following proposition.

In what follows, R is a principal ideal domain.
Proposition 3.2.4. (i) H;?(HaeA Xo; R) >~ P, 4 H)(Xa; R).
(i7) For 2 <k <n,

HY (D", S"'; R)

I

Hlil(Snﬂ; R)

R fork=n
0 fork #n.

(iii) The map i: X™ < X induces an isomorphism i,: Hy(X™) — H(X).

(iv)

HY (XM, X0D; R)

1%

0 fork #n
P, B fork=n.

We can now give the definitions of cellular homology both from the abstract
point of view and the geometric one. We are mostly following [25]. It should be
noted that for both versions of the boundary operator, we only provide the proof
in the abstract case .

Abstract cellular homology

The abstract theory of cellular homology uses that of singular homology. By
abstract, we mean that no effect of orientation whatsoever is of importance to this
way of defining cellular homology.

Define the chain complex C,,(X; R) := H5(X™ X®=1: R). From the previous
proposition it is a free R-module and its elements are called the cellular chains in
X over R.

Proposition 3.2.5. (i) C,(X;R) = D.can R

(i1) Co(X;R) 2 @, epn HE (X, 0'7el; R).
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Proof. 1t follows from the previous proposition and the previous assertions in the
sense that,
HS (X0 X0y = @, HS (D" S"7Y) = @, 4 HS (B, 07, 0

We recall that in general for a pair (X, A) we have the long exact sequence
o HE(A) S HE(X) I HE (X, A) 25 HE (A) & -
s HS(A) S HS(X) 5 HS (X, A) = 0 (3.1)

where,
0, is the “connecting homomorphism” defined by: it maps a relative cycle [z] €
HZ(X,A) = HZ(C(X)/C(A)) to its boundary which is a cycle in A, that is,

0. ([2]) = [02].

J« maps a cycle [y] € H (X) to a cycle whose boundary is in A, thus,

Now if we consider the triple (X ™, X~ X (=2} we can extract the following:
HH(X™, X070) 25 1T (XO70) 25 1y (X070, X072) &5 1, (X 0)(3.2)

The cellular boundary operator is defined as the composition j, o 0, more precisely
we have the following definition.

Definition 3.2.2. The cellular boundary operator, denoted O, is defined to be
the composition of the two following maps:

HS(X("),X("—U) 8_*> H;?,l(X("_l)) J_> Hs,l(X("_l),X("_Q))_
That is, j.o 0, :=05: Cp(X; R) — C_1(X; R).

The next proposition establishes the fact that the square of the cellular boundary
operator is zero.

Proposition 3.2.6. 0°00°=0.
Proof. Using (3.2), we have
872—1 © a’fl/ = (j*,nf2 © a*,nfl) o (j*,nfl © a*,n)a

but O, 1 0 jum_1 = 0, indeed: for [y] € HS (XD, j.[v] = [7], where, Oy €
X =2 Thus,
a>k,n—1 Oj*,n—l[’y] = 8*,71—1[7] = [8’7] = 0.
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Proposition 3.2.6 tells us that the family {C,(X; R), 05} is a free chain complex
over R. We now show how the same result can be achieved when dealing with the
geometric viewpoint of cellular homology.

Geometric cellular homology

The geometric viewpoint of cellular homology is based on the fact that all
the cells are oriented and the free R-modules are spanned by the oriented cells
of the appropriate dimensions. Thus, let X be a CW complex in which each cell
is endowed with an orientation (called initial orientation), and C,,(X; R) the free
R-module generated by the oriented n-cells of X.

As a formal definition for [r™ : ¢(®~Y] we have the following: it is the degree
of the compositions of the attaching map of 7 and the quotient map that collapses
X®=1\ & into a point. Indeed, we have the following diagram:

gn—1 X(n—l) gn—1

e 2 L ]

OrF —— X0V /(X0 — o) P 5 /(9"05) - D[S

Definition 3.2.3. The incidence number [T : 0] is equal to the degree of the map
Rp_q0 gpf;l oh to(iog)op,: St — S

Note that all the above maps, with the exception of ¢, and i o ¢, are obviously

homeomorphisms. Also, ¢/ is the homeomorphism induced by the characteristic
map of o.
Remark 3.2.3. If a given cell 5V is not in the topological boundary of 7,
then from Definition 3.2.3, the corresponding map S*~! — S"~! for & will not be
surjective. This will then imply that it will be a map homotopic to a constant map,
and will therefore have degree 0.

Definition 3.2.4 (Cellular boundary operator). The cellular boundary
operator, 05 : Cp(X; R) = Cp_1(X; R), is given by:

8,01(7'(”)) = Z[T(") : a("*l)]a("*l). (3.3)

o<T
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Roughly speaking, the definition given by (3.3) means that the cellular boundary
operator of a given cell is the sum of its co-dimension one topological boundary
elements (also called facets) counted with their multiplicity and also taking their
orientations into account. This sum only contains finitely many elements since the
attaching map of 7 has compact image hence it can only intersect a finite number
of cells of dimension n — 1.

Remark 3.2.4. We recall that the CW complex is endowed with an orientation
in the sense that, each of its cells is given an orientation called initial orientation.
In the process of finding the cellular boundary of a given cell, its orientation will
induce some orientations on its facets. If for a given cell this induced orientation
coincides with its initial orientation, this cell appears with the sign + ; if not, then
it appears with the sign —.

Thus a chain ¢ € C,(X; R) can be written as

c:= Z coel™,

aceAn

where A" indexes the n-cells, and only finitely many of the ¢,’s are non zero.
Similarly, ¢ x I =", o€ x I) € Coi1(X x I; R), see [25, P. 63] or [10].
Now we emphasize on the fact that in the case of a simplicial complex K, the
definition of the natural boundary operator of an oriented simplex is given in a
simple form.
Let Cy(K; R) be the free R-module generated by the oriented d-simplices of K.

Definition 3.2.5. The natural boundary operator is the linear function defined

for each oriented d-simplex o by: 04 : Ca(K; R) — Cy_1(K; R),

ad<0-) = ad[U07U17"' 7Ud] = Z(—1>i[UO,U1,"' 7qj’i7"' ,Ud],

where the U; means that the vertex v; 1s omitted.

Note: The boundary operator allows the oriented simplex to induce an
orientation on its faces as shown in Figure 3.5.

The square of this boundary operator is also zero as seen in the following
theorem.

Theorem 3.2.7.

0dod=0.
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Proof.

)

d
Oa1004(0) = O (D (=)' vovn,e - G v
=0

— Z (=1 (=1) v, -+, Giy -+, 0y, vd]
0<i<j<d—1

+ Z (=1 (=1) v, -+, Ty, 1 Gs, -+ 0]

0<j<i<d

-1

7

(_1)i+j [007... Uy Uiy 7Ud]

(_1)i+j—1 [U07... iy Uy ,Ud}

M- 1

j=i+1

<

I
e

]

In the sequel, when we write H(X) we mean H(X; R).

We have a similar result as in singular homology about the fact that every
cellular map has an induced chain map. It turns out that unlike for simplicial maps
(which map simplices to simplices), the cellular maps just need to map skeletons to
skeletons of the same dimension, rather than mapping cells to cells.

Definition 3.2.6. A map [ from two CW complezes X andY is a cellular map
if f(X™) Y™, forall n > 0.

The following definition then applies to both the geometric and abstract
viewpoint of cellular homology and it is shown later that cellular homology coincides
with singular homology (see also [27]).

Definition 3.2.7. The cellular homology groups are given by:
Hy(X) :=ker0;;/im 0, for allk =0,1,---n.
Theorem 3.2.8.
Hy(X) ~ HZ(X), forall k=0,1,---n.
Proof. Using (3.2), the fact that j.,—1 0 0., = 05 and j, is injective, we have:

ker 0, = ker 0°.
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The First Isomorphism Theorem [26] and [15] yields
im O, i1/ ker fupy ZiM(fur 0 Osy1) and  H(X™)/ker j,, = im j, .,
but
kerj, =0, 1im(jipn0Oipny1) =ima,,;, and imj,, = kerd,,.

Thus,
HI(X™) /im0, 1 =2 ker 5 /im e, |,

and the result follows since H(X) can be identified with
HS(X™)/im O, 11 O

Proposition 3.2.9. If {C,,(X), 05} and {C,(Y'), 0/} are the free chain complexes
for the cell complexes X and Y respectively, then every cellular map f: X —Y
induces a chain map fy : Cp(X) = C,(Y), that is, 0if o fy = fy005.

Let us denote an element e in X by e\, and an element ¢! in Y by e%.
In fact, the chain map f; is given by:

R = 30 1 el efley),
ey <f(ei2)
where [f : e% ; e;fbﬁ)], called the mapping degree of f with respect to e&’?& and e@(,’}{,

is the number of times that f maps e(;fc), onto e%, and is formally defined as the

following;:

£

l |

;Dt n —(n fl; n h —(n —(n
DSt 5 (0 E) 5 V(Y = ) 7 /(0

lhn %,ﬂT

Sn Sn - Dn/Sn— 1

Definition 3.2.8. The number [f: eyfg‘ : e;nﬁ)] is the degree of the map

h,, o gpéﬁ_l o h;}; o ;,6 o 4,0;/,7(1 ohl:S" 5§

n

Note that f 5 is the map induced by the cellular map f.
We now give some properties of cellular homology in the next subsection.



56 3 The Topology of CW complexes

Some properties of cellular homology

Here, we just present some of the properties of cellular homology among those
that are known from singular homology. For the proofs, we refer the reader to [17],
[12], |25] and [27]. We mostly present the proofs for those related to the question
of homotopy equivalence.

Let X be a CW complex, and R a commutative Ring.

Proposition 3.2.10. H,(X;R) =0 forn>dimX.

Proof. Follows from the fact that if & = dim X, we have Cj;(X,R) = 0 for
[>1. [l

Lemma 3.2.11. Hy(X® XD s zero for k # n and is free abelian for k =n
with a basis in one to one correspondence with the n-cells of X .

Proof. See |27, P. 173]. O
Proposition 3.2.12. If X is path connected, then Ho(X;R) = R.

Proposition 3.2.13. If X s of finite type, and R is a Principal Ideal Domain,
then H,(X; R) is finitely generated for each n.

We give some examples of homology groups for the most commonly used spaces.

Example 3.2.1.

I

7207 fork=1 "

7 for k=0,n
0 else

{Z for k = 0,2

7Z for k=0and &k =n odd
H,(RP™":Z) =<K Zy forkodd, 0<k<n )

0 else

Z fork=0,2,4,---,2
Hk(CPn, Z) ~ or ) Sy Xy , 4l
0 else.
The following proposition establishes the relation between the homology groups
of a pair (X, A) and those of the quotient X/A. For the proof, see [25, P. 66].
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Proposition 3.2.14.

M¢W&R>2{HMKAﬂw@R =0

H,(X, A R) ifn # 0.

Example 3.2.2.

Z fork=n Z for k=0,n
Hy(S", pt; Z) = ,  Hy(S"/pt;Z) =
0 else 0 else.
Hy(T2, S 7) = Z f01r/’<::1,27 Hy(T?/S1:7) =~ Z fork=0,1,2
0 else 0 else.

Proposition 3.2.15. If {C,(X),0¢} and {C,(Y), 0} are the free chain com-
plexes for the cell complezes X and Y respectively, then every cellular map
f: X =Y induces an R-linear map f.: H,(X) — H,(Y), for all n > 0.

The next theorems provide the conditions under which the homology groups of
spaces are isomorphic.

Theorem 3.2.16 (Homotopy Invariance). Given two CW complezes X and
Y, and two homotopic cellular maps, f,g : X — Y, the induced maps on the
homology groups are the same, that is f, = g.

Proof. The proof uses the following fact, see |25, P. 63|, [10, P. 221]:

(™ x [0,1]) = (=1)"(c x {1} — ¢ x {0}) 4+ d(c) x [0, 1].

fv = g« if and only if f.[z] = g.[z] for every [z] € H,(X), thatis, [fi(z)] =
[9¢ ()]

Thus, we need to show that f; — g; = Op,(x), that is, we can find a y s.t.
(fs — g¢)(x) = Oy.
f =~ g implies there exists F': X x [0,1] = Y s.t. F(z,0) = f and F(z,1) = g.
F also extends to a chain map Fj.
OFy(z x [0,1]) = F;0(z x[0,1])
= A((-1"@ x {1} =2 x {0}) + (92) x [0,1])
= (=1)"(g:(z) = filx)),
since [z] € H,(X) = = € Z,(X) that is dz = 0.

So, y = (=1)"*Y(Fy(z x I)). O
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Theorem 3.2.17. The Homology groups are homotopy invariants that is, if X is
homotopy equivalent to Y, then H,(X) = H,(Y), for all n > 0.

Proof. 1t follows from Theorem 3.2.16 in the sense that, X homotopy equivalent
to Y means that, there exist functions f : X - Y and g:Y — X s.t. fog ~idy
and g o f ~ idx. This then implies that f, o g, = idy,(v) and g, o f. = idy,(x)-
Thus f. and g, are inverses of each other, therefore H,(X) = H,(Y). O

Just as it is the case for simplicial complexes, there is also a Euler-Poincaré
formula for CW complexes. Before its statement we recall that the Betti numbers
denoted by, k > 0, of a CW complex are given by the dimensions of the homology
groups, that is,

Theorem 3.2.18 (Euler-Poincaré formula). Let X be a CW complex of
dimension n, and let Cx(X; R) be the free R-module generated by the (oriented)
cells of dimension k, where R is a principal ideal domain. Then

n n

D (=1)Fdim Cr(X) =D (=1)".

k=0 k=0
The proof needs the following lemma:

Lemma 3.2.19. If A, B, C are finitely generated R-modules (R a principal ideal
domain), and the short sequence

08 4l gl ol
is “exact”, that is, im h; = ker h;y1, for i =1,2,3, then dim A+ dimC = dim B.

Proof. The exactness of the short sequence gives: hs injective, that is ker hy = 0;
hs surjective, that is im hs = C'. Also, im hy = Kker h3 and the First Isomorphism
Theorem, see [26] and [15], yields

imhy =2 A/kerhy and imhg = B/ ker hs.
This then gives C' = B/A and the result follows. O

Proof of Euler-Poincaré formula. From the chain complex and the definition
of the homology groups, we have the following two short exact sequences:

0= kerd <> Cp 25 imdf — 0,

0 —imdj,; — kerd; — Hj, — 0.
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Applying Lemma 3.2.19, we have
dim Cy, = dim ker 9; + dim im 0,

dimker 0; = dimim 9; 4 dim Hj,.

Adding the two equations, multiplying by (—1)* and taking the sum over all k from
0 to n yields

n n

> (=1)Fdim G =) "(—1)*(dim Hy, + (dimim 9§ + dimim 95 ,,)).
k=0 k=0

And the result follows using the fact that, when the dimension of the CW complex
is n, imd5 ;= 0. O

We now have all the necessary preliminary tools needed to understand both the
operations on CW complexes as well as their topology. Thus, not only do we know
how cellular homology is computed, we also know exactly what type of operations
preserve or not the homotopy types of CW complexes. We can now recall the
different Morse-related theories in the smooth setting. This is the content of the
next chapter.






4

Morse, Morse-Floer, Morse-
Bott and Conley theories

This chapter is about the smooth theories of Morse and the Morse-related ones,
and how the Poincaré polynomial of a given cell complex can be retrieved using any
one of them which include, Morse theory, Morse-Floer theory, Morse-Bott theory
and (Morse-)Conley theory. In Morse-Floer theory, finding the Betti numbers is
achieved through finding a boundary operator associated to the negative gradient
flow lines of a Morse function. While in Morse theory the critical points have to
be isolated, the scope of Morse-Bott theory is beyond that of Morse theory in the
sense that, it allows functions that admit critical submanifolds and not only critical
points. (Morse-)Conley theory focuses on the isolated critical points together with
their isolating neighborhood as well as their exit set for a given flow (not necessarily
originating from a Morse function), thus it uses the dynamics of flow lines.

Section 4.1 will focus on Morse theory while Section 4.2 is about Morse-Floer
theory and and how the boundary operator is defined counting the negative gradient
flow lines of a Morse function. Finally, in Section 4.3 and Section 4.4, we give the
respective ideas on smooth Morse-Bott theory and smooth (Morse-)Conley theory
respectively.

In this chapter, M denotes a compact smooth finite-dimensional manifold
without boundary.



62 4 Morse, Morse-Floer, Morse-Bott and Conley theories

4.1 Morse theory

In this section we briefly recall the notion of Morse theory, we refer the reader to
[10], [41], and [37].

Whenever we have a Morse function on a given smooth manifold, we can always
construct a CW complex from the critical points of the function, in such a way
that the manifold and the CW complex are homotopy equivalent. Also, the cellular
homology of the CW complex and the singular homology of the manifold are
isomorphic. The Morse inequalities not only provide some upper bounds for the
Betti numbers of the manifold but also ensure that one can always retrieve the
Euler number of the manifold just from the Morse numbers. Let us first recall the
following facts about smooth functions defined on smooth manifolds, see also [31]
and [11].

Let M be a smooth, m-dimensional manifold and f: M — R a smooth function.

A point p is said to be a critical point of f if df, =0, where df,: T,M — R is
the differential of f at p, and T,,M is the tangent space to the manifold at p. Note
that Tf(p)R =R.

Thus, if we take a local chart around p, ¢: U — R™, where U is an open
neighborhood of p, with p(z) = (1, , x,,), we have:

i(fogp_1>(g0(p)) :0 fOI‘ aﬂ j = 1’ , M.
81']‘

The Hessian of f at the critical point p is a symmetric bilinear map
Hy(f): T,M x T,M — R.

Using ¢, the coordinate chart around p, with B lpy - - - ,m|p as a basis for
T,M, we can write the matrix of H,(f) with respect to this basis (with an abuse
of notation) as

9 9

i) = (552 )

The following definition gives the conditions under which a given smooth
function is said to be Morse.

Definition 4.1.1 (Morse function). A smooth function f: M — R is said to
be Morse if all its critical points are nondegenerate, that is, H(f) is nondegenerate
at every critical point.

An important notion needed for the Morse inequalities is the index of a given
critical point of the Morse function.
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Definition 4.1.2 (Index). If p is critical, we define the index of p, denoted
ind(p), to be the dimension of the largest subspace of T,M on which Hy(f) is
negative definite that is the number of negative eigenvalues of the corresponding
matriz.

One of the most important properties about the critical points of a Morse
function is that:

The nondegenerate critical points of a Morse function are isolated.

Example 4.1.1. Figure 4.1a provides an example of a Morse function, the height
function on the sphere. The critical points here are the North and South pole, and
they are nondegenerate. One can check that: the Hessian at IV is nondegenerate
and has 2 negative eigenvalues, so N has index 2; at S the Hessian has no negative
eigenvalues, so S has index 0.

An example of a function which is not Morse would be the one obtained by
taking the square of the height function, see Section 4.3.

xn+ 1 the height function
N
@ - — - - - - - - - - 1
5‘ —————————————————— -1
(a) The height function on S?. (b) Graphical representation on S*.

Figure 4.1: The height function and a graphical representation.

The following theorem establishes the fact that the homotopy types of the
sublevel sets, M":= {z € M | f(x) < t}, changes whenever one crosses a critical
point of the Morse function.

Theorem 4.1.1. Let M be a smooth, finite-dimensional manifold without
boundary, and let f: M — R be a smooth Morse function. Suppose for a <
b, {x € M|a < f(z) < b} := M? is compact and contains no critical point, then
for a <t < b, the sublevel set M' is diffeomorphic to M®, and M is a deformation
retract of M.
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If M? contains one nondegenerate critical point of index k, then M® has the
homotopy type of M® with one k-cell attached, in fact M® deformation retracts into
M® U é*.

Proof. See |7, P. 64]. O

We have the following important theorem for the homotopy type of a CW
complex associated to a Morse function:

Theorem 4.1.2. Let M be a smooth, finite-dimensional manifold without
boundary, and let f: M — R be a smooth Morse function. Then M is homotopy
equivalent to a CW complex with a k-cell for each critical point of f of index k.

Proof. See |7, P. 69]. O

We illustrate this by considering the height function on the torus T? lying
vertically, see Figure 4.2. The critical points are: s of index 0, r of index 1, ¢ of
index 1 and p of index 2.

T — 1
O T h
q 1
S
—_—
R AEETEEEEEEEEEEREE ha
g9 EeasmseassoEassoasso: 0

Figure 4.2: A Morse function.

The critical point s has index 0, and M? = {s}. Thus, for 0 < t5 < hy, M
is homeomorphic to a disc and is homotopy equivalent to a point, that is, M
deformation retracts into M?, see Figure 4.3.
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12

®
S
Mo MO

Figure 4.3: Homotopy equivalence between MY and M.

The critical point r has index 1, and for hy < t; < h;, M" is homotopy
equivalent to S!, in fact, M is homoto%)y equivalent to M with a 1-cell attached
and it deformatlons retracts into MY Ue;’, where the 1-cell is denoted by egl). This

is illustrated in Figure 4.4.

-
L
L @
S S

M*" Moy M ]\40Ue1

Figure 4.4: Homotopy equivalence between M®* and M° U egl).

For the critical point ¢ also of index 1, we have that, for h; <ty <1, M® is
homoto%ay equivalent to S* A S, it is in fact homotopy equivalent to M" with a
1-cell, ey ’, attached and it deformatlon retracts into M"2 U e( ) , see Figure 4.5.

The point p is critical of index 2, and, for t3 = 1, M is homotopy equivalent
to T2, in fact it is homotopy equivalent to M* with a 2-cell, e®, or M" U e,
This is shown in Figure 4.6.

Before going to the next important fact about Morse theory, namely the
Morse inequalities, we give an important lemma which states that, at a given
nondegenerate critical point, a Morse function assumes in a local coordinates chart
a certain canonical form which is helpful in determining the index of that critical
point. For the proof or more insight see [10].
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Figure 4.5: Homotopy equivalence between M?* and M"? U egl).

Lemma 4.1.3 (Morse Lemma). Let f: M — R be a smooth Morse function
and p a nondegenerate critical point of index k. There exists a smooth chart
©: U — R™ around p with p(p) =0 s.t.

(foe ™), am) = f(p) —af — 25 — - —2p + 2hy + o 2y,

We now state the most important theorem of Morse theory namely the Morse
inequalities, see also [35].

Let m; be the number of critical points of index 4, and b; the i Betti number.

Note that to determine the Betti numbers of the manifold, we may triangulate
the manifold to obtain a simplicial complex and compute the homology groups
of this simplicial complex, but one has to prove that these homology groups are
independent of the triangulation. Thus, to avoid the problem of equivalence of
triangulations, one looks at singular homology or cellular homology.

Theorem 4.1.4 (Morse inequalities). For k=0,1,--- n,
(1) (Weak): my > by,

mg—m1+m2—:|: mn:bo—b1+bz—:|: bn:X(M)
(17) (Strong):

me — Mig—1 + Mp—o — ... £ mog > b — b1 + by_o — ... £ by.
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Figure 4.6: Homotopy equivalence between T? and M" U e®.

Since the idea of the proof for the above theorem is the same both in the smooth
and discrete settings, a proof is given in Section 5.2.

We now move to the next part of this chapter which is about Morse-Floer
theory, where, we will see how Floer’s boundary operator is defined.

4.2 Morse-Floer theory

Floer homology is based on the fact that, a boundary operator is defined by counting
the negative gradient flow lines of a Morse function, moving from one critical point
of a given index, going downwards to another one of index difference one. For more
insight see [19], [44], [7] and [31].

We recall, see [31] or [11], that the gradient vector field of a smooth function
f: M — R, where (M, g) is a Riemannian manifold with metric g, denoted Vf, is
the vector field dual to df given by:

gV V)Y =df(V)=V(f), for all vector fields V.

The negative gradient flow lines are given by 7,(t) = ¢;(z), where the local 1-
parameter family of diffeomorphisms ¢;,: M — M is generated by the negative
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gradient vector field of f. That is,

d
50@) = =(V))(e:(2)),
do(x) = =
That is, the negative gradient flow lines between two critical points p and ¢ are

given by:

%v(t) — (=VA(®), lim A({)=p, lim () = q.

t——o0 t——+oo

The unstable manifold of p denoted W*"(p) and the stable manifold of ¢ denoted
W#(q) are given by:

W (p) ={x € M s.t. tl}r_n ¢e(x) =p} and W?(q) ={zr € M s.t. tlirn () = q}-
The space of flow lines between the points p and ¢ is
M(p.q) := W*(p) " W?(q).

The important condition in Floer theory is, the given function should be Morse-
Smale. This is the content of the following definition.

Definition 4.2.1. A Morse function on a finite-dimensional smooth Riemannian
manifold M is said to be Morse-Smale if and only if, for every two critical points
p, of index k, and q of index k — 1, the unstable manifold of p and the stable
manifold of q intersect transversally, that is for all x € M (p, q),

T.M =T, W"p) & T,W*(q).

We have the following, assuming f is Morse-Smale on M with critical points p
and q.

Proposition 4.2.1. If Wu(p) N We(q) # 0 then M(p,q) is an embedded
submanifold of M of dimension ind(p) — ind(q).

Corollary 4.2.2. The index of the critical points of f is strictly decreasing along
the flow lines, that is, if W*(p) N W#(q) # 0 then ind(p) > ind(q).

Thus, whenever f: M — R is a Morse-Smale function, the space of negative
gradient flow lines from a critical point p to another critical point ¢ is of dimension
ind(p) — ind(q). Also, if ind(p)-ind(q)=1, we have that M(p, q) is a submanifold of
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dimension 1. Note that R acts on the set of flow lines M (p, ¢) by translations, so
that the space
M(z,y) = M(z,y)/R

is a compact manifold of dimension ind(p)—ind(q)—1, hence zero-dimensional, that
is, it consists of a finite number of elements which are just the flow lines from p to
q. Floer’s boundary operator counts the number of flow lines between two critical
points of index difference 1 (there are finitely many of them).

We can now give the definition of Floer’s boundary operator. Let Cy(M; R) be
the free R-module generated by the critical points of index k, over a principal ideal
domain R.

Definition 4.2.2 (Floer). The boundary operator 0),: Cp(M; R) — Cy_1(M: R)
s given by:

op)= >, nlpag

ind(q)=ind(p)—1
where n(p, q) is the number of flow lines between p and q.

This sum can either be taken modulo 2 (in Z,) that is n(p, q) is either 0 or 1, or
in Z. For Floer’s theory in Z, one needs to consider orientable manifolds and the
notion of orientation of the flow lines, for more details on this refer to [141] or [7].

We have the following theorem establishing the fact that the square of the
boundary operator defined above is zero.

Theorem 4.2.3 (Floer).
000 =0.

The main idea behind this theorem is the fact that (see [32], [14], [19], [31]),

the broken trajectories, that is, the trajectories from the critical points of index
k to those of index k — 2 via the critical points of index k — 1, always occur in pairs.
And each of these broken trajectories is the limit of an infinite number of unbroken
ones.

Define the Betti numbers to be
bi = dim ( ker 81/ im 8i+1) .

We illustrate how to compute 0 in Zs, using Figure 4.7. Where, we consider a
Morse function (the height function) on a deformed sphere, and have that N; and
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N5 both have index 2, ¢ has index 1 and S has index 0 since it is the minimum.
The action of the boundary operator is given by:

Ny N

ON1 = q = ONy;
dg=S+S5=25=0;
0S = 0;

q thus,

kerdp = (S), imd; = 0;

ker 0; = (¢q) = im Oy;

ker(92:<N1+Ng), 1Hl83:0

One checks easily that 0 o 9 = 0,
S and also, the corresponding Betti

numbers, by = 1; by = 0; and

Figure 4.7: Flow lines on a deformed by = 1, are the right ones.

sphere.

