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CONNECTION MATRICES IN COMBINATORIAL
TOPOLOGICAL DYNAMICS

MARIAN MROZEK AND THOMAS WANNER

ABSTRACT. Connection matrices are one of the central tools in Con-
ley’s approach to the study of dynamical systems, as they provide infor-
mation on the existence of connecting orbits in Morse decompositions.
They may be considered a generalization of the boundary operator in
the Morse complex in Morse theory. Their computability has recently
been addressed by Harker, Mischaikow, and Spendlove [§] in the context
of lattice filtered chain complexes. In the current paper, we extend the
recently introduced Conley theory for combinatorial vector and multi-
vector fields on Lefschetz complexes [I3] by transferring the concept of
connection matrix to this setting. This is accomplished by the notion of
connection matrix for arbitrary poset filtered chain complexes, as well
as an associated equivalence, which allows for changes in the underlying
posets. We show that for the special case of gradient combinatorial vec-
tor fields in the sense of Forman [6], connection matrices are necessarily
unique. Thus, the classical results of Reineck [20)] 21I] have a natural
analogue in the combinatorial setting.
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1. INTRODUCTION

Classical Morse theory concerns a compact smooth manifold together with
a smooth, real-valued function with non-degenerate critical points. An im-
portant part of the theory concerns the Morse complex which is a chain
complex whose ith chain group is a free abelian group spanned by critical
points of Morse index ¢ and whose boundary homomorphism is defined by
counting the (oriented) flow lines between critical points in the gradient flow
induced by the Morse function (see [12, Section 4.2]). The fundamental re-
sult of classical Morse theory states that the homology of the manifold is
isomorphic to the homology of the Morse complex.

The stationary points of the gradient flow in Morse theory, which are pre-
cisely the critical points of the Morse function, provide the simplest example
of an isolated invariant set, a key concept of Conley theory [3]. For every iso-
lated invariant set there is a homology module associated with it. It is called
the homology Conley index. A (minimal) Morse decomposition is a decom-
position of space into a partially ordered collection of isolated invariant sets,
called Morse sets, such that every recurrent trajectory (in particular every
stationary or periodic trajectory) is located in a Morse set and every non-
recurrent trajectory is a heteroclinic connection between Morse sets from a
higher Morse set to a lower Morse set in the poset structure of the Morse
decomposition. The collection of stationary points of the gradient flow of a
Morse function provides the simplest example of a Morse decomposition in
which the Morse sets are just the stationary points and the Conley index of
a stationary point coincides with the homology of a pointed k-dimensional
sphere with & equal to the Morse index of the point.

Conley theory in its simplest form may be viewed as a twofold general-
ization of Morse theory. On one hand it substantially weakens the general
assumptions by replacing the smooth manifold by a compact metric space
and the gradient flow of the Morse function by an arbitrary (semi)flow. On
the other hand it replaces the collection of critical points of the Morse func-
tion by the more general Morse decomposition in which the counterpart of
the Morse complex takes the form of the direct sum of the Conley indexes of
all Morse sets. The homology of this generalized complex, as in the Morse
theory, is isomorphic to the homology of the space. The boundary operator
in this setting is called the connection matrix [7]. As in the Morse theory the
connection matrix is defined in terms of the flow. The construction of con-
nection matrix is technically complicated, in part because the generalized
setting captures the situations of bifurcations when, unlike the Morse theory,
the connection matrix need not be uniquely determined by the flow. Since a
few years ago, connection matrices, despite their complicated construction,
may be computed by algorithmic means due to an efficient algorithm re-
cently proposed by Harker, Mischaikow, and Spendlove [§]. The algorithm
utilizes a clear separation of dynamics and algebra which facilitates viewing
a connection matrix as a purely algebraic object associated with every lattice
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filtered chain complex and considering a connection matrix of a Morse de-
composition as a connection matrix of a filtered chain complex constructed
from a lattice of attractors of the Morse decomposition.

Conley theory, in particular via connection matrices, is a very useful tool
in the qualitative study of dynamical systems. However, to apply it one
requires a well-defined dynamical system on a compact metric space. This
is not the case when the dynamical system is exposed only via a finite
set of samples as in the case of time series collected from observations or
experiments. The study of dynamical systems known only from samples
becomes an important part of the rapidly growing field of data science. In
this context a generalization of Morse theory presented by Robin Forman [6]
turned out to be very fruitful. In this generalization the smooth manifold is
replaced by a finite CW complex and the gradient vector field of the Morse
function by the concept of a combinatorial vector field. These structures may
be easily constructed from data and analyzed by means of the combinatorial,
also called discrete, Morse theory by Forman.

Recently, the concepts of isolated invariant set and Conley index have
been carried over to this combinatorial setting [I3], (17, I1]. In this paper we
extend the ideas introduced there by constructing connection matrices of a
Morse decomposition of a combinatorial multivector field. A problem here
is that the dynamics of combinatorial vector and multivector fields is, by its
very nature, multivalued. One can give examples which demonstrate that
index filtrations, that is certain lattice homomorphisms needed in the con-
struction of the connection matrices, fail to exist in the case of multivalued
dynamics. Actually, such examples exist also in the setting of multivalued
flows in compact metric spaces. We overcome this difficulty by looking into
the whole family of Morse decompositions with varying poset structure. By
adding some Morse sets with trivial Conley index we reduce the problem to
a special case when the index filtrations do exist and their construction is
straightforward. The added Morse sets may then be removed by introducing
a certain equivalence in the category of filtered chain complexes with a vary-
ing poset structure. This lets us consider connection matrices in the setting
of combinatorial vector and multivector fields and prove the uniqueness of
connection matrices for gradient combinatorial vector fields.

2. MAIN RESULTS

The main result of the paper is the following theorem.

Theorem 2.1. Assume V is a gradient combinatorial vector field on a Lef-
schetz complex X. Then the Morse decomposition consisting of all the crit-
ical cells of V has precisely one connection matriz. It coincides with the
matriz of the boundary operator of the associated Morse complex.

The connection matrix need not be unique in the case of a general com-
binatorial multivector field or in the case of a non-gradient combinatorial
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FIGURE 1. A multivector field (left) and its two different
Forman refinements (middle and right).

vector field. This is illustrated in Figure [I] with three examples: a combina-
torial multivector field in the left and two combinatorial vector fields, one
in the middle and in the right. All three examples have the same collection
of critical cells M := {B,C,F, AB,DF } and M is a Morse decomposition
for all of them. One can verify that the left example has two connection
matrices with coefficients in Zo:

B C F AB DF B C F AB DF
B0 00 1 1 B|0 00 1 0
c.. Clooo0 1 0 . Cloo0o0 1 1
~ F|loo0oo0 0 1 T Fl0oo0o0 0 1
AB|0O 0 0 0 0 AB|0O 0 0 0 0
DF|0 0 0 0 0 DF|0 0 0 0 0

The matrix C; is the unique matrix of the combinatorial multivector field
shown in the middle of Figure [1, while C is the unique matrix for the
combinatorial multivector field shown on the right.

3. PRELIMINARIES

3.1. Sets and maps. We denote the sets of reals, integers, positive integers,
and non-negative integers by R, Z, N, and Ny, respectively. Given a set X,
we write card X for the number of elements of X and we denote the family
of all subsets of X by P(X). By a partition of a set X we mean a family
€ C P(X) of mutually disjoint non-empty subsets of X such that J& = X.
For a subfamily & C &€ of a partition £ of X we will use the compact notation
|E'| to denote the union of sets in &', that is, || = |JE'. We say that a
subset £ C X is £-compatible with respect to a partition £ of X if we have
E = |&'| for a subfamily &' C €.

A K-indexed family of subsets of a set X is an injective map K > k
Xj € P(X). We denote such a family by (Xy)kex. Note that every family
€ C P(X) may be considered as an £-indexed family £ 5 E — E € P(X).
In this case we say that £ is a self-indexing family. By a K-gradation of a
set X we mean a K-indexed family (Xj)rex such that { Xy }rek is a partition
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of X. Note that every surjective map f : X — K provides a K-gradation
(f~1(k))kex of X. We refer to this K-gradation as the f-gradation of X.
Given A C X and a gradation (X)gex of X, by the induced gradation we
mean the gradation (ANXy)ker, of A where Ky :={ke K| ANXy, # o }.

We write f : X - Y for a partial map from X to Y, that is, a map
defined on a subset dom f C X, called the domain of f, and such that
the set of values of f, denoted im f, is contained in Y. Partial maps are
composed in the obvious way: If f : X -» Y and g : Y -» Z are partial
maps, then the domain of their composition go f : X - Z is given by
dom(go f) = f~(dom g), and on this domain we have (go f)(x) = g(f(z)).

In the sequel, we work with the category of finite sets with a distinguished
subset, denoted DSET, and defined as follows. The objects of DSET are pairs
(X, X,), where X is a finite set and X, C X is a distinguished subset. The
morphisms from (X, X,) to (Y,Y,) in DSET are subset preserving partial
maps, that is, partial maps f: X - Y such that X, C dom f and f(X,) C
Y. One easily verifies that DSET with the composition of morphisms defined
as the composition of partial maps and the identity morphism defined as the
identity map is indeed a category.

3.2. Relations, multivalued maps and digraphs. Given a set X and a
binary relation R C X x X, we use the shorthand xRy for (x,y) € R. The
inverse of R, denoted R, is the relation R™! := {(y,z) | zRy }. By the
transitive closure of R we mean the relation R C X x X given by xRy if
there exists a sequence x = xg, r1,..., 2T, =y such that n > 1 and x;_1 Rx;
for i = 1,2,...,n. Note that R is transitive but need not be reflexive. The
relation RUidy, where idx stands for the identity relation on X, is reflexive
and transitive. Hence, it is a preorder, called the preorder induced by R. An
element y € X covers an x € X in the relation R if zRy and x # y, but
there is no z € X such that z # z # y and both Rz and zRy are satisfied.

A multivalued map F': X — Y isamap F : X — P(Y). For A C X
we define the image of A by F(A) :=J{F(z) |z € A} and for BCY we
define the preimage of B by F71(B) :={z € X | F(x)NB # 9 }.

Given a relation R, we associate with it a multivalued map Fr: X — X,
by Fr(z):= R(x), where R(x) := {y € X | xRy } is the image of z € X in
R. Obviously, R+ FR is a one-to-one correspondence between binary rela-
tions in X and multivalued maps from X to X. Often, it will be convenient
to interpret the relation R as a directed graph whose set of vertices is X and
a directed arrow goes from x to y whenever zRy. The three concepts rela-
tion, multivalued map and directed graph are equivalent on the formal level
and the distinction is used only to emphasize different viewpoints. However,
in this paper it will be convenient to use all these concepts interchangeably.

