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Abstract

Forman has developed a version of discrete Morse theory that can be understood
in terms of arrow patterns on a (simplicial, polyhedral or cellular) complex without
closed orbits, where each cell may either have no arrows, receive a single arrow from
one of its facets, or conversely, send a single arrow into a cell of which it is a facet.
By following arrows, one can then construct a natural Floer-type boundary operator.
Here, we develop such a construction for arrow patterns where each cell may support
several outgoing or incoming arrows (but not both), again in the absence of closed
orbits. Our main technical achievement is the construction of a boundary operator that
squares to 0 and therefore recovers the homology of the underlying complex.
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1 Introduction

Morse theory, introduced by Morse in 1925 [23], is an important tool for the study of the
topology of differentiable manifolds. 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
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yield the homological boundary operator. Floer [9] 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
[25]. For a presentation in the context of Riemannian geometry, see also [17].

In a rather different direction, Forman [10] developed a discrete version of Morse
theory for CW complexes. This is also the setting of the present paper, and we therefore
recall the setting. The topological boundary elements of a cell are called its faces. If a
cell o ® of dimension  is a face of another cell T, we write ¢ < 7if dimo = dim7—1,
in which case o is called a facet of . Further concepts, in particular those of a regular
facet, will be defined in Sect. 2.

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, we have:

Definition 1.1 (Discrete Morse function) For all cells o ®,

for all T s.t. o is anirregular face of v, f(0) < f(7);
Un(o) := g{t*tD | o is a regular facet of tand f(7) < f(0)} < I;

and

for all v s.t. v is an irregular face of o, f(v) < f(0);
Dn(o) := ji{v(k_l) | v is a regular facet of o and f(v) > f(o)} < 1.

(#A is the cardinality of A). The cell o is called critical if it is not a regular facet of
some other cell, or in the regular case, if both Dn (o) and Un(o) are O.

Although the definition works in full generality, here we assume that the underlying
CW complex is regular (the definition will be recalled below). In fact, on a regular
CW complex, one easily sees that at most one of Dn (o) and Un (o) can be 1; the other
then has to be 0.

A pair {0, 7} witho < t and f (o) > f(7) is called a noncritical pair. If we draw
an arrow from o to T whenever o < t but f(o) > f(t), then we get a vector field
associated with 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 according to their dimensions, since the
noncritical cells cancel in pairs. This is illustrated in Fig. 1, where the O-cells are the
nodes, the 1-cells are the edges and the 2-cells are the interiors of triangles. Moreover
the noncritical pairs are the pairs of cells between which there is an arrow, while the
critical cells are those without arrows.
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Fig.1 Vector field of a Morse
function

In [12], a combinatorial vector field on a CW complex K is defined as follows.

Definition 1.2 A combinatorial vector field on a CW complex K is amap V: K —
K U {0} satisfying:

(i) if V(o) # 0,thendim V(o) = dim(o)+ 1 ando < V(0);
(1) if V(o) = 7 #0,then V(1) =0;
(iii) for any 7, there is at most one o s.t. V(o) = t;
(iv) for each o, either V(o) = 0 or o is a regular face of V(o).

Thus, if we draw an arrow from o to T whenever T = V (o), one 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.

We write 0 — 7 to indicate that there is an arrow from o to t.

In contrast to a general combinatorial vector field, the vector field extracted from
a discrete Morse function admits no closed orbits, where by a closed orbit we mean a
path of the form

o) —> To > 0] —> T >0y —> Ty > 00.

Conversely, one can always construct a discrete Morse function from a combinatorial
vector field that admits no closed orbits.

In [11], Forman defined a boundary operator using the vector field generated
from this discrete Morse function. See Definition 2.1 for the reformulation for CW
complexes. In [12], he developed some discrete analogue of Conley theory for CW
complexes. For a combinatorial vector field, as isolated invariant sets, he considers
the rest points (which are the critical cells) and the closed orbits. The isolating neigh-
borhoods here are the unions of all the cells in the isolated invariant sets together with
those in their boundaries; the exit set is just the collections of cells in the isolating
neighborhood that are not in the isolated invariant sets.

Thus, a general picture emerges. Given a combinatorial vector field, satisfying
suitable restrictions, one can flow along the arrows to retract the underlying complex
onto something simpler or smaller, while preserving the topological information. From
that perspective, the restrictions in Forman’s work on the combinatorial vector field
are rather strong. Each cell can support at most one arrow, incoming or outgoing.
We want to generalize this. What we shall achieve in the present paper is a version
of discrete Morse—Floer—Conley theory for vector fields on complexes where each
cell may support more than one incoming or outgoing arrow, but still not both types
simultaneously. Also, we still exclude closed orbits.
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228 J. Jostetal.

In any case, the construction of the combinatorial flow, that is, of the boundary
operator, will be much more difficult, because from a cell, we may have to flow into
several directions simultaneously, or conversely, a cell may receive flows from several
of its facets.

The motivation behind this is that Conley theory for dynamical systems on mani-
folds can work with arbitrary flows, more general than the gradient flows derived from
a Morse function, to extract the topological invariants of the manifold under consid-
eration. Also, in the smooth setting, Morse—Bott theory is a generalization of Morse
theory. In a different direction, there is the Morse theory for not necessarily smooth
continuous functions by Corvellec [7].

As already indicated, we shall define a boundary operator from which we can derive
the Betti numbers of the CW complex under consideration. We shall also derive some
Morse-related inequalities.

More specifically, on a finite CW complex K, in which each cell is given an orien-
tation, we consider arrow configurations of the following type.

Definition 1.3 (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 ny, (o).
Conversely, for each k-cell o, we let nj, (o) be the number of arrows that it receives
from its facets. Thus, nqy (o) is the number of outgoing arrows of ¢ while nj, (o) is
the number of incoming arrows of o .