Now, if instead of having isolated critical points a given function admits critical
manifolds, this brings us to the generalization of Morse theory that is Morse-Bott
theory.

4.3 Morse-Bott theory

We now consider functions whose set of critical points are not discrete set of points
but rather smooth manifolds. This is the idea behind Morse-Bott theory, see [3],
[9] and [7]. The Poincaré polynomial of the manifold is retrieved by adding those
of the critical submanifolds taking their respective indices into account, up to some
correction term.

Consider for example a torus lying horizontally on a plane, and the height
function defined on it, see Figure 4.8. The critical sets are the two circles C; and
Cs, one of which is mapped to the maximum and the other to the minimum.

Now, let M be a differentiable manifold and suppose f is a smooth function
on M whose critical set contains a submanifold C' of dimension greater than zero.
Pick a Riemannian metric g on M (this is possible since M is a smooth manifold,
see [31]) and use it to split T, M|¢ as

T.M¢ = T.C & v.C,

where T,C' is the tangent space of C' and v,C' is the normal bundle of C.
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Figure 4.8: A Morse-Bott function.

Let pe C, VeT,C,and W € T,M, and let H,(f) be the Hessian of f at p.
We have:

Hy(f)(V, W) = V(W()(p) = V,(W(f)) =0.

Since V,, € T,,C and any vector field W which is an extension of W will satisfy
df(W)w = 0. Indeed, p critical implies that df,(V) = (V(f))(p) = 9(Vf,V)(p) =
0 for every V € T,M. Thus, va(f‘C) = 0, which implies H,(f) =0 on 7,,C.

Since the Hessian is symmetric in V' and W, H,(f) induces a symmetric bilinear
form, H}(f), on 1,C. Because the Hessian vanishes on the tangential component,
we define a Morse-Bott function to be one for which the Hessian restricted to
the normal component satisfies the Morse conditions. This is the content of the
following definition.

Definition 4.3.1 (Morse-Bott function). Let M be a smooth manifold. A
smooth function f: M — R is said to be a Morse-Bott function if and only if, the set
of critical points of f, Cr(f), is a disjoint union of connected submanifolds, and for
each connected submanifold C' C Cr(f), the bilinear form H}(f) is nondegenerate
for all p e C.

Example 4.3.1. 1) Every Morse function f: M — R is Morse-Bott since,
C; = p;, has dimension 0 so that, T.Mc, = v.C; and Hp(f) = H",,(f)
is nondegenerate for all p; € Cr(f).

2) The example given in Figure 4.8 is a Morse-Bott function.

3) Every constant function f: M — R, f = cis a Morse-Bott function, here
Cr(f) =M and v, M = {0}.

4) The square of the height function defined on a sphere is also a Morse-Bott
function, see Figure 4.9a. The critical points are the North pole N and South
pole S, and the critical submanifold is the Equator E. To be able to visualize
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what really happens in this case, we have a look at the graph of this function,
the simplest situation is when we consider S!, see Figure 4.9b.

xn+ 1 square of the height function
N
@ ——--—- - - - 1
S shcoooooooooooood 1
S
(a) A Morse-Bott function on S2. (b) Graphical representation on S*.

Figure 4.9: The square of the height function and a graphical representation.

Theorem 4.3.1 (Morse-Bott Lemma). Let f be a Morse-Bott function, and
C C Cr(f) a connected component. For any p € C, there is a local chart around p
and a local splitting v,.C = v} C @ v, C, identifying a point x € M in its domain
to (u,v,w), where u € C,v € v;C and w € v} C, such that within this chart f
assumes the form

fla) = flu,v,w) = f(C) = o + |w]*.

Theorem 4.3.1 tells us that there is a well defined Morse-Bott index A\¢ € Z
for each C, this is the content of the following definition.

Definition 4.3.2. Let M be a smooth, finite-dimensional manifold and let
f: M — R be Morse-Bott. Let C C Cr(f). For anyp € C, let\, be the
index of p, that is, the number of negative eigenvalues of HY(f). The Morse-
Bott Lemma, see also [7], establishes the fact that X, is locally constant. The
connectedness of C tells us that A, is constant in C. Define the index of C' to be
Ac = Ap.

Note that since the Hessian on C' vanishes on the tangential component, the
integer A, is the dimension of the normal bundle v,C .

We now state the analogue in this setting of the Morse inequalities, namely the
Morse-Bott inequalities.

Theorem 4.3.2 (Morse-Bott inequalities). Let M be a smooth, finite-
dimensional manifold and f: M — R be Morse-Bott. Assume that all critical
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submanifolds of f are orientable. Then there exists a polynomial R(t) with
nonnegative integer coefficients such that

MBy(f) = B(M) + (1 +t)R(t),

where,
MBy(f) = 22:1 PBi(C))tY is the Morse-Bott polynomial of f, and
Pi(M) = >, b;t" is the Poincaré polynomial of M.

The version involving non-orientable submanifolds can be found in [1].

Example 4.3.2. 1) If f is the constant function, then Cr(f) = M, meaning
that M B,(f) = P,(M) and therefore R(t) = 0.

2) If f is the square of the height function given in Figure 4.9a, then the critical
submanifolds of f are given by S, N and E. The points .S and N have index n
while E has index 0, since it is the minimum. So, M By(f) = P(E) +t"+t" =
PSP +2t" = 1+t 4 2t7; P(S") =1+t Thus, R(t)=t""L

3) Consider the height function on the torus T? lying horizontally on a plane,
(see Figure 4.8) then the circles C; and Cy are the critical submanifolds, C
has Morse-Bott index 0, while Cy has Morse-Bott index 1. We then have
Bi(C1) = P(Cy) = 1+1t; P(T?) =1+2t+t% MB,(f) =1+t+ (1+ 1)t
Hence, R(t) =0.

Morse theory and Morse-Bott theory need the constraint of having some specific
functions defined on a given manifold in order to study its topology. A less
constrained dynamics-related theory, more general than the above two, and which
also studies the topology of manifolds is Conley theory.

4.4 Conley theory

Conley theory uses the idea of exit sets and isolating neighborhoods of isolated
invariant sets to derive the Euler number of the manifold at hand. Thus we consider
our manifold with a given flow on it, this flow need not originate from some Morse
function. The idea behind Conley theory is that the topology of the given space and
the qualitative properties of the dynamical system that defines the flow lines are
encoded in the isolated invariant sets. One obtains the Poincaré polynomial of the
manifold by summing up those of the index pairs (the pair isolating neighborhood
and exit set) of the isolated invariant sets up to some correction term. In particular,
the Euler number of the manifold is then obtained by summing for all isolated
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invariant sets, the alternating sums of the dimensions of the homology groups of
the index pairs. For more insight see also [32], [39] and [12].

We recall that here we also use the negative gradient flow lines generated by a
given function, and let us denote by ¢; the generated flow.

For a given set N C M, we define

I(N) := {z € N|&(R,z) C N},

that is, the set of points in N that remain in /N at all times under the flow.

N is said to be invariant if /(N) = N. Thus a set N is said to be an invariant
set if the set of all points in NV that remain in N for all positive and negative times
under the flow, is equal to N.

A set I is an isolated invariant set if it is invariant (w.r.t. the flow) and
has a compact neighborhood that contains no other invariant sets besides I. Such
a neighborhood will be called an isolating neighborhood for I. We have the
following;:

Definition 4.4.1. A pair (N, E) of compact sets is called an index pair for an
1solated invariant set I if:

i) N\ E is an isolating neighborhood of I with E NI = (;
it) if v € E and ¢([0,t],z) C N, then ¢([0,t],2) C E;

iti) if © € N and ¢(x) ¢ N for some t > 0, then there exists to € [0,t) with
#([0,t0], ) C N and ¢y, (x) € E.

Thus E is the exit set for the flow from /. That is, the flow cannot return to N
from E and the flow leaving N has to pass through E.

Definition 4.4.2. The topological Conley index of an isolated invariant set
I is the homotopy type of N/E and the homological Conley index of I is the
polynomial

Cy(I) =) dim Hy(N, E; Z)t*.
k

A Morse decomposition of a compact invariant set S is a finite collection of
disjoint compact invariant subsets Sy, --- , S, of S (called Morse sets) that permit
an admissible ordering, that is, for y € S\ J;_, Si, there exist 7, j, i < j with
a(y) C S;, w(y) C S;, where

aly) = (y((=00,1)) and w(y) := (y((t, +0))

teR teR
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are the assymptotic limit sets, see [32] for a detailed definition. The smallest
Morse decomposition of a given manifold (compact invariant set) M is given by
the collection of critical points of the Morse function on M. The ordering is such
that the initial point of a flow line has a smaller index than the final point.

Theorem 4.4.1. Let Ii,--- I, be isolated invariant sets that form a Morse
decomposition for a given flow on a manifold M, then there exists R(t), a polynomial
in t with nonnegative coefficients, such that

> Ci(l;) = P(M) + (L +t)R(t). (4.1)

Figure 4.10: Critical points with their respective exit sets.

Example 4.4.1. We illustrate this using Figure 4.7, where for each critical
point of the given (Morse) function (height function), we determine its isolating
neighborhood and exit set. Note that we use the negative gradient flow lines. The
resulting figure is given by Figure 4.10, where the exit sets for the different isolated
invariant sets are highlighted in green.

The index pair for N is given by: the isolating neighborhood is any disc around
N7 and the exit set is the boundary of the chosen disc represented by the green
circle in the figure. So we have as index pair (D, 9'?D) also equivalent to (S?, pt).
So its contribution in (4.1) is t*. We get the same contribution from N.
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If we consider ¢, as isolating neighborhood we have a rectangle, and as exit set
we have two opposite sides of the rectangle. This is equivalent to having an interval
where its sides are the exit sets, that is (S, pt) therefore contributes with .

The minimum point S has any disc around it to be its isolating neighborhood
but an empty exit set, so its index pair is of the form (D, ) which is equivalent to
(pt, D), thus contributes with 1.

We then have that 2t% + ¢ + 1 is the polynomial of M ~S? Py(S?) =t*+1,
so that R(t) =t. Setting t = —1 yields 2—1+1=2= x(M).

After recalling all of the theories needed in studying the topology of manifolds,
we now move to the next chapter which is about their discrete analogues.



5

Discrete Morse, Morse-Floer,
Morse-Bott and Conley theo-
ries

This chapter focuses on the discrete analogues of the theories of Morse and the
Morse-related ones. Analogously as in the smooth case, the Poincaré polynomial of
a given cell complex can be retrieved using any one of the discrete analogues of
Morse theory, Morse-Floer theory, Morse-Bott theory and (Morse-)Conley theory.
A discrete Morse function is one that locally increases in dimension except possibly
in one direction. In discrete Morse-Floer theory, finding the Betti numbers is
achieved through finding a boundary operator associated to the combinatorial
vector field of a discrete Morse function. In discrete Morse theory at most two
connected cells can have the same value, and one has critical cells. The scope of
our discrete Morse-Bott theory is beyond that of discrete Morse theory in the sense
that, the discrete Morse-Bott function is discrete Morse except on some maximal
collection of cells, where each cell has the same value and for which the union of
the closure of the cells is connected. Also, one has critical collection of cells, that
we call reduced collections. The discrete Morse-Bott inequalities are expressed in
terms of the Poincaré polynomial of some of the reduced collections and that of
the cell complex under consideration. Our discrete Conley theory uses some of the
reduced collections of the discrete Morse-Bott function as isolated invariant sets.

Section 5.1 will focus on recalling discrete Morse theory. Section 5.2 focuses on
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the analogue of Morse-Floer theory in the discrete setting. Finally in Section 5.3
and Section 5.4, we give our versions of discrete Morse-Bott theory and discrete
Morse-Bott-Conley theory, respectively.

5.1 Discrete Morse theory

The focal point of this section is Morse theory in the discrete setting. That is, we
give the definition of a discrete Morse function, discuss its critical points as well as
their indices, and the desired Morse inequalities. We also refer the reader to [20]
and [21].

Roughly speaking, a discrete Morse function is a function defined on a cell
complex, assigning a real value to each cell, with the condition that it should be
locally increasing in dimension except possibly in one direction. That is, each
cell should have a function value greater than the function values of its facets,
except for at most one of them. Also, using the discrete analogue of sublevel sets
of a function, which are the level subcomplexes, we have a homotopy equivalence
between two level subcomplexes not containing any critical cell; and if there is a
critical cell, we need to attach a cell of the same dimension.

Let K be a finite CW complex. We recall that all the topological boundary
elements of a cell are called its faces and the co-dimension one faces are called
facets. For a set A, we denote the cardinality of A by $A.

Definition 5.1.1 (Discrete Morse function). A function f: K — R is a
discrete Morse function if, for all o® €K,

for all T s.t. o is an irregular face of 7, f(o) < f(7);
Un(o) := {7 V) | ¢ is a regular facet of T and f(7) < f(0)} <1,

and

for allv s.t. v is an irreqular face of o, f(v) < f(0o);

Dn(o) = t{v* V| v is a reqular facet of o and f(v) > f(o)} < 1.
Equivalently,

(1) if 1 >0 and T > 0, T # T or T = Ty and o is an irreqular facet of T,

then f(o) < max{f(m), f(2)},

(17) if 1 <o and vy < 0, V1 # vy or vy = vy and vy is an irregular facet of o,

then f(o) > min{f (1), f(v2)}.
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Definition 5.1.2 (Discrete Witten-Morse function). A function f: K — R
is a discrete Witten-Morse function if for all o® € K,

(1) whenever T4 > o and 7o > o satisfy T # T2, or 71 = Ty and o is an irreqular

facet of 71, then f(o) < avg{f(m), f(12)},

(17) whenever vy < o and vy < o satisfy vy # Ve, or v = vy and vy 1S an
irreqular facet of o, then f(o) > avg{f(v1), f(ra)}.

Definition 5.1.3 (Flat Witten-Morse function). A discrete Witten-Morse
function f: K — R is said to be flat if for all o® €K,

(1) whenever 1 > o and T > o satisfy 7 # T2 then f(o) < min{f(m), f(m2)},
(17) whenever vy < o and vy < o satisfy vy # vy then f(o) > max{f(v1), f(ra)}.
Example 5.1.1. Using Figure 5.1, we have:

1) the subfigure at the top left shows an example of a function that is not
discrete Morse, since the edge with value 1 has two facets (vertices), one with
value 1 and the other with value 2.

2) The function given by the example in the top right subfigure is discrete Morse
but not discrete Witten-Morse, since the 2-cell with value 3 has two facets
(edges) whose average value is not less than 3, indeed 3 < (74 1)/2 = 4.

3) The function given by the example in the subfigure at the bottom left is
discrete Witten-Morse but not flat Witten-Morse, since the edge with value 2
has a smaller value than the maximum value of its two vertices.

4) The bottom right subfigure depicts a flat Witten-Morse function.

We observe that discrete Witten-Morse implies discrete Morse, but the converse
is not true as shown in the examples in Figure 5.1. We shall only be focusing on
the discrete Morse function.

Definition 5.1.4. A cell o®) € K is said to be eritical if

Hrir >0, f(r) < flo)} =0 and Hv|v <o, f(v) = flo)} = 0.
Example 5.1.2. In Figure 5.1, the critical cells are the ones whose values are

highlighted in red.

Definition 5.1.5 (Index). If o) is a critical cell of dimension k, then the index
of o denoted by ind(c™), is k.
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0 0

Figure 5.1: Examples of discrete functions on a cell complex.

Remark 5.1.1. The reason why the index is defined as in Definition 5.1.5 above
is the following: in smooth Morse theory, the (Morse) index of a critical point p is
the number of independent directions at p in which the function decreases. Thus
the Morse index of the minimum is 0 and that of the maximum is the dimension of
the space. So if we use the fact that if ¢® is a critical cell, then all the (k — 1)-
dimensional cells in the topological boundary of ¢ have values less than the value
of 0. Thus, if we consider the function value of each cell to be assigned to its
barycenter, a smooth interpolation of a neighborhood of the barycenter b, of o will
then yield that b, is a critical point of index k, since the function decreases in all
directions at b, and there are exactly k£ independent ones.

Definition 5.1.6 (Level subcomplex). Let K be a regular CW complez and
let f: K— R be a discrete Morse function. For ¢ € R, the level subcomplex of c,
denoted by M (c), is the union of all the cells with values less than or equal to c
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together with all of their faces. That is,

Analogous to the smooth case, the

level subcomplex of a given value is the

D) collection of all cells whose values are
less than the specific value, together with
their faces. Also, an observation about
the noncritical cells is they always occur
in pairs. That is, if a cell is not critical,
then there is another (unique) cell of one
dimension lower or higher that is also not

0 2 0 critical. In Figure 5.2, the critical cells are

in red, while the noncritical ones occur in
Figure 5.2: A discrete Morse function. Ppairs, with their values having the same

color. The different level subcomplexes
are shown in Figure 5.3. One can also observe that Theorem 4.1.1 applies in this
discrete setting as well, (see |20, p. 104] for the formulation in the discrete setting)
that is, for a < b, the homotopy type of a level subcomplex M (b) only changes
from that of M (a) if there is a critical cell whose value is in (a, bl; if (a,b] contains
no critical value, then M (b) deformation retracts into M (a). Theorem 4.1.2 also
applies here, (see [20, p. 107] for the formulation in this setting): the (regular)
CW complex is homotopy equivalent to a CW complex with one k-cell attached
for each critical k-cell of the (regular) CW complex.

Indeed, moving from M (0) to M (1) = M(2), we do not encounter any critical
cell, this is why M (1) = M(2) deformation retracts into M (0). We come across
a critical edge, moving from M (2) to M(3), and this explains why M(3) is
homotopy equivalent to M (2) with an edge attached. Finally, moving from M (3) to
M (4) = M (5), no critical cell is added, thus, M (5) indeed deformation retracts into
M (3). In total we have two critical vertices and one critical edge, and a triangle is
indeed homotopy equivalent to a CW complex, having two 0-cells and one 1-cell.

The following definition is taken from [23].
Definition 5.1.7. A combinatorial vector field on a CW complex K is a map
V:K—KuU {0}
satisfying:
(i) if V(o) # 0, then dimV (o) = dim(c) + 1 and o < V(0);
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Figure 5.3: Different level subcomplexes.

(17) if V(o) = 7 #0, then V(1) = 0;
(1ii) for any T, there is at most one o s.t. V(o) = 7;
(iv) for each o, either V(o) =0 or o is a reqular face of V(o).

Thus, if we draw an arrow from o to 7 whenever 7 = V(o) (since o is in the
boundary of 7), condition (#ii) tells us that, at most one arrow should point at 7,
that is, 7 cannot have more than one incoming arrow. Condition (i) tells us that,
if an arrow points at 7, there should not be any arrow starting at 7. Thus, one
already sees that a cell cannot be at the same time the head and the tail of an
arrow, and each cell has a unique incoming or outgoing arrow but never both.

If o is not contained in the image of V and V(o) = 0, then o is called a rest
point and its index is given by its dimension.

Another important observation is the fact that, the points that are not rest
points occur in pairs, and therefore the Euler number of the complex is equal to
the alternating sum of the rest points that is.

dim K

X(K) =Y (=1)n,

=0

where n; is the number of rest points of index i.

A V-orbit (V-path) of index k is a finite sequence

olF) 7 kD) (k) Tl(k+1), . ,a,(f), TT(fH),

0 »To 01 7 for some m € N

where, for 7 =0,...,m — 1,

(k1) V(Uﬁk))’

J



5.2 Discrete Morse-Floer theory 83

(k) (k) (k+1)
o; Fo <1

The V-orbit is closed if aék) = 0¥ We will sometimes refer to a closed V-orbit

as a closed orbit.

If we consider a discrete Morse function on the cell complex K, a combinatorial
vector field is constructed in the following manner:

If > o with f(1) < f(0), draw an arrow from o to T.

This then yields that the corresponding orbit cannot be closed. Conversely, for
every combinatorial vector field without closed orbits, there exists a discrete Morse
function associated to it. In fact, an orbit of a discrete Morse function will be of
the form

f(UO) 2 f(TO) > f(O'l) 2 f(Tl) > e > f(0m+1)"'

We now discuss discrete Morse-Floer theory, where we will see how the vector
field constructed using the method above is used to define a boundary operator.

5.2 Discrete Morse-Floer theory

A boundary operator, using a similar idea as the one described in Section 4.2 in the

smooth setting, can also be computed using a combinatorial vector field extracted

from a discrete Morse function. This is the purpose of this section, see also [21].
The following remarks will be useful for both this chapter and the next one.

Remark 5.2.1 (Incidence property). The incidence property of regular CW
complexes states that if v < ¢ < 7 in a regular CW complex, then there exists
0 # 0 s.t. v <o < 7. The same holds for CW complexes provided v is a regular
facet of ¢ and o is a regular facet of 7.

We let f be a discrete Morse function on a finite CW complex K.

It can be shown that for a noncritical cell o, either
t{7 > o|f(r) < f(o)} =1, in which case we say that o is upward non-
critical
or
t{v < o| f(v) > f(o)} =1, in which case o is said to be downward non-
critical.

Indeed, if ¢ is such that v < ¢ < 7 and f(v) > f(o) > f(7), then in particular,
we must have that v is a regular facet of o and o is a regular facet of 7. Then there
exists a cell 0 # 0, 0 < 7s.t. f(0) < f(r). Choose 7 s.t. v < &. This is always
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possible from the incidence of v and 7 (see Remark 5.2.1). Then f(v) < f(o) for
the discrete Morse conditions not to be violated. Hence,

fw) = flo) = f(7) > f(o) > f(v),

which is a contradiction. Thus, a cell cannot be downward and upward noncritical
at the same time.

Definition 5.2.1 (Trivial discrete Morse function). A discrete Morse
function f: K — R s said to be trivial if all the cells in K are critical.

We recall that whenever we have a discrete Morse function f, we draw an arrow
from o to 7 if o <7 but f(o) > f(7). In this way, we get a vector field from
which we can define the boundary operator.

Note that there can only be an arrow from o to 7 if o is a regular facet (co-
dimension one face) of 7.

Since not every CW complex is orientable, we look at local orientations: we
consider a CW complex in which every cell is endowed with an orientation called
initial orientation. The orientations on the higher dimensional cells will induce some
orientations on the lower dimensional ones, see Subsection 3.2.1. If the induced
orientation, on a cell coincides with its initial one, the cell will be counted with a +
sign; if not then a — sign. We recall that the incidence number between two critical
cells 7+ and ¢, denoted [r : o], is the number of times that 7 is wrapped
(along its boundary) around o. When orientations are taken into account and o is
a regular facet of 7, [7 : o] is equal to +1 if the induced orientation from 7 to o
coincides with the initial orientation of o, and is —1 otherwise. See Definition 3.2.3
for the precise formulation.

Definition 5.2.2. Two cells c® and w*+9) are said to be path-connected if there
exists a sequence of cells connecting them. That is there is a path between them of
the form

o®) < 7T 5 G D S s g o )
Tt < D 5 D ) S s D )
Wit < W) S IR G s G Y
SEFD < ) S ) ) e k)
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Remark 5.2.2. For a regular CW complex, if a cell ¢ is a face of another

cell w2 then there exist Tl(kH) and TQkH) st. 0 < 7, < w. Looking at the
orientations, see [25], w will induce some orientations on 7; and 75. The orientation

on 77 (induced from w) will induce an orientation on ¢ that will be different from
the one induced from 75. However, when the CW complex is not regular, and o
is an irregular facet of 7 < w), then we cannot induce a consistent orientation on
o from 7. In particular, if 74 = 7 (meaning that the CW complex is no longer
regular, and o is an irregular facet of 71), then, on one side 7; will induce a positive
orientation on ¢ but on another side it will induce a negative orientation on o.
More generally, even if ¢ is not a face of w, in the regular case, the orientation on
w will induce an orientation on ¢ along each path from w to o.

Let Ci(K;Z) be the free Z-module (or Zs-module) generated by the critical
oriented k-cells of K. We denote Forman’s boundary operator by %', and 9} : Cj, —
Cl_1 is roughly given by the following:

for 7 critical, to find &7 proceed as follows: among all o < 7,

(7) if o critical then keep it,
(71) if o is downward noncritical, ignore it,

(44) if it is upward noncritical then there exists a unique 7" # 7, 7/ > o with
f(r") < f(o); take all the critical facets of this 7'; if it has a downward
noncritical facet ignore it; if it has an upward noncritical facet, start over
again.

More formally we have the following definition, see also [20] and [21].
Let
U={ceK|3Irst 01}

We define v: KU {0} — KU {0} by:

o if o is critical,
F Z v¥'(5) if o € U, that is. 3! artow o0 — 7
vi(o) = ’ C ’ (5.1)
o<1, 0#£0
0 else.

This definition is recursive so we have to argue that it terminates. Indeed, for a
discrete Morse function f, the cells 0 and ¢ in (5.1) satisfy: f(o) > f(o). Also,
the finiteness of the CW complex ensures that we will stop at some point.

Recall that 0°¢ denotes the cellular boundary operator, see Definition 3.2.4.
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Definition 5.2.3 (Definition of the boundary operator 9). The boundary
operator OF : Cy, — Ci_; is given by:

OF (1) :=vF 001 = Z[T :ovfo.

o<T

120} 03
02 T2
01
1 04
) o) 141

Initial orientation

Figure 5.4: Definition of the boundary operator.

Example 5.2.1. Using Figure 5.4, the arrows are drawn between the critical cells
of index difference one (going downward), and the sign of each arrow between two
critical cells represents the incidence number. The left subfigure specifies the initial
orientations of the cells. That is,

00 = [V17V0], o1 = [VO>V2]> 02 = [1/1,1/2}, 03 = [Vz,l/s], 04 = [V3,1/1],

7 = [y, va, 1], T2 = [11, 12, V3].

Now, using the initial orientations of each cell, we have:

O (19) = 03 + 03; the edge o4 is downward noncritical so we ignore it.

OF (11) = —09 + 01; the edge 0y is downward noncritical so we ignore it.

0F (03) = vy — vy, since the other vertex vs is upward noncritical with the edge o4
which in turn has the vertex vy as critical.

OF(01) = 1o — vy, since the other vertex vy is upward noncritical with the edge oy
which in turn has the vertex v, as critical.

o (09) = vy — 1.

O (v;))=0 forall i=0,---,3.

Then one can easily check that 9} | 0 9f = 0 for all k = 1,2, and for b =
ker 0f /im 9f, |, we get the desired Betti numbers, that is by =1, by =0, by = 0.

Remark 5.2.3. Forman, in [20], using a combinatorial vector field V' of the discrete
Morse function, first defined a discrete gradient flow ¢ on the CW complex under
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consideration given by ¢ = 14+90°V+V 0, where 0°¢ is the cellular boundary operator.
The vector field V satisfies V o VV = 0 and this flow ¢ commutes with 0°. He then
showed that the ¢-invariant chains form a differential complex. He constructed a
canonical isomorphism between the homology groups of this differential complex
and those of the CW complex and then showed that the space of ¢-invariant chains
is isomorphic to the span of the critical cells.

Py

Collapse
_—

-1 0

2

Figure 5.6: Equivalent definition of the boundary operator.