3.3. Partial orders. Recall that a preorder in a set P is a reflexive and
transitive relation in P. If not stated otherwise we denote a preorder by <
and its inverse by >. We also write < and > for the associated strict
preorders, that is, the relations < and > excluding equality. A partial order



6 MARIAN MROZEK AND THOMAS WANNER

is a preorder which is antisymmetric. We also recall that a preordered set (a
poset) is a pair (P, <) where P is a set and < is a preorder (a partial order)
in P. Whenever the preorder (the partial order) is clear from the context,
we shorten the notation (P, <) to P.

Given a preordered set P we say that a g € P coversap € P if p < q and
there is no r € P such that p < r < q. We say that p is a predecessor of ¢
if ¢ covers p. Recall that a subset A C P is convez if the conditions x,z € A
and r <y < zimply y € A. A set A C P is a down set or a lower set if
the conditions z € A and y < z yield y € A. Dually, the subset A C P is an
upper set if z € A and z < y guarantee y € A.

We denote the family of all down sets in P by Down(P). For A C P we
further write A< ;= {z € P|Juea < a} and A< := A5\ A.

Proposition 3.1. If I is convex, then both IS and I< are down sets.

Proof: The verification that I< is a down set is straightforward. To see
that I< is a down set take an x € I<. Then we have z € I and z < z for
some z € I. Let y < x. Then y € I=. Since I is convex, we cannot have the
inclusion y € I. Tt follows that y € <. O

Let P and P’ be posets. We say that a partial map f : P -+ P’ is order
preserving if the conditions z,y € dom f and x < y imply f(x) < f(y). We
say that f is an order isomorphism if f is an order preserving bijection such
that f~! is also order preserving.

We define the category DPSET of posets with a distinguished subset as
follows. Its objects are pairs (P, P,) where P is a finite poset and P, C P
is a distinguished subset. A morphism from (P, P;) to (P’, P]) in DPSET
is an order preserving partial map f : P - P’ such that P, C dom f
and f(P.) C PJ. One easily verifies that DPSET with the composition
of morphisms defined as the composition of partial maps and the identity
morphism defined as the identity map is indeed a category. Moreover, since
every set may be considered as a poset partially ordered by the identity
and, clearly, every partial map preserves identities, we may consider DSET
as a subcategory of DPSET. In this case, every partial map is automatically
order preserving.

To simplify notation, in the sequel we denote objects of DSET and DPSET
with a single capital letter and the distinguished subset by the same letter
with subscript *.

3.4. Distributive lattices. For the terminology of this paper concerning
lattices we refer to [23]. Here we briefly recall that a lattice is a triple (L, V, A)
where L is a set and V, A : L x L — L are binary operations on £ which are
called join and meet, respectively, and which are idempotent, commutative,
associative and satisfy the absorption rule, that is, aV (aAb) = aA(aVb) = a
foralla,b € L. A lattice is distributive if the operations V and A are mutually
distributive. If there exists an element a € £ such that a = a A b for every
b e L, it is called a zero element. 1t is straightforward to observe that if a
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zero element exists, it is unique. We denote it by 0. Similarly, if there exists
an element a € L such that a = a vV b for every b € L, it is called a unit
element. If a unit element exists, it is unique. We denote it by 1. A bounded
lattice is a quintuple (£,0,1,V, A) such that (£,V,A) is a lattice with 0 € £
as zero element and 1 € £ as unit element.

In the sequel we assume that every considered lattice is a finite, distribu-
tive, and bounded lattice. By saying that £ is a lattice, we actually mean
the lattice (£,0,1,V,A) in general notation — unless we specify precisely or
it is clear from context what the zero, the unit, and the operators V and A
are.

A subset £’ C L is a sublattice of a lattice £ if the zero and unit elements
of £ belong to £ and the binary operations V and A in £ are closed with
respect to £', that is, we have both V(L' x L") C £ and A(L' x L") C L.
Then £ with 0, 1, and the restricted operations Vigrses Nerxer 1s itselt a
lattice.

Given two lattices £ and £/, amap h : £ — L' is called a lattice homomor-
phism (or briefly, a homomorphism) if it preserves the binary operations V
and A, and it maps the zero and unit elements in £ to the zero and unit
elements in L', respectively.

A non-zero element a € L is called join-irreducible, if a = a1 V ag implies
that @ = a1 or a = as. We denote the set of join-irreducible elements of £
by JIrr(£). Every lattice induces a partial order <, on L given by a </ b
if one has a = a A b. We note that zero is the only element in the resulting
poset (X, <,) which has no predecessor. In fact, we have the following
proposition.

Proposition 3.2. Assume that L is a finite, bounded, distributive lattice
and that a € L. Then a is join-irreducible if and only if a has exactly one
predecessor with respect to the lattice induced partial order <.

Proof: Assume a € L is join-irreducible. Then, a # 0. Hence, a has
a predecessor. Suppose b; for i € {1,2} are two predecessors of a. Then
bi < a and b; = b; Aa, as well as (b1 Vo) Aa = (by Aa)V (baAa) = b1V bs.
Thus, b1 V bs <, a and, by the absorption rule, b; </ by V by for i = 1,2.
Since b; is a predecessor of a, either by V bs = b; or by V by = a. The latter is
not possible, because a is join-irreducible. Hence b; V by = b; for i € {1, 2}.
In consequence b; = by, which proves the uniqueness of the predecessor.

To prove the opposite implication, assume to the contrary that a has
exactly one predecessor and that a is not join-irreducible. Then a # 0
and a = ay V ag for some aj,ao € L such that a1 # a # as. By the
absorption rule a; <, a for i € {1,2}. Let a; be a predecessor of a such
that a; <, a;. It suffices to prove that a; # ag, because then a has more
than one predecessor. Thus, assume a; = ao and set a := a; = dg. Then
(a1 Vaz) Na= (a1 ANa)V (a2 Aa) = a1 V az. It immediately follows that
one then has a = a1 Vas <, a < a, a contradiction proving that a; # as.
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Therefore, a has at least two predecessors — which in turn contradicts the
assumption that a has exactly one predecessor. [l

If a € L is join-irreducible, we denote the unique predecessor of a with
respect to <, by a*.

We recall that by P(X) we denote the family of all subsets of a set X. It
is straightforward to observe that given an arbitrary finite set X, the quin-
tuple (P(X), @, X,U,N) is a lattice. Moreover, the lattice induced partial
order on P(X) coincides with the inclusion relation C. If P is a finite poset,
then Down(P) is a sublattice of the lattice P(P). The Birkhoff represen-
tation theorem [2] states that every finite, bounded, distributive lattice is
isomorphic to a lattice of down sets. More precisely, we have the following
theorem.

Theorem 3.3 (Birkhoff, 1937). Every finite, bounded, distributive lattice L
is isomorphic to the lattice of down sets of the partially ordered set of join-
irreducible elements of L. (|

3.5. Topological spaces. For our terminology concerning topological
spaces we refer the reader to [4, 19]. Recall that a topology on a set X
is a family T of subsets of X which is closed under finite intersections and
arbitrary unions, and which satisfies @, X € T. The sets in T are called
open. The interior of A, denoted int A, is the union of all open subsets of A.
A subset A C X is closed if X \ A is open. We denote by Clsd(X) the family
of closed subsets of X. Note that Clsd(X) is a sublattice of the lattice P(X)
of subsets of X. The closure of A, denoted cly A, or by cl A if T is clear
from context, is the intersection of all closed supersets of A.

Given two topological spaces (X, 7)) and (X', T") we say that f: X — X’
is continuous if U € T’ implies f~1(U) € T. If we want to emphasize the
involved topologies we say that f: (X,7) — (X', T’) is continuous.

Recall that a subset A of a topological space X is called locally closed, if
every point € A admits a neighborhood U in X such that ANU is closed
in U. Locally closed sets as well as mo A := cl A\ A, which we refer to as
the mouth of A, are important in the sequel.

Proposition 3.4 (see Problem 2.7.1 in [4]). Assume that A is a subset of a
topological space X. Then the following conditions are pairwise equivalent.

(i) A is locally closed,
(ii) the mouth of A is closed in X,
(iii) A is a difference of two closed subsets of X,
(iv) A is an intersection of an open set in X and a closed set in X .

Proof: It is obvious that (ii) implies (iii), (iii) implies (iv), and (iv) implies
(i). Thus, it suffices to prove that if (ii) fails, then so does (i). Hence, assume
that the mouth mo A = cl A\ A is not closed in X. Then there exists a point
xeclclA\ A)\ (clA\ A). It follows that z € A. Let U be an arbitrary
neighborhood of x in X. We will prove that ANU is not closed in U. Since
x € cl(clA\ A), we can find a point y € (clA\ A) NU. Let V be an open
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neighborhood of y in X. Then also V N U is a neighborhood of y in X.
Since y € cl(cl A\ A) C cl A, we see that VNU N A # &. Since all open
neighborhoods of y in U are of the form V N U where V is open in X, we
see that y € cly (U N A). However, y ¢ A, hence, y ¢ U N A. Tt follows that
U N A is not closed in U. This holds for every neighborhood U of z in X.
Therefore, A is not locally closed. O

The topology T is T or Hausdorff if for any two different points x,y € X
there exist disjoint sets U,V € T such that x € U and y € V. It is Ty or
Kolmogorov if for any two different points z,y € X there exists a U € T
such that U N {x,y} is a singleton.

A topological space is a pair (X, T) where T is a topology on X. We often
refer to X as a topological space assuming that the topology 7 on X is
clear from context. Given Y C X, the family 7y :={UNY | U €T } is a
topology on Y called the induced topology. The topological space (Y, Ty)
is called a subspace of (X, 7). For A C Y we write cly A := cly, A.

3.6. Finite topological spaces. We say that a topological space X is a
finite topological space if X is finite. Finite topological spaces differ from
general topological spaces because the only Hausdorff topology on a finite
topological space X is the discrete topology consisting of all subsets of X.
In consequence, unlike in Hausdorff topological spaces, the closure of a sin-
gleton need not be a singleton. Moreover, for any A C X we have

(1) clA = Ucl:c

€A

where we abbreviate cl{z} to the more convenient notation clz. A remark-
able feature of finite topological spaces is the following theorem.

Theorem 3.5 (P. Alexandrov [1]). For a preorder < on a finite set X, there
exists a topology T< on X whose open sets are precisely the upper sets with

respect to <. Conversely, if for a given topology T on a finite set X we
define

<1y = x €clry,

then <7 is a preorder. The correspondences T — <7 and < — T< are
mutually inverse. Under these correspondences, continuous maps are trans-
formed into order-preserving maps, and vice versa. Moreover, the topology T
is Ty if and only if the preorder <t is a partial order.

Locally closed sets have a special characterization in finite topological
spaces.