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

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

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 9¢: Cy+1(K; R) — Cr(K; R) is given by

aC(.L-(k-H)) — Z[T(k-i-l) . O(k)]a(k)’

o<T

where [t : o] is the incidence number of 7 and o. That is, the number of times that ©
(along its boundary) is wrapped around o . (Taking the induced orientation from t onto
o into account: for o a regular facet of 7, if the induced orientation on ¢ coincides
with the initial orientation of o, [t : 0] = +1; if not, then itis —1.)

In order to develop a version of 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. We then need to take care of various types of cells that
we call defective. These comprise the critical cells, that is, those with no incoming
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A Generalized Discrete Morse—Floer Theory 229

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; and the cells having an incoming arrow from an abnormally
upward noncritical cell. By carefully handling those defective cells, we shall construct
a boundary operator from which we can read off the topological Betti numbers.

In Sect. 2, 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 recall
Forman’s boundary operator and show that the arrow configuration that we consider is
generated by some discrete function. We also observe that we can compute the Euler
number of a CW complex using the arrow configuration, but without invoking any
boundary operator. The story is different for the Betti numbers, however.

In Sect. 3, we construct our boundary operator and state and prove the main theo-
rems; in particular, 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 Sect. 4, we develop some Conley-type analysis from an arrow configuration as
considered in Sect. 3.

2 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. A reference for
CW complexes is [26], for instance.

A CW complex consists of cells t; for each such t of dimension p, there is a
continuous map # : B? — K (considered as a topological space) from the closed
unit ball B? of dimension p that maps the interior of B” homeomorphically onto t.
A facet o of 7 is called regular if & : h~!(0) — o is also a homeomorphism and
h=1(0) is a closed ball of dimension p — 1. For a regular CW complex, all faces are
regular. The incidence property of regular CW complexes states thatif v < 0 < 7 in
a regular CW complex, then there exists & # o s.t. v < & < t. The same holds for
CW complexes provided v is a regular facet of o and o is a regular facet of 7.

We let f be a discrete Morse function on a finite CW complex K. Then, for a
noncritical cell o, either

#{t > o| f(r) < f(o)} =1, in which case we say that ois upward noncritical

or

g{v <o|f(v) > f(o)} =1, in which case o is said to be downward noncritical.

Indeed, if o is such thatv < o0 < t and f(v) > f(0) > f(7), then in particular,
by Definition 1.1 v must be a regular facet of o and o is a regular facet of t. Then,
there exists acell & # o, & < T s.t. f(0) < f(1). Choose & s.t. v < &. This is
always possible from the incidence of v and 7, as just noted. Then, f(v) < f(5), as
otherwise the discrete Morse conditions are violated. Hence,
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fW) = flo) =z f(r) > f(©@) > f(v),

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

We recall that whenever we have a discrete Morse function f, we draw an arrow
from o to v if 0 <t but f(o) > f(r).In this way, we get a vector field. A
boundary operator can also be computed using a combinatorial vector field extracted
from a discrete Morse function; see [11].

Since not every CW complex is orientable, we look at local orientations: We assume
that every cell in K is endowed with an orientation called its initial orientation. The
orientations on the higher dimensional cells will induce orientations on the lower
dimensional ones; see [14]. 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 7t and ¢ ®, denoted [T : o], isthe
number of times that t is wrapped (along its boundary) around o. When orientations
are taken into account and o is a regular facet of 7, [t : 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 [14] for the precise formulation.

Remark 2.1 For a regular CW complex, if a cell o® is a face of another cell w*12),
then there exist rl(kH) and rz(kH) s.t. 0 < 1; < w. Looking at the orientations, see
[14], @ will induce some orientations on 7; and tp. The orientation on 7; (induced
from w) will induce an orientation on o that will be different from the one induced
from 7. However, when the CW complex is not regular, and o is an irregular facet of
T < w), then we cannot induce a consistent orientation on o from .

More generally, even if o is not a face of w, in the regular case, the orientation on w

will induce an orientation on o along each path from w to o.

Let Cx(K; Z) (Cx(K; Z>)) be the free Z-module (Z;-module) generated by the
critical oriented k-cells of K. We now define Forman’s boundary operator % [10,11].
The idea is to construct a discrete flow by iterating the cellular boundary operator 9¢
until hitting a critical cell. We define v’ : KU {0} — K U {0} by:

o if o is critical,

vF (o) = E () ifois upward noncritical, with an arrow o — T,
0<T,0#0
0 else.

2.1)

The crucial point for us is that those simplices that receive an arrow are put to 0, and
they will therefore drop out of the boundary operator. To compensate for that and
to preserve the fundamental relation that the square of the boundary be 0, we then
need to flow in the direction of outgoing arrows. Working in Z, we use the following
orientation convention: The initial orientation of a facet & < 7 is taken in such a way
that it is induced from the orientation of t inducing an orientation of ¢ < t opposite
to the initial orientation of o.
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12) g3
g2 T2
01
T1 04
7 oo 2

Fig.2 Definition of Forman’s boundary operator

The preceding definition is recursive so we have to argue that it terminates. Indeed,
for a discrete Morse function f, the cells o and & in (2.1) satisfy: f (o) > f(5). The
finiteness of the CW complex then ensures that we shall stop at some point.

Definition 2.1 (Definition of the boundary operator /) The boundary operator 37 :
Cy — Ck—1 is given by:

af () :=vF 00t = Z[r colvf (o).

o<T

Example 2.1 In Fig. 2, the arrows are drawn between the critical cells of index dif-
ference 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,

o0 = [vi, vol, o1 = [vo, v2], 02 = [v1, 2], 03 = [v2, V3], 04 = [v3, V1],
71 = [vo, v2, V1], T2 = [v1, v2, 13].

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

8%1:(12) = 09 + 03; the edge o4 is downward noncritical so we ignore it.

8%(1:1) = —oy + o7; the edge op is downward noncritical so we ignore it.