Remark 5.2.4. Definition 5.2.3 is equivalent to applying some collapses whenever
there is an outgoing/incoming arrow, and then taking the cellular boundary operator
of the new complex obtained after all the collapses have been carried out. Also,
each collapse is exactly a strong deformation retraction, which is also homotopy
preserving. See Figure 5.5 for an illustration. For example, after applying all the
collapses in the left subfigure of Figure 5.6, we get the right subfigure to which,
applying the cellular boundary operator gives exactly the same result as applying
Definition 5.2.3 to the left subfigure.

The following theorem establishes the fact that the square of the boundary
operator given by Definition 5.2.3 is zero, and thus the Betti numbers will be well
defined.
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Theorem 5.2.1.
oF [ 0d0f =0 fork=1,---,n

The idea behind the proof is as follows: a given cell ¢ having an outgoing arrow
pointing to some 7 is replaced by the sum of all the critical facets of 7 in such
a way that its boundary and the boundary of the sum of all these critical facets
are equal (up to an orientation) and so on. This is in fact an internal collapse
(strong deformation retraction) of 7 into some part of its topological boundary,
and we know that any such collapse does not change the homotopy type. The
orientation idea is such that, between any two incident cells of index difference two,
there are exactly two cells of the intermediate dimension being facets of the higher
dimensional cell and having as facet the lowest dimensional one. This guarantees
the cancellation, since the induced orientations from the highest dimensional cell
to the lowest dimensional one will be opposite.

To prove Theorem 5.2.1 we argue as follows:

(1) First we show that any arbitrary discrete Morse function on a CW complex
can be transformed into a trivial discrete Morse function, where by trivial
we mean that all the cells are critical. This can always happen. In particular,
when the CW complex is not regular, we need the following remark.

OO 00O

) Not acceptable b) Acceptable

Figure 5.7: Framework.

Remark 5.2.5. In each subfigure of Figure 5.7, the cell v is an irregular
facet of o and o is a regular facet of 7. In Figure 5.7a, f(o) > f(v) > f(7)
whereas, in Figure 5.7b, f(o) > f(7) > f(v). We would like the discrete
Morse function to be such that: instead of having a situation like the one
described in Figure 5.7a, we would rather have the situation in Figure 5.7b.
Therefore we consider the framework given by Figure 5.7b. That is,

if v is an irreqular facet of o but o is a reqular facet of T, one requires

fw) < f(7).
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Similarly,

if v is a regular facet of o but o is an irregular facet of T, we require that

fw) < f(7).

(2) Since for a trivial Morse function we have 9" o 9 = 0, we now show that if
we transform this trivial discrete Morse function into a non-trivial one, step
by step, by creating a noncritical pair, that is, a pair { o, 7} where 0 < 7
and f(o) > f(7), then we will still have 0¥ o 9F = 0.

Proof. (1) To show this, we proceed from lower dimensional noncritical pairs to
higher dimensional ones. We denote by s, the number of upward noncritical
cells of dimension k.

Let {v.,e} be a noncritical pair with v, a vertex and e an edge. Then

f(vs) > f(e). Define fJ: K —R by

0 | flo) =& ifo=u,
Jolo) = {f(a) else,

where,

g0 > flvi) = fle). (5.2)

It follows that f(? is discrete Morse and both v, and e are critical. Indeed,

folw) = fve) —eo < fle) from (5.2),

also,

) < f(v,) < _min f(@) = _min f(@).

e>vy,e#e e>vy,e7e
We apply this definition to all the upward noncritical vertices. Set fo := f3°.
Now we proceed by induction on the dimension of the upward noncritical cell.
Suppose {aik), 7,+D 1 is a noneritical pair, and let fy_; := f;*,", then we
have

fe-1(0y) = fe—i(7) and  fi_1(oy) > max fi_i(0).

0<T,0F£0%
We then modify the value of f,_; at o as follows:

f2: K — R is given by

0 o fk71<0')—€k ifO':O'*7
file) = {fk—1(0) else,
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where ¢}, is chosen such that,

fe—1(o4) = fom1(7) < ek < frm1(0w) — max fe—1(v). (5.3)

*

Claim:

Jr—1(7) > max fr_1(v).

V<0«

Proof of the claim. Since we proceed from lower dimensional pairs to the
higher dimensional ones, all the v*~1 < Uik) are critical. Indeed, if we
suppose there is a v* < o, with fr_1(v*) > fr_1(7), then if v* is an irregular
facet of o.. And we get a contradiction since f;_1(v*) has to be less than
fr—1(7), from Remark 5.2.5 above. If v* is a regular facet of o and o is a
regular facet of 7, by the mCldence property, Remark 5.2.1, there exists some
c#ost. T>0>v" with fr1(7) < fii(v) < fk_l(a), and this will

contradict the discrete Morse condition at 7. Hence,

Jr—1(1) > fr_1(v) for all v < o,

and this implies that
fra (T > max {fk ()}

p(k— 1)<0'

]

Now, using the definition of f{ and the condition for &, one check that it is
discrete Morse and that O'ik) and 7++D are critical.
To check this it suffices to check at the two cells o, and 7.

Indeed, the LHS of (5.3) implies

fi(0) = frmi(o) —er < fumr(7) = (7).
Also, the RHS of (5.3) implies

f0.) = fii(ow) —er > max fi (v) = rg%gffk( V).

The inequality
fr—1(ox) < _min  fi1(7)

T>04,T#T

implies that the same inequality holds for fp. We then set f; := f,;* and
proceed as before.

The desired trivial discrete Morse function is fr = f,.
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(2) To show that 9% o ¥ = 0, it is enough to only consider the cells which can
reach either o or 7 by means of some v*-paths.
Assume that to move from step ¢ to step ¢ + 1, the noncritical pair {o, 7}

was created. We denote by 0!, the boundary operator at step t. Then
oFt o 9Ft = 0.

Let ¢*+D be a critical cell that can reach o®) by means of some v¥-paths.
We denote by b, the part of ¢ that is not connected (by any v’-path)
to 0. At step t, before the noncritical pair was created, that is before the
arrow 0 — 7 was added, assuming that ¢ is negatively oriented w.r.t 7 and
positively oriented w.r.t. ¢, we have, for ¢ € 7Z,

oF'¢ =b.+co and Ot =b, — 0.

Observe that when ¢ = 0, the result follows trivially. The case ¢ = 1 includes
the situation where ¢ > o.

Now, 91 0Pt =0 =

OFH(be) + c0to = 0, (5.4)

oFt(b,) — 0Fta = 0. (5.5)

Note that the orientation on ¢ will induce some orientation on each element
in b. and b,. If this induced orientation coincides with the initial orientation
of a given cell then this cell will appear in 0"'*1¢ with positive sign, if not
then with a negative sign. Also, the elements v < ¢ are incident to ¢ and
to 7, so that the induced orientations from b. (induced by the orientation
from ¢) to the critical facets of o will be different from those induced by the
elements in b,. Thus, the signs of the elements in 9"'c in (5.4) and (5.5)
indeed have to be different.

To get 0P (¢k+1)) we take all the critical cells that were part of its boundary
operator at step ¢. Since o is upward noncritical with 7, we will also take
into account the critical facets of 7. Thus

aF,t+1(g(k+1)) = b, + cb,, (5.6)
where b, is the sum of all the critical cells that are in 9'*'¢ excluding o and

b, is the sum of all the critical cells in 9**'7 excluding o.

When ¢ = 1, one quick way of understanding this is the fact that, ¢ is
expanded through ¢ while 7 is collapsed. Thus we have a new cell ¢ that has
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as boundary elements 0. and cb,, and any v < ¢ will be incident to ¢ so that
the induced orientations (induced by the orientation from ¢) from oy € b,
and o9 € b, 01 > v < 09, to v must indeed be different. Since the elements
in b, and b, were not affected by the creation of the noncritical pair, we have

o (b)) = 0 (b)) and 9FTL(b,) = 0'(b,).
This yields
8F’t+1 o 8F’t+1(§(k+1)) _ aF’t+1(bg) + CaF,t—l—l(bT) _ 8F’t(bg) + CaF,t(bT) — 0’

by adding (5.4) and ¢ - (5.5).

Now let us consider w*+2) which can reach 71 by means of some v¥-paths.

The argument we will use here is an extension of the idea in the following
remark.

Remark 5.2.6. If 0(® is a face of a cell w**?)| then we have the possibilities:

1) There does not exist a cell 7 s.t. ¢ < 7 < w. There is nothing to show
here.

2) There is a cell 7 s.t. 0 < 7 < w. This gives the following situations:
o is an irregular facet of 7 and 7 is an irregular facet of w;
o is a regular facet of 7 and 7 is an irregular facet of w;
o is an irregular facet of 7 and 7 is a regular facet of w;
o is a regular facet of 7 and 7 is a regular facet of w. In this case there
must also exist a 7/ # 7 s.t. 0 < 7/ < w, and the induced orientation of
w onto 7 will induce an opposite orientation on ¢ as compared to the
induced orientation of w onto 7.

In the case where 7 is an irregular facet of w, then 7 need not appear in
Ow (this can happen when the incidence number of w and 7 is zero). This
situation will also not be interesting. We then summarize all the situations
above into the following:

If ™ is a face of a cell w2 | there exist cells T and 7' s.t. ¢ < T < w and
o<1 <w.

Observe that we do not specify the regularity of facets. We also not not
specify that 7" should be different from 7 since they can also be equal (as in
the case where o is an irregular facet of 7).
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At step t there exist some ¢;’s such that ¢; > ¢ and for which

Ot =b, + Z&ig +cr, for o4, c € Z,
i

where, for
ot = b, — o, (5.7)
¢ = >, a; must be such that

OFts = b, + co. (5.8)

At step t the square of the boundary operator is zero, and we get
IFtodf (WD) =0 = 9P¢ 4 o () + 0P(b,) =0,  (5.9)

Note that the boundary of ¢(**1) at step ¢ + 1 is the sum of its critical facets
plus the sum of the critical facets of 7(**1) multiplied by ¢, which is the sum
of all facets of both except o (the noncritical one).

It should be noted that because there is a v¥-path from w to 7, w and o are
path-connected. Following Remark 5.2.2; we get that the induced orientations
from w to ¢t and 7 *1 will induce opposite orientations on ¢®. Thus,
if the orientation on ¢ induced by ¢*+ is + then the one induced by 7
has to be —, that is, 0 must indeed appear in (5.8) and (5.7) with opposite
orientations. This implies that

cofr + 056 = b+ cb, (5.10)

and,

aF,t—i—l o aF,t-i—l(w(lc—f—Q)) _ aF,t-i—l(g(k-i-l) ) + aF,t—f—l(bw)

= b +cb, +0M(b,) using (5.6)

from (5.9), (5.10) and the fact that 051 (b, ) = 95 (b,).

If w2 can reach co, ¢ € Z, by means of some v’ -paths, but not 7, then
there exist critical cells ¢; and ¢ s.t., for ¢ := Y g and ¢ = Zj YiSi,
a;,7; € Z, we have B B

Ow="b,+¢+<¢=0"w,
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where,
d's = b, +co, whereas 0'C = bs— co.
Then,
O =b.+cvfo, and 0™'C= bz — cofo.
Hence

0t o 0w = 0y, + b + be = 0" 0 O'w = 0.
O

We can now give a proof in the discrete setting for the Morse inequalities, where
the Betti numbers are now obtained from the discrete boundary operator using the
combinatorial vector field of a discrete Morse function.

From the previous proof, we know that 9/ 09}, = 0, that is, im(9/,,) C ker(9F),
so the homology groups are well-defined.

The Betti numbers are given by
b; := dim H; = dim (kerd;/im o/}, )
and the Morse numbers
m; = f{ critical cells of dimension ¢} = dim C;.
We then also have the Morse inequalities, see also [20].

Theorem 5.2.2 (Discrete Morse inequalities). Let f be a discrete Morse
function on a finite n-dimensional CW complex K. For k=0,1,--- ,n,

(1) (Weak): my, > by,

mo —my +my — -+ £ my =by— by +by— - £ b, = x(K),

where, x(K) is the Euler number of the n-dimensional CW complex K.
(it) (Strong):
my — Mi—1 + M2 — - + mo Z bk — bk;—l + bk_g == bO

with equality when k = n.
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Proof. (i) We prove (i) using (i7): adding (i7) for k and (iz) for k — 1 yields

(i)

my > bi. One can also observe this from the fact that ker 0, C C}.

Using (i7) for k = n + 1, we get that m,;; = 0 (since there are no critical
points of dimension greater than n) similarly b,,1; = 0. Thus we have

— My + My — - + mo Z _bn + bn—l — ek bOa
comparing this with (i7) for k£ = n yields

mo—m1+m2—---j:mn:bo—b1+bg—--~i bn:X(K)

To prove this we will need the following fact from Linear Algebra:

If L : X —Y is a linear map on finitely generated R-modules, and R a
principal ideal domain, then

dim X = dim ker L + dim im L.

Thus, we have a chain complex of finite-dimensional free Z-modules:

or

8F1 F F aF
SN NS 2o 2oy X0 (9F 08 =0)

with
dim C}, = my, = dim ker 0f + dim im oF,

and

by = dim Hy = dim ker 9 /im9f,;, = dim ker 9} — dim im 9},
for k=0,1,--- ,n, follows from the short exact sequence

0 — imdf,, = ker 0 — Hy — 0.

So,

mk—mk,l—l-mk,g---j:mo

= dim ker 9 + dimim 0 — dim ker 9{ , — dimim 9} | + dim ker 9§ _,
+dimim 9 , — - -+ £ dim ker 8}’ & dimim 6

0

= [dim ker 9 — dim im9f,; + dim im 9, ;] + [dimim &} — dim ker &;_,]
[~ dimim 9} | + dim ker ¢ ,] +--- & [~ dimim df + dim ker 9%
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= dim ima}f—i—l"i_bk_bk—l‘i‘bkfz—"':i: bo
> by —bp_1+bpo— L b

(with equality when k = n since im 9%, ;| = 0).
O]

It should be noted that one also has the polynomial version of the Morse
inequalities which is more general than the above Morse inequalities and whose
proof is similar to the one above. The Poincaré polynomial of an n-dimensional
CW complex K is given by

Py(K) :=> byt
k=0

Proposition 5.2.3 (Polynomial Morse inequalities). Let f be a discrete
Morse function on a finite n-dimensional CW complex K. Then there exists R(t),
a polynomial in t with nonnegative integer coefficients, such that

imkt’“ = P(K) + (1 + t)R(?).

Proof.
Z mytt — Z bpt® = Z(dim ker 9 4 dim im 0 )t*
k=0 k=0 k=0
— ) (dimker 0} — dimim o}, )"
k=0

= Z(dim im 9f + dimim o )t*

k=0
n

= Z(mk — dim ker 05 )t* + Z(mkH — dim ker 3,f+1)tk
k=0 k=0

= (t+1) Z(mk — dim ker 9 )t* 1,
k=1

since mg = dimker 9 and m,,;1 = 0 = dimker 82 ;.
The proof ends by using the fact that dimker 9f" < my for all k=1,2,--- n.
O

Observe that the Euler number of a CW complex K is given by
A(K) = Py (K).
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Trajectory configurations

Restricting ourselves to regular CW complexes, we now define a trajectory to
be an arrow between two critical cells of index difference one, going downward in
indices. We show that just as in the smooth setting, the square of the boundary
operator is zero because

the broken trajectories, that is, the trajectories between two critical cells of index
difference two via a critical cell of intermediate index, occur in pairs.

Let a, -1 denote a trajectory, that is an arrow, from an n-cell to an (n — 1)-cell,
assuming of course that they are both critical. We observe that just as in the
smooth setting, the square of the boundary operator is zero means that the broken
arrows, that is, the arrows between two critical cells of index difference two, passing
through a critical cell of intermediate index, occur in pairs. So that if we take
orientations into account or if we are working in Zs, they will both cancel.

Indeed, suppose that there is a broken trajectory from 7™ to v(»=2 through a
given cell a%nfl , then this means that a%nil) is either in the topological boundary
of 7™ or it can be attained from it by using some upward noncritical cell in the
topological boundary of 7, and the same holds for both ¢; and v. Thus we have
Upn—1, an arrow from 7 to oy, and a,_1 ,—2, an arrow from o; to v.

We show that there exists arrows aj,,, ;, from 7 to some o’ and a;,_; ,, ,
to v. We have the following situations:

from o'

a) if v < 0 < 7 then there exists ¢ < 7 s.t. v < g, if ¢ is critical then take
o' = 7 as seen in Figure 5.8.

v

Figure 5.8: Broken trajectories with o’ > v.
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If & is not critical, we have:

if 7 is downward noncritical then there is an (n — 1)-cell v; < 7 s.t. f(v1) >
f(o), then take ¢’ to be the critical facet of 7 which is neither & nor o but
which has v, as a facet. Here a;,_,,,_, is the trajectory from o’ to v passing
through v, and o. See Figure 5.9.

151

Figure 5.9: Broken trajectories when ¢’ > v; — 7 > v.

If & is upward noncritical with a 7 such that a 11 < &y is upward noncritical
with 1 and then replaced by v, then ¢’ is such that v; < ¢’ < 7. In this case,
159 is the trajectory from o' to v passing through v;. This is illustrated
in Figure 5.10.

Figure 5.10: Broken trajectories for o — 7 > o’.

b) If v is not a face of 7, then there is a v; face of 7 such that v is upward
noncritical, and then replaced by v. Let ¢ < 7 be such that v; < 7.
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!/

If & is critical then take ¢’ = ¢ in which case a],_;

o’ to v; if not do as in a).

is the trajectory from

If 7 < 7 is upward noncritical, then there is a 7y with f(r) < f(¢) and 7 is
replaced by the topological boundary elements of 77 of the same dimension.
Among them, pick the one, say o1, which is such that o; > v. If it is critical
then set 0’ = oy, so that a;, ,,_, is the trajectory from 7 to o’ passing through
o and 77; if not then continue as before. See Figure 5.11.

Figure 5.11: Broken trajectories when v is not a face of 7.

Given f: V — R, where V is the vertex set of some CW complex K,

when can it be extended to a Forman’s discrete Morse function on a
CW complex?

It turns out that an extension F': K — R should be such that: For each
k=0,1,---,dimK,

Flo®™) > avg{F(vF D) | *=1) < o0}

and
F(o®) < avg{F(r*+D) | 70+D 5 5001

Observe that these are exactly the conditions given in the definition of a discrete
Witten-Morse function, see Definition 5.1.2.

Example 5.2.2. Consider the extension given by

F(o®) = max{F(v*D) oD < o0} 11,
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if f is the constant 0 function on the set of vertices, we see that F' will be the
function that assigns to every cell its dimension (which is trivially a discrete Morse
function).

1
2
s 3
2 3 1
Bad extension since Good extension

the vertex f~1(2) violates
indeed 2 £ avg{2,2}

Figure 5.12: Extension of a function defined on vertices.

What happens if f is extended by taking averages? This will give rise
to the notion of discrete Morse-Bott theory which is the object of the next section.

5.3 Discrete Morse-Bott Theory

The content in this section has been published in [50].

As mentioned earlier, an analogue of Morse-Bott theory in the discrete case
might be of importance, since extending a function defined on the set of vertices
might not always result in a discrete Morse function everywhere on the cell complex.
The idea is, we consider a function that is discrete Morse on a cell complex except
possibly at some maximal collection of cells, where every cell in the collection has
the same value. We derive the analogue of the smooth Morse-Bott inequalities, that
is, inequalities involving the Poincaré polynomial (and hence the Betti numbers)
of the cell complex and those of the reduced collections. First we shall need an
analogue of the Morse-Bott function in the discrete setting.

Definition 5.3.1 (Collection). Let f be a discrete function on some CW complex.
A collection C for f is a mazximal set of cells such that:
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(1) all the cells in C have the same function value,
(it) U,ec @ is (path-) connected.
We recall that a pair {o, 7} is said to be noncritical if ¢ < 7 and f(o) > f(7).

Definition 5.3.2 (Discrete Morse-Bott function). Let f be a function defined
on a CW complexr K and let C*,--- | C" be the collections for f. We say f is discrete
Morse-Bott if, for each i and for all ¢® € C*,

if o is an irreqular face of some T, f(o) < f(71), else

U(o) = #{r*™V ¢ C| o a regular facet of T, f(7) < f(o)} < 1; (5.11)
if v < o is an irreqular face of o, f(v) < f(o), else
Di(o) = #{v*V ¢ C|v a regular facet of o, f(v) > f(o)} < 1. (5.12)

Remark 5.3.1. (i) Ifforalli, C* = {0;} and f is a discrete Morse-Bott function,
then f is also a discrete Morse function.

(i) Every discrete Morse function is a discrete Morse-Bott function in which each
collection has at most two elements.

Remark 5.3.2. From the definition above, we get that in any collection there
cannot be cells ¢ and 7 with ¢ an irregular face of 7. This is useful in the situation
where, if a collection reduces to only two cells of adjacent dimension, then one
should not be an irregular facet of the other. This is important because in discrete
Morse theory, the noncritical pairs always have no contribution.

It can be shown that either US(c) = 1 or DS(c) = 1, but not both. The
argument used is the same as in the discrete Morse case, by considering a discrete
Morse-Bott function for which all the collections are singletons.

Figure 5.13 shows an example of a discrete function that is not a discrete Morse-
Bott function. Take C' = {v, 15,14, 01, 09,03, 7}, then the vertex v violates (5.12),
indeed there are wy and wy not in C, with w; > v < wy but f(we) < f(v) > f(w).

Definition 5.3.3. Let f be a discrete Morse-Bott function and C a collection.

We say that o € C is upward noncritical with respect to C if there exists a
cellw(o) ¢ C, w(o) >0 s.t. f(o) > f(w(o)).

Definition 5.3.4. Let f be a discrete Morse-Bott function and C a collection.
We say that o € C is downward noncritical with respect to C if there exists

acellw(o) ¢ C, w(o) <o st flo)< flw(o)).
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0 Wa v wq 0
=
) 1
1 T 1
g3
4 2 5
1

Figure 5.13: A discrete function that is not Morse-Bott.

Remark 5.3.3. If C is a singleton in the two definitions above, then we have the
usual (upward and downward) noncriticalities in Forman’s framework.

Observe that a cell cannot be at the same time upward and downward noncritical
with respect to the same collection.
The following is the analogue of a critical submanifold.

Definition 5.3.5 (Reduced collection). For each collection C, we define the
reduced collection C™*? by taking out of C all the cells that are upward or downward
noncritical with respect to C'.

Remark 5.3.4. 1) If C' = {0} with o neither upward nor downward noncritical,
then o is critical in the discrete Morse sense for the function f and C' = C"%.

2) If C' = {0} where o is either upward or downward noncritical, then C™¢ = ).

3) Observe that if C*? consists of only one element, then this element is not
necessarily critical in the usual sense for the function f. To see this just
consider a given function and a C = {0y, v, 09}, with 07 > v < g9 but both
o1 and oy being downward noncritical. Then C™% = {v}, but v is not critical
in the usual sense for this function since it has the same value with o; and
09.

The following definition helps to distinguish between a cell that we will call
critical and a reduced collection that is a singleton.

Definition 5.3.6 (Critical cell). A cell o is said to be critical if
Hr >olf(r) < flo)} =0 and H{v <o|f(v) = f(o)} = 0.
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The definition above tells us that if C' = C™? = {o} then o is critical.
The following lemma establishes the fact that the faces of upward noncritical
cells w.r.t. a collection are also upward noncritical.

Lemma 5.3.1. Let C be a collection for a discrete Morse-Bott function. If o € C
15 upward noncritical with respect to C, then every face of o in C' is also upward
noncritical w.r.t. C.

In particular, if C is a subcomplex and o € C' is upward noncritical with respect to
C, then so is .

Proof. Let v < o, and v € C. The fact that o is upward noncritical w.r.t. C
implies there is an w(o) ¢ C, w(o) € C" with w(o) > 0, s.t. f(o) > f(w(0)).
Since there are no irregular faces in a collection we get that v is a regular face of o,
and the fact that there are no closed orbits tells us that o is a regular face of w(o).
We have v < 0 < w(o), that is v and w(o) are incident. Let 7 ¢ C be such that
w(o) > T > v < o, such a 7 exists by the incidence property. Then either 7 € C’

or ¢ C"if 7€ then f(7) = f(w(o)); if 7 ¢ C’, the definition of a discrete
Morse-Bott function yields f(w(o)) > f(7). Thus, f(v) = f(o) > f(w(o)) > f(7),
therefore v is also upward noncritical w.r.t. ', hence all the faces of ¢ in C' are
also upward noncritical with respect to C. O]

The most important fact about our definition of a discrete Morse-Bott function
is the following.

Lemma 5.3.2. If a collection C' is such that C # C™?, then there is a one-to-one
correspondence between the upward (resp. downward) noncritical cells o w.r.t. C
and the cells w(o) ¢ C, w(o) > o with f(o) > f(w(o)) (resp. w(o) < o with
flo) < f(w(o))).

Proof. We already know from Lemma 5.3.1 that if 0 € C' is upward noncritical
with respect to C, then every (regular) face of o in C is also upward noncritical
w.r.t. C. If C is a subcomplex, the interesting case would be to consider a situation
where 01, 02 € C are upward noncritical w.r.t. C satisfying 61 € 75 and 5 € 5.
Then, if we take a v € C' such that o7 > v < 09, we have the existence of other
cells w(o;) ¢ C for i =1,2 s.t. w(o;) > 0;. Thus v is a regular face of the o;’s
and this also implies (by the incidence property), there exist 7; ¢ C' for i = 1,2
with v <7, < w(o;), and the following holds:

fw) = flo1) > f(w(o)) > f(r) and  f(v) = f(o2) > f(w(oz)) > f(T2).

Thus, if 7y # 7, f at v will have a value greater than that of more than one
cell in the complement of C, and this will contradict the definition of a discrete
Morse-Bott function.
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If however 71 = Ty, then there is a unique w(v) = 7 ¢ C for which f(v) >
fw(@)).
If o € C is downward noncritical, then it follows directly from the definition of

f. 0

Figure 5.13 also shows that the result in Lemma 5.3.2 does not hold whenever
we have a function that is not discrete Morse-Bott.

The notion of the index here however is ambiguous, but it will be shown in
subsequent examples that the Euler number will always be counted with positive
sign. See for instance Figure 5.14, Figure 5.15, and Figure 5.16; each of them
involves a simplicial complex K with negative, zero and positive Euler number, and
also reduced collections with negative, zero and positive Euler numbers. Recall
that the contribution of a cell of index k, in the computation of the Euler number

of a CW complex, is given by (—1)*.

there are 2 critical edges ~» —2
there is 1 critical 2-simplex ~~ 1
=2+ 14 x(C1) + x(C2)
=—-14+14-1=-1=x(K).

Figure 5.14: A discrete Morse-Bott function on K with x(K) = —1.

there are 2 critical edges ~» —2
there is 1 critical 2-simplex ~~ 1
—2+ 14 x(C1) + x(Ca)
=—-14140=0=x(K).

Figure 5.15: A discrete Morse-Bott function on K with x(K) = 0.
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3 1 there are 2 critical edges ~» —2
there are 2 critical 2-simplices ~~ 2
2@ / Lo =2+ 2+ x(C1) + x(Cy)
3 1 S ? —0+1+0=1=x(K).
1
3 1

Figure 5.16: A discrete Morse-Bott function on K with x(K) = 1.

Given that the reduced collections are not necessary subcomplexes, we need to
make precise how their Betti numbers are obtained. First we prove the following:

Lemma 5.3.3. If 0 € Crd\ C" and f(0) = f(7) for 7 € C™, then o cannot
be downward noncritical.