Proposition 3.6. Assume X is a finite topological space and A C X. Then
the set A is locally closed if and only if for all x,y,z € X one has

(2) r,z€ A, x€cly, yeclz = yeA
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Proof: Assume A C X is locally closed, z,z € A, x € cly, y € clz, as
well as y € A. Then y € mo A. Since x € cly, we get from Proposition
that x € mo A. In particular, one obtains x ¢ A, which is a contradiction
proving . To prove the opposite implication, assume that a subset A C X
satisfies assumption . By Proposition it suffices to prove that mo A
is closed. For this, take an z € clmo A and assume z ¢ moA. Since
clmo A C cl A, we get © € cl A. Since x € mo A, one has z € A. Thus, we
get from that = € cly for a y € mo A. In particular, y € cl A and by
y € clz for a z € A. Hence, it follows from that y € A. But, y € mo A
implies that y € A, a contradiction proving that mo A is closed. O

3.7. Modules. For the terminology used in the paper concerning modules
we refer the reader to [14]. Here, we briefly recall that a module over a ring R
is a triple (M, +, -) such that (M, +) is an abelian group and - : Rx M — M
is a scalar multiplication which is distributive with respect to the additions
in M and R, and which satisfies both a - (b-x) = (ab) -x and 1 -z =z
for x € M and a,b € R. We shorten the notation a - z to ax. We often say
that M is a module assuming that the operations + and - are clear from
context. Recall that a submodule of M is a subset N C M such that N with
the operations + and - restricted to IV is itself again a module. Finally, for
submodules N1, No, ..., N of a given module M, their algebraic sum

Ny +No+---Np:={x1+x2+... 42 € M |2, € N; }

is easily seen to be a submodule of M. We call it a direct sum and denote
it by the symbol N1 ® No @ ... D Ny, if for each x € Ny + Ny + ... 4+ Nj the
representation x = x1 + 2 + ... + x with x; € N; is unique. We note that
for a module M the family of submodules of M, denoted by Sub(M), forms
a lattice (Sub(M),0, M, N, +).

A subset Z C M generates M if for every element 2z € M \ {0} there exist

elements z1,x2,...,2, € Z and a1, a9, ...,a, € R such that z = Z?:l a;x;.
A subset Z C M is linearly independent if for any choice of x1,z2,..., 2, € Z
and a1, as,...,a, € R the equality Z?:l a;r; = 0 implies ag = as = ... =0.

A linearly independent subset B C M which generates M is called a basis
of M. A module may not have a basis. If it does have a basis, the module
is called free. We note that @ is the unique basis of the trivial module {0}.

Assume that M is a free module and that B C M is a fixed basis. Then
we have the associated bilinear map (-,-)p : M x M — R, called scalar
product, and defined on basis elements b,b’" € B by (b,b')p :=0for b #1¥, as
well as (b,b')p :=1 for b =1¥'. For an element x € M we define its support
with respect to B as |z|p := {b € B | (z,b)p # 0}. One easily verifies that
for all z,y € M

(3) |z +ylp Clz|pUly|B.

Assume that X is a finite set. Then the collection R(X) :={f: X — R}
of all functions forms a module with respect to pointwise addition and scalar
multiplication. We note that R(@) is the zero module. For every x € X
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we have a function  : M — R which sends = to 1 and any other element
of X to 0. One easily verifies that X := {Z |2 € X } is a basis of R(X).
Therefore, R(X) is a free module, and we call R(X) the free module spanned
by X. In the sequel we identify z with z.

Let M and M’ be two modules over R. A map h : M — M’ is called a
module homomorphism if we have h(ayx1 + asxa) = arh(z1) + agh(xy) for
arbitrary z1,x2 € M and a1,ae € R. The kernel of h, denoted by ker h, is
the submodule { z € M | h(xz) = 0}, while the image of h, denoted by im h,
is the submodule {y € M’ | Jpeph(z) =y }.

4. POSET GRADED AND FILTERED MODULES

4.1. Gradation of modules. Assume R is a fixed ring and M is a module
over R. Let K be an arbitrary set. Then a K -gradation of M is a collection of
submodules {M},}rex of M indexed by K, and such that M = @, . x My, is
the direct sum of the submodules M. This definition requires that K # &,
but it is convenient to assume that the direct sum over the empty set is
always the zero module. Thus, the only module admitting the @-gradation
is the zero module. By a K-graded module over R we mean a module M
over R together with a fixed, implicitly given, K-gradation. Note that the
zero module admits not only the @-gradation, but also a unique K-gradation
for each non-empty set K. Thus, for each set K the zero module is a K-
graded module. We denote it by Ox.

If B is a basis of a free module M and A is a partition of B, then M is
A-graded with the gradation

M=ER-A,

where the expression on the right-hand side is defined as

RA:{Z/F?,G‘Z | TieR’ (lieA, 'L.Zl,...,n, nEN}
=1

Note that in the case that A is finite, one can identify R - A with R(A). As
a special case, consider the situation when the partition of B consists only
of singletons. Then the gradation becomes

M:@R-b.
beB

We refer to this gradation as the B-basis gradation of M.
We say that a submodule M’ of M is a K-graded submodule if M’ is also
K-graded with the decomposition

M = M,

keK
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and such that M| C M. For I C K we have an I-graded submodule
M[ = @ Mz
el
The homomorphisms
tr:Mrd>x—zxzeM

W[:M:@MkBZkaZ$Z’€M]

keK keK el

and

are called the associated canonical inclusion and canonical projection. In
the case I = {i} we abbreviate the above notation to ¢; and ;.

Assume K’ is another set and M’ is a K’-graded module. For a module
homomorphism f : M — M’ and subsets J C K and I C K’ we have an
induced homomorphism fr; : My — M} defined as the composition

frr=mrofouy,
where m; : M" — Mj and vj : Mj — M. Again, if [ = {i} and J = {j} we

abbreviate the notation to f;;. One easily verifies the following proposition.

Proposition and Definition 4.1. Assume K and K' are finite. Then
(4> f: ZLiZfijTrj.

icK!  jeK
In particular, f is uniquely determined by the matriz [fijlick’ jex of homo-

morphisms fij : M; — M!. We refer to this matriz as the (K, K')-matrix
of the homomorphism f. O

Notice that in the case when the K- and K’-gradations are basis grada-
tions given by bases B = {b1,ba,...,by,} in M and B’ = {b},b,,...,b,}
in M’, respectively, then the homomorphisms f;; take the form

fij : t'bj’_>t<f(bj)7bi>'bi7

which means that the (K, K’)-matrix of f may be identified in this case with
the matrix of coefficients (f(b;), ;).

As in the case of classical matrices one easily verifies the following propo-
sition.

Proposition 4.2. Consider modules M, M’, and M" which are graded
by K, K', and K", respectively. Let f : M — M' and ' : M' — M"
be module homomorphisms. Then the (K, K")-matriz of f consists of the
homomorphisms

(5) F =3 Fobn
JEK'

forie K" and k € K. O
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4.2. Graded and filtered homomorphisms. Consider a K-graded mod-
ule M and a K’'-graded module M’. Let o : K’ -» K be a partial map.
We say that a homomorphism h : M — M’ is a-graded if for every pair of
indices j € K and i € K’ we have

hij 20 = iea '(j),
which is equivalent to the implication
(6) hij#0 = ic€doma and ofi)=j.

If in addition the sets K and K’ are partially ordered sets and « is order
preserving, then we say that a homomorphism h : M — M’ is a-filtered if
for every 7 € K and i € K’

(7) hij 20 = dica l(j5)=
which is equivalent to
hij ?é 0 = JdireK'ndoma © < i’ and oz(z") < 7.

These two definitions are illustrated in Figures [2] and [3] The left image in
Figure [2| shows two partially ordered sets together with a partial map «
between them. In the right image of the same figure arrows indicate which
of the homomorphisms h;; can be nontrivial if h is a-graded. In contrast,
Figure |§| depicts all possible nontrivial homomorphisms h;; if h is a-filtered.
The more involved implication is illustrated in the top left image, which
indicates the sets i< and j< in light blue. The remaining three panels in
the figure depict all possible nontrivial homomorphisms h;;. Clearly, a-
filtered homomorphisms are far less restricted than a-graded ones. In fact,
an a-filtered homomorphism can have a nontrivial h;; even if i € dom « or
if j €ima.

Conditions @ and for a-graded and a-filtered homomorphisms, re-
spectively, may be simplified if dom o = K’, i.e., if a is actually a function.
This is the subject of the following straightforward proposition.

Proposition 4.3. Assume doma = K'. Then h : M — M’ is a-graded if
and only if for everyi € K' and j € K

(8) hij #0 = a(i) =,

and h is a-filtered if and only if

(9) hij 20 = ai)<j

for everyi € K' and j € K. O

Obviously, if « is order preserving and h is an a-graded homomorphism
then A is an a-filtered homomorphism. However, the converse is not true in
general. This can readily be seen from Figures [2] and

We say that a homomorphism h : M — M’ is filtered (respectively graded)
if K = K" and h is idg-filtered (respectively idx-graded). As an immediate
consequence of Proposition [£.3] we get the following corollary.
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K K' M

Mec

Mg

Me

FiGUurRE 2. Sample a-graded morphism. The left image
shows two posets K and K’, together with an order pre-
serving partial map « : K’ -» K. The panel on the right
indicates the potential nonzero module homomorphisms h;;
if A is a-graded.

Corollary 4.4. An endomorphism h: M — M on a module M is graded if
and only if for every i,j € K we have
hij 7é 0 = 1= j,
and h is filtered if and only if one has
hij#0 = i<
for every i,j € K. O
Consider now the special case when K = K/ =Zanda: Z> i+ i—k € Z
is the left-shift by k on the integers. If in this situation h is a-graded, we

say that it is a Z-graded homomorphism of degree k. When k is clear from
the context, we shorten the notation hjiy ; to hj.

Proposition 4.5. Assume that P and P' are posets, a : P' -+ P is order
preserving, M is a P-graded module, and M’ is a P'-graded module. A
module homomorphism h : M — M’ is an a-filtered homomorphism if and

only if
for every L € Down(P).

Proof: Assume that h : M — M’ is a module homomorphism such
that is satisfied for every L € Down(P). Moreover, assume that hp, # 0
for an element ¢ € Pand ap € P'. Let z € M, be such that hp,(z) # 0. If we
consider L := ¢= € Down(P), then implies (M) C M(;—l(L)S' Since
x € My, C My, we get h(x) € Mé—l(L)s- Thus, hy,(z) = 7y (h(z)) = 0 for
P’ € a~Y(L)=, which in turn implies that p € a~}(L)<, in view of hyy(z) =
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K K' M M'
ae M, My e My
b ® My M’
cle Mec
de Mg
cl® Me

M M' M
Mg ¢ MY M’y Mg
M, 4 M M,

Mc 9 Mc
Mg Mqd
Mg ¢ Me

FiGUrE 3. Sample a-filtered morphism. The top left image
shows two posets K and K’, together with an order preserv-
ing partial map o : K’ - K. The remaining three panels
indicate all potentially nonzero module homomorphisms h;;
if h is a-filtered.

mp(h(x)) # 0. In consequence, p < p for a p with a(p) € L = ¢=. Therefore,
p € a1 (¢S)S which implies (7) and proves that h is a-filtered. To prove the
opposite implication, assume that h : M — M’ is a module homomorphism
such that property @ holds. Let L € Down(P) and consider z € M.
Without loss of generality we may assume that x € M, for a ¢ € L. Then
an application of @ yields

h(z) = Z hpg(2) = Z hipg (),

peEP pEa~1(g=)=
which means that h(z) € M&,I(L -, since we have a7 1(¢=)S C a7 1(L)=.
This establishes the inclusion in . ]

In the special case when P = P’ and o = idp we have the following
corollary of Proposition
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Corollary 4.6. Assume that P is a poset and that M is a P-graded module.
Then h : M — M 1is a filtered homomorphism if and only if

(11) h(Mp) C My,
for every L € Down(P).