0y (03) = v1 — 12, since the other vertex v3 is upward noncritical with the edge oy
which in turn has the vertex v as critical.

BIF (o01) = v2» — vy, since the other vertex vy is upward noncritical with the edge og
which in turn has the vertex vy as critical.

3f (02) = v — 1.
(i) =0for i =1,2.

Then, one can easily check that 8[71 o a,f = 0 for all k = 1,2, and for b, =
ker 8[/ im 8[+1, we get the desired Betti numbers, thatis by = 1, by =0, by =0.

Remark 2.2 Topologically, Definition 2.1 means that we apply a collapse to each cell
with an outgoing arrow with the cell that receives that arrow, and then take the cellular
boundary operator of the new complex obtained after all the collapses have been carried

@ Springer



232 J. Jostetal.

Fig.3 A collapse/deformation retraction

Fig.4 A vector field not V3
originating from a discrete
function
(o8} ]
141 V2
01

out. Each such collapse is a strong deformation retraction and therefore homotopy
preserving. See Fig. 3 for an illustration.

Our aim is to extend such a definition to arrow configurations on K. For such arrow
configurations, each cell may have finitely many outgoing or incoming arrows. We
shall need to require, however, that we do not have both incoming and outgoing arrows
together at any cell and also that the arrow configuration does not have closed orbits.

Definition 2.2 (Closed orbit) A closed orbit (of dimension k) is a closed path of arrows,
that is,

(k) (k+1)

crl(k) — tl(kH) >0, =T, (k+1) > © tl(kH) > () (P).

Tl 9 |
Figure 4 shows an example of a closed orbit.

Definition 2.3 (Arrow configuration) An arrow configuration assigns to each k-cell o
a collection of cardinality denoted by nq, (o) of (k + 1)-cells that have o as a facet.
We draw an arrow from o to each cell in that collection. Conversely, we let nj, (o)
be the number of arrows that o receives from its facets. Thus, 7o, (0) is the number
of outgoing arrows while ni, (o) is the number of incoming arrows of . We denote
these collections by

ADn(o) ={veK|v <o, dv—>o0}, AUn(o) ={teK|t>o0, 30 — t}.

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

An arrow configuration with a closed orbit and where each cell carries at most one
arrow cannot be generated by a discrete function. Also, if in the arrow configuration
a cell o has both an incoming arrow v — o and an outgoing ¢ — t and if there
exists p # o, v < p < t, for which there is no arrow from p to 7, then again there
can be no generating function f, as we would have the contradiction f(v) > f(o) >
f(r) > f(p) > f(v) forsome p # o, v < p < . However,
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Fig.5 A discrete function
whose vector field is not our
arrow configuration

S
t

Fig.6 A function with a closed
orbit

Lemma 2.1 An arrow configuration as in Definition 2.3 is generated by some discrete
function.

Proof Under our assumptions, we can construct a function f: K — R that satisfies
forevery o € K

f(o) < min{f(v)|v € ADn(o)} if nin(o) =1,
f(o) = max{f(r)|7t € AUn(o)} if nou(o) =1,
f(o) max{f(v)|v <o, v¢ ADn(o)},
f(o) min{f(r) |t >0, Tt ¢ AUn(o)}.

VoIA

AV

]

The converse of Lemma 2.1 is not true. Indeed, Fig. 5 shows an example 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 Fig. 6 we have a discrete function whose
extracted vector field has a closed orbit. 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.

In Forman’s framework, the downward noncritical cells have only one incoming
arrow, the upward noncritical cells have only one outgoing arrow and the critical
cells have no arrows. We call the first two types: Forman type or normally noncritical
cells.
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V3
V3
0-2 g1 g9
g1
.
V1 1)
g3 T
Vg v o3 v

(a) (b)

Fig. 7 Different types of defective cells

Definition 2.4 (Abnormally noncritical cell) A cell t is abnormally downward non-
critical if nj,(r) > 1, that is, the number of incoming arrows of t is greater than
1. A cell t is abnormally upward noncritical if nq,(t) > 1, that is, the number of
outgoing arrows of 7 is greater than 1.

For our examples, in which we mostly use simplicial complexes, we write
[vi, va, ..., vk] to denote the oriented cell with vertices vy, ..., V.

Example 2.2 (a) In Fig. 7a, the vertex v, is abnormally upward noncritical.
(b) In Fig. 7b, the 2-cell T = [vy, vz, v3] is abnormally downward noncritical.

Definition 2.5 (Defective cell) A cell o with its arrow pattern is said to be defective
if it satisfies any one of the following:

(a) nijp(0) = 0and ney (o) = 0 (o is critical in the standard sense);

(b) nin(o) > 1 (o is abnormally downward noncritical);

(¢) 0 € ADn(r) for some t satisfying nj,(t) > 1 (o has an arrow into an abnormally
downward noncritical cell);

(d) nou(o) > 1 (o is abnormally upward noncritical);

(e) o € AUn(v) for some v satisfying ny,(v) > 1 (o receives an arrow from an
abnormally upward noncritical cell).

We now observe that the Euler number can be computed by using the contribution
only from those cells that are either critical or support or receive more than one arrow.

Definition 2.6 (Contribution function) The contribution C: K — Z, ofacello® ¢
K, is

C@®) = (D" + D i@ @) + (=D nou(@®).

In particular, C (o) = 0 if o has only a single (incoming or outgoing) arrow.

Proposition 2.2 The Euler number of the cell complex K is given by:

X(K) =" Co). 2.2)

oek
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Proof 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
2.2). O

We want to refine this simple observation and construct a boundary operator from
our arrow configuration that also passes over those cells that have only a single arrow
and recovers not only the Euler number, but also the Betti numbers of our complex.
In order to yield homology, the square of such a boundary operator has to be 0.

We shall assume that each cell is oriented.