Proof. If 0 € Cred\ ¢4 then o ¢ C"** but o is a face of an element in C"?,
say o < 7 for some 7 € O,

If o is downward noncritical, then there is a v* < o s.t. f(v*) > f(o) and all the
other (v ¢ C™) v < o are such that f(o) > f(v). Note that v* and 7 are incident.
Thus there is a o* > 7 s.t. v* < 0" # 0.

If 0* € C™? we have a contradiction since f(v*) > f(o) = f(o*) that is, f(v*)
will be greater than f(o) and f(0*). Thus o* ¢ C™¢ and f(0*) > f(v*) because
v* is already upward noncritical with o. This automatically means that f(o*) >
f(v*) > f(o) = f(7), which also contradicts the fact that T € C"*. O

Lemma 5.3.4. For any reduced collection C™¢, Cred \ C"d s a subcomplex.

Proof. Let o € W\ Cr® and v < o, then by definition of Cred, v is also in Ced.
Thus, to show that v € C7ed\ C"* we only need to show that v ¢ C™?.

For ¢ € Cmd\ C™ o is a face of an element in C", say ¢ < 7 for some
7 € C". The fact that 7 € C™? and ¢ < 7 implies that f(o) < f(7).
If f(o) = f(7), this means that o is either downward or upward noncritical w.r.t.
C. From Lemma 5.3.3, such a ¢ cannot be downward noncritical. If ¢ is upward
noncritical, then since o cannot be downward noncritical, we have f(v) < f(o). If
f(v) = f(o), then v has to be in C, and by Lemma 5.3.1, v also has to be upward
noncritical w.r.t. C, which implies that v ¢ C™. If f(v) < f(o) then v & C™ by
definition of C*4.
If f(o) < f(7) then either f(v) < f(o) < f(7), f(o) < f(v) < f(7), or f(v) =

f(7) > f(o). In any case v cannot be in C"*¢, O
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Remark 5.3.5. For a given collection €', C"? is not always equal to C. Figure
5.18 illustrates this: C' is the collection of the 2-cell with value 3, the two red edges,
the red vertex and the two green vertices. After removing the upward noncritical
vertices w.r.t. C, that is the two green vertices, and the downward noncritical
92-cell w.r.t. C, we end up with the two red edges and the red vertex. Thus, C7ed
consists of the two red edges, the red vertex and the two green vertices, which is
different from C'.

Let [7 : o] denote the incidence number of 7 and o, which is the number of
times that 7 is wrapped around o, taking the induced orientation from 7 onto o
into account.

Let Cy(C™; Z) be the free Z-module generated by the oriented cells of C"*? of
dimension k. One can also take Cy,(C"°%; Zy).

Definition 5.3.7. The boundary operator ored: C(Cme4 Z) — Cy_1(C™4, Z) is

given by:
8’”“1 Z [T : O']O'(k_l).
oceCred g1
Proposition 5.3.5.
agedl o red =0.

Proof. If C™? is a subcomplex then it follows from the classical theory.
If C"*? is not a subcomplex, the result will follow if we show that the above boundary
operator is a relative boundary operator, that is, a boundary operator for relative
homology. Indeed

Cred — U

secred 0 18 a subcomplex by definition.

Let X := Crd and A := Cred \ O then X is a subcomplex, and A is a
subcomplex of X by Lemma 5.3.4, and the result follows since O™ = X \ A. [

Let by° := dim (ker 9;°// im 0% ) then we define the Poincaré polynomial of
Ored by
Cred Z bredtk

Example 5.3.1. Now we can change the function in Figure 5.13 to make it discrete
Morse-Bott and this is illustrated in Figure 5.17. Where, C' is the (subcomplex)
collection of all the simplices with value 3. C' has three upward noncritical vertices
and one upward noncritical edge, highlighted in green. Then C™ = {oy, 03, 7}.
Observe that one can retrieve the Euler number of the complex just by adding that



5.3 Discrete Morse-Bott Theory 107

of C™? to those of the critical simplices. The contribution for C™*% is —1. There
are three critical vertices and one critical edge which all together contribute for 2.
Thus one has x(C™?) +2 = —1 +2 = 1 = x(K), where x(K) is the Euler number
of the cell complex.

Figure 5.17: A discrete Morse-Bott function.

Before we state our analogue of the Morse-Bott inequalities which generalizes
the idea above, we prove the following proposition.

Let ny, := {0 € C™?| dim o = k}, then n; = dim Cy(C™%; Z) := dim C;*?, and
let s := dim C"*4.

Proposition 5.3.6. Let C™? be a reduced collection for a discrete Morse-Bott
function. Then there exists r(t), a polynomial in t with nonnegative integer
coefficients, such that

S nth = RO + (L + (1),

k=0
Proof. The idea of the proof is the same as in the proof of Proposition 5.2.3. [

Remark 5.3.6. In general, the contribution of each noncritical pair cancels out
whenever one looks at the Euler number, thus it saves a lot of time to ignore the
noncritical pairs.

The idea in Example 5.3.1 is the content of the following analogue of the
Morse-Bott inequalities.



108 5 Discrete Morse, Morse-Floer, Morse-Bott and Conley theories

Theorem 5.3.7 (Discrete Morse-Bott inequalities). Let f be a discrete
Morse-Bott function on an n-dimensional CW complez K, and let C¥7d, i =1,...,1
be its nonempty disjoint reduced collections that are not noncritical pairs. Then
there exists R(t), a polynomial in t with nonnegative integer coefficients, such that

l
> PR(C) = P(K) + (1 + ) R(t). (5.13)

=1

The result (5.13) implies that, setting t = —1 above, the Euler number of each
reduced collection should always be counted with positive sign.
If we want to have the formula

l
S P(CEred)nCT — B(KR) + (14 ) R(),

i=1
then we have to put ind(C*"*) =0 foralli=1,---,1.

Remark 5.3.7. One of the reasons for defining the index as above is the fact that
the Poincaré polynomial of a point in the smooth setting is given by 1 while in the
discrete setting, the Poincaré polynomial of a cell of dimension k is given by t*, as
we shall see later on.

L ° ®
0 2 3 4 3 2 0 4 5 3 2 0

Figure 5.18: A discrete Morse-Bott-Conley Figure 5.19: A reduced collection
method. that is a noncritical pair.

Example 5.3.2. 1) In Figure 5.18, C consists of the red vertex, the two green
vertices, the two red edges and the 2-simplex with value 3. Removing all
the noncritical cells w.r.t. C yields that C™? consists of the two red edges
and the red vertex. Thus, P;(C"?) = t; in addition, there are two critical
vertices, thus their overall contribution is 2. Hence the discrete Morse-Bott
inequalities are satisfied since Y, P,(C*"™?) =t + 2 and P,(K) = 1, that is,
R(t) =1.



5.3 Discrete Morse-Bott Theory 109

4 2 1 4 o2 1
/ 1 4/7 / / 4/7 3/
1 4 4 1 4 4

Figure 5.20: Example of a discrete Morse- Figure 5.21:  Another example of a
Bott-Conley method. discrete Morse-Bott-Conley method.

2)

In Figure 5.19, C' consists of the red vertex, the two red edges and the green
vertex. After removing the upward or downward noncritical cells w.r.t. C,
we obtain a reduced collection that is a noncritical pair, so we do not take
it into consideration. Thus we only take into account the critical edge and
the critical vertex, and adding their contributions yield ¢t + 1 which is the
Poincaré polynomial of the complex, thus, R(t) = 0.

In Figure 5.20, C'is the collection of the two red edges, the green edge, the
two green vertices and the 2-simplex with value 2. C™¢ consists of the two
red edges and the 2-simplex. P;(C™?) = ¢, to this we add the contributions
for the two critical vertices. We get >°. P,(C**) = t + 2 and P,(K) = 1.
Here, R(t) = 1.

In Figure 5.21, C' is the collection of the two red edges, the green edge and
the two green vertices. C"* consists of the two red edges. P,(C") = 2t,

to this we add the contributions for the two critical vertices, and we get,
S Pi(Chredy =2t + 2, P,(K) = 1 +¢t. Thus, R(t) = 1.

The following lemma is useful for the proof of Theorem 5.3.7.

Lemma 5.3.8. 3, dimker 97" — dimker F >0 for each k > 1.

Proof. Suppose that the reduced collections C%"¢, i = 1,--- || are indexed such
that f(CPred) < f(C9ed) for i < j. We know that if o € 9F'7, where 9" denotes
Forman’s boundary operator, then f(o) < f(7). Using the reduced collections,
if 7 € C and o € 9Fr, then either ¢ € C*"*? in which case f(o) = f(7),
or there is a C%"° st. o € C797° in which case one immediately sees that
f(cfj,red) < f(Ci,red)7 SOj < 3.

Also,

we know that
Cv(K,R) = &', C(C* R),
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where (R = Z or Zs).
Let 8, := 09", then ¢ € C4(K,R) = 0 = o' + 0> + --- + o' with ¢’ €
Cr(C¥ed R) where,

i1
oot = Projci.red of ot + E Projcijred o ot
Jj=1
i1
= J'o' + E Projgjrea 0Fc', for i=1,--- 1,
i=1

and Proj denotes the projection map.

If 0 #0 and o € ker 9", then >, 00" = 0.
If 0 = 0! then Y0 = 0 < 9'o! = 0 and we are done.
If at least one of the o%’s is different from zero, since Projgj.rea 00 = 0 if § > 4,
we get immediately that 0'o! = Projaurea 0¥ o = 0.
If o' =0, do the same for ¢/~ and so on, until you get to ¢!, which we know will
have to be different from zero in order not to contradict the fact that o # 0. Thus at
least one of the o%’s must be different from zero. Hence Y, dim ker 9} > dim ker 9.

Now let us suppose dim ker 9f = 2. Let o; # 0, for i = 1,2 and o, # 09. Suppose
o; €kerdF  fori=1,2then oy =0l + 02+ ---+ol and oy =04 + 02 + -+ + 0b.
As before, we will have 80! = 0 and &0l = 0. If 60 = o) # 0, then
0# 6 :=0,+0y =0, —0)+---+ 0! — ol satisfies 93 = 0. From the
previous step it follows that Zi: dim ker 9! > 1. Using the fact that o} € ker 0L,
we then get that S dimkerd > 2. If o} = 0& o} # 0 or o} # 0& o} = 0, we
are done. If o/ = 0& o} = 0, then do the same for o; = o} + --- + o' and
0y = o)+ -+ o5t Hence 3! dimker &} > dim ker df .

We assume that the statement is true for dimker 9 < m — 1 and we show it is

true for m. Suppose o; € ker f and are all linearly independent for i = 1,--- ,m,
where 0; = o} + -+ + ol

Proceeding as before, we get o! € ker 9! for i = 1,--- ,m. If o} # 0 for all i and
o} # o} for all i # j we are done.

If ol # 0 for all i but o} = ol =--- = ol | then we get 7; := 0y — 0,41 € ker OF
for ¢ = 1,--- ,m — 1. The linear independence of the &;’s follows from that

of the o;’s, and by induction hypothesis, Zi: dimkerd;, > m — 1. Hence,
S dimker 9. > m = dimker F, also taking ¢! € ker 9},

If ol # 0 for all i but o} # b = --- = 0! | then we get 7; := 09 — ;42 € ker Of
fori =1,--- ,m — 2. By induction hypothesis, Zi: dimker 9. > m — 2. Hence,
S, dimker @ > m = dimker §F, also adding o} and o} in ker d..

The same idea is used if there are subsets Ay, -+, A, of {1,--+ ,m} s.t. ol = (Té-
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for all ¢ # 7, i,jGAp,butaf#oéforiEApandjEAq, P q.

Indeed: |A;|+ -+ |As| = m, and for each A;, we define 63-41' = gt — Jﬁil for
j=1---,]4; — 1. From the 5;.41' fori=1,---,sand j =1,---,|A] — 1, and
the induction hypothesis, we have: Zi;i dimkerd;, > >0 (JA] — 1) = m — s.
Taking into consideration the fact that in each A; we have aé € ker 9., we get
S dimker i > m.

If 0! = 0, we do the same for o!~! and so on.

We now have all the necessary tools to prove Theorem 5.3.7.

Proof of Theorem 5.3.7. Let f.: K — R given by

fe(o) = f(o)

€
dimo + 1’

then f. — f as ¢ = 0.
Let nt :=f{c € C%*| dimo = k} and s* = dim C*"*?.

Claim:
For sufficiently small ¢, f. is discrete Morse and
{o®™ critical for f.} = ' {o® € O 4}, that is

l
mi = an, (5.14)
i=1

where m£€ is the number of critical points of f. of dimension k.

Proof of the claim. Let C* be a collection and o € C*. We recall that if o < 7 is
an irregular facet of 7, then f(o) < f(7) and the same holds for f.. So, it is enough
to do the following at the regular facets.

Hv <olfiv) > fl0)} = #Hve v <olfv) > f(0)}
+ t{r ¢ Cv <oalfv) > f(0)}
= A +B

t{r € CZ:,T > ol|f(1) < fo(0)}
+ Hr & 7 >o0lf(7) < feo)}

{1 > olfe(r) < fe(0)}
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= A2+BQ

We have, A; = 0 (resp. Ay = 0) since, if v < ¢, meaning that dimv = dimo — 1
(resp. 7 > o meaning that dim 7 = dim o + 1), and both are in the same collection
that is f(0) = f(v) (resp. f(o) = f(7)), we get that f.(0) > fo(v) (resp. f.(0) <
fe(7)).

For sufficiently small ¢, that is, as ¢ — 0, we have B; =f{v ¢ C",v < o|f(v) >
f(o)} and By =8{7 ¢ C*",7 > o|f(7) < f(0)}, so that, B; <1 and B, < 1 follow
from the discrete Morse-Bott condition for f. Hence A1 + B; <1 and Ay + B, <1
which implies that f. is discrete Morse.

We show that

{o® critical for f.} = U{a(k) e Chredy (5.15)

‘=" Let o be critical for f., this implies that B; = 0 and By = 0. For ¢ small
enough, B; = 0 means that x is not downward noncritical w.r.t C? and By =0
means that o is not upward noncritical w.r.t C?. Therefore o should be in C%"4
‘=" If 0 € C""? then o was neither upward noncritical nor downward noncritical
w.r.t. C* for f. So for sufficiently small e, B; = 0 = B, and this implies that o is
critical for f.. m

Now to end the proof of the theorem: from Proposition 5.3.6, we have for each

Z nktk P,(CP) + (14 t)ri(t), (5.16)

where each 7;(t) is a polynomial in ¢ with nonnegative integer coefficients.
The function f. is discrete Morse on K for sufficiently small ¢, so from the Morse
inequalities we have:

imﬁft’“ th’“ (1+t)r'(t)
k=0
n !
= Y O nptt Zbktk (1+t)r'(t) from (5.14)

k=0 =1

l
= ) P(CU) 4 (L )it Zbktk + (1 +t)ri(t) from (5.16)

= > R(CY) = P(K) + (1 + t)R(t).
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Note that
ri(t) = Ez(mi‘E — dimker 9 )t*~! and r(t) = Zzzl(nz — dimker 95" ) ¢F 1,
k=1

where 997" 1= Of\cisreas - Thus R(t) = S (L dimker 9 —dim ker OF )¢+ 1,

and the result follows from Lemma 5.3.8. OJ

Figure 5.22 illustrates the fact that the discrete Morse-Bott inequalities are not
satisfied when we do not reduce the collections.

there is 1 critical vertex ~~ 1

I+ x(C)=1+0=1# x(S) =0.
Thus the Morse-Bott

inequalities are not satisfied.

This is not surprising since

C' is not a reduced collection.

Figure 5.22: A counter example when C' is not a reduced collection.

Remark 5.3.8. 1) Let f be a discrete Morse on K except on some subcomplex
C'" where it is constant. To approximate f to get a discrete Morse function
f- on the entire complex K, one needs the condition that:

While approzimating f* := fici into a discrete Morse function, any cell o € C"
noncritical w.r.t. C* for f should not be noncritical for f!.

Figure 5.23 illustrates why we need this condition. The green vertex was
initially not critical for the function f, and, after approximating we also
made it noncritical for the function f.-. This yields a function on the entire
complex that is not discrete Morse.

2) Observe that if O is a subcomplex of some CW complex K, C%"¢d £ %
and f. an approximating discrete Morse function on K, a critical point for
fi= Jejci need not be critical for f.. This will then mean that in the proof
above, (5.15) need not hold if we replace C*"*¢ by C. This is shown in Figure
5.24, where C' is the collection of all the simplices having the value 1, and
C™ is the collection of all the simplices of C except the green vertex. The
function f, is a trivial discrete Morse function on C'. After approximating,
the green vertex is critical inside C' but not critical on K.
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1 0 -1 0 -1
€ approx 1 (3
y 1 3 _ 1+e 3
1 1 1 1-2¢ 1 l-e

C C

Figure 5.23: A noncritical cell violates the discrete Morse condition after
approximating.

1 0 -1
/1\3/ L
1 1 1 l-e

1-¢/3

1-e/2 =g
C C

Figure 5.24: A noncritical cell stays noncritical after approximating.

3) One should also observe that our proof, being based on some perturbation
idea of the discrete Morse-Bott function to get a discrete Morse function,
will not work if we use a function that does not necessarily assume the same
value on the collections.

After realizing that an approach of Floer’s in the case of a discrete Morse
function is possible one would like to ask the question if something similar can be
done using a discrete Morse-Bott function.

Question: is it possible to do some kind of Floer-related theory on a complex
having a discrete Morse-Bott function?

It turns out that,

we cannot consider the whole reduced collection as one critical object.

Indeed, using Figure 5.25, let the reduced collection C™? to be C"*? =
{01,09,03, 7}, that is, from the collection with values 1, we have removed the
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upward noncritical vertices. If we suppose that:

(a) (b)

Figure 5.25: A reduced collection cannot be one critical object.

d(v) =0, 0(C™) = (v—v)+ (V —v)+ (l/ —v) =

Do(1a) = 0o(13) = Do(12) = C4,  9o(C™*4) = then.

kerdy = (v), im0 =0;

ker 0 = (C™?), imdy = (Cred);

ker Oy = (O™ 13+ Ty, T3+ T4 );

this will then yield, by = 1, by = 0, by = 3 which is not correct.
This problematic result is mostly because we have

(92(7'4) = 82(7-3) — 82(7-2) — Cred

which would not be the case if C"* was considered as a collection of critical cells.

Thus, a plausible idea would be the following: if C™*? has dimension &, then we
have to consider it as a critical element in all dimensions 0,1, 2, - - - k, whenever it
has an element of dimension 0,1, --- , k, and to be more precise, the only solution
to the question above is the following:

Solution: we approximate the discrete Morse-Bott function on each collection
to get a discrete Morse function; this is always possible as seen before, so that any
upward or downward noncritical cell w.r.t. a given collection will not be critical
after the approximation. In this way, all the cells in the reduced collections will be
critical just by making the approzimating function to be a trivial discrete Morse
function.

The above solution shows that the only way we can have a boundary operator
on some complex on which is defined our discrete Morse-Bott function is by
approximating to get a discrete Morse function. We now ask: having a discrete
Morse-Bott function, is it possible to develop any other theory using a more
dynamics-related method to get some insight on the Euler number? This is what
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we will be investigating in the last part of this chapter. But before we get to that,
a good question to ask will be the following;:

Why should the Euler number of the reduced collection always be counted with
positive sign whereas this is not always the case in the smooth setting when critical
submanifolds are taken into account?

Now we use the discrete Morse-Bott function to derive a similar notion to
smooth Conley theory, this is our version of discrete Conley theory.

5.4 Discrete Morse-Bott-Conley theory

The content in this section has also been published in [50].

The scope of Conley theory is more general than that of Morse theory, because if
we consider the discrete vector field originating from some discrete Morse function,
then this combinatorial vector field does not admit any closed orbit. This makes
things easy in the sense that, the only critical objects under consideration are the
critical cells of the discrete Morse function, and we will show below that for a
critical cell of dimension k, the homological Conley index is just given by t* . or
(=1)% for t = —1.

Forman, in [23], made things more interesting by considering a combinatorial
vector field in general (it need not originate from some discrete Morse function and
can therefore admit closed orbits). In general, a combinatorial vector field on a CW
complex yields a disjoint collection C). of rest points or closed orbits, where the rest
points are exactly the critical cells. For each C,, let C, be the union of all the cells
in C, with the ones in their boundaries, and let C, := C, \ C,. The pair (C,,C,)
is taken to be an index pair for the corresponding C,.. Forman showed that with

m; =Y _dim H'(C;,C,:Z),

Cr

the Morse inequalities are satisfied.

Now we want to go beyond a combinatorial vector field and we do this by
considering our discrete Morse-Bott function on a CW complex K. The vector field
originating from this function inside each collection need not be a combinatorial
vector field as a cell in the collection can have more than one incoming and/or
outgoing arrow, see Figure 5.26, but between the collections there should not be
any closed orbit.

We shall consider as isolated invariant sets the reduced collections (excluding
the noncritical pairs), and their isolating neighborhood will be the subcomplex
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Figure 5.26: Vector field inside a collection.

generated by the isolated invariant set. The exit set will be the part of 9" N where
the values of the function are smaller than on the isolated invariant set. This is
the content of the following definition.

Definition 5.4.1. 1) 1 is said to be an isolated invariant set if it is a reduced
collection that is not a noncritical pair.

2) An isolating neighborhood N for I is the union of all the cells in I together
with all the cells in their boundaries. That is,

N=]Je

oel

3) The exit set for the flow from I is just given by the part of N not in I where
the values of f are smaller than or equal to the value on I. In other words

E={ceN\I1| f(o) < f(r) forT e I}.

4) We call (N, E) an index pair for I.

Remark 5.4.1. 1) The reduced collections I7* are such that there is no path
(following the arrows) that moves from a cell in I7*? to another cell outside
of I meaning that each of them is invariant. Since they constitute the
building block for computing the Poincaré polynomial of the CW complex,
we consider them to be isolated. Hence each collection I7** is an isolated
invariant set.

2) In the definition of the exit set above, taking I = C"?, the cells in F that
have the same value with the ones in I are exactly those cells that are upward
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noncritical w.r.t. C. Indeed, we know from Lemma 5.3.3 that any o € N \
satisfying f(o) = f(7) for 7 € I cannot be downward noncritical. Thus,

E_{UEN\I s.t. either f(o) < f(7) for 7 € I, or}

f(o) = f(r) and o is upward noncritical w.r.t. C
Later on, see the proof of Theorem 5.4.2, we will show that £ = N \ I.

Definition 5.4.2. The topological Conley index of an isolated invariant set
I is the homotopy type of N/E and the homological Conley index of I is the
polynomial
Ci(I) = dim Hy(N, E; Z)t"
k

We then have the following lemma.

Lemma 5.4.1. If I = O™ with 4C™ =1 of dimension k, then its homological
Conley index is t*.

Proof. Let I = o®_ then N = &, and E = 0'?g, where 0"’ denotes the
topological boundary. Thus we obtain an index pair (7,9"?(0)) for o, and the
homotopy type of this index pair is just that of a k-dimensional closed disc with
its boundary identified, which is that of the pair (S*, pt). Thus the Conley index is
given by

Z dim H;(SF, pt)t’ ,

since H;(S*,pt) =1 for i = k and H;(S*, pt) = 0 for i # k. ]

In general, if I = C"*? is such that C™? # C, then there are elements that
are upward noncritical w.r.t. C, and (in order not to contradict the definition
of a discrete Morse-Bott function) there is a one to one correspondence between
those elements and those out of C' making them upward noncritical, this is the

content of Lemma 5.3.2. Thus we have disjoint noncritical pairs {o < 7}, 0 € C
and w(o) =7 ¢ C with f(o) > f(7). We call such a o an exit cell.

Remark 5.4.2. If ] = C"?, then the exit set of I denoted E is the union of all
the cells in N whose values are smaller than the value in C™¢, together with all
the exit cells of C' that are contained in V.

We have the following analogue of the result in the smooth setting:
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Cred N E

Figure 5.27: A reduced collection and its index pair.

Cred N E

Figure 5.28: Another reduced collection and its index pair.

Theorem 5.4.2. Let f be a discrete Morse-Bott function having isolated invariant
sets Iy, --- I, then there exists R(t), a polynomial in t with nonnegative integer
coefficients, such that

P(K) + (L+H)R(t) = Y C(I)). (5.17)

Recall that P,(N, F) = P,(N/E) — 1.

Example 5.4.1. 1) For the discrete Morse-Bott function in Figure 5.20, we get
the respective index pair in Figure 5.27. Thus P,(N, E)) = t. Observe that
this can be achieved geometrically by performing N/E and using the fact
that F(N, E) = P,(N/E) — 1. Hence, F(K) =1 and }_; Cy(I;) =t + 2, this
implies that R(t) = 1.

2) Using Figure 5.21, the respective index pair for the discrete Morse-Bott
function is given by Figure 5.28. In this case, we get P,(N, E) = 2t. Thus
P(K) =1+t and ), Cy(I;) = 2t + 2, this implies that R(t) = 1.
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Proof of Theorem 5./.2. e We have shown above, see Lemma 5.4.1, that
whenever [ is a singleton, a cell of dimension k,

Cy(I) = t*.

o If [ = C" where #C"? > 1, we only need to show that C™ = N\ E (which
holds for all C").
The fact that C™? C N \ E follows from the definitions of those sets.
We show that N\ E C O
Let 0 € N\ E, then o is either in C"™ or it is a face of an element in C"*.
If o € C™, we are done. If thereis a 7 € C"? s.t. ¢ < 7, then from the
definition of C™*? and the fact that o is not in E, we must have f(o) = f(7)
and o is not upward noncritical. Lemma 5.3.3 also establishes the fact that o
cannot be downward noncritical. Thus, f(o) = f(7) and o is neither upward
nor downward noncritical, this implies ¢ is in C"?.
Thus N := N(I) is a subcomplex by definition, and E := E(I) = N \ I :=
Cred\ Cmed is a subcomplex by Lemma 5.3.4. Hence, the relative homology is
well defined. Thus,

Ci(1) = Y _ dim Hy(N (1), B(D); Z)t* = P(D),
k
and the second equality follows from Theorem 5.3.7 since C™*? = N \ E and
both N := N([;) and E := E(I;) are subcomplexes, indeed
!

Z(Jt(fj) = Y ) dim Hy(N(I)), E(1)); Z)t*

j=1 k

A consequence of the proof above is the following:

Lemma 5.4.3. If (N, E) is an index pair for C*"?  then

X(C) = X(N, E) = x(N) = x(E).

Remark 5.4.3. The lemma above is not true in general if we consider the Poincaré
polynomials instead of the Euler numbers.
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4 o2 |
4 4 4 N/E

C

Figure 5.29: The corresponding quotient space to an index pair.

2 1 0
/ 2\3 / <>
o 2 2

N/E

C

Figure 5.30: The quotient space corresponding to an index pair.

Example 5.4.2. 1) Using Figure 5.29, C™? consists of the two red edges and
the red vertex, N is the subcomplex generated by the two red edges, so that
E is the collection of the two green vertices. P;(N,E) = P(N/E)—1=1t.
The critical vertex contributes 1. Thus ), Cy(I;) =t + 1 = F(K) that is
R(t) = 0.

2) In Figure 5.30, C"? takes all the elements of C' except the two green vertices.
N = C and E is the two green vertices. P;(N, E) = t, there is one critical
2-simplex whose contribution is #2, and one critical vertex whose contribution
is 1. Hence ), Cy(I;) = t* +t + 1, but P,(K) = 1 this implies that R(t) = .