Proof: By applying our assumptions P = P’ and o = idp to the setting
of Proposition one obtains that ™ '(L)S = LS = L. Therefore, the
condition in reduces to the one in ([11)). ([

Definition 4.7. We say that two P-gradations (Mp),ep and (M)),cp of
the same module M are filtered equivalent, if for every L € Down(P) we
have My, = M].

As an immediate consequence of Corollary one obtains the following
proposition.

Proposition 4.8. Let P be a poset. Assume that M and M’ are P-graded
modules and that h : M — M’ is a filtered homomorphism. Then h is a

filtered homomorphism with respect to any filtered equivalent gradation of
the modules M and M’ . O

4.3. The category of graded and filtered moduli. We define the two
categories GMOD of graded moduli and FMoD of filtered moduli as follows.
The objects of GMOD (respectively FMoOD) are pairs (P, M) where P is an
object of DSET (respectively DPSET) and M is a P-graded module; see
also Sections and The morphisms in GMOD (respectively FMoD)
are pairs (a,h) : (P,M) — (P', M') such that « : P’ -» P is a morphism
in DSET (respectively DPSET) and h : M — M’ is an a-graded (respec-
tively a-filtered) module homomorphism. In the following, we will briefly
refer to morphisms in GMOD (respectively FMoD) as graded (respectively
filtered) morphisms (o, h) : (P,M) — (P’,M'). In the special case when
(P,M) = (P',M’) and a = idp we simplify the terminology be referring to
h as a filtered (respectively graded) morphism meaning that A is id p-filtered
(respectively id p-graded).

One can easily verify that id(p ) := (idp,idas) is the identity morphism
on (P, M) in both GMoD and FMob. Also, if (a,h) : (P,M) — (P', M’)
and (o/, 1) : (P',M') — (P",M") are two graded or filtered morphisms,
then we define their composition

(o, ") := (!, 1) o (o, ) = (P, M) — (P, M")
by o’ := aa’ and h" := h’h. This leads to the following fundamental results.
Proposition 4.9. GMOoD is a well-defined category.

Proof: The only nontrivial part of the proof is the verification that the
composition of two graded morphisms is again a graded morphism. For this,
let (o, h") := (a/, 1)) o (o, h) be given as above. Obviously A’k is a module
homomorphism. We will show that Ay, # 0 for p € P” and r € P implies



CONNECTION MATRICES IN COMBINATORIAL TOPOLOGICAL DYNAMICS 17

(aa’)(p) = r. Hence, assume that hy, # 0 for p € P” and r € P. It follows
from Proposition that there exists a ¢ € P’ such that both hj,, # 0 and
hgr # 0 are satisfied. Therefore, one has to have p € doma’ and o/ (p) = ¢
as well as ¢ € doma and «a(q) = r. It follows that p € dom(aca’) and
(a’)(p) = r. This proves that (o, h") is a graded morphism. O

A given pair of poset graded morphisms f : (P,M) — (P,M) and
fre(P,M') — (P, M) are called graded-conjugate, if there exists a poset
graded isomorphism («, h) : (P, M) — (P’, M) such that

(Oé,h) Of = flo (avh)'
If f and f' are graded-conjugate, then we say that their respective (P, P)

and (P, P') matrices are graded-similar. It is easily seen that the graded
similarity of matrices is an equivalence relation.

Proposition 4.10. FMOoD is a well-defined category.

Proof: The only nontrivial property to verify is that the composition of
filtered morphisms is again a filtered morphism. For this, consider a compo-
sition (', h") := (¢/, h') o (o, h) of filtered morphisms as above. Obviously,
the map aq/ is order preserving and h'h is a module homomorphism. Thus,

we only need to verify that that hy, # 0 for p € P” and r € P implies

the inclusion p € (aa’)~'(r=)=. Hence, assume that h/}. # 0 for p € P”

and r € P. It follows from Proposition that there exists a ¢ € P’ such
that h;)q # 0 and hy # 0. Therefore, there exist p > p and ¢ > ¢ such
that o/(p) < q and «(q) < r. Since « is order preserving, it follows that
(ac)(p) < a(q) < r. Hence, p € (aa’)~H(rS) and p € (a!)~1(r<)=. This
proves that (a”,h”) is a filtered morphism. O

Proposition 4.11. Assume that the two maps (a,h) : (P,M) — (P',M")
and (o' b)) : (P',M') — (P, M) are morphisms in FMOD which satisfy the
identities dom o = P' and dom o/ = P”. Suppose further that o is injective.
If pe P and p" € P" are such that ad/ (p") = p, then

(12) (h,h)p”p = h;)”a’(p”)ha’(p”)p fOT’ p S P.
Proof: We get from Proposition [4.2] that
(13) (h/h)p”p = Z hlp”p’hp’p'
p/GP/

It follows from @ that the index p’ of a non-zero term on the right-hand
side of must satisfy o/(p”) < p’ and a(p’) < p. Hence,

//

p=ad (p") < a@) <p.
It follows that a(p’) = p and, since « is injective, we get p’ = o/(p”). This

proves . O

As an immediate consequence of Proposition we get the following
corollary.
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Corollary 4.12. Assume that the two maps (o, h) : (P,M) — (P', M') and
(/1) : (P, M) — (P,M) are morphisms in FMoOD such that o and o’
are mutually inverse bijections. Then

(h/h)pp = h;)a’(p)ho/(p)p f07’ pE P.

Lemma 4.13. A filtered homomorphism (o, h) : (P,M) — (P', M) is an
isomorphism in FMoD if and only if a : P' — P is an order isomorphism
and hpa )y : Moy = M), is a module isomorphism for every p' € P'.

Proof: First assume that (o, h) is an isomorphism in the category FMOD.
Let (o/,h') : (P',M') — (P, M) be the inverse of («,h). Then aa/ = idp
and o’a = idp/. Since o and o’ are order preserving, we see that o : P’ — P
is an order isomorphism. It follows from Corollary that

(14) ide = (idM)pp = (h/h)pp = h;a'(p)ha’(p)p forpe P

and
(15) ide, = (idM)p/p/ = (hh/)p/p/ = h‘p’a(p/)h/a(p’)p/ for p/ € P,.

But, a and o are mutually inverse bijections. Hence, substituting p’ := o/(p)
in we get p = a(p’) and

idMa<p/> = h,a(p/)p’hp/a(p/) for p, cP.

It follows that A/, ) is the inverse of f1y 4 (,). Therefore, hy ;) is a module

isomorphism for every p’ € P'.

To see the opposite implication, assume that (o, h) : (P,M) — (P, M)
is a filtered homomorphism such that o : P’ — P is an order isomorphism
and hy () © Magry — M, is a module isomorphism for all p’ € P'. Since P
and P’ as objects of DPSET are finite sets, we may proceed by induction on
their cardinality n := card P = card P’. If n = 1, then P = {p}, P’ = {p'}
and Ay o) = hyp = h is a module isomorphism. Clearly, its inverse is a
filtered homomorphism. Hence, h is an isomorphism in FMobD. Thus, we
now assume n > 1. Let p’ be a maximal element in P'. Set p := «a(p).
Since o is an order isomorphism, we see that p is a maximal element in P.
Let P':= P'\ {p'}, P := P\ {p}, M' := Mp,, M := Mp. Let Q := {P,p}
and Q' := {P',p'} be linearly ordered respectively by P < p and P’ < .
Then (Q, M) and (Q', M') are graded modules. Define & : Q" — @ through
the identities @(P’) := P and a(p’) := p. We will prove that

(16) hyp, =0 for p € P.

Arguing by contradiction, assume that hy, # 0 for a p € P. Since h is an
a-filtered homomorphism, we get from that hy, # 0 implies p’ < p’ for
some P € dom « such that a(p’) < p. Since p’ is maximal in P’, we obtain
both ' = p’ and p = a(p’) < p. Since p is maximal in P, this further implies
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the equality p = p, a contradiction proving . Hence, the identity in
yields hyp = cp hyp o mp = 0. Therefore, the (Q,Q')-matrix of h is

h}S/P hPlﬁ
O hﬁ/p ’
By induction assumption («|p,hpp) : Mp — Mp, is an isomorphism in
FMoD. Set o/ := o~ ! and let A’ : M’ — M be the homomorphism given by

the (Q', Q)-matrix
[ % _hﬁflp’ilf'ﬁhﬁ'zls ] .
0 hﬁ’ﬁ
One easily verifies that A’ is o/-filtered and a straightforward computation
shows that (a/, ') o (o, h) = id(papy and (a,h) o (o', h') = id(pr ). Hence,
the morphism (a, h) is indeed an isomorphism in FMoD. O

Corollary 4.14. Assume (o, h) : (P,M) — (P', M') is both a homomor-
phism in GMOD and an isomorphism in FMoD. Then it is automatically
an isomorphism in GMOD.

Proof: Due to Lemma the map a : P’ — P is an order isomorphism
and Ry + Magry — MI’), is a module isomorphism. Let g : M’ — M be
the a~!-graded homomorphism with (P’, P)-matrix given by

—1 : _ /
pp! = hp'a(P/) if p = a(p),

0 otherwise.
It is straightforward to verify that (a~!, g) is the inverse of (, h) in GMoD.
Hence, (a, h) is an isomorphism in GMoD. O

5. POSET FILTERED CHAIN COMPLEXES

5.1. Chain complexes. Recall that a chain complex is a pair (C,d) con-
sisting of a Z-graded R-module C' and a Z-graded homomorphism d : C' — C
of degree —1, satisfying d> = 0. The homomorphism d is called the boundary
homomorphism of the chain complex (C,d). Let (C’,d’) be another chain
complex. A chain map ¢ : (C,d) — (C',d') is a module homomorphism
o : C — C' of degree zero, satisfying od = d'p. The following proposition
is straightforward.

Proposition 5.1. If ¢ : (C,d) — (C',d") is a chain map and ¢ is an
isomorphism of Z-graded modules then ¢~ is also a chain map. [l

We denote by Cc the category whose object are chain complexes and
whose morphisms are chain maps. One easily verifies that this is indeed a
category.