3 A Generalized Boundary Operator

We are now in a position to generalize Forman’s discrete Morse—Floer theory. The
data for our construction consist of a finite CW complex K (with cellular boundary
operator ), where each cell is given an orientation and an arrow configuration as in
Definition 2.3, that is, a cell can have more than one outgoing or incoming arrow, but
not both, and there are no closed orbits.

Let 0 € K be a cell, and recall that nj, (o) (resp. nou (o)) denotes the number of
incoming arrows (resp. outgoing arrows) of o.

We first define suitable collections of cells.

A" :={o e K|np(o) > 1}
CH = (0® e K|nin(0) =0 & nou(o) =0}
CH = (6™ € K|npu(@) =0 & nin(o) > 1}
CH = (6® e K|np(o) > 1 & nip(o) =0}
C‘U“) = {o(k) € K|o € ADn(t) with nj,(t) > 1, for some 7}
= {a(k) e K|o € AUn(v) with ng,(v) > 1, for some v}

ch.=chuchuchuchHuch

sou’

and let Cy, be the free R-module generated by the (oriented) cells in C®.
Let B(I) = 0 forl = 1 and choose some value 0 < B(I) < 1 forl > 1, for instance

Bl =1/2.
3.1 Definition of the Boundary Operator

Here, we develop our definition of the boundary operator, using the above arrow
configuration.

The idea is the following. In the topological boundary of a cell 7, we want to ignore
those cells o that receive a single arrow from a noncritical facet p, that is, p has only
a single outgoing arrow, and that arrow points into o. In order to compensate for that
when we compute the square of the boundary operator, we need to let p flow along o
into its other boundary components. When we compute the square of the topological
boundary operator of t, p cancels, because it occurs in the boundary of ¢ and also,
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236 J. Jostetal.

but with opposite orientation, in the boundary of another facet ¢’ of 7 (that is, o and
o’ meet at p). Now, when o is no longer accounted for in the boundary of 7, we
need to compensate for that by letting p flow along o into the latter’s other boundary
components, to achieve the cancelation. For instance, when o is an edge, it has another
boundary vertex o’ that is also a boundary vertex, again with opposite orientation, of
another edge o” of 7. Letting o thus flow into p’ achieves the cancelation with that
boundary vertex of o”.

Since simplices may catry several arrows, either incoming or outgoing, we only
need to account for those in our flow, but since simplices with more than one arrow will
not put to 0 in our boundary operator, we have some flexibility here. We might simply
keep them and not let them flow. That would mean that we only take those simplices
with precisely one arrow, received from a facet with only one outgoing arrow, into
account. That would essentially be the situation considered by Forman. We could
also let them flow and divide the contributions among the different arrows. As some
examples show, that might change the Betti numbers (but not the Euler number). Or
we can let them partially flow and keep a fraction fixed. That is what we shall do,
because we want to put all arrows to work in some kind of diffusion process on our
complex.

We now formally define the generalized “flow” map v that will be composed with
the topological boundary operator to construct our flow boundary operator. We put

o if o GC_’OUC_’MUC_’SW,
v(o) := 4 to be defined if o € A%, (3.1
0 else.

Thus, we have handled the cases when o has no outgoing arrows. It does not move,
unless it is noncritical and does not receive an arrow from a noncritical cell, in which
case we simply put v(o) = 0. When acell ¢ has some outgoing arrows, thatis,o € A",
v(o) will be 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. However, some
of those cells in the boundary of some T € AUn (o) might have arrows themselves, and
some of them may even point back into 7. Therefore, the definition needs to proceed
recursively. Here are the details.

To define v for a cell o € A", we consider the set AUn (o) = {z{, ..., 7,5} of the
target cells of arrows coming from o . The first step of the definition then is

_ 1= B(m) ¢ -
v(@) = Pm)o + — —— > v = 1) (3.2)

r=1

Thus, when m > 1, since then 8(m) > 0, some part of o is retained and does not flow.
The rest, or all of o when m = 1, flows into the boundaries of the cells into which
the arrows from o point. We now define v(c — 1) for an arrow 0 — 7. We write
ADn(t) = {01,072, ...,01}, witho = o1. When [ = 1, 7 receives no other arrows.
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A Generalized Discrete Morse—Floer Theory 237

When! > 1, foreachi =1,...,1, AUn(o;) = {t]", ..., T} with 7{" = 7. We put
A% = A% ;= {1} x AUn(on) x --- x AUn(oy).

Note that possible other outgoing cells of o itself are not included in this product.
For an element E € A, define

P.(E) ={o; € ADn(7) | Proj;(E) = v forsome i} andset ng :=|P;(E)|.

As an example for the definition of P, take £ = (7,7, 71, E4,..., E;), with
Ea, ..., E; # 1,then P, (E) = {0, 02, 03}.

We write E N AUn(o;) to denote the projection of E, as an element of the product
set {t} x AUn(o2) x --- x AUn(oy), onto the component AUn(o ).

We can now define

vio — 1) =

> v(o. E) 1A% =] m,

|A7] ,
EcA° j>2

with, for E € A%,

] —
v(0, E) i= B(ni) o + #((w —e+ Y o

h>2

o’hEPr(E)
D ST S T
,O'/<1' Toj?éf
o'¢ADn(t) 1%/ €ENAUn(o})

Thus, we keep a fraction of o itself (first term) and some fraction of those other
boundary facets of t that have an arrow pointing back into 7 (second term), flow from
those boundary facets that do not have an arrow into t into other simplices into which
they point (third term) and finally flow into other simplices from boundary facets of
T that have arrows pointing into 7 and arrows pointing into other simplices (fourth
term). We assume for simplicity that the initial orientation of a facet & < 7 is taken
in such a way that it is induced from the orientation of 7 inducing an orientation of
o < T opposite to the initial orientation of o. Note that v(—o — t) = —v(c — 1)
where —o is the cell o with the opposite orientation.