Now, we need to consider the situation where we go beyond a discrete Morse-
Bott function, as discussed above, Forman already considered combinatorial vector
fields that may have closed orbits. An important observation is the fact that
our discrete Conley theory and that of Forman’s complement each other in the
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sense that, in a collection where the function is constant, the vector field is not a
combinatorial vector field, see Figure 5.26 (indeed Definition 5.1.7, tells us that for
a combinatorial vector field we cannot have situations where a cell has more than
one outgoing arrow or more than one incoming arrow), but between the collections
we cannot have a closed orbit.

Using this idea we wonder if we can extend our theory to a function that is
discrete Morse except on some subcomplexes where it is not. This will then mean
that a situation like in Figure 5.31 is allowed. But the problem would be to check if
any Conley theory is possible. In fact if we take C' to be the triangle in red including

0 W2 wq 0
T2 T1
1 - 1
2
1 1
0

Figure 5.31: A reduced collection with its exit set for a function not discrete
Morse-Bott.

the 2-simplex, then its exit set is the subcomplex highlighted in green, so that
H(C,E;Z) = H,(S?,pt; Z) = Z for k = 2 and Hy(C, E;7Z) = Hy(S?, pt; Z) = 0 for
k # 2. But adding to this the contributions for the three critical vertices, we get a
total of 4 which is clearly not the Euler number of our complex.

To avoid all such ambiguities, we take it upon ourselves to develop a nicer
theory needed to derive the Betti numbers, and thus the Euler number, of a given
CW complex, and which is more general than Forman’s. This is the reason for
our attempt in solving a possible generalization of discrete Morse-Floer theory, by
considering on a finite CW complex a vector field that allows forking and merging.
In particular we provide a way to deal with the ambiguous example given by Figure
5.31. Our solution to this problem is the object of our final chapter.



6

A generalized boundary oper-
ator

In this chapter, we present our generalization of Forman’s notion of discrete Morse-
Floer theory. By considering an arrow configuration more general than the one
extracted from a discrete Morse function on a finite CW complex, we provide a
definition for a boundary operator depending on the given arrow pattern. This
boundary operator will then be used for the computation of the Betti numbers of
the complex under consideration. Our construction of the boundary operator is
mainly based on some probabilistic method using averaging techniques, using all
the arrows, despite the difficulties arising from cells with more than one incoming
or outgoing arrow. We construct this boundary operator step by step, first dealing
with each case individually, in order for the general boundary operator to be more
understandable. The critical cells are of the following types: the cells with no
arrows; the cells with more than one incoming arrow; the cells having an outgoing
arrow pointing to a cell with more than one incoming arrow; the cells with more
than one outgoing arrow; the cells having an incoming arrow coming from a cell
with more than one outgoing arrow.

In Section 6.1, we state our assumptions and make precise what type of cells we
encounter in our framework that were not present in Forman’s framework. We show
that the arrow configuration that we consider is generated by some discrete function.
We also give the result about computing the Euler number of a CW complex using
the arrow configuration but without the use of any boundary operator.
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In Section 6.2, we define the boundary operator just in the abnormally upward
noncritical case. The proof of the fact that the square of this boundary operator is
zero is a step by step procedure, moving from a situation with no arrows (where the
square of the boundary operator is zero), creating abnormally upward noncritical
cells by adding arrows, and then showing at each step that the square of the
boundary operator is still zero. We also show that the Betti numbers in this case
coincide with the topological ones.

A boundary operator in the abnormally downward noncritical case is defined in
Section 6.3. Using the same idea as in the abnormally upward noncritical case, we
show that its square is zero and that the extracted Betti numbers are exactly the
topological ones.

Section 6.4 focuses on the definition of the boundary operator in the general
case and the statements and proofs of the main theorems, that is, the proof of the
fact that the square of this boundary operator is zero and that we can recover the
Betti numbers of the CW complex from it. We obtain some Morse-type inequalities
as well.

In Section 6.5, we do some Conley theory analysis on the arrow configuration
under consideration in Section 6.4.

The content in this chapter will be published in [33].

6.1 Notations

Let K be a finite CW complex in which each cell is endowed with an orientation
(called initial orientation). We recall that the topological boundary elements
of a cell are called its faces and the co-dimension one faces are called facets.
Suppose there is an arrow configuration on K, for which each cell has finitely many
outgoing or incoming arrows but not both. We shall however require that the arrow
configuration should not have closed orbits.

We write ¢ — 7 if there is an arrow from o to 7.

Definition 6.1.1 (Closed orbit). A closed orbit (of dimension k) is defined to
be a closed path, that is,

(k+1)

O'§k) — 1 (k)

1
> oy (k+1)

— 7 +1) (k)

---Tl(fl >0, = Tl(kH) > J§k) (P).

Figure 6.1 shows an example of a closed orbit.

More precisely we have the following definition for our arrow configuration.

Definition 6.1.2 (Arrow configuration). An arrow configuration assigns to
each k-cell o a collection of (k + 1)-cells that have o as a facet. We draw an arrow
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from o to each cell in that collection. The cardinality of that collection is defined by
nou(0). Conversely, for each k-cell o, we let n;, (o) be the number of arrows that it
receives from its facets. Thus ny, (o) is the number of outgoing arrows while ny, (o)
1s the number of incoming arrows of o.

We require that at most one of ny, (o) and n;, (o) be different from zero and
that there should not be any closed orbit.

Remark 6.1.1. For all o, n;,(0) and n,, (o) are both finite since the CW complex
is finite. Also, n;,(0) cannot exceed the number of facets of o.

We let

ADn(o):={veK|v<o, Jv—0o}, AUn(o) ={re€K|7>0, 30— 7}

g3 09

b}

141 Vo
01

Figure 6.2: A discrete function whose
Figure 6.1: A vector field not originating vector field is not our arrow configura-
from a discrete function. tion.

The reason for such an arrow configuration instead of one including closed
orbits is that we want the arrow configuration to come from some discrete function.
The following lemma shows that every such arrow configuration comes from some
discrete function.

Lemma 6.1.1. The arrow configuration given by Definition 6.1.2 is generated by
some discrete function.

Proof. We recall that we draw an arrow from o to 7 if and only if ¢ < 7 and

flo) = f(7).

(a) If we suppose that a given arrow configuration has closed orbits, then consider
the arrow configuration given by Figure 6.1. If there is a function f generating
the arrow pattern, then f should satisfy the following inequalities: f(v4) >
flo1) > f(ve) > f(o2) > f(vs3) > f(os) > f(v1), which is a contradiction.
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(b) Also, if in the arrow configuration a cell can have at the same time an
incoming and an outgoing arrow, then if there are arrows v — o and 0 — 7,
the following situation might occur: f(v) > f(o) > f(7) > f(p) > f(v) for
some p # o, v < p < 7. This also would yield a contradiction.

We construct the desired function f: K — R in the following way.
For every o € K,

< min{f(v)|v e ADn(o)} if mny(o) > 1,

)
o) > max{f(7)|7 € AUn(0)} if ny(o)>1,
)

Then f is indeed well defined.

0 1 0

Figure 6.3: A discrete function whose vector field has a closed orbit.

The converse of Lemma 6.1.1 is not entirely true. The extracted vector field
from an arbitrary discrete function defined on a CW complex K need not be the
arrow configuration given by Definition 6.1.2. Indeed Figure 6.2 shows an example
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of a function whose extracted vector field allows for a cell to have at the same time
an incoming and an outgoing arrow. Also, in Figure 6.3 we have a discrete function
whose extracted vector field has a closed orbit highlighted with the red arrows. In
this case the edge with value 6 has more than one outgoing arrow, one of which
points to the 2-cell with value 2 which has more than one incoming arrow. To get
our desired arrow configuration from a discrete function f, it is not very clear what
conditions f should satisfy to avoid closed orbits. However, one condition f should
satisfy is the following:

For each pair {v,o|v <o}, if f(v) > f(o) then f(o) < rTn>1(rfl f(r).  (6.1)
The condition given by (6.1) tells us that a cell cannot have at the same time an
incoming and an outgoing arrow.

We recall that the cells in Forman’s framework are the downward noncritical
cells which are those with only one incoming arrow, the upward noncritical cells
which are those with only one outgoing arrow and the critical cells which are those
without arrows.

Definition 6.1.3 (Forman-type noncritical cell). Let K be a CW complex
together with the arrow configuration as given in Definition 6.1.2. A cell o € K is
said to be a Forman-type noncritical cell if it satisfies exactly one of the following:

e it has a single incoming arrow, from some cell v, and v satisfies ny,(v) =1,
e it has a single outgoing arrow, to some cell T, and T satisfies n;, () = 1.
In addition to the Forman-type cells, we introduce another two types of cells.

Definition 6.1.4 (Abnormally downward noncritical cell). A cell 7 is
said to be abnormally downward noncritical if n;,(7) > 1, that is, the number of
imcoming arrows of T is greater than 1.

Definition 6.1.5 (Abnormally upward noncritical cell). A cell 7 is said
to be abnormally upward noncritical if ny,(T) > 1, that is, the number of outgoing
arrows of T s greater than 1.

For our examples, in which we mostly use simplicial complexes, we write
(1,19, -+, 1] to denote the oriented cell with vertices vy, - -, vy.

Example 6.1.1. a) In Figure 6.4a, the vertex 1y is abnormally upward
noncritical.

b) In Figure 6.4b, the 2-cell 7 = [y, 12, v3] is abnormally downward noncritical.
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Notations
CW complex K
dimension of the CW complex n
cells v, 0,0, T,S, W, @
with the exception that in some concrete cases,
vertex v
edge e
the dimension of v ‘ k—1
the dimension of o, p ‘ k
the dimension of 7, ¢ ‘ k+ 1.
the dimension of w ‘ k+ 2
the closure of a cell o ‘ o
the coeflicients in a linear combination of cells ‘ Q

the number of outgoing arrows in a forking situation ‘ m,

the number of incoming arrows in a merging situation ‘ [,

indices i gy hy
the indices that run through other indices D, q, T
the induction step ‘ t

the coefficients that arise as a result of our | capital letters.
computations

Forman’s boundary operator ‘ oF
the cellular boundary operator ‘ 0°
an arrow from o to 7 ‘ o—T.

Table 6.1: Notations for different types of objects in this chapter.

In our framework, the critical cells are: the cells with no incoming and outgoing
arrow; the abnormally downward noncritical cells; the cells having an outgoing
arrow pointing to an abnormally downward noncritical cell; the abnormally upward
noncritical cells; the cells having an incoming arrow from an abnormally upward
noncritical cell. The following is the definition of a critical cell in this framework.
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V3 V3
)
01 02
01
@ T
V1 vy
03 T
Vy 41 03 Vg

(a) (b)
Figure 6.4: Different types of cells.

Definition 6.1.6 (Critical cell). A cell o with its arrow pattern is said to be
critical if it satisfies any one of the following:

a) nip(o) =0 and ny, (o) = 0;
b) nin(o) >
c) o€ ADn( ) for some T satisfying g, () > 1;
d) neu(c) >

e) o € AUn(v ) for some v satisfying ne,(v) > 1.

We state a result useful in determining the Kuler number of the CW complex
using the arrow configuration without any notion whatsoever of a boundary
operator.

Definition 6.1.7 (Contribution function). We define the contribution function
of a cello® c K, C: K — Z, by:

C0™) = (=1 + (=1 i (0%) + (=1) g (0),

where N, () and ny, (o) denote the number of incoming and outgoing arrows of o
respectively.

In particular, C'(c) = 0 if o has only a single (incoming or outgoing) arrow.
The next proposition shows how the Euler number can be computed just using
the contribution function of each cell.

Proposition 6.1.2. The FEuler number of the cell complex K is given by:

=> C(o). (6.2)

cekK



130 6 A generalized boundary operator

Proof. Essentially this follows because an outgoing (resp. incoming) arrow of a
k-cell is an incoming arrow of a (k + 1)-cell (resp. outgoing arrow of a (k — 1)-cell).
Therefore, the contributions cancel in (6.2).

[

Now we need to find a way to compute the Euler number using the notion
of boundary operator that will depend on the arrow configuration that we have.
Note that we need to construct a boundary operator whose square is zero and also
whose derived Betti numbers coincide with the topological Betti numbers of the
CW complex under consideration.

From now on we will assume that each cell is oriented, of course also implicitly
taking the induced orientations into account.

We now move to the next section which is about defining a boundary operator
in the forking case that is in the situation where cells can have more than one
outgoing arrow.

6.2 The forking case

In this section, we define a boundary operator in the case where a cell can have
many outgoing arrows or at most one incoming arrow, and there are no closed
orbits. We use a probabilistic idea combined with an averaging technique to define
this boundary operator.

Let K be a finite CW complex in which each
cell is endowed with an orientation, and let 0° being

the cellular boundary operator. Suppose that on K V3
we have the arrow configuration given by Definition 02
6.1.2 with the assumption that for each cell o, 01
N (o) < 1. . v
O3

In Figure 6.5, the vertex v, is abnormally upward Vs

noncritical since n,, (o) = 2.
Let the set of cells having outgoing arrows be Figure 6.5: A forking case.
denoted by
A*={oeK|ny(c)>1}.

Let us define the following:

(1) the set of cells that are critical in Forman’s framework is given by

CH = {o® € K|nm(0) =0 & ngu(0) = 0};
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V3
01
o 1
o o K
121 12) 02 Us
g3
. V4
4
4
Vs I' V3
4
g1 . 01
1 &

o _ = , o 2
® > ® = 3 €------ ® ) K
41 12) 02 Vs O Iz ) 02 Us

.
g3 S 03
A Y
Vg4 So V4
.
-~
A Y V3
K g1
o 3
o o K
141 1) 02 Us
03
Vy

Figure 6.6: Illustration in the forking case.

(2) the set of abnormally upward noncritical cells is

CH = {o®) € K |ngu(o) > 1 & nin(o) =0}

(3) the set of all cells having an incoming arrow from an abnormally upward
noncritical cell is

CH = (o™ c K|o € AUN(V) & nou(v) > 1for some v}.

sou

Let the set of all critical k-cells be given by
C®) = G U G [ E)

sou’

and C}, be the free R-module generated by the oriented cells in C*).
Let K, denote the free R-module generated by the oriented k-cells of K.
We define the “flow” map v"?.

The definition is recursive in nature. Roughly speaking, v"? of a cell ¢ is a linear
combination of the cells of the same dimension that are in the cellular boundary of
the cells to which the arrows of ¢ point, and so on. If ¢ is in C, U C,, then v"? of
o is equal to o.
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The map v*?: Ky — Ky is given by:

o if oeC,UCsu,
v'P(o) = V(o) if o€ A",
0 else,

where, if AUn(o) ={m,72, - ,Tm},

V(o) =p(m)o+ (1 %Z (0 = 71),

with

Vo =T =Y v™(p), (6.3)

p<Ti,pF0

and
pB(m) € [0,1) issuch that 5(m) =0 if m=1 and f(m) >0 if m > 1.

We have to argue that the recursive definition above terminates after finitely
many steps.
Recall that by Lemma 6.1.1 there is a discrete function f that generates the given
arrow configuration. Note that the argument of v“?(p) in (6.3) has strictly smaller
value for the function f than the value f(o). Indeed, from the proof of Lemma
6.1.1 f(o) > f(r;) for each i. We are in the forking case so each 7; has only one
arrow coming from o. Thus, f(7;) > f(p), since there is no arrow from p to 7.
Hence f(o) > f(p). This tells us that the flow map v"P cannot return to o. Since
K is finite, it implies we stop at some point.

Definition 6.2.1. We define C,, ék—> Ci_1 as follows:
Or = v" 0 0°7 = Z v*P(0)

o<T

Remark 6.2.1. The crucial fact about the definition above is that the coefficient
f(m) is not zero whenever m > 1. Consider for example Figure 6.5 with the
orientations:

g1 = [VQ,I/l], 09 = [IJQ,I/g], O3 = [I/4,I/3].
If we suppose that f(m) = 0 for all m > 1, we obtain
dor =1 — 1(v3 + 1), 802 =v3 — 2(v3+ 1) = 3(v3 — 1), and
Oos = vy — —(1/4 +v3) = (1/4 — 3).
Then one immediately sees that
ker50 = <I/1, Vo, V3, I/4>, 111151 = <50'1,50’3>, kerél = <0'3 - O'4>, 1m52 =0.
This does not give the right Betti numbers since we obtain
by = dim (keréo/imél) =2+#1="by, and b; = dim (kerél/imég) =1#0=10.



6.2 The forking case 133

Figure 6.7: Example in the forking case.

We give some examples to illustrate the definition of 0.

Example 6.2.1. In Figure 6.7, the initial orientation of each cell is given in the
right subfigure, that is:

T = [y, e, T = [y, vs, ) T3 = [vo, s, v 00 = Ve, ] o1 = [vo, vl
oy = [V, 1e]; o3 = [, 13]; ou= [, wl; o5 = [V, 1]y 06 = V3, 1)

The cell v3 is abnormally upward noncritical with the cells o4, o5 and og. We have
the following:

C ={wo, m}, C ={os}, CF ={m,m}:
C) = {vs}, CGh = AUn(vs) = {04, 05, o6};
VP(vs) = B(3)s+ (1 — 5(3))%(11“?@3 S 05) + 0" (v — o) + 0P (v — 04))
= B+ (1 - 5E)) 301 + 200);
Ot = —05 + 09, 013 = (—06+ 04),

since the induced orientation from 7y (resp. 73) onto o5 (resp. 04) does not coincide
with the initial orientation of o5 (resp. og);

0oy = —vy + 0" (v3),

since the induced orientation from oy (also o5) onto v3 coincides with the initial
orientation of v3, whereas the one induced by o4 (or og) does not coincide with
the initial orientation. Also, the initial orientation of 14 does not coincide with its
induced orientation from cs. We therefore have:

502 = - + ’Uup(l/g), 505 = -+ ’Uup(l/g), 50’4 =1y — "Uup(l/g),
dDog = vy — v"P(13).

One easily checks that 900 = 0.
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Figure 6.8: Another example in the forking case.

Example 6.2.2. In Figure 6.8, the labels and initial orientations given by the
right subfigure are as follows:

= [V, s, vl T = [va s, vy T3 = [va, s, 8] 0 = (v, 8]y 01 = [, )
oy = g, n1]; o3 = (o, 55 ou=[va,); o5 = [, vy 06 = [V, 3]

The cell ¢ is abnormally upward noncritical with the cells 7 and 75, and we have:

v(0) = B2+ (1— 5(2))%@@(0 L) 00— 7))

= B+ (1= )5 (01 + 02+ 05+ ),

since the induced orientation from o onto each o; coincides with the initial
orientation of ¢;. Now, the induced orientation from 73 onto ¢ coincides with
the initial orientation of o, but the one from 7 (or 73) does not. Hence,

Or3 = 06+ 05 +0""(0)
= B(2)(o+ 05+ 0)

+(1— @(2))<%(06 +o05+01+02) + %(06 + o5+ 03+ 04)>,

Om =01+ 0y —v"(0) = B(2) (01 + 02 — o) + (1 = B(2)) (3 (01 + 02 — 03 — 04)),,

By = 03+ 04 — 0"7(0) = B(2)(05 + 04 — o) + (1 — 5(2))%(0—3 bou— 01— ).

Observe that each term in brackets is the cellular boundary of some linear
combination of cells. Hence, 0 0 9 = 0.

The next proposition establishes the fact that the square of the boundary
operator defined above is zero.
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Proposition 6.2.1. 000 =0.

The proof of the fact that the square of this boundary operator is zero is a step
by step procedure, moving from a situation where there are no arrows (where the
square of the boundary is zero), creating abnormally upward noncritical cells by
adding arrows, and then showing at each step that the square of the boundary
operator is still zero. The idea behind this proof is the same as the one used to
prove Theorem 5.2.1. Observe that in the proof of Theorem 5.2.1, the number of
outgoing arrows is at most 1, so we move to the situation where we have m > 1
outgoing arrows. Note that the definition of the boundary operator when there are
m > 3 arrows cannot be expressed in terms of the definition when there are m — 1
arrows. This is the reason why our induction step moves directly from a situation
with no arrows to one with m arrows. We will also frequently make use of Remark
5.2.2.

We shall proceed in two steps.

(1) Supposing that our arrow configuration comes from some discrete function f,
we show that for every such function f, there exists a trivial discrete Morse
function fr such that we can move from fr to f by a series of operations
(consisting in creating (abnormally) upward noncritical cells). When the CW
complex is not regular, one may need to put an emphasis on Remark 5.2.5.

(2) When the CW complex has no arrows, d = 9°, where 0¢ is the cellular
boundary operator, hence 9> = 0. We show that this latter relation is
preserved under the operations of creating (abnormally) upward noncritical
cells at each step.

Proof. (1) We proceed in increasing dimensions of the cells. We denote by
s; the number of (abnormally) upward noncritical cells of dimension 1.
Let f be a function whose extracted vector field coincides with our arrow
configuration. Let v, be an (abnormally) upward noncritical vertex, then

f(ve) > E[lja}({ )f(e), and we define f): K — R by
ec n(Vx

0(p) — flo) =gy if o=uw,
() {f(a) else,

where,

co > flo) = _ ,X%%*)f(e)' (6.4)

We can check that f(? satisfies the discrete Morse conditions at v, and all the
e;’s € AUn(v,). Indeed,

) = Flo) =< _min fle)= min fe) by (6.4)
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Also,
Vi) < min e
f( ) e>vy, et AUN(vy) f(
implies that the same inequality holds for fJ.

This definition is applied to all (abnormally) upward noncritical cells of
dimension 0. If we let so be the number of (abnormally) upward noncritical
cells of dimension 0, the we will have functions fJ, fa, -+, f5°. Set fo := f3°.

Now we proceed by induction on the dimension of the (abnormally) upward
noncritical cell. Let s;_; be the number of (abnormally) upward noncritical

cells of dimension k — 1, and fy_1 := f."7".

Let o, be a k-dimensional (abnormally) upward noncritical cell. We then
have:

_1(oy) > a _ and _1(oy) > a _ .
filo) 2 ek, () and o) > o Fi ()

oF0x
Also,

Vpst. 0<dimp<k-—1, m<axfk_1(1/) < fro1(p) < m>in fre—1(1).  (6.5)
v<p T>p

Define f): K — R by

fiorlo)  else,

f}?(a) _ {fkl(U)—€k if 0 = Oy,

where ¢}, is chosen so that

Jr—1(0s) = Tefz}g%g*)f’“_l(ﬂ <&k < frm(ow) — max fi (v). (6.6)
Claim:

1 _ > _ .
omin | fi(7) > max fia (v)

Proof of the claim. Let 7 € AUn(o).

If v is an irregular facet of o,, then assuming also the conditions in Remark
5.2.5 one requires fr_1(v) < fr_1(7).

If v < 0, is a regular face of o,, then from the incidence property, Remark
5.2.1, there exists o’ # o, s.t. v < ¢’ < 7, which implies that f, 1(7) >
fr—1(c") > fr—1(v). This is because v satisfies (6.5) and 7 satisfies n;,(7) < 1.
Since 7 is already downward noncritical with o, it cannot be with ¢’. Thus
froa(T) > max fr—1(v), and the same inequality holds for the minimum since

it holds for all 7 € AUn(o.). O
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It is easy to check that fP satisfies the discrete Morse conditions at o, and
all the 7,’s € AUn(o.). Indeed, the left inequality of (6.6) implies

0 : : 0
%) = _ %) — < 104 _ — 100 .
fk (U ) fk ! (U ) Sk TGAU].T{%O'*) fk ! <T> TEAUIJ%J*) fk (T)

The right inequality of (6.6) implies

£2(0.) = feal0) = e > max fia(v) = max f2(0).

v<0x

The inequality

_1(oy) < min _
fk 1(0) 7~'>a*,7~'¢114Un(a*)fk 1(T>

implies that the same inequality holds for f}.

We apply the same definition to all the (abnormally) upward noncritical
k-dimensional cells. If there are s; of them, then after step k& we have the
function fi == f;*.

We point out that in modifying the initial function f, at each step we only
modify the value of the function at the (abnormally) upward noncritical
cell. Also, at any intermediate step, the function satisfies the discrete Morse
property. Continuing this way, after finitely many steps we arrive at the
desired trivial discrete Morse function fr = f,.

We now reverse the preceding steps, that is, we move from the situation
where the CW complex has no arrows, then 9o 9 = 0, as we have observed
above. We shall show that this relation is preserved at any step. Therefore,
ultimately, it has to hold for the given arrow configuration.

Thus, consider a step that transforms a cell ¢®) into an (abnormally) upward
noncritical cell with |[AUn(c®™)| =1, 1 > 1. We let 9"~ be the boundary
operator before the arrows were added. After adding the arrows, we are at

step t. By induction, we assume that 01091 =0, and we set out to show
that also 0' 0 9" = 0.

Let Tz»(k—H) € AUn(oW) for i=1,--- ,m, and 7" ¢ AUn(o) be a critical
cell that can reach o by some v"P-paths. We denote by b, the part of 97 not
connected (by means of any v"P-path) to o.

Suppose
o =0 4 b, O07l't=— co® +b,, for some ¢ € R,

that is, the induced orientation on ¢ from 7; coincides with its initial
orientation. Then

vP(c — 1) =—b, foral i=1--- m.
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Let us denote by K'™! the cell complex (with the arrow configuration) at
step t — 1, where the cell o has no arrows. The cell complex K! is the one for
which ¢ has all the outgoing arrows ¢ — 71, ,0 — 7;. Then referring to
Figure 6.6, we get that K’ can be decomposed into K1, ... K™ where in
K%, the cell o has the unique outgoing arrow o — 7.

£1k+2 \[lk+1 j’tk
ot At ot 5

ot . _ 05 1, _ 014 — ot
L G o (KER) —2 1 Gy (K R) — 1y Gu(KER) —% s

lhk+2 lhk-kl lhk
at—1 5t—1 575—1 5t71

= Crpa(KLR) —5 Cra (K R) —5 Gp(KLR) —— ..

Note that the diagram above is not a commutative diagram. Indeed, using
Figure 6.6, and for » the inclusion map and A the identity map,

10 © 5?1(0) =~y F v —1n=0""oy(o).

Also,
1-5(3)

Dt ohi(o) =00 =1, — B3y — 3

(V3 + Uy + 1/5)

whereas
ho o gi_l(O') = ho(Vl - VQ) =V — V9.

One should look at it as three different chain complexes

(C.(K™ R), 0), (C.(K'™',R), 9" ') and (C.(K',R), "), where,
Cp(K¥ R) C Ch(KI"L R) = Cp(KY, R). The diagram is only needed to
understand how we can rewrite the boundary operator " in terms of 9'~*
and 0% for i = 1,--- ,m, as shown below.

Now, after putting the m outgoing arrows of o, we are at step t and get:

3

DeaTi = br +B(m)o + (1 - B(m)) V(o = 1)

1
m“
1

<
I

= fp(m) (0 + bﬁ-) + (1= B(m)) (bﬂ' - ij)

S

1

J
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= B(m)o" '+ 1= otm) _fl(m) g o, (6.7)
1-— ~ 1-— _
= R Ul S S
#i

Similarly one gets

O = br— C<B(m)a + 1—Tﬁ(m) ZU(J — Tl)>

m
1=

1

1 o m
= Bm)(— ca+bﬁ+# (br + cby,)
i=1
S, L= Bm) < A
. t—1 I S t,i
=: [B(m)0" T+ - ;a T (6.9)
i 1 - B(m) <= 5
We also know that
Ot =0; fori<k and 0;'=8! for j>k+2. (6.11)

Thus to show that 0% o 9" we only need to show that

D10 Ffin = 0, (6.12)
and

Oy 0044 =0, (6.13)

Using the fact that if a cell does not have o or any of the 7;’s as a face, more
generally if there is no v"P-path (orbit) connecting this cell to o or any of the
7;'s, then there is nothing to prove. The equality (6.13) follows immediately
by applying 0% to (6.10) and (6.8), and using (6.11).