A subset C' C C'is a chain subcomplex of C if C' is a Z-graded submodule
of C such that d(C") C C’. Recall that given a subcomplex C’ C C' we have
a well-defined quotient complex (C/C’,d') where d' : C/C" — C/C is the
boundary homomorphism induced by d.
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5.2. Homotopy category of chain complexes. A pair of chain maps
o, ¢ (C,d) — (C',d') are called chain homotopic if there exists a chain
homotopy joining ¢ and ¢/, i.e., a module homomorphism S : C' — C’ of
degree +1 such that ¢'—¢ = d’'S+Sd. The existence of a chain homotopy be-
tween two chain maps is easily seen to be an equivalence relation in the set of
chain maps Cc((C,d), (C’,d’)). Given a chain map ¢ € Cc((C,d),(C’,d"))
we denote by [¢] the equivalence class of ¢ with respect to this equivalence
relation. We define the homotopy category CHCC of chain complexes by
taking chain complexes as objects, equivalence classes of morphisms in Cc
as morphisms in CHCc, and the formula

(17) [¥] 0[] := [y

for ¢ € Cc((C',d),(C",d")) as the definition of composition of morphisms
in CHCc. Note that then the equivalence classes of identities in CcC are the
identities in CHCC.

Proposition 5.2. The category CHCC is well-defined.

Proof: The only non-obvious part of the argument is the verification that
the composition given by is well-defined. Thus, we need to prove that if
0, (C,d) — (C'",d) and ¥, ¢’ : (C',d") — (C”,d") are chain homotopic,
then 1 and 1)’ are chain homotopic. Let S : C — C" and S' : C' — C” be
chain homotopies between ¢, ¢’ and v, ', respectively. Moreover, consider
the map S” := /S + S'¢. Then S” is clearly a degree +1 homomorphism
and we have

wl(p/_wga — wl(()@/_(p)+(w/_¢)(p:¢,<d,S+Sd)+(d/,S/+S/dl)(p
_ ¢/d/5+¢’5d+d’/s/tp+sldlcp
d//¢,5+¢,5d+d,/5/g0+sl(pd: d”S”‘i‘S”d,
which proves that ¢¢ and v’¢ are indeed chain homotopic. U

We have a covariant functor CH : Cc — CHCC which fixes objects and
sends a chain map to its chain homotopy equivalence class. Moreover, we
say that two chain complexes (C,d) and (C’,d’) are chain homotopic if they
are isomorphic in CHCcC.

Note that 0z, the Z-graded zero module, together with zero homomor-
phism as the boundary map, is a chain complex. We call it the zero chain
complex. We say that a chain complex (C, d) is homotopically essential if it is
not chain homotopic to the zero chain complex. Otherwise we say that the
chain complex (C,d) is homotopically trivial or homotopically inessential.
Finally, we call a chain complex (C,d) boundaryless if d = 0.

Proposition 5.3. Assume (C,d) and (C’,d’) are two boundaryless chain
complezes. Then the chain complexes (C,d) and (C',d") are chain homotopic
if and only if C and C' are isomorphic as Z-graded modules.

Proof: Suppose that the chain complexes (C,d) and (C’,d’) are bound-
aryless. First assume that C' and C’ are isomorphic as Z-graded modules.
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Let o : C — C" and ¢’ : C' — C be mutually inverse isomorphisms of Z-
graded modules. Since both boundary homomorphisms d and d’ are zero, we
have pd =0 = d'p and ©'d’ = 0 = dy¢’. Hence, ¢ and ¢ are chain maps and
from ¢’y = idc and p¢' = ider we get [¢'][¢] = [idc] and [¢][¢'] = [idc].
This shows that [¢] and [¢] are mutually inverse isomorphisms in CHCC.
To prove the opposite implication assume that (C, d) and (C’, d’) are chain
homotopic. Choose ¢ : (C,d) — (C',d") and ¢’ : (C',d") — (C,d) such
that [¢] : (C,d) — (C',d') and [p] : (C',d') — (C,d) are mutually inverse
isomorphisms in CHCc. Let S : C — C and S’ : C' — C’ be the chain
homotopies between ¢ and id¢, and between ¢’ and id¢r, respectively.
Then ide —¢'¢ = Sd+dS = 0 and ider —pp’ = S'd' + d'S” = 0, which
proves that ¢ and ¢’ are mutually inverse isomorphisms in Cc. O

Corollary 5.4. The only chain complex which is both boundaryless and
homotopically trivial is the zero chain complez. O

Recall that the homology module of a chain complex (C, d) is the Z-graded
module H(C) := (Hn(C,d)), .7 where H,(C,d) := kerd,,/imdp1. In the
sequel, we will consider the homology module as a boundaryless chain com-
plex, that is, as a chain complex with zero boundary homomorphism.

By a homology decomposition of a chain complex (C,d) we mean a di-
rect sum decomposition C' =V @& H & B such that V, H, B are Z-graded
submodules of C, djy = 0, d(V) C B and d)y : V — B is a module iso-
morphism. Note that then also djp = 0. By a homology complez of a
chain complex (C,d) we mean a boundaryless chain complex which is chain
homotopic to (C,d). Then one has the following proposition.

Proposition 5.5. Assume that R is a field and that the pair (C,d) is a
chain complex over R.

(i) There exists a homology decomposition of (C,d).

(ii) If C =V @ H @ B is a homology decomposition of the chain com-
plez (C,d), then (H,0) is chain homotopic to (C,d). Therefore, it is
a homology complez of (C,d). Moreover, the modules H and H(C')
are isomorphic as Z-graded modules, where H(C) denotes the ho-
mology module of C.

Proof: To prove statement (i), let Z := kerd and B := imd. Since R
is a field, we may choose Z-graded submodules V C C and H C Z such
that both C =V @ Z and Z = H @ B are satisfied, thus also dggp = 0.
Clearly, one has d(V) C imd = B. We will prove that dy, : V. — B is
an isomorphism. Indeed, if dz = 0 for an z € V, then z € ZNV = {0},
hence djy, is a monomorphism. To see that it is also onto, take a y € B.
Since B = imd, we have y = dx foran z € C. But, z =v+zforav eV
and a z € Z. It follows that dv = dv + dz = dx = y, which establishes d|y/
as an epimorphism, and proves (i).

To prove (ii), assume that C =V @& H @ B is a homology decomposition
of (C,d). Let ¢+ : H — C denote inclusion, and let 7 : C — H be the



22 MARIAN MROZEK AND THOMAS WANNER

projection map defined via m(v+h+b) =hforv+h+be VO H®B =C.
One can easily see that ¢ : (H,0) — (C,d) and 7 : (C,d) — (H,0) are chain
maps, and that 7. = idg. We will show that ¢7 is chain homotopic to id¢.
For this, define the degree +1 homomorphism S : C — C by Sz = d}b,

%
where x =v+h+beC =V @ H B. Then we have

(dS+Sd)z = (dS+Sd)(v+h+b)=ddy'b+dy dv=0b+uv

= (b+v+h)—h=z—rx=(dc —ur)x,

which proves that S is a chain homotopy joining ¢ and id¢. Finally, directly
from the homology decomposition definition one obtains kerd = H & B and
imd = B. Therefore, H(C) = kerd/imd = H & B/B = H, where all the
isomorphisms are Z-graded. ([

In the case of field coefficients the concepts of homology module and
homology complex are essentially the same as the following theorem shows.

Theorem 5.6. Assume that R is a field. Then the following hold.

(i) Every chain complex admits a homology complex.
(ii) Two chain complezes are chain homotopic if and only if the associ-
ated homology complexes are isomorphic as Z-graded modules.
(iii) The homology module of a chain complex is its homology complez.
(iv) Two chain complexes are chain homotopic if and only if the associ-
ated homology modules are isomorphic as Z-graded modules.

Proof: Property (i) follows immediately from Proposition In order
to prove (ii), observe that two chain complexes are chain homotopic if and
only if the associated homology complexes are chain homotopic. Therefore,
property (ii) follows immediately from Proposition To prove (iii), take
a chain complex (C,d). By (i) we may consider a homology complex (H,0)
of (C,d). Since (C,d) and (H, 0) are chain homotopic, by a standard theorem
of homology theory [9, §13] the homology modules of (C,d) and (H,0) are
isomorphic as Z-graded modules. Hence, it follows from Proposition (ii)
that the homology module of (C,d) is its homology complex. Finally, prop-
erty (iv) follows immediately from (ii) and (iii). O

5.3. Poset filtered chain complexes. Let P be an arbitrary finite set
and (C,d) a chain complex. We call (C,d) a P-graded chain complex, if C
is a P-graded module in which each C, C C' is a Z-graded submodule of C.
Since the chain complex C' is P-graded, its boundary homomorphism d has
a (P, P)-matrix. A partial order < in P is called (C, d)-admissible, or briefly
d-admissible, if d is a filtered homomorphism with respect to (P, <), i.e., if

(18) dpg 70 = p<gq

for all p,q € P. Note that a (C,d)-admissible partial order on P may not
always exist. However, we have the following straightforward proposition
and definition.
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Proposition and Definition 5.7. If a given P-graded chain complex (C, d)
admits a (C,d)-admissible partial order on P, then the intersection of all
such (C,d)-admissible partial orders on P is again a (C,d)-admissible partial
order on P. We call it the native partial order of d. O

Definition 5.8. We say that the triple (P,C,d) is a poset filtered chain
complez if (C,d) is a P-graded chain complex and the partial order in P is
d-admissible.

Note that for a poset filtered chain complex (P, C,d) the module C' is not
only P-graded but also Z-graded where the nth summand of the Z-gradation
is the direct sum over p € P of the nth summands in the Z-gradation of C),.

Example 5.9. Consider the set of words
X:={A,B,C,AB,AC,BC,CD,CE,ABC}

and the free module C' := Q(X) with basis X and coefficients in the field Q
of rational numbers. For a word x € X define its dimension as one less than
the number of characters in x and denote the set of words of dimension ¢
by X;. Setting

o {Q(XZ) it X; # 2,

0 otherwise.
we obtain a Z-gradation of C given by
(19) c=pa.
el
The family
A:={{A},{B},{AB},{C,AC,BC,ABC},{CD},{CE} }

is a partition of X. It makes C an A-graded module. Consider the partial
order in A given by the Hasse diagram

{CD} {CE}

\ /

{C,AC,BC, ABC}
(20) |
{AB)

/ \
{a) {B)

and a homomorphism d : C' — C defined on the basis X by the matrix
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|A|B|AB|C AC BC ABC|CD|CE|
A —1 —1
B 1 -1
AB 1
C T 1 11
AC -1
BC 1
ABC
CD
CE

One can check that the triple (A, C,d) with the Z-gradation and A
partially ordered as in the Hasse diagram is a well-defined poset filtered
chain complex.