This recursive definition above terminates after finitely many steps. In fact, by
Lemma 2.1 there is a discrete function f that generates the given arrow configuration.
From the proof of Lemma 2.1, f (o) > f(t) > f(o’). Thatis, the arguments of v(c”)
in (3.3) have 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 after leaving 7. So, the
absence of closed orbits and the finiteness of K together imply that we stop at some
point.
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Fig.8 A forking case 12
02

01

03
Vg

Definition 3.1 (Boundary operator) We define Cy ﬁ) Cr_1 by

dr=vodT=> uv(0). (3.4)

o<T

We now want to see how Definition 3.1 simplifies when the arrow configuration is
restricted to the specific cases of merging and forking.

3.1.1 The Forking Case

In this part, we restrict the boundary operator given by Definition 3.1 in the case where
a cell can have many outgoing arrows or at most one incoming arrow, and there are
no closed orbits.

Suppose that on K we have the arrow configuration given by Definition 2.3 with
the assumption that for each cell o,

nin(o) < L.
Let the set of all defective k-cells be given by

~ (k) . ~(k ~(k ~(k
CH.=cPuc®uch,
and Cy be the free R-module generated by the oriented cells in C®.

Let us denote in this case the “flow” map by v"P.
The map v'?: KU {0} — K U {0} is given by:

o if o eC,UCsou,
vP(0) = V(o) if o e AY,
0 else,
where, if AUn(o) = {11, 72, ..., Ty},

1 m
V(o) = im) o + (1 = o) — > v"P(0 — =),

i=1
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%% a1 20 %% g1 2
o9 06 J0 o9 06 J0
Ti T3 Ti T3
v o3 V3 o4 vy v o3 v3 o4 vy

Fig.9 Example in the forking case

with

WPo >t = Y vP(p). (3.5)

P<Ti,pF£0

In this situation however, the arrow configuration cannot have closed orbits. Indeed,
Lemma 2.1 ensures there is a discrete function f that generates the given arrow
configuration. Also, the argument of v"P(p) in (3.5) has strictly smaller value for the
function f than the value f (o). Indeed, from the proof of Lemma 2.1, f (o) > f(7;)
for each i. We are in the forking case so each 7; has only one arrow coming from o.
Thus, f(t;) > f(p), since there is no arrow from p to ;. 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.

Remark 3.1 The crucial fact about the definition of v"P above is that the coefficient
B(m) is not zero whenever m > 1. Consider for example Fig. 8 with the orientations:

o1 = [v2, v1], 02 = [v2, v3], 03 = [1g, 12].

If we suppose that B(m) = 0 for all m, we obtain

50'1

1 - 1 1
v — 5(\)3 +v4), dop = v3 — E(Vz +vg) = §(V3 —v4), and
_ 1 1
do3 = vq — 5(!}4 +v3) = 5(\)4 —v3).
Then, one immediately sees that
ker 50 = (v, v2, V3, 14), im 51 = (50‘1, 50‘3), ker 51 = (03 —o03), Im 52 =0.

This does not give the right Betti numbers since we obtain

bo=dim(ker dy/im d;)=2#1=by, and b;=dim (kerd;/im d,)=1£0=b;.

Example 3.1 In Fig. 9, the initial orientation of each cell is given in the right subfigure,
that is:
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Fig. 10 A merging case 122

4! 03 )

1 = [v,v2, 3]s 2 =[vi,v3, v0l; T3 = [vo, v3,v4]; 00 = [vs4, V0l;
o1 = [vo, v1];

02 = [vi,12]; o3 =[v2,v3]; o4 =[vs3,v4]; o5 =[v1,v3]; 06 =[v3, 0]

The cell v3 is abnormally upward noncritical with the cells o4, o5 and 0. We have
the following:

éf;o) = {vo, v}, é((,l) = {02}, C_’((,z) = {11, 13};
CO =3}, CO) = AUR(3) = {04, 05, 06);

sou

1
VP (v3) = B(3)vs + (1 — ﬂ(3))§(v“p(v3 = 05) + VP (v > 06) + VP (3 = o) )

1
BBIv3+ (1 — /3(3))5(1)1 + 2wp);

dT1 = —o5 + 02, 313 = (—06 + 04),

since the induced orientation from 77 (resp. 73) onto o5 (resp. og) does not coincide
with the initial orientation of o5 (resp. 0g);

dor = —vp + v"P(v3),

since the induced orientation from o> (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 v; does not coincide with its induced
orientation from o;,. We therefore have:

doy = —v + 0" (13), dos = —v; +v"P(13), oy = vy — VP (13),

dog = vo — VP (13).

One easily checks that 8 o d = 0.

3.1.2 The Merging Case

In this case, we restrict the Definition 3.1 to situation where a cell can have at most
one outgoing arrow but as much incoming arrows as possible. Let K be a finite CW
complex in which each cell is endowed with an orientation, together with the arrow
configuration given by Definition 2.3.
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Suppose that for each cell o,
neu(o) < 1.

Set

e = &0y ¢y e®

sin’

and Cy, the free R-module generated by the oriented cells in C%.
We denote the “flow” map by v%°: K U {0} — K U {0}, and it is given by:

o if o€C,UCin,
o) = {vd) if o e A,
0 else,
where, for 0 € A", there existsa 7 s.t. ADn(t) = {01, ..., 07} with 0 = o1, and
V% (o) is given by
1—BW) ~
d . d
V(@) =B o + — (I — 1o +Zaj +~ ~Z w9 (F)
Jj#1 o<t,0¢ADn(7)

(3.6)

In this case, to argue that the recursive definition above terminates after finitely many
steps only follows from Lemma 2.1. Indeed, assuming there is a discrete function f
that generates the given arrow configuration, for such a function f, because there is
an arrow from o to T, we have f(0) > f (). Inturn, f(t) > f (o) since there is no
arrow from & to 7. Hence, f (o) > f(&). That is, the argument of v9°() in (3.6) has
strictly smaller value, for the function f, than the value f (o). Hence, the flow map
v9° cannot return to . Since K is finite, it implies we stop at some point.