We proceed to prove (6.12).
Suppose that ¢i;7q, -+, ¢, ¢ € Rfor ¢ =1,...,m, can be reached from
some critical (k + 2)-dimensional cell w. Then there exist ¢ := ). ~,¢; for
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v € R and (k + 1)-dimensional critical cells ¢; such that the boundary of w
can be written as

O lw=0b,+¢+ Z T = 0w,
i=1
Furthermore for B
07 =b,, + o,

¢ must be such that
0" (s) = b, — Z 0.
i=1

The fact that the square of the boundary operator at step ¢t — 1 is zero yields
0700 w=0 = b, +b+ Y cib, =0. (6.14)
i=1

After adding the outgoing arrows at o, that is at step t, we get

O'r; = by, +v"(0), (6.15)
similarly,
0's = b, — Z v (o). (6.16)
i=1

This yields

0'od'w = 0, + b+ Z ciby, from (6.16) and (6.15)

i=1
— 6t_1bw + bg + Z cibT—L = O,
i=1

from (6.14) and the fact that 0'~'b, = 9%,

Suppose o) can be reached (by means of some v"P-paths) from some critical
cell w**2 € C. Then there exist ¢ := > a;q; and ¢ := > 7S with
Qi, Yy < ]R, s.t. B B

0w =0b,+¢+¢=0w,

where, for ¢ € R,

07 '¢=b.+co and O 'C=b:— co.
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One important fact is the following: the induced orientation (induced from
w) from ¢ and ¢ onto o must be opposite, thus suppose o is positively
oriented w.r.t. ¢ then it has to be negatively w.r.t. ¢. In any case we get
Ok 16 = be + cv*?(0) and 9} ;<= bz — cv"?(0). It then follows immediately
that 95, (s +<) = 9,51 (s +<). Using the fact that 9'b, = 0'"'b,,, this then
tells us that 9f_; 0 9} ,w = 9,7} 0 0; hw = 0.

Hence (6.12) also holds.

]

We recall that the topological Betti numbers of the CW complex are defined by
b == dim (kgr 0/ im o¢,,), where J° is the cellular boundary operator.
Let Ck = Ok(K, R), and 8k: Ck — Ck—h define

b; := dim (ker 0;/im 5¢+1).

The next proposition establishes the fact that the Betti numbers of the CW complex
are obtained from this boundary operator, that is b; = b;, for all 7.

Proposition 6.2.2. b; = b;, for alli.

To prove this proposition, we assume for simplicity that the CW complex K has
no noncritical cells that belong to Forman’s framework, meaning that the only cells
with outgoing arrows are the abnormally upward noncritical cells. The reason is
that we already know that Forman’s framework preserves the homotopy type and
hence the Betti numbers, since the Forman-type noncritical cells can be collapsed,
preserving the homotopy type of the CW complex in the process. This means that
instead of working with the example presented in Figure 6.9a, we rather work with
the one in Figure 6.9b.

(a) (b)

Figure 6.9: Framework.
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Proof. Let C%) = C‘E,’“) uCH U C‘S(’;& Consider the CW complex K with the chain
complex (C,, 9°) where, 0° is the cellular boundary operator. Then, using (C,, 9)
as the chain complex obtained from C®), we get C}, = C}, (since we collapse the
Forman-type noncritical cells) which already means that dim Cy = dim Cj.

We know from the definition of v"? that it is linear.
Indeed, if 7 = 0, then v"?(7) = 0; also, v**(}_,_,0) = v 00T =}
which implies that v*?(a; 71 + agTe) = V" (71) + VP (Ty).
Also, if 9°7 =0, then 0 =v"P(}_,_ o) =, _ v**(0) = Or.
Thus, O satisfies: for w € Cy, 0°(w) = 0 = O(w) = 0. This tells us that
ker 9¢ C ker 0.

o<T vup(o-)7

We now show that ker 9 C ker 0.

For w € C}, such that 0w = 0, we show that 9°co = 0. Proceeding by induction,
we suppose that d'cw = 0 and we show that 0" ' = 0. Because of (6.11), it is
enough to show this when w is a linear combination of (k + 1)-dimensional cells.
For any w =) . oyw;, for o; € R* for all 4, the interesting ones among all the @;’s
are those connected to o. Say

w = E o;T; + g ahT + E QpTWp,
h=m+1 p>q+1

where,

e for p > ¢+ 1, w, is not connected to o by any v"P-path using the arrows,

e cach 7" reaches (algebraically) "o by means of some v“P-paths, 7" ¢

AUn(o),
e cach 7; € AUn(o).
Then

0 = Ow= Z ;01 + Z aRdiTh + Z oz,,@twp

h=m+1 p>q
= > (o - 2 L2 S Y
i=1 JFg=1
- i o (at—lrh +ch1 — ) i@“%) + Za 0w
m 1 P p
h=m+1 i=1 p>q
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The last equality follows from the following fact: evaluating the coefficients of
o in (6.7) and (6.9), one immediately gets:

Proj, 0't; = B(m), Proj,d't" = —c"B(m), and Proj, d'w;, = 0.

Hence, for d'ww to be zero, one must have

m q
0 = Proj, 0'w = ﬁ(m)(z a; — Z "ay).
i=1 h=m+1

The assumption that there is no Forman-type noncritical cell gives us m > 1, so
that f(m) > 0 and we must have

m q
E o; — E oy, = 0.
i=1 h=m-+1

Thus @ € ker 9¢ < w € ker 0.
The result is concluded from the fact that

dim ker 0y + dim im 0, = dim C}, = dim C}, = dim ker 0 + dimim 0.
Also, dim ker 9f = dim ker 0y = dimim §¢ = dim im 9j,. Hence,

by, = dimker 0;, — dimim 0y = dim ker Oy — dimim d;; = by.

Example 6.2.3. Using Example 6.2.1, we get:
ker 0y = (vo, v1, v3), im0y = (VP (v3) —vi, o — V" (13));

ker 0; = (09 — 05, 04 — 0¢) = Im 0.

Hence one gets by =1 =bg, by = 0 = by, by = 0 = bs.

The next section is about defining the boundary operator in the merging case,
that is in the case where cells have more than one incoming arrows.

6.3 The merging case

In this section, we define a boundary operator just in the abnormally downward
noncritical case.

Let K be a finite CW complex in which each cell is endowed with an orientation,
together with the arrow configuration given by Definition 6.1.2. Suppose that each
cell can have at most one outgoing arrow, that is for each cell o,

Neu(0) < 1.

In addition to the sets CSF) and A* given in Section 6.2, we define the following:
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(1) the set of all the abnormally downward noncritical cells is
C_’i(:) = {o® € K|ng,(c) = 0 & ng, (o) > 1};

(2) the set of all the facets from which the arrows of an abnormally downward
noncritical cell come is

C’ﬁf,{ = {o™ € K|o € ADn(r) with ny,(7) > 1for somer}.
Set
G — G @ G @)

sin?

and C), the free R-module generated by the oriented cells in C'*).
We define the “flow” map v%: K; — K.

The definition is also recursive. Roughly speaking, if a cell ¢ is in C, U Cj,,
then v% of o is equal to o. If o has an outgoing arrow, then v% of ¢ is a linear
combination of the cells of the same dimension that are in the cellular boundary of
the cell to which the arrow of ¢ points, and so on.

We proceed as follows:

o if oeC,uUC,
v(0) = V(o) if oe AY
0 else,
where, for o € A%, there exists a 7 s.t. ADn(7) = {0y, ,0,} with o0 = 01, and

V(q) is given by

V(o) = B(l) o + ! _lﬂ”) ((z —Do+> o+ > vdo(5)>, (6.17)

j#1 F<T,6¢ADn(r)

and as before,
B(1) € [0,1) issuch that f(I) =0 if l=1 and 5(I) >0 if I > 1.

We also have to argue that the recursive definition above terminates after finitely
many steps.
Recall that by Lemma 6.1.1 there is a discrete function f that generates the given
arrow configuration. For such a function f, (see the proof of Lemma 6.1.1) because
there is an arrow from o to 7 we have f(o) > f(7). In turn f(7) > f(o) since
there is no arrow from & to 7. Hence f(o) > f(&). That is, the argument of v%(7)
in (6.17) has strictly smaller value, for the function f, than the value f(o). Hence
the flow map v% cannot return to o. Since K is finite, it implies we stop at some
point.
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V3 V3 3 U3
=1 ol o
o1 o 3 o1 09 o1 ) o1 9
141 03 1] 141 g3 1% 141 g3 1% 141 g3 120
K K! K2 K3

Figure 6.10: Illustration in the merging case.

Definition 6.3.1. We define C 5—k> Ci_1 as follows:
or =v%00°r = Zvdo(a).

o<1
Remark 6.3.1. What is crucial about the definition above is the fact that 5(I) # 0
for [ > 1. Consider for example Figure 6.11, with the initial orientations given by
the right subfigure, we have:

T:[Vlay271/3]7 0-1:[”17]/3]; 0-2:[”3”]/2]7 0-3:[1/17”2]'

Assuming B(1) = 0 for all [, we get:

Joy = v3 — %(1/1 +1y), 0oy = —v3 + %(Vl + 1), Joz =0, and 07 = —01 — 02 + 03.
Then one immediately sees that o3 adds an additional element in ker 0;. Indeed,
ker 9y = (11, v, v3), imO; = (Do),

ker 0; = (01 + 09,03), im0y = (—0) — 09 + 03).

This then does not give the right Betti numbers since we get

by = dim (ker(%/imgl) =2+#0by =1, and b; = dim (kerél/im(%) =1#0=0.

V3 V3
01 02 01 02
T T
151 03 Vo 151 03 Vo

Figure 6.11: Example of a merging case.

We now give some examples to illustrate the definition of J in this case.
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Figure 6.12: Another example of a merging case.

Example 6.3.1. Using Figure 6.11, with the initial orientations given by the right
subfigure, we have:

T:[V17V27V3]7 01:[V17V3]7 0-2:[1/37V2]7 03:[V17V2]'

The cell o3 is abnormally downward noncritical with the vertices v; and v, and
we have

O ={r}, CV={or, 00}, O ={w}, Cf)={os},

Cys('?'r)z ={v, 1o}

Then

v () = B2 + 2D (1) 1), V(1) = B2y + 2D (1 + 1),

6?7':03—02—01, 50’2 = —V3+UdO<V2), 60’1 :I/g—?]do(yl),
dos = —v® (1) + 0% (1) = B(2)(1ry — 11).

It is easy to check that 0o 0 = 0.

Example 6.3.2. Using Figure 6.12 above, the initial orientations given by the
right subfigure are such that:

n o= [, v, ) = v v ] T = (v, el T = (Ve o, vs);

oo = [vo,1a]; o1 =[v3,10]; o2 = [, 1n]; o3 =[v, 0] o4 = o, 1n];

o5 = |12, v3].

The cell o4 is upward noncritical with the cell 75, and the cell 7; is abnormally
downward noncritical with the cells 9, 03 and o5. We then have:

1—5(3)
3
p3)

o o -
v%(0,) = B(3)os + —5

v®(03) = B(3)os + (203 — 09 — 05);

(20’2 — 03 — O'5>;
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v®(05) = B(3)os + 1_76(3)(205 — 09 — 03).
o, = —og— o1 —v%°(os5)
= —ﬁ(3)(0’0 + 01+ 0'5)
—w<2<00+01 +O’5) + (0'0+0'1 — 029 —O'g)).
Also,
or, = o1 —v%(0y) + 09 — v%(03)
= o +UO+2<1 _35(3»0_5 . 1+§5(3>(02+0_3)'
= 2%(01 + 00+ 05) + %5(3)(01 + 09 — 09 — 03).
Similarly, one gets
or, = v%(o3) +v%(0y) + v™(03)
== 6(3)0’3 + 1_76(3)(20'3 — 09 — 0'5) + 6(3)0’2 + 1_TB(3)(20'2 — 03 — O'5>
+ﬂ(3)0’5 + 1_Tﬁ(3)<20'5 — 09 — 0'3) = 5(3)(0’5 + 03 + 0'2).

Each term in brackets is the cellular boundary of some linear combination of
cells. One then checks by direct computation that 9o d = 0.

The next proposition establishes the fact that the square of this boundary
operator is zero.

Proposition 6.3.1. 000 =0.

The proof of the fact that the square of this boundary operator is zero is a step
by step procedure, moving from a situation with no arrows (where the square of
the boundary is zero), creating abnormally downward noncritical cells by adding
arrows, and then showing at each step that the square is still zero. We also use the
same techniques and ideas as in the proof of Theorem 5.2.1.

We shall proceed in two steps, using the same idea as in the abnormally upward
noncritical situation.

(1) Supposing that the arrow configuration comes from some discrete function f,
we show that for every such function f, there exists a trivial discrete Morse
function fr such that we can move from fr to f by a series of operations
(consisting in creating (abnormally) downward noncritical cells). When the
CW complex is not regular, one may need to take note of Remark 5.2.5.
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(2) When the CW complex has no arrows, 0 = 0°, where 9° is the cellular
boundary operator, hence 9> = 0. We show that this latter relation is
preserved under the operations of adding arrows at each step.

Proof. (1) We proceed in decreasing dimension of the (abnormally) downward
noncritical cells. For ¢ = 0.--- ,n, let s; be the number of (abnormally)
downward noncritical cells of dimension .

Let f be the discrete function whose extracted vector field coincides with our
arrow configuration. Let o™ be an (abnormally) downward noncritical cell,
then f(o.) < ue,alx%lnr%a*)f@)'

Define f2: K — R by

0 _ Jflo) e, if o=o0,,
falo) = {f(a) else,
where

n > —f(o, .
o T, )

This definition is applied to all (abnormally) downward noncritical cells of
dimension n and we can easily check that f° satisfies the discrete Morse
conditions at o, and all the v;’'s € ADn(o,). In fact we have

0
«) > .
fn(oy) jomax | fv)

We set f, := f.

Now we proceed by induction on the decreasing dimension of the (abnormally)

downward noncritical cells. Considering a k-dimensional (abnormally)

downward noncritical cell o'*. For frg1 = fiin!

pi1 > we then have

fr1(on) < min - fr(v) and  fiia(ow) < min fra (7).
vEADn(o) T>0x

Also,

Vpst k+1<dimp <n, max frr1(v) < frr1(p) < m>in fre1(7). (6.18)
v<p T>p

Define f): K — R by

f;g(U) _ {fk+1(a>+€k if g = 04

frt1(0) else,
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where ¢}, is chosen such that

—fer1(o) + max  fr(v) <ep < —fryi(ow) + min frq (7).
veEADnN(o«) T>0x

Claim:

< mi .
Lomax | Jera(v) min Srra(7)

Proof of the claim. let v € ADn(o,) and 7 > o,.

If the cell 7 is such that o, is an irregular facet of 7. Then assuming also the
conditions in Remark 5.2.5, one requires fr11(v) < fri1(7).

For o, a regular facet of 7, we get the existence of some cell o’ # o, s.t.
v <o <71,and fr1(v) < fre1(0’) < fry1(7). The inequality on the left
follows from the fact that n,,(v) < 1. The one on the right follows from
(6.18). O

It is easy to check that f? satisfies the discrete Morse conditions at o, and
all the v;’s € ADn(o,). More importantly we have:

0 0 : 0
m < ) <M .
Jemax  fi(v) < filow) < min fi(r)

We set f := f,* and continue in this way.

The desired trivial discrete Morse function in this case is fy := f3°.

We now reverse the preceding steps, that is, we move from the situation where
the CW complex has no arrows, then 0 o 0 = 0, as we have observed above.
We shall now show that this relation is preserved at any step. Therefore,
ultimately, it has to hold for the given arrow configuration.

Thus, consider a step that transforms a cell 7**1) into an (abnormally)
downward noncritical one. We let 9! be the boundary operator at step
t — 1, that is before the arrows where added. After adding the arrows, we are
at step t. By induction, we assume that 0'~! 0 9'~! = 0, and we set out to
show that also 9 o 0" = 0.

Let ADn (1)) = {a%k), aék), e ,O'l(k)} and Ti(kﬂ) be critical cells that reach
O'Z(k) by means of some v%-path for i = 1,--- ,l. Assume that each o; is
positively oriented w.r.t. 7 but negatively w.r.t. 7;. Then for ¢; € R for all
i=1--- 1,

at—1 at—1
0 T = bT + E g;, 0 T — b‘l’i — C;0;.
i
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Let us denote by K/~! the cell complex together with the arrow configuration
at step t — 1, where the cell 7 has no arrows. The cell complex K! is the one
for which 7 has all the incoming arrows oy — 7,--- ,0;, = 7. Then referring
to Figure 6.10, we get that K can be decomposed into K*!,--- | K where
in K%, the cell 7 has the unique incoming arrow o; — 7.

\[%+2 \[liﬁq \[%
At ot At 3

d ot . . oy, = i
L G (KL R) —2 1 Gy (KE R) —2y G (KL R) — 2y

lthrZ lthrl lhk
5t 1 51& 1 51&— 1 5,571

5 Crpa(KELR) 2 G (KL R) —5 Cp(KLR) —— ..

Similarly as in the proof of Proposition 6.2.1, this diagram is not a
commutative diagram. It is only needed to understand what follows.

We have for i =1,--- 1,

T PN 1 i
0 T = bn Cz<ﬁ(l)0'l + I ( l 1 ;Jj b ))

= BT + [CciV)] Zét’jﬂ‘ i 1 - ﬁ(”gt,iﬂ (6.19)

! — l
JF#i
= Ol +¢ ! _lﬁ<l> o, (6.20)
Observe that for j # i, 0%r; = 07
I

At ' 1— (1) B B
gir = bT—I-;(B(Z)aH— (Y ;03 b)) (621

Using the fact that

O =07"=0 for i<k and 9/=0"=0 for j>k+2, (622)

to prove that 0* o 0* = 0, it is enough to show
Oy © Oy =0, (6.23)
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and

5Itc+1 © 51€;+2 =0. (6.24)

The equality (6.23) follows by applying 0% to (6.20) and (6.21), using (6.22).

We now proceed to show (6.24).

a) Suppose w*+2) can reach ¢r, ¢ € R, then there exist ¢, - - - , g such that

!
0w =b, + Zgi +cr =0,
i=1

where each ¢; is such that
ot = b, — co;.

Note that as argued before, each ¢; is actually a linear combination
of cells. Since the fact that o; and w are path-connected (and there
are paths through 7 and others through ;) tells us that the induced
orientation (induced from w) from ¢; onto o; has to be different from
the one induced from 7.

0=0""00"w=0"b,+ ) by +cb,. (6.25)
Then using (6.21) and (6.20), and the fact that 9'b, = 9'~'b,, we get

!
Nodw = 0%, + Z b., + cb,

i=1

l
= 0"y + > by + cby,
=1

= 0 from (6.25).

Suppose T cannot be reached from w, but instead ¢;o;, ¢; € R, can. In
this case there exist ¢ and ¢, both linear combination of critical cells,
such that

0 w=b,+c+¢=0w,

where
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We also use the fact that the induced orientations (induced from w)
from ¢ onto o; has to be different from the one induced by <. It follows
immediately that

0'(0'w) = 0" (0" 'w) =0, since 0'b, = 0" 'b,.
[

The next proposition, just as in the abnormally upward noncritical case, establishes
the fact that the Betti numbers of the CW complex are obtained from this boundary
operator, that is b; = b;, for all 7.

Proposition 6.3.2. b; = b;, for alli.

Using the same idea as in the proof for the abnormally upward noncritical case,
we assume that the CW complex K has no Forman-type noncritical cell. Then

Proof. Similarly as in the abnormally upward noncritical case, we know from
the definition of v% that it is linear. This then implies that, if 9°7 = 0,
then 0 = v®(>,_.0) =>,_ v*(c) = Or. Thus, for @w € C}, = Cy, 0°(w) =
0 = J(w) = 0. This tells us that ker 9° C ker 0.

We show the opposite inclusion. We suppose 0w = 0 and we have to show that
0°w = 0. We also achieve this by induction, meaning that we assume that 9%z = 0
and we show that 0w = 0. Because of (6.22), it is enough to show this when @
is a linear combination of (k + 1)-dimensional cells.

I n i i i

Suppose that w =), _, zqizl al'ti +ar + Zj ajwj, for o o, a; € R, where,

e the ,’s are not connected by means of some v%-paths to any of the o;’s,
h 7% h Qi . G R

e cach 7;° reaches c;'o;, ¢;' € R.

Proceeding by induction, this means that we suppose that O'w = 0 and we show
that 0" ' = 0.

l
0 = dw=3" Y ar(d 7+ c?il%ﬁ(l)af—%) +B(ad " + 3 i,
=1 ¢ -
= St (LY S a4 s00) 0+ Y a0,
P g ;

= g E kil 4+ adt T + E ;0w = 0w
i g J



6.3 The merging case 153

The last equality follows from the fact that, looking at the coefficients of the o;’s,
that is looking at the first equalities of (6.20) and (6.21), we get

Proj, o't = —c(B(1) + (I — 1)—(1_53(1)))7 for h # i, Proj, O'rjh = ¢r = = B()

)

Proj, 0'r = 3(l) andProj,, 'w; = 0.

Thus, for 0w to be zero, one must have, for i = 1,--- ,,
0 = Proj(7 5t
[—1 L
= DS S e (50 + (- 50 ) L ated + 5(Da
h#i qn i

and summing this for all 7 yields 3 (l)( doidog Gad + la) = 0. The absence
of the Forman-type noncritical cells gives [ > 1. We also know that for [ > 1,
B(1) > 0, so the term inside brackets should be zero. That is

—ZZC% al +la = 0.

Thus, @ € ker 0 < w € ker 0.
As before, the result is concluded from the fact that
dim ker 9), + dim im 0y = dim C, = dim C}, = dim ker 9§ + dim im 9.
Also, dimker 05 = dim ker Op = dimim 0¢ = dimim 0;. Hence

by, = dim ker 9y — dimim 0y, = dimker 95 — dim im Oy = bp-

Example 6.3.3. Using the computations of Example 6.3.2, we get:

kerdy = (v, vi, 1o, 13), MO, = (—vy+ vy, Vo — 11, Vs — 1)

ker 0y = (05 + 05 + 02, —(09 4+ 05 + 01), 01 — 03 + 0¢ — 03) = im Os;

ker Oy = (11 + 74 + 72), imdy = 0.

We then get the desired Betti numbers: bo=1=by, by =0=0by, by =1=b,.

Now that we have established how the boundary operator is defined in each
isolated situation, we combine the two approaches to define the boundary operator
in the general setting.
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6.4 The mixed case

We present our approach to answering the question of a generalization of Forman’s
discrete Morse-Floer theory. The data for our construction consists of a finite
CW complex, where each cell is given an orientation, and an arrow configuration
such that a cell can have as many outgoing or incoming arrows but not both, and
there are no closed orbits. The definition we provide in this part is based on some
probabilistic idea and averaging technique in the sense that, when looking for the
boundary of a cell, if any one of its facets has a certain number of outgoing arrows,
then the average over this is taken, up to a certain factor, and so on, and if a facet
has an arrow that gets into a cell that has many incoming arrows, some kind of
average is also taken into account. This definition is a combination of the two
definitions that we provided in the forking and the merging cases. For this reason,
in the proof provided in this section we will not give all the details that are already
contained in the proofs in Section 6.2 and Section 6.3.

Let K be a finite CW complex in which each cell is endowed with an orientation,
with 0° be the cellular boundary operator on K. We assume on K an arrow
configuration satisfying the conditions in Definition 6.1.2. Let ¢ € K be a cell,
recall that n;,(0) (resp. n..(c)) denotes the number of incoming arrows (resp.
outgoing arrows) of o.

Definition of the boundary operator

Here we give our definition of the boundary operator, using the above arrow
configuration. Before defining the boundary operator we first define some related
notions.

We let the sets A%, AUn(o), ADn(1), ci® o)

n 655)7 O(k) CS(IO?L, be defined
as before, but instead take

sin?

CH = ¢k Yy W CYZ(:) uc® ok

sSin sou’

and C, the free R-module generated by the (oriented) cells in C'*),

Let 5(1) € [0,1) be such that 5(I) =0 for I =1 and 5(I) > 0 for [ > 1.

Below we define the generalized “flow” map v©.

The definition is recursive in nature. Roughly speaking, when a cell o has some
outgoing arrows, v of ¢ is a linear combination of the cells of the same dimension

that are in the cellular boundary operator of the cells to which the arrows of o
point, and so on. When ¢ is in C, U C;,, U Cion, v7 of 0 is equal to o.
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Now we provide a detailed definition.

We define the map v¢: K;, — K, in the following way:

g lf S Co U C’zn U ésom
v9 (o) = {VCG(o) if oe A"
0 else.

To define V¢ for a cell 0 € A%, we consider the set AUn(c) = {77,---, 77}, of the
target cells of arrows coming from ¢ and define

VY o) = B(m)o + 1—Tﬁ(m) ZUG(U — 77).

r=1

For an arrow o — 7, the value v%(0 — 7) is defined as follows.
Let 7 be s.t. ADn(7) = {01,09, -+ ,0,}, with 0 = 01, and for each i = 1,--- | [,

AUn(o;) = {7*, 75°,---, 7oi } with 77" = 7. Then

A% = A% = {1} x AUn(o3) x --- x AUn(ay).

Note that the outgoing cells of ¢ itself are not included into the product above.
For an element F € A%, define

P.(E) ={0; € ADn(7)| Proj;(E) = 7, for some i} andset ng:=|P.(F)|

To illustrate the definition of P,, let’s say £ = (7,7,7, Ey, -+, E;) then for
i=1,2,3, Proj,(E) = 7, this implies that P,(F) = {0, 09, 03}.

Now we come back to the definition of v%(c — 7). We define

v (0 = 1) = ﬁ Z v(o, E) (|A?] = Hmj)

EcAs j#1
Finally, we define for £ € A7,
1 —
0(0'7 E) = ﬁ(nE) o+ L(nE) ((nE — 1)0’ + Z op, (626)
NE 1
O'hEPT(E)
+ Z v (o) + Z v (05 — ’/'Uj)>.
o'<T T #T

o'¢ADn(r) i € ENAUn(o5)
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Note: v9(—0 — 7) = —v%(0c — 7) where —o is the cell o with the opposite
orientation.

We have to argue that the recursive definition above terminates after finitely
many steps.
Recall that by Lemma 6.1.1 there is a discrete function f that generates the given
arrow configuration. From the proof of Lemma 6.1.1, f(o) > f(7) > f(o’). That is,
the arguments of v%(o’) in (6.26) has strictly smaller value for the function f than
the value f(o). However, f(o) need not be greater than f(o;). But the absence
of closed orbits in our arrow configuration ensures that the flow map v“ cannot
return to o. So, the absence of closed orbits and the finiteness of K both imply we
stop at some point.