Note that if J C P, then (Cy,d s ) need not be a chain complex in general.
However, we have the following proposition.

Proposition 5.10. Assume that J is a convex subset of P. Then we have:

(i) (Cy,dyy) is a chain complez.

(ii) (Cy,dyy) is chain isomorphic to the quotient complex (C;</Cj<,d’)
where d' denotes the homomorphism induced by d ;< ;<. Notice that
the quotient complex is well-defined since J< is a down set due to
the convexity of J.

Proof: In order to prove (i) we need to verify that d%; = 0. Assume
first that J is a down set. Let x € C;. Then Corollary immediately
implies that dx € C;. Hence, one obtains both djjz = (tyodomwy)(z) = dz
and d?,Jx = djjdx = d*r = 0, which yields dQJJ = 0. If J is just convex,
we consider the down sets I := J< and K := J=, which clearly satisfy the
identity K = I U J. Since d is a filtered homomorphism, we have dp, = 0
forpe Jand q € I.

Therefore, the matrix of di i takes the form.

[ dir dpg
0 dy; |~

Since K is a down set, we already have verified that d%( x = 0. It follows
that

0= =

d?; dirdry +drydyg
|
Thus, d?” = 0, which proves (i).

To establish (ii), we consider again the down sets [ := J< and K := J<, as
well as the homomorphism « : C; 3 x — [z]; € Ck/Cr, where [z]; denotes
the equivalence class of x in the quotient module Cx/C;. Let x € Cy
and let di i denote the boundary homomorphism induced by dxx on the
quotient module Cx/Cr;. We have dgxrr = [dz]); = [drjz + djjz]; =
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[dyjx]; = kdjyx, which proves that x is a chain map. Assume that [z]; =0
for an z € Cjy. Then z € C;r N Cy = {0}, that is, = 0. This proves
that s is a monomorphism. Finally, given the class [y]; € Cx/Cr generated
by y € Ck, we have y = y;y +y; for a yf € Cr and a yy € C;. It follows
that [y]; = [ys]r = kyJ, proving that s is an epimorphism. Hence, x is an
isomorphism. O

Given a poset filtered chain complex (P, C,d) we consider the poset P as
an object of DPSET with the distinguished subset given by

P, :={pe P| C,is homotopically essential. }

Recall that C), is homotopically essential if it is not chain homotopic to the
zero chain complex. We would like to point out that the definition of Py
depends on C. In the rare cases when we simultaneously consider two poset
filtered chain complexes with the same underlying poset P, we write P’
instead of Py to indicate the dependence of P, on C.

Given two poset filtered chain complexes (P, C,d) and (P’,C’,d’) we say
that the map (a,h) : (P,C,d) — (P',C",d') is a filtered chain morphism,
if h: (C,d) — (C',d) is a chain map and (o, h) : (P,C) — (P',C") is a
filtered morphism. We say that the map (o, h) is a graded chain morphism
if h: (C,d) — (C',d') is a chain map and (o, h) : (P,C) — (P',C") is a
graded morphism.

We define the category PFCCc of filtered chain complexes by taking poset
filtered chain complexes as objects and filtered chain morphisms as mor-
phisms. One easily verifies that this is indeed a category. We also define the
subcategory PcCc of graded chain complexes by taking the same objects
as in PFCc and graded chain morphisms as morphisms.

Definition 5.11. Given a pair of filtered chain morphisms (o, ¢), (¢, ¢’) :
(P,C,d) — (P',C',d") we say that a filtered module morphism (v,T) :
(P,C) — (P',C") is an elementary filtered chain homotopy between (o, p)
and (o, ) if the following conditions are satisfied:

(i) T is a degree +1 module homomorphism with respect to the Z-

gradation of C' and (",

(ii) T is a chain homotopy between ¢ and ¢’, that is, ¢' —p =Td+d'T,

(111) O[lpi = ’Y‘Pf( = O‘\/P;'
We say that two filtered chain morphisms (o, h) and (o, h') are elementarily
filtered chain homotopic, and we write («,h) ~, (/,h'), if there exists an
elementary filtered chain homotopy between («, h) and (o/, h'). We say that
filtered chain morphisms (a, h), (/, h') are filtered chain homotopic, and we
write (a, h) ~ (¢/, 1), if there exists a sequence
(21) (O&, h) = (Oé(), hO) ~e (alahl) ~e --- e (Oén,hn) = (0/7 h,)

of filtered chain morphisms such that successive pairs are elementarily fil-
tered chain homotopic.

The following proposition is straightforward.
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Proposition 5.12. The relation ~ in the set of morphisms from (P,C,d)
to (P',C",d") in PFCcC is an equivalence relation. O

We say that a poset filtered chain complex (P, C,d) is homotopically es-
sential if (Cp, dpp) is homotopically essential for each p € P, i.e., if P, = P.

Proposition 5.13. Assume that the poset filtered chain complezx (P',C’,d")
is homotopically essential. If (o, h) and (o/, ') : (P,C,d) — (P',C",d’) are
filtered chain homotopic, then o = o, the domain of o = o’ is P, and we
have in fact that (a, h) ~. (a/,h').

Proof: Choose n + 1 filtered morphisms («y, h;) : (P,C,d) — (P',C",d)
asin (21) fori = 0,...,n. Let (y;,I;) : (P,C) — (P',C") fori € {1,2,...,n}
be an elementary filtered chain homotopy between (c;—1, h;—1) and (o, h;).
Since P, = P', we have a1 = (ai—1)p; = (vi)|p; = Vi, as well as the
identity a; = (i) pr = (vi)|pr = i for i € {1,2,...,n}. It follows then that
one has o; = a;_1 for all 4, and thus o = /. Moreover, we obtain
(22) h; — hi—1 = dTl +I';d
for i € {1,2,...,n}. Let T := >"" | T;. One easily verifies that I" is an
a-filtered module homomorphism. Summing fori=1,...,n we get

W —h=hy, —hy=dT +Td.
Thus, (a,T') is an elementary filtered chain homotopy between the filtered
morphisms (a, h) and (/, 1). O

We refer to the equivalence classes of ~ as the homotopy equivalence
classes. We define the homotopy category of poset filtered chain complexes,
denoted CHPFCc, by taking poset filtered chain complexes as objects, ho-
motopy equivalence classes of filtered chain morphisms in PFCcC as mor-
phisms in CHPFCc, and use the formula

(23) [(B,9)]~ o [(@, h)]~ := [(a 0 8,9 0 h)]~

for the two filtered morphisms («,h) € PrCc((P,C,d),(P’',C’,d’)) and
(B,9) € PrCc((P',C",d"),(P",C",d")) as the definition of composition of
morphisms in CHPFCc. Finally, equivalence classes of identities in PFCc
are identities in CHPFCc.

Proposition 5.14. Assume filtered chain morphisms
(a, h), (/b)) : (P,C,d) — (P',C",d)
and
(8,9),(8',¢") : (P, C",d') —» (P",C",d")
are filtered chain homotopic. Then the compositions
(B.9) o (a, h), (', g') o (o', 1) : (P,C,d) — (P, C",d")

are also filtered chain homotopic. In particular, the category CHPFCC is
well-defined.
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Proof: Assume that (o, h) ~ (o/,h') and (8,g9) ~ (8',¢’). Since ~ is an
equivalence relation, it suffices to prove that (8,¢) o (o, h) ~ (8,g) o (¢/, 1)
and (8,9) o (o/, 1)) ~ (B',¢') o (/, k). For the same reason, we may assume
that (a, h) ~e (o/,h') and (8,9) ~e (B',9¢'). Let (7,5) : (P,C) — (P',C’) be
an elementary filtered chain homotopy between («, h) and (o/, h'). Consider
the filtered morphism (n,7T) := (8,9) o (7,S5) : (P,C) — (P",C"). Then
n =08 and T = ¢gS. We will prove that (n,T) is an elementary filtered
chain homotopy between (3, g) o («, h) and (53, g) o (¢/, h'). For this, we need
to verify properties (i)-(iii) of Definition . Clearly, T is a degree +1
Z-graded module homomorphism. Hence, property (i) is satisfied. To see
property (ii), observe that

gh' —gh=g(h' —h) =g(d'S+ Sd) =d"gS + gSd = d"T + Td.

Finally, in view of the inclusion 3(P)) C P, which is a consequence of the
definition of DPSET, one obtains

/ /
aBipy = aipBipy = VP Bipy = My = VP Bipr = Ap, Bipy = @ Bipy-

Hence, we proved that (3, g) o (a0, h) ~c (8,9) o (¢/,h’) which implies that

also (8,g)o(a,h) ~ (8,g)o(c/,h'). The proof that (5,g)o(a/,h') ~ (B',9')o
(a/, 1) is similar. O

We say that a filtered chain morphism («, k) : (P,C,d) — (P',C",d’) is
a filtered chain equivalence if [(a, h)] is an isomorphism in CHPFCc. We
say that two poset filtered chain complexes (P,C,d) and (P’,C’,d') are
filtered chain homotopic if they are isomorphic in CHPFCC, i.e., if there exist
two filtered chain morphisms («,¢) : (P,C,d) — (P',C’,d") and (/,¢') :
(P',C",d) — (P,C,d) such that (o, ¢') o (a, ) is filtered chain homotopic
to id(p,cy and (a, @) o (o/, ¢’) is filtered chain homotopic to id(p . In this
situation, the filtered chain morphisms (a, ¢) and (o, ¢') are referred to as
mutually inverse filtered chain equivalences.

Definition 5.15. Let (P,C,d) be a poset filtered chain complex. By a
representation of (P,C,d) we mean an object (P’,C’,d’) in PFCc which is
filtered chain homotopic to (P, C,d), together with mutually inverse filtered
chain equivalences («, ) : (P,C,d) — (P',C’,d’) and (8,%) : (P',C",d") —
(P,C,d). More formally speaking, a representation of (P,C,d) is a triple
(P, C",d), (o, ), (B,v)). To simplify the terminology, when speaking
about a representation we always assume that the associated mutually in-
verse chain equivalences are implicitly given.

Let ((P,C",d"), (a, ), (8,¢)) and ((P",C",d"), (/, &), (§',4")) be two

representations of a filtered chain complex (P, C,d).

Definition 5.16. We define the transfer morphism from the filtered chain
complex (P’,C’,d") to the filtered chain complex (P”,C",d") as the filtered
chain morphism (Sa/, ¢'1).
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Note that the pair of transfer morphisms (8a/,¢'Y) from (P',C’,d)
to (P",C",d") and (B, ') from (P”,C",d") to (P',C’,d") are mutually
inverse chain equivalences.

We finish this section with the following auxiliary proposition.