Remark 3.2 What is crucial about the definition above is the fact that (/) # 0 for
[ > 1. Consider for example Fig. 10, with the initial orientations given by:

T =[v,v2,v3], or=[v,v3], o2 =[v3,12], o3 =[v, 2]
Assuming B(/) = 0 for all /, we get:
_ 1 - 1 -
dop = v3 — 5(\)1 +12), 002 = —v3 + 5(\)1 +12),d03 =0,
and 9t = —0] — 0 + 03.
Then, one immediately sees that o3 adds an additional element in ker 51. Indeed,
kerdp = (vi, v2,v3), imd; = (doy),
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Fig. 11 Another example of a merging case

ker0; = (01 +02,03), imd = (—o1 — 02 + 03).
This then does not give the right Betti numbers since we get

bo=dim (ker do/im d;) =2#by=1, andb; = dim (kerd;/im d,) = 1 #0 = b;.

Example 3.2 Using Fig. 11, the initial orientations given by the right subfigure are
such that:

71 = [vi,v2,v3]; T =[vo, vi,v3l; T3 =[v1,v0, 2]; T4 = [v2, vo, v3];
oo = [vo, 121; o1 =[v3,v]; o2 =[v3,v1]; 03 =[vi,12]; 04 =[vg, v1];

o5 = [v2, v3].

The cell o4 is upward noncritical with the cell 73, and the cell t; is abnormally down-
ward noncritical with the cells 0>, 03 and o5. We then have:

1—-8@3

v®(03) = B(3)o3 + #(2@ — 0y — 05);
1-8@3

v%(02) = BB3)or + #(2@ — o3~ 03);
1—-8@3

v¥(05) = B(3)os + #(205 — 0y —03).

Ity = —0p — o1 — v%(05)
= —B3) (00 + 01 + 05)
(1= B0)

3 (2(00+01 +05) + (0p +01 — 02 —03))~

Also,

312 = 01 — v%(02) + 09 — v%°(03)

- /3(3))05 _14+2803)

=01 4+0p+2 3 3 (02 + 03).
1— 1+28@3
= 2(3ﬂ(01 + 00+ 05) + %ﬁ()(m + 09 — 02 — 03).
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Similarly, one gets

It = 1% (03) + v°(02) + 1% (05)

1—B8@03 1—8@3
— B3)os + #(2@ — 01— 05) + B30 + #(2@ — o3 —03)
1= 833)
+B3)os + TQUS — 03 —03) = B(3)(05 + 03 + 02).

Each term in brackets is the cellular boundary of some linear combination of cells.
One then checks by direct computation that d o d = 0.

3.2 Generalized Morse Inequalities

We now come to the main theorems of this paper, the first of which establishes the
fact that the square of the boundary operator 9 is zero.

Theorem 3.1 o
do00d =0. 3.7

Proof This follows from the argument given at the beginning of Sect. 3.1. Those
boundary components that are put to 0 in the boundary of t compensate by letting
their own boundary components flow into others. Topologically, this simply means
that we contract them to points. Such a contraction does not affect the square of the
boundary operator. This argument shows (3.7). For an algebraic computation, we refer
to [28]. O

With Theorem 3.1, we can use the boundary operator d to define homology groups.
Let b; := dim (ker 0;/1im 9; 4 1) be the corresponding Betti numbers.

Lemma 3.2 b; = b;, where the b; are the ordinary Betti numbers of our complex.

Proof We assume for simplicity that the CW complex K has no noncritical cells
that belong to Forman’s framework, since the Forman-type noncritical cells can be
collapsed, preserving the homotopy type of the CW complex in the process. Indeed,
when we put S(s) = O thatis s = 11in (3.2) and (3.3), we have the setting of Forman’s
theory, and it follows from that theory that the Betti numbers are equal.
Suppose that 0 < B(s) < 1. Under this assumption, Cy = C, and by definition, see
(3.4),

ker 8¢ C ker 3. (3.8)

When we put B(s) = 1, nothing flows out and we have the setting of the cellular
boundary operator, and it follows that the kernels are equal. When we perturb g,
the dimension of the kernel can at most decrease, but that cannot happen by (3.8).
Therefore, for B(s), s > 1 close to 1, the kernels still agree. For fractional 8, no
further cancelations are possible that could increase the dimension of the kernel. That
could happen at most for S(s) = 0, but we do not allow that for s > 1. O

Again, a more dgtailed algebraic computation can be found in [28].
Let my := dim Cy. We then have the following Morse-type inequalities.
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Theorem 3.3 (Generalized Morse inequalities) There exists R(t), a polynomial in t
with nonnegative integer coefficients such that

dim K _ dim K
Z mitt = Z bit' + (1 + 1)R(1).
i=0 i=0

Proof Since b; = b; by Lemma 3.2, we can use the following standard argument:

kat — Zbkt Z(dlmker O0r + dimim 8k)t
k=0

n
— > (dimker & — dimim 3 41)¢*
k=0

n
=) (dimim 3 + dimim 34 1)t*

k=0
n

= Z(mk — dim ker ak)t + Z(mk—H — dim ker 8k+1)t
k=0 k=0

n
=(+1) Z(n‘ak — dim ker 9)F 1,
k=1

since mo = dim ker 9y and Mmy+1 = 0 = dim ker §n+l-
The proof ends by using the fact that dimker 9y < my forall k =1,2,...,n. O

Example 3.3 Using Figs. 12 and 13, we have the following:

(3) (3

= [vi,v2,v3, 4]; @y’ = [vo, v1, v3, 12];
70 = [vo, vi, w2l; 71 = [vo, v2, v3]; T2 = [vo, v3, vil; T4 = [vi, v3,12];
73 = [vi, v2,v4]; 75 = [v1, v4, v3];  T6 = [V2, V3, 14];
oo = [vo, v2]; o1 =[vi,vwl; o2 =1[v3,w]; o3 =1[vi,n]; o4 =I[v4,12];
o5 = [vz,v3]; o6 =[v3,vi]; o7 =[v3,v4]; o8 =[v4,V1];
The cell wg) is abnormally downward noncritical with the cells 7y and 4.
The cell 5 is abnormally downward noncritical with the cells og and o5.
The edge o5 is abnormally upward noncritical with the cells 75 and 5.