Remark 6.4.1. The absence of closed orbits is very crucial to the fact that the
definition above will terminate. In the forking and merging cases, the existence of
a function for the given arrow configuration already implies that there will not be
any closed orbits. However, in the mixed case this is not always true. Figure 6.3
shows an example of a discrete function whose extracted vector field has a closed
orbit. This is only possible because the edge with the value 6 is abnormally upward
noncritical and one of its outgoing arrows points to an abnormally downward
noncritical cell, the 2-cell with the value 2.

Definition 6.4.1 (A boundary operator). We define C, LN Cix_1 as follows:

or =v% 001 = ZUG(O').

o<T

Below we provide some examples of CW complexes where we evaluate the
boundary operator 0.

Example 6.4.1. Using Figure 6.14 and Figure 6.15, we have the following:
wf’) = vy, v, 3, 1y); wég) = [vo, 11, V3, a);

To = [Vo,Vth]; T = [V07V2,V3]; Ty = [V07V37V1]; Ty = [V1,V3,V2]§

T3 = [V1,V2,V4]; Ts = [V1,V4,V3]; Te = [V27V3,V4]§

00 = [VO,V2]; o1 = [VhVO]; 02 = [V3,V0]§ 03 = [V1,V2]; 04 = [V4,V2];
05 = [V27V3]; 06 = [V3,V1]; o7 = [V3,V4]; o8 = [V4,V1];

The cell wé?’) is abnormally downward noncritical with the cells 7y and 74.
The cell 75 is abnormally downward noncritical with the cells g and og.
The edge o4 is abnormally upward noncritical with the cells 75 and 7.
The vertex v, is abnormally upward noncritical with the edges o7 and os.
We then get the following sets:
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1 1
4 4
1 1
4 4

AWA

Figure 6.13: Illustration in the mixed case.

C" ={va w3}, CF ={o5,05,03}, O = {rs, 75,71}, OFF = {wiP};
Ci) = {m}, CF) = (i), Cod = {v}, C& = {o6);

(7(1)

sin

- {08706}7 C’;QQL - {T477—0}7 C’S(;).L — {0-470-7}7 C'Lg?)i — {T57T2};

We obtain

aw§3) =75+ 73+ 75+ VE(7y),

since we take all the cells in C, U C;, U Cy and 7, € Cy. We also take
induced orientations into account. Following the outgoing arrow from 74, the cell
W has 1y s.t. AUn(7o) = {wi¥}, thus,

A= {5, W)} and P o (5", ws”)) = {ma,n}.

We then have

1-5(2)

0 (ms = W) = v(m, (@5 w5”)) = BT+ —

(7‘4 —T0 — T1 —7'2),

since the arrow from 74 meets the incoming one from 7. Hence,
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Figure 6.14: Initial orientation for

Figure 6.15. Figure 6.15: A general example.
- 1—p8(2
dw? = m+m+%+ﬂ@m+—éx4u—m—ﬁ—w)
1—p8(2
= (B(2)+ #)(Tﬁ + T3+ 75 + T4)
1—p3(2
_’_#(764_73_’_7_5 — Ty — T1 — T2);

_ 1—73(2
80.)53) = 7'1+7'2+5(2)T4—|——B<)

2
+B(2)7 + ! _25@

= 5(2)(7’1 + T+ 7o —|'7'4);

(74—7'0—7'1—7'2)

(0 — T4 — 71 — T2)

013 = 03 — 04 + VG (03),

and following the arrow og — 75, the cell 75 has g s.t. AUn(og) = {75, 72}. Thus,
A% = {(15,75),(75,72)}, and we need to take the average over the possibilities
that we have at the edge 04. We have
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vG (05 = 75) = 5(v(08, (75,75)) + v(08, (75, 72))).

Also,
P ((15,75)) = {08, 06} = v(0s, (75, 75)) = B(2)os + %ﬂ)(as + 06 — 07),
P, ((15,72)) = {os} = v(0s, (15, 72)) = —07 + 1% (06 — T2) = —07 + 02,

where 15 € AUn(os) N E, and 75 # 75. This yields

1-5(2)
2

= 1
O3 = 03— 04+ —(ﬁ(Z)ag +

5 (05 — 07+ 06) + (—o7 + 02)>

- (ﬁ<22) + ! _5(2))(03 — o4+ 0s) + ! _f(z)(gfﬁ — 04— 07 + 0¢)
1
+§(03—04—07+U2);

Similarly one gets

5’7’4 = —05 — 03 — VG(UG)

“

1-5(2)
2
1-5(2)
2

(UG(UG — T5) + v

= —o05— 03— PB(2)og — <ﬁ(2)06+ 1_2ﬁ<2)

1-6(2), , (1-BE)
2 )+ 4

= —05— 03— (3(2)06 — (76—>72))

(0’6 + og + 0'7) + O'2>

)(05 + 03 + 0¢)

1-5(2)
2

= —(B2)(1+

_(1-p8(2)
4

<0'5+0'3+O'8+0'7)— (O’5+0’3+0’2);

0y = —09-+ VG(U6)

1-5(2) 1—-p5(2
9 (5(2)06 + 5

- _(5(2)(1+ ! _ﬂ@)) I (C)) )(0—2+06)

2 4
(1-8(2))°
4

= —O'2+ﬁ(2)0'6+ )(06+08+U7)+02)

(O'Q —+ (X} -+ O'7>;

57’5 = —07 + VG(O'G) — VG(O'g)
= o1+ 800+ L2 (50105 + T D0y 4oy +07) )

_ 1(5(2)% + 1 _25(2) (08 — o7+ 06) + (=07 + 02))

2
= (5(2)(1 + ! _5(2)))(06 — 08 — 07) - 522)(02 — 08 — 07);
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0ty = 03, 076 = (07 + 04) + 05; 011 = 09 + 05;
80’2:V2—V3:(906; 80'521/3—1/2; 80320;

Doy = 1y — B(2)vy — 1_5(2) (V3 + 15); Doy = vy — B(2)vy — 1_5(2)@3 + 11);

Oor = —v3 + B(2)vy + %@)(V:s + 13).

One checks by direct computation that 0o 9 = 0.

Generalized Morse inequalities

We now state and prove the mains theorems of this chapter, one of which
establishes the fact that the square of the boundary operator 0 is zero.

Theorem 6.4.1. §00 = 0.

The proof of the fact that the square of this boundary operator is zero is a step
by step procedure, moving from a situation with no arrows (where the square of
the boundary is zero), creating abnormally upward /downward noncritical cells by
adding arrows, and then showing at each step that the square is still zero.

Proof. We move from the situation where there are no arrows. In that case, the
boundary operator is just the cellular boundary operator and therefore 9 o 9 = 0.
After adding arrows, we show that this relation is preserved at any step. Therefore,
ultimately, it has to hold for our arrow configuration as desired.

We have shown in Section 6.2 and Section 6.3 that, adding a forking or merging
cell preserves the equation 9 o @ = 0. We are left to address the mixed case.

We let 0~! be the boundary operator at step t — 1 satisfying 0'~' 0 9"~ = 0.
After creating the abnormally upward/downward noncritical cell, we are at step ¢
and we set out to show that 9! o 9! = 0.

In order to understand what is happening, we start with the simplest case where a
cell has only two incoming arrows from abnormally upward noncritical cells.

Suppose that 7 is such that ADn(7) = {oy,02} with AUn(o;) = {1 =
T, Ty, T for i=1,2, and w.l.o.g. n(77") =1 for p # 1.

At step t, 7 has no incoming arrows and the ¢;’s have no outgoing arrows.
Suppose ¢ is a critical cell and that one could reach either o; or o, from ¢ by
following the v%-path. Without loss of generality assume that for ¢ = ¢7* and
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CleR,

gt—lgm = bggl + ci07.

We choose the orientations of 01,09, 7, 7% in such a way that:

07T =b +o140z, and 0777 =bn —oy, foralli=1,2and ¢ # 1.

Now we show how the value of the boundary operator o' on ¢, T and 7,' can be
expressed in terms of the operator 9'!,

5t§0‘1 —

my

beor + €1 <ﬁ(m1)01 + i(ml) [Zlvg(m — 7-;’1)

p=2
—f—mLQ(BOj + 1 ; 5(0’1 — 09 — bT) — (m2 — 1)b7— — ‘12227}0(0'2 — T;Q))})
B(my)(beer + c101) + #ﬁml) [Z(bg“l + %oy = "))
p=2
+ mi2<bg01 —+ (50'1 -+ 1_7/8(2)(0'1 — 03 — bT))
— (mg — 1)<_b§‘71 + Cle) — C ZUG(UQ — T;Q)):|
q=2

%ﬁml) i ((bga1 + c101) + ¢1(—oy + 08 (0 — 7';)))

p=2
1 — B(mi)

+ B(ma)(berr + c101) + pp—

L1 —25(2)
+ (mg — 1)((6;01 +cro1) —ci(or + o9 + bT))

m2

—er Y (—or + 0%, > 7))

q=2

B@) (b + e100) +

((bc"l + C10-1) + (bgﬂ — C109 — Cle)>

———)0" 7 (6.27)
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Similarly for ¢°2 that can reach coo9, 3 € R, we get

62%7(:32)«”“ — 1)+ 1_76(2))8“17 (6.28)

+621 — B(m2) (fat—lTaz o1 il:at—le)‘
mo —2 1 ma — P

5t§02 — 5t—1§0'2 _

FOI"p:2,"' , M,

5t7';1 = ngl — B(my)oy — —1 — Blm) [ZlvG(fn — 771)

m
1 r=2

+ 2 (5@ + 2% 61— 0y b)) — (ma - 1,

mo 2
— Z'UG(O'Q — T;Q))i|
q=2
1—B(m1)| 51 1 — B(m) - At—1
= (l-— - 71 2
( - )0 re " > o (6.29)
5
1 — B(mi) 1—B(2)\ 51 1 — B(my) — At—1
N St B ok %4 e ALV o2
r— ((m2 =1) + —==)0" ' + e qz;a 7S
Similarly, for ¢ = 2,--- , mao,
At _oo _ ].—/8(7'”2) At—1__o2 1_/8(m2> — At—1__oo
or = (1— m—2)8 Ty — nga s (6.30)
!
1—B(me) B 1= B2)y 51 1= B(ma) <= 521 o
r— ((mi—1) + 5 )0 + e ;a o

To get the final result, we also need to know explicitly what —o; + v%(0; — 7) is
fori=1,2.

—o1 4+ %0y = 1) = —o1+ %(5(2)01 + 1_75(2)(01 — 09 —b;) — (mgy — 1)b;
— ZUG(UQ — 7';2))

= (0 kb — (ma = 1) (o1 4 0+ 0)
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1
- (—02+UG(02—>T;2))

1 1= B2\ s L s
= - —1 A S _ 792
- ((mg )‘|‘ 9 )8 T m2q_228 q s

and it similarly follows that

s 0903 = 7) =~ (o — 1)+ 2P LSt

mq 2 mi P
p=2

_ 1— e
ot = by + Blmi)or + —Ti(ml) ZUG o1 — 1))
(et

m2

+6(m2)02+ Z 0'2 —>T

= (by+o01+09)+ _TQmQ Z (v9 (02 = 75%) — 032)

mq —1
_ at-1 1 — B(my) - At—1_oo B(my) S t—1_o1
= 0T —o qz:;afq+ - pz:;an
+ —1 — B(ml)vG(al —T)+ —1 _ 5<m2)vG(02 —T)
my mg

— (1 _ i(ml) ((m2 —1)+ 1_76(2)) (6.31)

1 ;fé:;m) ((m1 1)+ 1 _5(2)>>8t17

i (1 — B(mi) 1 ;nﬁ(mﬁ) iét_ngl

my 112

mao 112

i (1 — B(mo) _ 1 ;f(”h)) i@t_lﬂf?.

Showing that the square of the boundary operator J is zero in this case is similar
to the case when [ > 2. This is why we only provide a proof in the general case.
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Suppose 7 is such that ADn(7) = {o01,09, -+ ,0,} with AUn(o;) =

{i=7nm, 75} for i=1,2--- 1, and w.l.o.g. n,(77") =1 for p # 1.
In particular this means that at least one of [, mq,--- ,m; is in N* \ {1} where
N*:={1,2,--- }.

Let <% be critical and reaches c;0;, ¢; € R. Suppose we have the following:
0'71¢% = beo; + c;04, foralli=1,--- 1,
O lr=b, +> 04, 07110 = bei — oy, forall r=2--- m,

Let A% ={7} x AUn(o1) x --- x AUn(0;_1) x AUn(0;41) X -+ x AUn(oy),

v (0;) = Blmy)o; + %(ml) ivG(ai — 771).
v r=1

Set |P.(E)| = ng, in general,

—0i+v%(0; = 7) = —0; + L Z v(o, E) = % Z.(U(O'i, E) — o),

|Aai E€A“%i AUZ EcA“i

where,

1-— v
v(oy, E) = B(ngp)o; + % [(nE —1)o; —b; — Z Op — ZU(Jj - TUJ)]-

h#i 779 T
on€Pr (E) ngeEfjljUn(Jj)
Then
1
WonB) o, = FPUE ST g 3 e 1)
e h+i,01,€ Py (E) ity
775 € ENAUn(0;)
1
1—
= 1= 5e) [(Zai +b,)) + Z(—oj +v%(0; — TUj>>i|
e i=1 iy
775 €ENAUn(0;)
1— _ _
__1-P(s) [at—17+ 3 8t—17_aj:|;
e 799 #T
775 € ENAUn(0;)

Fori=1,---,1,

m;

at_o; . ) ) ]‘ _ /B(ml) G . o;
0¢% = bei +¢ (B(mz)az + B ;U (0; — T° ))
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mi

= B(my)(bei + ci04) + %W(Z (ber + civ%(0; = 77%)) + bees
v r=2

+QA”M%% 0i, E )
= B(mi)(bees + ci0v)

+ 1 — B(mi) i ((b o + ¢i07) + ci(—o; +v8(0; = T‘”)))

My £ i 104 7 7 7 r
n 1 Z <(b§a,~ + ciai) + Ci<_0i + U(O‘Z‘, E)))
A7 2,

= Gl i P _:égmi) (i@”ﬁf"
1— e
|Aa’| Z 77E (at 1 Z 8t 17_ ])>

EcA%i 795 %1
775 € ENAUn(0;)

— g1 4+ cil — B(m;) Zét_lﬂ?i . c'l — B(m;) Z 1— 6(77]5)51&—17_
my;

(] .
m;| A% e nE

1 — B(my) 1 —fB(ne) St-1_o;
—ciW Z - B Z 0 17‘3;

Beasi 1B 1% fr
775 €ENAUN(0;)

Forp=2,---,m;,

Oyt = by — B(my)o; — 1= ) ZUG(Ui =)

p 7 m;

r=1
_ 1— D[ e - _
_ at_lT;i . :i(m ) (Zat—l,r;rl
¢ r=2
1 1— _ _
Y Bnk) <8t—17_+ 3 at—lTUj)
‘Ao’l EecA“: e 799 %41
775 € ENAUn(0;)
1_/8(m1) at—1__o; 1_/6(mz) S qt—1__o;
a7 L e DL
S

2o 0lm) g 1= Ble) g,

m;| A% e

EcA%i
1 — B(mi) 1 — B(ns) 5t—1_o
+ —F —_— a 7"7];
mi|AUZ E;’z 2 7—;7
775 €ENAUn(0;)
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!
_ 1— o
ot = b+ Z < my)o, + MZUG(JP — ij)>
p=1 M j
! Lo B(m
= bT+Zap +Z ( v) Z(UG(UP—)T;p)_O'p))
i=1 p=1 J
) 1— B(m,) - o
— Lr 4+ Z Tp ((UG(O'p —T) —0p) + Z(UG(OP —7;") — O'p)>
j=2
L1 — B(my) 1 — B(ng)
— T+ at Lo T 2T ) T PUIE) g1,
1— 1 —Bnr) 5610,
_ Gt 17_0'J.
Z , t EZA: . 2
i T #T
775 € ENAUn(0;)
Let [A] = [m,A™| = TT'_, mi.
P :1_5(mt> Z 1_5(77E)7
A EeAci e
. 1= B(m) = 1-Alnp)
— mi J— _ o
ol s i s g
EeAvi e T #T
775 €ENAUN(0;)

We now proceed to find P? and Q.

Forie {1,---,l} and h=1,---
different combinations of h elements in {1, -
{1,---,1} of cardinality h. For example,

C«%l, Sy T {{1}>{2}"" 7{1}}7 0{117...

C({21,~~-,l}\{1} ={{2,3}, - A2, 1}, {3.4}, - {3, 1},
Let
Sh = Z H(m - = C?l,n-,l}v
ecl'h ree
and
forh=1,---,1—1, Sip= ZH(m —

eeFih rece

, 1, let us denote by C’?L__’l}
,[}. That is, the set of all subsets of

IN{1}y — {{2}7 {3}a T

the set of all the

A}

Al—1,1} )

h .__ h
= Ch Gy
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then
Sh:Si,h+(mi—1)Si7h,1 for h = 17 ’l’

Where’ Si,O — 1’ Si,l = O, and fOr l — 1, Si,l - 0
Lemma 6.4.2.

l -1
Al
i=1 h=1

7

Proof. We show both equalities at the same time using induction on [. Suppose
that for {1,--- 1} we have my,--- ,my.

e For [ =2 we have {1,2} and {my, my},
Forizl, 1+Sl,1:1+(m2—1):m2:

o We assume that the statements are true for [ and we show that they are true
for [ + 1. That is we consider {1,--- ,I,{+ 1} and {my,--- ,my, my1}. Set

I+1

!
|AY = Hmr and |A"] = Hmr.
r=1 r=1
For h=1,--- 1, S}L = Zeerh HTEe(mr -1), I':= C?l,---,l}‘
For h = 17 e 7l - 17 Sz;,h = Zeeﬂh HTEe(mT - 1)’ Fih = C?l,,l}\{z}
FOI‘ h = ]_’ ... 7l+ 17 S}l:_l = ZEGFh Hree(mr - ].)7 Fh = C‘?L"'J,l-‘rl}'

41 . —
For h = 17 e 7l’ S@,—; T Zeefih HrGe(mT - 1)7 Bh T C?l,---,l,lJrl}\{i}'
The induction hypothesis yields

! -1
Al

LY sh= A 1Y sh, = AL
h=1 h=1 v

Then
S;lfl = Sh+ (M —1)S,_y for h=1,--- 1 +1,

where, SH=1, Sl =0.
Also,
Sﬁzl - Sf,h + (myy1 — 1)54’,1_1 for h=1,---,1,

(2
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Consider the expression Y . 4o,

where, S!y=1, S/, =0,andforli=1, S, =0.
This implies that

I+1 l l
L+ S = 14> Sh+ (ma —1)(1+ ) S)

h=1 h=1 h=1

_ ml+1’Al|:‘Al+1|.

We also get
l -1 -1
1+ Z St = 1+ Z St + (g — 1) (1 + Z Sin)
h=1 h=1 h=1
|Al| |Al+1|
= M4 . = . .

]

—17{3] SE)' Then there are the following possibili-

ties for the set E € A°:.

The [-tuple (7,7,---,7), which corresponds to 7 having [ incoming arrows
from all the o;’s. For the above expression, this gives the value 1%'8(1)

The tuple (7,--- ,7, 77", 7,--- ,7) for all h # i and for all r = 2,--- ,my,
which corresponds to 7 having [ — 1 incoming arrows, from all the o;’s except
for oy,. There are [ — 1 possibilities for A and m;, — 1 possibilities for each h.

This gives the value 1—?&— 1)31-71 for the above expression.

The tuple (7,--- , 7,7, 7, ,7,70",7,--- ,7) for all h,j # i, and for all
p=2,---,m;, ¢=2,---,my corresponds to 7 having [ — 2 incoming arrows
from all o;’s except from o; and o,. We get the value #Sm for the

above expression.

Oi—1 _Oit1 Oh—1 Oh+1
The tuple (7,771, -+ 7oy Toist s 5 T s Ty Trnan 5 5 Tot) corresponds to
7 having two incoming arrows, one from o; and the other from oj. Each
. . 1-8(2
ri =2,---,m;, fori =1,--- . From this we get the value ﬂS@l_z for

2
the above expression.

Finally, we get (7,77}, -+ , 70, Tregy s+, 77'), which mean that 7 has a
single incoming arrow coming from o;, and this yields the value S;;_; for the

above expression.
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Therefore, for [ > 1,

o 1—B(mi)1-p0) 1-p0-1),  1-8(0-2),
P |A| I + -1 Sz,1+ [—9 Sz,Z
+"'+1_Tﬁ<2)5i,l—2+5i,l—1]-

Observe that for [ = 1, Poi = por = 1=0m) g %(Zm), since we set S;o = 1.

mi
One also refers to the forking case to see this.

To visualize for [ = 2, one refers to (6.27), (6.31), (6.29) and (6.30).

Now, observe that for all £ € A%, the elements 7% € (E \ {7}) N AUn(o;)
are exactly all the 7,7 for j € {1,--- I} \ {i} and for p=2,---,m;. Thus, for
h=1,.- -2

Sin= Y [Itmr=1) for If:=Ch . g J#0

eEFZ;. ree

Then
S@h = Sij,h + (mj — 1)Sij,h—1 for h= 1, cee ,l — 17

Where’ Sij,o = 17 S’ij,l—l = 07 a,nd fOI' l = 2, Sij71 = 0

To evaluate the expression

3 1— B(ne) S o
EcA%i 2 799 %41
775 €ENAUn(0;)

we look at the different sets F such that we can reach 777 from o;. Thus these sets
vary from the following:

e The tuple (7,---,7,7°,7,---,7) for all j # i and for all r = 2,---  my,
which corresponds to 7 having [ — 1 incoming arrows, from all the o;’s except
from o;. This gives the value %(@ﬁ 7 for the above expression.

e The tuple (1,--- , 7,77, 7, - Ty 7o, Ty, 7) for all b, j # i, h # j, and for
all ¢ =2,---,my, corresponds to 7 having [ — 2 incoming arrows from all
0;’'s except from o; and o,. For each such T there are m;, — 1 possibilities.

We get for the above expression the value #Sﬁylétﬂ? 7,
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o1 ... i .. Ti-1 T+l Th-1 Thtl | o
L4 The tuple (7_7 Trl ) >TT’ ) 77—7"1'—1 77—7’i+1 ) 77—7’}1—1 77_7 TT’h+1 ) T

, T7l) corre-
sponds to 7 having two incoming arrows, one from o; and the other from oy,.
For each 77+ for s # i, j, h, we have my — 1 possibilities. From this we get the

1_2(2) Sm,gétngj for the above expression.

value

. g4 T4 — g,
e Finally, we get (7,778, -, 7/, -+ 7y, Ty T

, Trt), which mean that 7
has a single incoming arrow coming from ;. For each 77" for h # i, j, we
have my, — 1 possibilities, and this yields, for the above expression, the value

th
Siji—20'T".

Therefore, ‘
Q=>_ Q> 07,
J# p=2
where,

fori=1, Q.= 0,

. - i — B(l — — B(l —
for [ > 2, Q;Z ! |i(’m)<1 lﬁ—(l 1)+1 1652 2)

Sij,l

1— B2
+et #Sij,l—:a + Sz’j,l—2>-
Observe that for [ =2, Q' = 17%"1')32-]-70 = %ﬁ”i) since we set S0 = 1.
To see this, one also refers to (6.27), (6.31), (6.29) and (6.30).
Hence,
; ; ~(1=Bm) N~ o8y
Or= (1= P04 (= Y Q) Y0 (6:32)
i i=1 t jAig=1 p=2
- 1= B(mi) 21 o0 1= B(M) o= 21 o,
%$:=ﬂ——%¥ﬁw*$——%¥Q§}V%” (6.33)
‘ ! T#p
r=2
— ! i) _
+ PO 4 Y QY 9
]761 r=2
7j=1
and
_ _ 1 — B(m;) <& - _ -
Jt¢?i = 9L 4 ci—ﬁ(m ) Zat_lel — P70 r (6.34)
m;
r=2
! mj B
NN
jF#i r=2

j=1
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Using the fact that

O =07"=0for i<k and 9 =0,"=0 for j >k+2 (6.35)
to prove that 0f o 9 = 0, it is enough to show
Oy 00;,,=0 (6.36)
and
D1 00hyy = 0. (6.37)

The equation in (6.36) follows by applying 0% to (6.34), (6.32) and (6.33), and
using (6.35).

We now show that (6.37) holds. This part of the proof will use the same
techniques and ideas as in the proof Theorem 5.2.1.
Let w2 be a critical cell.

a) Ifw*+2) can reach et and/or ¢Zi77%, for ¢, ¢7¢ € R, then there exist ¢, - - | ¢

(each is a linear combination of some critical cells) such that

l L m;
0w =b, + Z % + T + Z Z Jitli = 0w,
=1

i=1 s#1

where each ¢ is such that

mg
017 = by — coy — E clio;.
s#1

Since the fact that o; and w are path-connected (and there are paths through
7 and others through ¢7) tells us that the induced orientation (induced from
w) from <% onto o; has to be different from the one induced from 7. Similarly,
the induced orientation (induced from w) from ¢% onto o; has to be different
from the one induced from 7. We then have:

l L my
0=0""00"w=0"b,+Y be+cb+> Y Tibe.  (6.38)
=1

i=1 s#1
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Then using (just the first equalities) (6.32), (6.34) (with ¢; = ¢), and the fact
that d'b, = 0*~'b,,, we get

l L my
0'odw = 0by+ Y bei+chb+ > > b
1=1

i=1 s#1
l L my
= 0"+ > b b+ D> D Tib e,
i=1 i=1 s#1

= 0 from (6.38).

b) Observe that in the previous case, if ¢7¢ = 0 for all 7 and for all s, the ¢%’s
can also be equal to 77. In this case the idea is the same, but we would have:
Each 77 is such that

% = be; — 0

provided

I
J'w = b, + CZT‘” +c, =0 w.
i=1
Using the fact that d'b,, = 0'~b,,, the result follows using (6.32), (6.33), and
the fact that

0" o O'w = 0'b, + CZ byo; +cb, =0 00w =0.

¢) If neither 7 nor the 77’5 can be reached from w, but instead only ¢;o; can,
for ¢; € R, there exist ¢j,--+,¢ and ¢, -+, (each is a linear combination
of some critical cells) such that

O tw =10, + ZQ + ZE} = 0w,
i J
where

ol = b, + cio;, and i be. — coi,

using the fact that the induced orientations (induced from w) from ¢; onto o;
has to be different from the one induced by ¢;. It follows immediately that

0'(0'w) = 0" 10" 'w) =0, since 9'b, = 0"'b,.
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Theorem 6.4.1, tells us that the boundary operator 0 satisfies o0 = 0, meaning
that the homology groups are well defined using this boundary operator.
Let my, := dim Ck. We then have the following Morse-type inequalities.

Theorem 6.4.3 (Generalized Morse inequalities). In the above settings, there
exists R(t), a polynomial in t with nonnegative integer coefficients such that

dim K dim K
S omitt = bit' + (1+t)R(t).
i=0 i=0
To prove this theorem, it is enough to show that b, = b;, where b, =

dim (ker 0; /im 5@'+1)7 since the rest of the proof uses the same idea as in the
proof of Proposition 5.2.3. Before proving it we give some examples.

Figure 6.16: Initial orientation for Figure 6.17.