Proposition 5.17. Assume that (P,C,d) is a poset filtered chain complex
with the P-gradation (Cp)pecp, and let (Wy),cp denote another P-gradation
of C. If (Cp)pep and (Wy)pep are filtered equivalent in the sense of Defi-
nition then the triple (P,W,d) with W := ®p€P W, and P-gradation
gwen by (Wp)pep ts also a poset filtered chain complex. Moreover, (P, W,d)
and (P,C,d) are isomorphic in CHPFCc.

Proof: Note that W and C are in fact the same modules, but the gra-
dations (Wp)pep and (Cp)pep need not be the same. We know that d is a
filtered homomorphism with respect to the (C})pep gradation of C. Since
the (W))pep gradation of W = C is filtered equivalent to the (Cp),cp gra-
dation, we see from Proposition [{.§ that d is a filtered homomorphism with
respect to the (W)),cp gradation of C' as well. Hence, (P, W,d) is a poset
filtered chain complex. We will prove that

(24) (idp,id¢) : (P,C,d) — (P,W,d)
and
(25) (idp,idw) : (P,W,d) — (P,C,d)

are mutually inverse isomorphisms in PFCc. Let p € P. Since both (Cyp)pep
and (W)p)pep are filtered equivalent, using Proposition [5.10(ii) we get

Cp = Cpg /Cp< = ng /Wp< = W,

Hence, C,, is essential if and only if W, is essential. It follows that PC = P/V.
In consequence, idp : (P, PY) — (P,PYV) and idp : (P,P/V) — (P, P®) are
well-defined morphisms in DPSET. Since (Cp)pep and (Wp)pecp are filtered
equivalent, we get from Corollary that (idp,id¢) : (P,C) — (P,W)
and (idp,idw) : (P,W) — (P, C) are filtered morphisms. Clearly, both are
chain maps. It follows that the morphisms and are well-defined.
Obviously, they are mutually inverse. Thus, the conclusion follows. ([

6. ALGEBRAIC CONNECTION MATRICES

6.1. Reduced filtered chain complexes. Given a poset filtered chain
complex (P,C,d), a singleton {p} C P is always convex. Therefore, by
Proposition [5.10(ii) the pair (Cp, dpp) is a chain complex.

Definition 6.1. We say that a poset filtered chain complex (P,C,d) is
reduced if (Cp, dpy) is boundaryless and homotopically essential for all p € P.

Example 6.2. The filtered chain complex in Example is not reduced,
because one can check that Cyc ac o aBc) 1s inessential. Consider another
set of words

X':={A,B,AB,AD, AE}.
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Proceeding as in Example 5.9 we obtain a Z-graded Q-module C’. Consider
the partial order in A" := {{z} | z € X'} given by the Hasse diagram

{AB} {AD} {AE}

(20) N
{B} {A}
and a homomorphism d’ : C" — C’ defined on the basis X’ by the matrix
d |A|B|AB|AD|AE |
A -1 -1 -1
B 1

(27)

AB
CD
CE

One can check that the triple (A’,C’,d’), with A" partially ordered as in
the Hasse diagram , is a well-defined poset filtered chain complex. It is
reduced, because in each case exactly one chain group is nontrivial and the
boundary operator is always zero within each C).

As an immediate consequence of Corollary [5.4] we get the following propo-
sition.
Proposition 6.3. A poset filtered chain complex (P,C,d) is reduced if and
only if dpp, =0 and C, # 0 for all p € P.

Proposition 6.4. Assume that (P,C,d) and (P',C',d') are two reduced
poset filtered chain complexes and that (o, h), (8,9) : (P,C,d) — (P',C’',d")
are filtered chain homotopic morphisms. If o is injective, then for p € P
and q € P' we have

alq) =p = hgp = ggp-

Proof: Since (P',C’,d’) is reduced, it is homotopically essential. Thus,
we get from Proposition that « = 8 : P — P and there exists an
a-filtered degree +1 homomorphism I' : C' — C’ such that g —h = d'T' +T'd.
Since (P, C,d) and (P',C’,d’) are reduced, we get from Proposition [{.11] the
identities

Ggp — hgp = (dT)qp + (Ld)gp = d; id(q)rid(Q)P + Tga(q) da(Q)p
— 0Ty +Tgp0 =0,
For this, recall also that d and d' are id p-filtered, and that idp is injective.
This completes the proof. [l

If filtered chain complexes (P,C,d) and (P',C’,d') are filtered chain
homotopic, then the equivalence class of every filtered chain equivalence
(o, 0) 1 (P,C,d) — (P',C’,d) is automatically an isomorphism in CHPFCc.
However, in the category PFCC one has to prove that fact. This is addressed
in the following result.
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Theorem 6.5. Assume that the two poset filtered chain complexes (P, C,d)
and (P',C",d") are reduced. If they are filtered chain homotopic, then every
filtered chain equivalence (o, ) : (P,C,d) — (P',C",d') is an isomorphism
in PrCc. In particular, (P,C,d) and (P',C",d’) are isomorphic in PFrCc.

Proof: Assume that both (P,C,d) and (P’,C’,d") are reduced. Then
we have P, = P and P, = P'. Let (/,¢') : (P',C",d") — (P,C,d) be a
filtered chain morphism such that one has both (o, ¢') o (a, ¢) ~ id(pc g
and (o, @) o (o, ") ~id(pr cr 4). Clearly, idp and idp: are injective. Hence,
it follows from Proposition [6.4] that

(@' P)pp = (idc)pp =1dc, and  (p¢')gq = (ider)gq = idey

for arbitrary p € P and ¢ € P’. Therefore, it follows from Corollary
that (idg)pp = gpgj o (p)Pe’(pyp for p € P. Similarly we obtain the iden-
tity (ider)ppy = Cpa)¥l wy for p € P'. Since o, o are mutually in-
verse bijections, we may substitute o/(p) for p’ and we get (idc/)a/(p)a/(p) =
(pa/(p)p@; o () Hence, we conclude that ¢,/ (,), and cp; o/ (p) A€ mutually in-
verse module homomorphisms. Thus, it follows from Lemma that (o, ¢)
is an isomorphism in FMoD. Since ¢ is a chain map, by Proposition [5.1

its inverse is also a chain map. Hence, (a, ) is an isomorphism in PrCc,
which proves that (P, C,d) and (P’,C’,d’) are isomorphic in PFCc. O

6.2. Essentially graded morphisms.

Definition 6.6. Let (P,C,d) and (P’,C’,d') be poset filtered chain com-
plexes. We call a filtered chain morphism («,h) : (P,C,d) — (P',C",d)
essentially graded, if there is a graded chain morphism (8,¢) : (P,C,d) —
(P',C’",d") which is filtered chain homotopic to (o, h).

Proposition and Definition 6.7. Assume (o, h) : (P,C,d) — (P',C",d)
is an essentially graded chain equivalence and that both poset filtered chain
complezes (P,C,d) and (P',C",d’) are reduced. Then there exists a unique
graded chain morphism (8,g) : (P,C,d) — (P',C’,d") in the homotopy
equivalence class [(a, h)]. We call it the graded representation of («, h).

Proof: The existence of (3, g) follows directly from the definition of an
essentially graded morphism. To prove uniqueness, we assume that (3, g)
and (f',¢') are two graded chain morphisms in the homotopy equivalence
class [(a, h)]. Since (o, h) is a chain equivalence, we can select a filtered chain
morphism (o/, ') = (P',C",d") — (P,C,d) such that (aa’,h'h) ~ id(pc g
and (a’a, hh') ~ id(pr cr gy Hence, it follows from Proposition that
ad’ =idp and o/a = idp/. In particular, « is injective. Since (8, g) ~ (a, h)
and (8',4") ~ (a, h), we see that (8,g) ~ (£',¢") and from Proposition
we get 3 = a = [3'. Hence, 3 is injective. Consider p € P and q € P'. If we
have p = a(qg), then one obtains g4, = g;,, from Proposition If p # a(q),
we get gqp = 0 = g, from (8), because both g and ¢ are a-graded. O
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The following proposition is an immediate consequence of Proposition
and the fact that the composition of graded chain morphisms is again a
graded chain morphism. The later statement in turn follows from the fact
that the composition of graded morphisms is a graded morphism, and that
the composition of chain maps is again a chain map. Thus, we have the
following result.

Proposition 6.8. Assume that both (a,h) : (P,C,d) — (P',C",d") and
(o0 « (P, Cd) — (P",C",d") are filtered chain morphisms which
are essentially graded, and which have the respective graded representations
(B,9): (P,C,d) — (P',C",d') and (', ¢') : (P',C",d") — (P",C",d"). Then
the composition (o/,h') o (a, h) is also essentially graded and its graded rep-
resentation is given by (8',4") o (8,9)- O

It is straightforward to observe that every identity morphism in PFCc is
essentially graded, and that it is its own graded representation. Thus, in
view of Proposition we have a well-defined wide subcategory EGPFCc
of PFCc whose morphisms are essentially graded morphisms in PFCc.

Proposition 6.9. Assume that both (P,C,d) and (P',C’,d’) are reduced
poset filtered chain complezxes, and that both (a,h) : (P,C,d) — (P',C",d)
and (/1) : (P',C",d") — (P,C,d) are mutually inverse chain equivalences.
Suppose further that (a,h) is essentially graded and has the graded repre-
sentation (a,h). Then (o/,h') is essentially graded as well, (a,h) is an
isomorphism in PGCc, and (&, h)~! is the graded representation of (o', h').

Proof: By Definition we have (a,h) ~ (@, h). Hence, we get from
Proposition the equivalences
(28) (@, k) o (o, 1) ~ (o, h) o (/') ~id(pr o ar),
(29) (0/7 h/) ° (&7 B) ~ (O/7 h/) o (Oé, h) ~ id(P,C,d)7
which imply that (&, h) is a filtered chain equivalence. Now Theorem
shows that (&, h) is an isomorphism in PFCc, and it follows that (&, h) is
an isomorphism in FMoD. Thus, we get from Proposition that @ = «
and from Lemma that o is an order isomorphism. In consequence, the
inverse of (@,h) = (a,h) in PFCC takes the form (o', h™") and, clearly,
the inverse h~! is a~!-graded. Moreover, from we get

(@', h) = (@™ R o (a,h) o (o, ) ~ (a7 ' R

which proves that (o, k') is essentially graded with (o, )™ = (&, h)~! as
its graded representation. ([

6.3. Conley complex and connection matrices. Throughout this sec-
tion, let (P, C,d) denote a poset filtered chain complex. The following defi-
nition is the central concept of this paper.

Definition 6.10. By a Conley complex of (P, C, d) we mean every reduced
representation of (P,C,d), that is, a poset filtered chain complex (P,C,d)
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which is reduced and filtered chain homotopic to (P,C,d). The (P,P)-
matrix of the boundary homomorphism d is then called a connection matrix
of the poset filtered chain complex (P, C,d).

As an immediate consequence of Theorem we obtain the following
two corollaries.