The vertex v4 is abnormally upward noncritical with the edges o7 and o4.
We then get the following sets:

CO = (v v3}, €V = o5, 02,03}, CP = {16, 73,11}, CF = {0}};
G = twsh, C) = @5}, € = (wa). C) = {oo):
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Fig. 12 Initial orientations

Fig. 13 A general example

4 0 _ _
C = {og, 06}, C = {14,710}, C1) ={o4,07}, C2 = {15, 1a};

sin sin sou sou

‘We obtain

i = 6 + 13 + 15 + v(1a),
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since we take all the cells in C, U Ci, U Csp and 14 € Ciipn. We also take induced
orientations into account. Following the outgoing arrow from 74, the cell a)§3) has

70 5.t. AUn(10) = {$'}; thus,

A={0, o) and P m«wz ,0$) = {1, 10).

We then have
e
ot = o) = v, @8, o) = BO+ D 1y rg 7 — ),

since the arrow from t4 meets the incoming one from tp. Hence,

aa)“—r6+r3+r5+ﬁ(2)r4+#(r4—ro—n—rz)
= (@ + L D)ot vyt )
+#(TG+T3+TS—TO—T] —12);

ad“_n+m+ﬂ@m+i%§9m—m—n—m)

1-B8Q2
+ B2t + #(To —T4— T —T2)

=B2) (11 + 12+ 10+ T4);
373 = 03 — 04 + v(03),

and following the arrow oy — 75, the cell s has o¢ s.t. AUn(0s) = {15, 72}. Thus,
A% = {(ts, 15), (15, T72)}, and we need to take the average over the possibilities that
we have at the edge og. We have

1
v(og — T5) = E(U(Gss (15, 15)) + v(03, (75, 72))).

Also,
1-8Q2)
P ((15, 15)) = {03, 06} = v(03, (15, 75)) = B(2)og + T(Gs + 06 — 07),
Pr;((15, 12)) = {08} = v(03, (15, 2)) = —07 + V(06 — T2) = —07 + 02,

where 1) € AUn(oe) N E,and 12 # 5. This yields

_ — B2
i1 = 03— o4+ 3 (B2 + 22 (05— 07 4 06) + (=07 +02))
= (@-ﬁ-#) (03—04+08)+#(03—04—07%—66)
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1
+5(03 =04 —07 4 02);
Similarly, one gets

01y = —o5 — 03 — v(0g)

1-B@2)

= —o05 — 03 — B(2)o6 — (v(os = 5) + V(06 — T2))

1-5Q2)
2

1 -2
P2 (8roq +

(1-B2)?
4

= —05 — 03 — B(2)o6 — (06 + 08 +07) + 0'2)

1-8Q2)
2

=—-(B@1+ )+

1 —B(2))? 1— B2
—L—%l%@+@+%+m%— f”

012 = —02 + v(0p)

)(o5 + 03 + 06)

(05 + 03 + 02);
1—-BQ) 1-8Q2)
== (@05 + —

1-8@2) (1-B2)?
5 )+ 2 )(02 — 0%)

= —02+ B(2)o6 +

(06 + 08 +07) + 02)

=-(B)(1+

(1-B2)?
-
15 = —07 + v(0%) — v(0B)
1 —B(2)
2
! 2;3(2) (O’g — o7+ 06) + (—o7 + (72))

1—-—812 2
— (B@)(1 + f”»m—m—m—@;m—@—m;

919 = 03; 016 = (07 +04) +05; 01| = 02 + 05;

(02 — 08 —07);

= —o07 + B(2)o6 +

1-B@2)
2

(,3(2)06 + (06 + 08 +07) + 02)

! 2
5 (@0 +

90y = vy — v3 = dog: 005 =v3 — vy do3 =0;

_ 1-8(2 - 1-8(2)
dos = v2 — B~ LD sty oy = v — B@us — LD (10
= 1—BQ2)
do7 = —v3 + B(2)vg + > (v3 +v2).
One checks by direct computation that d o d = 0.
- .= - B2 )
kerdp = (v2, v3, v4), MO =(v2 —v3, v» — B2)vs + 2 (v3+w));

ker §; = (03, 02 + 05, 05 + 06, 04 — O3, 07+a4+05):im52;
kerdy = (to+ 11+ + 12, T3+ 14+ T5 + T6),

imds = (BQ)(11 + 12+ 10+ 1), do));

ker 33 = 0 = im 4.
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This yields
bo=1=by, by =0=0by, b =0="by, b3 =0 = by.

Also, we have

and we obtain

kazk =347t 472 4+28 =1+ (1 +1)Q2+ 5t +2¢%), thatis
k

R(t) = 2 + 5t + 21>,

We now move to the last section of this paper which shows how we can retrieve the
Poincaré polynomial of our CW complex using some systematically defined isolated
invariant sets.

4 Conley Theory

In this section, we shall show how to retrieve the Poincaré polynomial of our CW
complex from isolated invariant sets in the sense of Conley.
From the arrow configuration, we have

e The singletons consisting of the cells without arrows,
e The collections {t} U ADn(t), for nj,(r) > 1 and
e The collections {c} U AUn(c), for no (o) > 1.

By iteratively merging {c JUAUn (o) forngy (o) > 1and {r}UADn(r) fornij,(r) > 1,
whenever 0 € ADn(t) (equivalently T € AUn(o)), we obtain disjoint collections
C; of subcells such that any critical cell, any abnormally downward noncritical cell
together with all those cells from which arrows point into it and any abnormally upward
noncritical cell together with all cells into which its arrows point are contained in one
of the C;. An important observation is that because no cell is allowed to possess both
incoming and outgoing arrows, each C; consists either of a single critical cell, or its
members are of two adjacent dimensions.