Example 6.4.2. Using the computations in Example 6.4.1, we get the following;:
kerdy = (vo, 3, va), MOy = (s — vz, 1o — B(2)vy + 1_5(2)(1/3 +13)));

ker 0, = (03, 09 — 06, 02 + 05, 04 — 03, 07 + 03 — O, O7 + 04 + 05);

imdy = (03, 09+ 05, 07+ 04+ 05, 015, 073, OT);

ker Oy = (To+T1+T4+72, 3+ Tu+T5+76), imds = (B(2) (11 +T2+To+T4), 5w§3)>;
ker 03 = 0 = im 0.

This yields




174 6 A generalized boundary operator

Figure 6.17: Another general example.

Also, we have
m0:37 mlz’?a m2:77 m3:27

and, we obtain

D mpth = 34Tt T 4267 = 14 (14)(245t+2t7), that is  R(t) = 2+5t+2¢%.
k

Example 6.4.3. Using Figure 6.17, with the initial orientation for the cells given
by Figure 6.16, we get the following:

= [, v, 8] =, ]y T = (v v el T = (v, v, 1)

s = [vo, v3, 0] T = [vi, s, 0] 00 = [vo, vy o1 = [va, ]y 0 = (g, vl
03 = [V17V2]§ 04 = [VO,VQ]; 05 = [Vz,l/s]; O¢ = [V1,Vo]; o7 = [V17V3];

og = [, v3];

The edge o3 is abnormally upward noncritical with the cells 73, 7 and 7;4.
The edge o4 is abnormally upward noncritical with the cells 75 and 7y4.

The vertex v, is abnormally upward noncritical with the edges ¢, o1 and 0.
The cell 7, is abnormally downward noncritical with the edges o3 and oy.
The edge o4 is abnormally downward noncritical with the vertices vy and v4.
We obtain the following set:

CO = (), O = {5}, CF = (1, o)

CV = {0}, CP = {r,}, CO = (v}, CU = {03, 0u};

ou
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C’(O)

sin {V07 Vl}? C’S(Cl)”zl, = {00701702}’ C’gq{ - {7_277_377—477_5}'

It then follows that

v (0y) = B(2)os+ 1-5@)

(0'4 — Og —+ 0'3)

1—25(2)< 1

1-50)
3

(5(2)03 +

((—05 — 01+ 03) + (—o1 — 0p)
1-5(2)
2

(0'3 -+ O¢ —+ 0'4) -+ (0'6 — 0'5))),
V() = B2 + 22 (1 + 1), v (1) = B2)uo + 22 (1 + 1),
vE (vg) = B(3)vy + %(?’)(UG(VO) + 0% (1) + Vz);

6(71)20'2+00—U5, 8(7’6):—0'1—0'6+0'2.
We then have

d(r3) = —o1— 09— v%(03)
= —B3)(o1+00+03) + 1_?;8(3) ((—00+U5—U2)
+ %( — B(2)(00 + 01+ 03) — 1 —25(2) (00 + 01 + 03)

+(00+01+06+04))+(0'5—00—01—06)>>,

d(r) = —os+o01+o05+ ’UG(O'3)

1-3(3)
3 ((—00+U5—U2)

1-5(2)
2

= —63)(o1+ 05— 0y +03) +

+ %(5(2)(05 +o1—0y+03) +

((0'5+0'1 —02+03)
+ <05+01_02+06+U4))+<01_02_U6)>>7

(1) = —05 — v (0y), O(1s) = 06 +v%(04) — v%(03),
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dog = v° (1) —v% (1) = B(2) (1o — 1), Doy = v% () — v (),

0oy = v% (1) —v%(vy), 0og = v%(vy) — 1oy oy = v% (1) — 1,

0oy = vy —v%(1p); 0oy = 1y — v%(1y).

From the above computations we get:
ker 0o = (vo, v1, vo, va),  1m Oy = (B(2)(vo — 1), v (va) — v2, V(1) — 12);
ker 0y = (09 — 05+ 09, —01 — 06 + 02, 0 + 04 — 03, 01 + 09 + 03, 05+ 04);
im0y = (—0y — 06 + 09, 03 + 09 — 05, 014, 02, OT5);
ker Oy = (1) + T3+ To, To + T4 + 75 + T¢),
This yields

b():l:bo, b1:0:b1,b2:2:bg.

We also get
m0:4, m1:7, m2:6, mgzo,

and this gives

> mptt =44+ T+ 617 =1+ 267 + (1 +)(3+4t), thatis R(t) =3+ 4L
k

To prove Theorem 6.4.3, we assume for simplicity that the CW complex K has
no noncritical cells that belong to Forman’s framework. Collapsing the Forman-type
noncritical cells preserves the homotopy type and hence the Betti numbers. Thus
creating some noncritical cells in Forman’s framework by adding single arrows in
our framework to those cells having none, will not change the homotopy type of
the CW complex.

Proof of Theorem 6.4.3. Let K be a CW complex with an arrow configuration
satisfying the conditions given by Definition 6.1.2. Recall that
cW =cPuchucPuclhuck.
Let (Ci,d°) be the cellular chain complex where, 9° is the cellular boundary
operator. Using (C,,d) as the chain complex obtained from C'*), and the fact that
there are no Forman-type noncritical cells, we get the equality Cy = C}, for all k,
which already means that m;, = my.

We know from the definition of v“ that, v“ is linear, which implies that, if
97 =0, then 0 =v%(}_,_ o) =, v%(c) = Or. Thus, O satisfies:

if for @ € Oy, 9°(w) = 0 then d(w) = 0.
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This tells us that ker 9¢ C ker 9.

Now we prove the opposite inclusion. We suppose that 0w = 0 then we have to
show that 0°cw = 0. We use the same induction idea we have been using to prove
Theorem 6.4.1. This means that assuming that 0'cw = 0, we need to show that
0w = 0. It is enough to show this at dimension k + 1. Let g' be connected to
cgioy, gt € Rfor ¢ =2,---,s;and for i = 1,--- ;[ be as in the proof of Theorem
6.4.1. Suppose for a;, ap, agi, agi € R,

_O'/T_I_ZZQUZT —FZZ&&C% ‘l‘zahwha

i=1 p=2 i=1 q=2

where the w),’s are not connected in any way to the ¢;’s. Then

0 = Jdw (6.39)
= ad'T+ Z Z a“zﬁtT‘” + Z Z aslatgs’ + Z an0'wy,
i=1 p=2 i=1 q=2
= ( (1- ZP‘” oz—irZP‘”Za‘“ ZP‘”i ;i)ét—lf
p=2
l m;
+ Z ( _’m))agi _128m)
i=1 p=2 mi r#Ep,r=2
l 1 m;
S @y RS G- S @y g
jhig=1 =2 jig=1  p=2
+ (i(ml) — i j)oz) 0o ¢ Z i i igs
? p q q
i i =1 i—1 g—2

+ Z Oéhét_lwh.
h

To conclude, we need to prove the following equalities:

l m;
o = (1= P+ Py ap- ZPC’Z Zc%ﬁz) (6.40)
i i=1 p=2

i=1

l m; S;
_ _ o _ o i ~,Si
= « E P (a E Ozp—FE cqaq>,
=1 p=2 q=2



178 6 A generalized boundary operator

1—B(mi)\ . “
gt = ((I—M)agl ay (6.41)
mi r#£p,r=2
- B L B(m) § N
IR M WAV ED D) )
JFLj=1 r=2 q=2 JFhj=1 q=2
1
1-— i ;
+( 0 ( ) _ >, Q‘Z)
! J#ij=1
) 1—pB(m; o ) - g
agi + ﬁ (a _ Zagz + chza;z>
m; r=2 q=2
l mj Sj
S IKCICED EED LAY
Jj#i,g=1 r=2 q=2

Now, 0'cw = 0 means in particular that the coefficient of ¢; in d'zw has to be zero.
The expression of w above has four summands. We apply the boundary operator
0" to each summand and evaluate the coefficient of o; in each resulting expression.

e Using (6.32), the coefficient of o; in 97 is given by:

Proj,, ot =(1- ZPW) — (m; — 1)( ZQ]>

J#i

e Using (6.33), we get that the coefficient of o;

in 9'r7¢ is Proj, 8'70i = — (1 — =2 4 (i — 2)2=2m) . pos

in O'ry’ is given by Proj, 07y’ = P% — (m; — 1)Q.

e Using (6.34), the coefficient of o;

in 5%;” is given by Proj,. 5tggi = (1 — (m; — 1)—1_B(mi) - P"i>;

in 9’ is given by Proj, d'cy’ = —¢’ (P“J‘ — (m; — 1)QZ)
e The cell o; does not appear in the last summand of d'w, that is

Proj,,. Oz, = 0.
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Thus, the coefficient of ¢; in 0'w equated to zero yields: for i =1,--- 1,
0 = Proj, 0'w (6.42)
= (=3P - (2 Z@ﬂ))
i jFi
1 — B(m;) 1 - 5
_ (- =2 P‘”) o
R
l ' m;
+ Z (P75 — (m; — 1)Q7) Za
jaﬁij—l g=2
1 — B(m;) .
1— (my —1)——— PUz)
+ Z Zasfc — P9+ (m; — 1)Q§)
J#Lj=1 q=2

o 1— 5<ml) S oi = i 8
= (1—P —(mi—l)Ti)(a—Zap +Zcp ozp>
p=2 p=2
l

S (- 10@]) (- g+ Y eap).
p=2 p=2

ji,j=1

Now we proceed with the analysis of the expression in (6.42) by proving the
following lemmas.

Let N*:={1,2,.--},
1—5(77%))'

my;

K/ = (P”f — (m; — 1)Qf) >0 and K':= (1 — P% — (m; — 1)

Lemma 6.4.4. For 1 € N*\ {1} and m; € N* fori=1,-- 1,
K] =P% —(m;—1)Q] >0, for j#i, i, je{l,-- I}

The condition on the arrow configuration excluding the Forman-type noncritical
cells ensures that for the collection of natural numbers [, mq,--- ,m;, at least one
of them is greater than 1.

Proof. Since [ > 2 it means that each m; can also be equal to 1 which translates
to the merging case in Section 6.3. In this case KJ poi =12 ﬁ(l > 0.

In general, the inequality is shown as follows.



180 6 A generalized boundary operator

Using the fact that (m; — 1)S;j -1 = Sjn — Sijn, for h = 1,--- 1 — 1 with
Sij,O = 1, Sijylfl =0 and for | = 2, Sij,l = O, we get:

1= Bmy) 1= 80— 1) 1-80-2)
(m; = 1@ = A : ( (i = Sign) + — 5 (82 = S2)
1—75(2
+ -+ #(SM—Q — Siji-2) + SjJ—l)
1= Bm) 1-BU-1), _1-81-2)
- T A (s e
1—05(2
+ tte + #Sjyl_Q + Sj,l—l)
1= B(my) (1-BU-1),  1-8(1-2)
A ( [—1 cw T e
1—05(2
+ .+ #5’1112)’
which implies that
K = P — (mi—1)Q]
_ 1=p(my) (1=p(1)  1-p(1-1) 1-p(0-2)
-~ T4 ( I S R R SR
1—p5(2
+-+ #Sﬁyl_2> > 0,
since, for s € N*, §(s) is such that §(s) € (0,1) if s > 1 and (1) = 0. Also, the
Sij.n are all nonnegative for m; € N*. O
Lemma 6.4.5. For 1 € N* and any collection of natural numbers l,my,--- ,my

such that at least one of them is greater than 1,
K'—=) K/ >0, forije{l, -1}
J#i
Proof. Recall that
. , ) 1— ;
Kl = (P%‘ — (my; — 1)@5) >0 and K'= (1 — P — (m; — 1)M).
my

For I =1, K/ =0 and K = K' = (m;) > 0, since if [ = 1 then m; > 2. This
translates to the forking case in Section 6.2.

In general, for [ > 2,

K/ = P%— (m; —1)Q’

(2
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1= B(my) (1=  1-B(-1) 1= B(—2)
- A < [ * [—1 Siga + [—2 Sij2
1—3(2
Tt #Sﬁ,lz)
1 /1 1 1 1
< m <7 + —l — ISij,l + msijz 4+ 4 ésij,l—2>,

since for s € N*, f(s) € [0,1) is such that f(s) = 0 if s = 1. This then implies
that

; 1 1 1 1
ZKZJ < W<27+m28ij,1+mzsij,2 (6.43)

i j#i J#i i
1
+-eF 5 Zsij,ZZ)
J#i
1 /l—-1 [-2 [—3 1
= —| —- —SZ —S’L te _Sl — )7
|A|< l +l—1 ’1+l—2 2T +2 1—2
since Z#i Sijk=1—k—=1)S;y, for k=1,---,1—2.
Also,
o 1=Bm)1=B0)  1-B(—1)
poi S; 6.44
|A] ( Y B R (644
1—75(2

+-- #SMQ + Si,kl)

1 /1 1 1

W (7 + l——15i’1 + -t §Si,l—2 + Si,l—1>~

We also know that
mi: — 1 m; — 1

7 1 — ; < ?
(1= Bm)) < T,

(2

since for m; € N*, B(m;) =0 if m; =1 and B(m;) € (0,1) if m; > 1.

Hence, using (6.43) and (6.44), we have

i j m; — 1
K'-) K > 1- o
i
1 /1 1 1
—W<7+msi,1+"'+551‘,1—24‘51‘,1—1)
1 pl—-1 1-2 -3 1
~ (T St et )
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1 1
= — = (1 +Si1+ Sig+ -+ S0+ Sz',lq)
mi  |Al

=0

since 1 + 22;11 Sik = |mi_‘ from Lemma 6.4.2.

i J
Therefore, K' — 3", ,; K{ > 0. O
Lemma 6.4.6. For1>1 and any collection of natural numbers (I,mq,--- ,my)
such that at least one of them is greater than 1,
1 — B(mi)

Ki=1-P%—(m;—1) >0, forie{l, -1}

my;

Proof. From Lemma 6.4.5, we get K > K7. We also know from Lemma 6.4.4

, g# ,
that each K7 > 0 which implies that > .. K7 > 0. Hence K* > 0. O

i
Now, back to the expression in (6.42), if we set X; 1= a—> ") agi+3 71, coiag?,
then (6.42) becomes

(K'X, —K?X, — K} Xg—---— K/ X; =0
~K} X1+ KXy — K3X5—--— KL X; =0
—KiX - K2Xo +K3X3— - — KL X; =0
\:—Klle—Ksz—KfX3—~~+Kle:O.
Using as variables the X;’s for ¢ = 1,--- [, the corresponding matrix of

coefficients is given by

K' -K? ... —-K!

-Ki K% ... —Ké
M =

_Kll _Kl2 . K

Showing that this system admits no non-zero solutions is equivalent to showing
that the corresponding matrix M is nonsingular. To show this, we show that M is
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strictly diagonally dominant, that is,

K> K],
J#i
since any strictly diagonally dominant matrix is nonsingular, see |30, P. 392|. This
result is the well-known Levy-Desplanques Theorem stated below.

The fact that [K'| > 3., || follows from Lemma 6.4.4, Lemma 6.4.5 and
Lemma 6.4.6. Hence the matrix M is strictly diagonally dominant. This means
that

m; S;
a—g ag"—f—g Gglay =2 X; =0, for i=1,--- L
p=2 p=2

Substituting this in the RHS of (6.40) and (6.41) we get that the RHS of each
equation is equal to the LHS, which in turn implies that the RHS of (6.39) is equal
to 0" lw, that is 0 = O'w = 0" 'w.

Observe that fact that the coefficients K* and Kij are positive forallv =1,--- |1
and for all j # 7 is independent of the choice of orientation. Indeed, if the
induced orientation of a cell o; is changed for the cell 777, then the coefficient
ag’ will appear in (6.42), with the opposite sign. That is X; will become X :=
o — ZZ:Z ep=2 ap’ +ag’ + 37, ¢Sy’ In general changing orientations will only
lead to a given coefficient M;; being replaced by —M;;.

For completeness, we now state and prove the Levy-Desplanques Theorem.

Lemma 6.4.7 (Levy-Desplanques Theorem). Let A be an n X n strictly
diagonally dominant matriz, that is, |ay;| > Z#i la;|, fori=1,--- ,n, then A is
nonsingular.

Proof: If we suppose that A is singular, then there is a non-zero vector
= (21,29, - ,2,) s.t. Ar = 0. Among all the z,’s, pick z; such that |z;| > |z
for all 7. It implies that z; # 0. Then looking at row j of the matrix A multiplied
by x, we get:

aj1x1+aj2x2+~~-+ajjxj+---+ajnxn :O,
which implies that
lagi x| = 1 ajia| <7 lagllwil < Jagl > lazl,
i#] i#] i#]
which also implies that |a;;| <3, [a;i|, but this contradicts the fact that A is

strictly diagonally dominant.
O
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To summarize, we started with an arrow configuration more general than
Forman’s on a finite CW complex. We used as critical cells those that belong to
either one of the following: the cells with no incoming and outgoing arrow; the
abnormally downward noncritical cells; the cells having an outgoing arrow pointing
to an abnormally downward noncritical cell; the abnormally upward noncritical
cells; the cells having an incoming arrow from an abnormally upward noncritical
cell. We then defined a boundary operator whose extracted Betti numbers coincide
with the topological ones. Also, an analogue of the Morse inequalities hold.

We now move to the last section of this chapter which shows how we can retrieve
the Poincaré polynomial of our CW complex using some systematically defined
isolated invariant sets.

6.5 Conley theory

From the arrow configuration satisfying the same conditions as before, see Definition
6.1.2, we obtain the Poincaré polynomial of the CW complex from those of the
well-defined isolated invariant sets, using Conley theory analysis.

Definition 6.5.1. From the arrow configuration, we construct collections Cj;
consisting of:

e the singletons consisting of the cells without arrows,
e the collections {7} U ADn(7), for ny,(r) > 1 and
o the collections {c} U AUn(o), for ne(o) > 1.

Deﬁnitiog6.5.2. From the collections C; given by Definition 6.5.1, we get disjoint
collections C; in the following way:

e if C;NC; #0, set C; = C;UC; and C; =0,
e if C; N (Uj;ﬁi Cj) =0, then C; = C,.
We repeat the procedure above until the collections C; satisfy:
Ci N ( Ujozi 6']) =0, for alli.

Remark 6.5.1. In Definition 6.5.2 above, since there is a symmetry between
i and j, geometrically, we merge collections {o} U AUn(o) for ny,(c) > 1 and
{7} U ADn(7) for n;,(7) > 1, whenever o € ADn(7) (equivalently 7 € AUn(0)).
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The resulting collections 52 are such that there is no path (following the arrows)
that moves from a cell in C; to another cell outside of C;, meaning that each of
them is invariant. Since they constitute the building block for computing the
Poincaré polynomial of the CW complex, we consider them to be isolated. Hence
each collection C; is an isolated invariant set. We then have the following definition.

Definition 6.5.3. (1) the isolated invariant sets are given by the collections
I; =Cy;
(17) the isolating neighborhood N(I) of I is given by N(I) = Uyes0;
(i17) the exit set E(I) for each such I is given by E(I) = N(I)\ I.

To proceed we show that we can find a discrete Morse-Bott function f such
that the extracted vector field of f is exactly our arrow configuration.

Proposition 6.5.1. Suppose we have a CW complex K together with the arrow
configuration given by Definition 6.1.2. Then there exists a discrete Morse-Bott
function whose extracted vector field coincides with this arrow configuration.

Proof. We already know that it is always possible, from Lemma 6.1.1, to find
a discrete function f such that the extracted vector filed of f yields the arrow
configuration under consideration. We get a discrete Morse-Bott function f, see
Definition 5.3.2, by requiring that for every isolated invariant set I:

o forevery o, 7 € I, f(o)= f(7),

e for every cell o € I,
(i) f(o) > max{f(v),v <o, v ¢ I},
(17) f(o) < min{f(r), 7 >0, 17 ¢ I}.

e The remaining cells in the CW complex are those that belong to noncritical
pairs, and we define f as:

(i7i) f(o) < f(v),forv<o st. ny(o) =1, ney(v)=1and v — o,
(iv) f(o) > f(1),for 7 >0 st. ney(oc)=1, ny(r)=1and o — 7.

One checks easily that this function f is discrete Morse-Bott and that each isolated
invariant set is exactly a reduced collection (that is not a noncritical pair), see
Definition 5.3.5. O

Before stating the main result we prove some facts below.

Lemma 6.5.2. The set N(I)\ I is a subcomplex.
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Proof. Although this follows from Theorem 5.4.2, we provide a proof that does not
use the discrete Morse-Bott function, but only the arrows.
If I consists of a single cell the result follows immediately.

If o € N(I)\ I, then o is the face of an element in I but it is not in I. Since
N(I) is a subcomplex, to conclude we are only left with showing that any v < o is
not in /. Since there are no closed orbits in each such collection, in particular v
should be a regular face of o which in turn is a regular face of some 7 € I. If on
the contrary v € I then, either

(1) thereis a p > v, p € I s.t. there is an arrow v — p, or
(1) there is a v* < v, v* € I s.t. there is an arrow v* — v.

Note that from the definition of the [;’s we get min, ,¢;|dimo — dim7| = 0
and max, ey |dimo — dim7| = 1. Indeed from the construction of I which is
a union of intersecting collections of the form {o, AUn(o)} and {7, ADn(7)},
where if dimo = k (resp. dim7 = k), then dim7 = k + 1 for 7 € AUn(o) (resp.
dimo = k — 1 for ¢ € ADn(7)). So they intersect in particular if 7 € AUn(o)
(resp. 0 € ADn(7)). So that the minimum in dimension difference will be zero
while the maximum will be 1. From this fact we get that neither (i) nor (iz) can
happen since v < 0 < 7% € [ yields dim7* —dimv = 2 and v* < v < 0 < 7" yields
dim 7% — dim v* = 3, and this is a contradiction. Hence v ¢ I. ]

Lemma 6.5.2 tells us that the boundary operator &', defined as in Definition
5.3.7, is a well-defined relative boundary operator of the pair (N (1), E(I)).
Recall that my, := dim C}, and let

nk = t{c® e I},
then we have the following.
Lemma 6.5.3. S mRth =357, itk

Proof. 1t follows easil;_/ from the definitions of 7, and the I;’s, since the I;’s are
disjoint and Uifi(k) = C, where I® denotes the set of k-cells of I. O

Let us recall that for an isolated invariant set I,

dim K
P(I):= ) dim (kerdy/imdj,,)t",

k=0

where, 8,? is given by Definition 5.3.7.
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Lemma 6.5.4. In the settings above, for each i there exist r;(t), a polynomial in
t with nonnegative integer coefficients, such that

D npth = B(L) + (1+t)ri(t).
k

Proof. From Proposition 5.3.6, each r;(t) = 3, _,(ny — dimker 97)t*~!, where 9}’
is also the relative boundary operator of (N(I;), E(I;)) since both N(I;) and E(I;)
are subcomplexes. O

We now give the main result in this section which states that we can retrieve
the Poincaré polynomial of the CW complex from those of the isolated invariant
sets, or from those of the index pairs of the isolated invariant sets.

Theorem 6.5.5. Let I; be the isolated invariant sets obtained as in Definition
0.5.2 using the arrow configuration given by Definition 0.1.2. Then there exists
R(t), a polynomial in t with nonnegative integer coefficients, such that

Z B(N(L), E(L,)) = Z P(I;) = P(K) + (1 + t)R(t).

Proof. The first equality follows from the fact that 9} is the relative boundary
operator of the pair (N(I), E(I)). Now, using Proposition 6.5.1, the fact that

Y. P(L) = P(K) + (1 +t)R(t) follows from Theorem 5.3.7, and the fact that

Y. P(N(L), E(L)) = P(K) + (1 +t)R(t) follows from Theorem 5.4.2. O

We now give some examples to illustrate the result in Theorem 6.5.5. Since in
this part there is no need for orientation, we denote by (4, - - - , %) the non-oriented
simplex determined by the vertices v; for i =1,--- k.

Example 6.5.1. In Figure 6.18a,

o1 = (1, 1), 09 = (Va,13), 03 = (11, V3). We get collections

Cy = {01,7/1,7/2}, Cy = {V2701,U2}, Cs = {03}7 Cy = {V3}-

The isolated invariant sets are:

Iy = C1UCy = {v1,1n,01,00}, 1o = {03}, I3 = {s}.

P(I;) =0, P(ly) =t, and P,(I3) = 1. We know that P,(K) = 1 + ¢, hence
R(t) = 0.

Example 6.5.2. In Figure 6.18b,

T = (l/l,l/z,l/3>, Ty = (I/Q,Vg,l/4), o1 = (I/l,VQ), 09 = (I/g,l/g), g3 = (1/2,1/4),
o4 = (v3,14) and o5 = (v3, 11).

We get the collections:

Cl = {1/2}, 02 = {V3}, 03 = {V4}, 04 = {1/170'1,0'5}, 05 = {0'2,7'1,7'2},

CG = {7_27 02,03, 04}-
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V3

03 02

V1 01 1)

(a) (b)
Figure 6.18: Examples of vector fields satisfying Definition 6.1.2.

L N E

Figure 6.19: Corresponding isolating neighborhood and exit set for I; using Figure
6.18a and Example 6.5.1.

The isolated invariant sets are:

]1 = {1/2}, ]2 = {1/3}, ]3 = {1/4}, ]4 = {1/1,0'1,0'5}, I5 = {T1,7'270'2,0'3,0'4}.
For i =1,2,3, P(I;) =1, P(ly) =t, P(I5)=t.

Thus,

SELUP(L) =342t =1+2(1+1) = P(K) + (1 +t)R(t), that is R(t) = 2.

Example 6.5.3. In Figure 6.22,

= (Vl,V2,V4), Ty = (V27V3,V4), T3 = (V1,V3,V4), Ty = (V1,V2,V3)- 01 = (V1,V4),
09 = (Vl,Vz), 03 = (VQ,V4), 04 = (V27V3), 05 = (1/3>V4)7 06 = (V17V3)-

We get [z = {V,L'}, fOI‘ 9, = 1,' .. ,4, [5 = {7'1,0'1,0'2}, I6 = {7'4,0'4,0'6}. I7 = {Tg},
Ig = {0'5}.

FOI’ ] = 1, s ,4, .Pt(.lz) = ]_, Pt(]5) = t, -Pt(]6) :_ t, Pt(j7) = t2, Pt(Ig) = 1.
NACAES 4+3t+t2=1+t*+3(1+1),so R(t) = 3, since P(K) =1+ 2.
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O

I, N E

Figure 6.20: Isolating neighborhood and exit set for [, in Example 6.5.2 using
Figure 6.18b.

I N E

Figure 6.21: Isolating neighborhood and exit set for /5 in Example 6.5.2 using
Figure 6.18b.

Figure 6.22: A vector field satisfying Definition 6.1.2.
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I N E

Figure 6.23: Isolating neighborhood and exit set for /5 in Example 6.5.3 using
Figure 6.22.

We have presented in this chapter three different ways to obtain the Euler
number of a given finite CW complex.

)

The first one which is by means of the contribution function of each cell only
uses the given vector field without any notion of boundary operator or Conley
theory.

The second more dynamics related approach, which is the most important,
shows how one can recover the Poincaré polynomial of the CW complex,
using the notion of boundary operator. A new boundary operator is defined
using a vector field more general than the one extracted from a discrete Morse
function. The Betti numbers of this boundary operator coincide with the
topological Betti numbers and we also get some Morse-type inequalities.

The third method uses Conley theory to analyze the topology of the CW
complex. From the vector field at hand, a suitable definition for the isolated
invariant sets is found. We recover the Poincaré polynomial of the CW
complex by summing those of the respective index pairs of the isolated
invariant sets up to some correction term.
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