By construction, there is no path (following the arrows) that moves from a cell in
C; to another cell outside of C;. Therefore, each C; is invariant. Since they constitute
the building blocks for computing the Poincaré polynomial of the CW complex, we
may formulate

Definition 4.1 (i) The isolated invariant sets are the collections I; = C;;
(i1) The isolating neighborhood N (I) of I is N(I) = Ugs¢j0;
(iii) The exit set E(I) foreachsuch I'is E(/) = N(I) \ 1.

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.
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Proposition 4.1 Suppose we have a CW complex K together with the arrow configu-
ration given by Definition 2.3. 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 2.1, to find a discrete
function f such that the vector field extracted from f yields the given arrow configu-
ration. We get a discrete Morse—Bott function f, see [30, Definition 2.2], by requiring
that for every isolated invariant set /:

o foreveryo, T € I, f(o)= f(1),
e foreverycello € I,

1) f(o) > max{f(v),v<o,v ¢ I},
(1) f(o) < min{f(r), Tt >0, T ¢ I}.

e The remaining cells in the CW complex are those that belong to noncritical pairs,
and we require

(i) f(o) < f),forv <o st np(o)=1, ney(v) =1and v — o,
@v) f(o) > f(r),fort >0 s.t. nou(o) =1, nip(r) =1land o — .

Such a function f is discrete Morse—Bott, and each isolated invariant set is exactly a
reduced collection (that is not a noncritical pair); see [30, Definition 2.5]. O

Before stating the main result, we shall prove some auxiliary results.
Lemma4.2 The set N(I) \ I is a subcomplex.

Proof Although this follows from [30, Theorem 3.2], we provide a proof that does not
use the discrete Morse—Bott function, but only the arrow pattern.

Ifo € N(I)\ I, then o is the face of an element in / but it is not in /. Since N (/)
is a subcomplex, we only need to show that any v < ¢ isnotin /.

v € [ is not possible, however, because, as observed above, the cells in [ are at
most of two adjacent dimensions k, k + 1. And then ¢ has to be of dimension k or
k — 1, and v consequently of dimension k — 1 or k — 2, and thus cannotbe in /. O

Definition 4.2 For an isolated invariant set /, the boundary operator 8,5 :Cv(I,Z) —>
Cix—1(1, Z) is given by:

a,{z(“ = Z [z:0]o®D.

oel,o<t
Lemma 4.2 implies that the boundary operator 8/, see also [30, Definition 2.7], is
a well-defined relative bou_ndary operator of the pair (N (1), E(I)).
Recall that mj := dim Cy, and let
n,ﬁ =t{o® e1);

then, we have the following.
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Lemma4.3 Y it = 3, Y ni' ek,
Proof It follows easily from the definitions of my and the I;’s, since the I;’s are disjoint
and Uili(k) = Cy, where I® denotes the set of k-cells of . O

Let us recall that for an isolated invariant set 7,

dim K
P(I):= ) dim (kerd//im 3}, )i*.
k=0

Lemma 4.4 For each i, there exist ri(t), a polynomial in t with nonnegative integer
coefficients, such that

> nitk = Pl + (1 +0ri0).
k

Proof From [30, Proposition 2.6], each r; (1) = Y, _, (n}’ — dimker 3, )t*~!, where
8,?' is also the relative boundary operator of (N (I;), E(1;)) since both N (I;) and E (I;)
are subcomplexes. O

The main result in this section now states that we can retrieve the Poincaré poly-
nomial of the CW complex from those of the isolated invariant sets, or from those of
the index pairs of the isolated invariant sets.

Theorem 4.5 Let I; be the isolated invariant sets of Definition 4.1 obtained from an
arrow configuration as in Definition 2.3. Then, there exists R(t), a polynomial in t
with nonnegative integer coefficients, such that

Y PN, E(I) =Y Pi(l) = P(K) + (1 + R().

Proof The firstequality follows from the fact that 8,(’ is the relative boundary operator of
the pair (N (1), E(I)). Now, using Proposition 4.1, the fact that Zi P/(I;) = P(K)+
(1 + 1) R(¢) follows from [30, Theorem 2.7] and the fact that Zi P, (N(I;), E(I;)) =
P;(K) + (1 4+ t)R(t) follows from [30, Theorem 3.2]. O

Example 4.1 In Fig. 14,

71 = (v1, V2, v4), T2 = (V2, V3, V4),
73 = (v1, v3, V4), T4 = (V1, 12, V3).
o1 = (v1, v4), 02 = (v1, v2), 03 = (12, v4),
o4 = (v2, v3), 05 = (v3, V4), 06 = (V1, V3).

We get [; = {v;}, fori =1,...,4,
Is = {11, 01,02}, I = {14, 04, 06},

@ Springer



A Generalized Discrete Morse—Floer Theory 251

Fig. 14 A vector field as in
Definition 2.3

I N E

Fig. 15 Isolating neighborhood and exit set for /5 in Example 4.1

I7 = {13}, Is = {o5}.

Fori=1,....4, Pi(I;) =1, P,(Is) = t, Pi(Ig) =t, Pi(I7) = t*, Pi(I3) =1.
Y OPU) =443+ =1+ +3(1+1),
1

so R(t) = 3, since P, (K) = 1 + 2.

Remark 4.1 In Example 4.1, one also looks at the exit set and isolating neighborhoods
for each ;. For example, Fig. 15 shows what is the exit set denoted by E and the
isolating neighborhood denoted by N, for the isolated invariant set Is. Geometrically,
one looks at N/ E by identifying the exit set E and using P;(N, E) = P,(N/E)—1 =
t. One gets a similar result for /.
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