Corollary 6.11. The Conley complex of a poset filtered chain complex is
unique up to an isomorphism in PFCC. In particular, the transfer homomor-
phism between two Conley complexes of a given poset filtered chain complex
is an isomorphism in PFCC. O

Corollary 6.12. If two poset filtered chain complexes are filtered chain ho-
motopic, that is, isomorphic in CHPFCC, then their Conley complezes are
isomorphic in PrCcC. O

Example 6.13. One can verify that the reduced filtered chain complex in
Example[6.2)is a Conley complex of the filtered chain complex in Example[5.9
with the associated connection matrix . More precisely, consider the
map o : A" — A given by

{CD} ifz={AD},
d(z) =< {CE} ifx={AE},
x otherwise

and homomorphisms b’ : C' — C’ and ¢’ : C' — C given by the matrices
W ||[A|B|AB|C AC BC ABC|CD |CE |

A 1 1

B 1

AB 1 -1

AD 1

AE 1

e ' ||A|B|AB|AD|AE|
1

Q

| >

1
AB 1

C
AC 1 1
BC
ABC
CD 1
CE 1

One can verify that
(o, 1) (A,C,d) = (A,C',d) and (/)71 ¢): (A, C,d) = (A, C,d),
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with the partial map (/)= : A -+ A’ defined as the inverse relation of o/,
are mutually inverse filtered chain equivalences. This immediately implies
that a Conley complex of the filtered chain complex (A, C, d) in Example
is given by the representation ((A’,C’,d'), (o/,1'), ((¢/)71, ¢")).

6.4. Equivalence of Conley complexes.

Definition 6.14. We say that two Conley complexes of a poset filtered
chain complex are equivalent if the associated transfer homomorphism is
essentially graded.

Note that the transfer homomorphism is always an isomorphism in PFCc.
For equivalence, one needs in addition that it is essentially graded, i.e., that
it is filtered chain homotopic to a graded chain isomorphism.

It follows from Proposition that the equivalence of Conley complexes
of a given poset filtered chain complex is indeed an equivalence relation. Two
equivalent Conley complexes, as well as the associated connection matrices,
are basically the same. This justifies the following definition.

Definition 6.15. A poset filtered chain complex has a uniquely determined
Conley complex and connection matrix if any two of its Conley complexes
are equivalent.

Note that two non-equivalent Conley complexes of a filtered chain com-
plex may be graded-conjugate and the associated connection matrices may
be graded similar. Thus, graded similarity of connection matrices is not
sufficient for their uniqueness.

Example 6.16. The filtered chain complex in Example does not have a
uniquely determined Conley complex. To see this consider the set of words

X" :={A,B,AB,BD,BE}.

Proceeding as in Example 5.9 we obtain a Z-graded Q-module C”. Consider
the partial order in A” := {{z} | x € X" } given by the Hasse diagram

{AB} {AD} {AE}

(30 I

{A;  {B}
and a homomorphism d” : C" — C” defined on the basis X” by the matrix
d" |A|B|AB|BD|BE |
A 1
B T | -1 -1
AB

BD
BE

(31)
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One can check that the triple (A”, C”,d") with A" partially ordered as in
the Hasse diagram is a well-defined poset filtered chain complex and it
is reduced. Moreover, we define the map o’ : A” — A by

(CD} ifz = {BD),
a’(z):= ¢ {CE} ifx={BE},

T otherwise

and homomorphisms h” : C' — C” and ¢” : C" — C via the matrices

h" |A|B|AB|C AC BC ABC|CD |CE|
N
B 1 1

AB 1 1
BD 1
BE 1

and

¢ | A|B|AB|BD|BE|
A 1
B 1
AB 1
C
AC
BC 1 1
ABC
CD 1
CE 1

Then one can verify that ((A”,C”,d"), (", h"),((”)~1,g")) is another re-
duced representation, that is, a Conley complex of the filtered chain com-
plex (A, C,d) presented in Example We claim that this Conley com-
plex is not equivalent to the Conley complex (A’, C’,d’) presented in Exam-
ple To see this, assume to the contrary that the transfer homomor-
phism from (A’,C’,d") to (A”,C",d") is essentially graded. Observe that
this transfer homomorphism is (v, h"g’), where v = (/)" 1o/ : A" — A’ is
given by

{AD} ifz = {BD},
v(z) .= ¢ {AE} if 2 = {BE},

x otherwise
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and h”¢’ has the matrix

h'g | A|B|AB|AD | AE |

A 1

B 1

AB 1 1 1
BD 1

BE 1

Let (7/, f) be a graded representation of (v,h"¢"). Then (v, f) ~ (v,h"q)
and from Proposition we get v/ =, as well as

(32) W' — f=dT+Td

for some y-filtered degree +1 homomorphism I' : C" — C”. Evaluating both
sides of at AD we get

(33) AB + BD — f(AD) = (d'T)(AD) — T'(A) = —T'(A),

because C4 = 0. Since f is y-graded and v(AB) = AB, we see that the
identity (f(AD), AB) = 0 holds. Hence, from one obtains

1= (AB+ BD — f(AD),AB) = —(I'(A), AB).

It follows that I'a A # 0 and, since I' is y-filtered, we immediately obtain
the inequality AB = v(AB) < A. However, we see from the Hasse dia-
gram of the poset A’ that A < AB. This contradiction proves that
the two Conley complexes (A, C’,d') and (A”,C",d") of (A,C,d) are not
equivalent. The associated connection matrices are the matrices of d’ and d”
which are shown in and , respectively. Note that despite the fact
that these matrices are not equivalent as connection matrices of (A, C,d),
they are graded similar. To see this define y : A” — A’ by

{AD} if x = {BD},
{AE} if z = {BE},
x(z): =< {AB} ifz={AB},
B} ifr={A),
{A} if z = {B}.

and h : C' — C” by the matrix

h ||A|B|AB|AD | AE|
A 1
B 1
AB -1
BD 1
BE 1
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Then one easily verifies that x is an order preserving bijection, that (x,h)
is a graded chain isomorphism, and that we have

(id 47, d") o (x,h) = (x, h) o (id 4, d').
This readily establishes the graded similarity.

6.5. Existence of Conley complexes. Although in our setting the poset
in a poset filtered chain complex is not fixed as in [22] and [§], the existence
proof of a Conley complex for a poset filtered chain complex in our sense
can be adapted from the argument in [22] Theorem 8.1, Corollary 8.2].
For the sake of completeness, we present the details. We begin with a
straightforward proposition and a technical lemma, the latter of which is a
counterpart to [22, Theorem 8.1].

Proposition 6.17. Assume that A and B are submodules of a module X
such that X = A+ B. If B’ is a submodule of B satisfying B= ANB® B’,
then we have X = A @ B’. O

Lemma 6.18. Assume that P # @ and that (P,C,d) is a poset filtered
chain complex with field coefficients. Then there exist families {Wp}pep,
{Vo}per: {Bp}per, {Hplpep of Z-graded submodules of C satisfying the
following properties:

(i) C = D,cp Wp and (Wp)pep is a P-gradation of C which is filtered

equivalent to the gradation (Cp)pep,

(ii) W=V, @& H,® By, forp e P,

(iil) d(Vp) C By and dyy, : Vi, — By is a module isomorphism,

(iv) dpp(H, )—OforpeP
(v) for H := @,cp Hp we have d(H) C H and (P, H,d|g) is a filtered

chain complex.

Proof: Assume that (P,C,d) is a poset filtered chain complex. We pro-
ceed by induction on n := card P. First assume that n = 1. Let p, be the
unique element of P. Then C' = C)p,. We set W, := C. It follows that
the P-gradations (Cp)pep and (W)p)p,cp are identical, and therefore they
are filtered equivalent, i.e., (i) is satisfied. The existence of V), , B,,, Hp,
satisfying properties (ii)-(v) follows from Proposition

Now, assume that n > 1. Let r € P be a maximal element in P and
consider the down set P’ := P\ {r} € Down(P). Let C' := @,cp Cp.
Since d is a filtered homomorphism, we have d(C”") C C'. Thus, (P',C", d|cr)
is a P’-filtered chain complex. Since card P = n — 1, by our induction
hypothesis, there exist families {Wp}pepr, {Vp}per, {Bplper, {Hp}tpepr of
submodules such that properties (i)-(iv) hold for (P',C’,d|cr). In order to
have respective families for (P, C,d) we will extend the families over P’ to
families over P by constructing in turn the modules V,., B, H, and W,.

To begin with, for a family {M),},cp: of submodules of C' which satisfies
the identity M,NM, = {0} for all p # ¢, and an L € Down(P"’), we introduce
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notation

M = M,.
peL
Set C' := Cpr, W' = Wpr, V= Vpr, B' := Bps, and H' := Hp,. Then
from (i) and (ii) applied to (P',C",d|cr) we get

(34) C,=CL=W,=V,®H,® B forevery L & Down(P).
We will show that
(35) V'n(H +d(C)) =0.

Indeed, if z € V/ and = 1 + dxs for an 7 € H' and an 25 € C, then one
obtains dx = dx1. By (v) of the induction assumption, (P', H',dg/) is a
poset filtered chain complex. Hence, dx = dz1 = d|grx1 € H'. Also, by (iii)
of the induction assumption we have dz € B, and therefore dv € H'NB' = 0.
Since x € V'’ one then obtains x = 0. This proves .

Since d~1(C,<) N C,< is a Z-graded submodule of C,<, we can find a
Z-graded submodule V. of C < such that

(36) C<=d HCc)NCo< BV,

where we also use the fact that the modules have field coefficients. We will
prove that

(37) C<nd Y C<)=Crc+C<nd ' (H-).
To see that the right-hand side of is contained in the left-hand side

observe that the right-hand side is obviously contained in C,<. Since C'is a
filtered chain complex and r< is a down set, we have d(C,<) C C,< and, in
consequence, Cr.< C d~1(C,<). We also have d~'(H,<) C d~*(C,<), because
H,< C W< by (ii) and W,< = C,< by (i). To prove the opposite inclusion
take an z € C,< Nd~*(Cy<). Then dz € C,<. Hence, by (34), we can find
xy € Vo<, g € H,< and xp € B,< such that de = zyv +xyg+2p. From (iii)
we get xp = dyy for some yy € V<. It follows that zy = d(z — yy) — xp.
Hence, zy € V< N (d(C) + H.<) C V' N (d(C) + H'). Thus, from we
get zy = 0 and d(r — yy) = vy € H,< which means x — yy € d~*(H,<).
We also have x € C,.< and yy € V< C C,< C C,<. Therefore, one finally
obtains = yy + (z — yy) € Cp< + C,< Nd~1(H,<). This completes the

proof of .
Now set B, := d(V,). We will prove that
(38) B, NC.<=0.

Let x € B, N C,<. Then z = dy for some y € V, C C,<. Since = € C,<, we
get y € d~1(C,<). Therefore, y € V, N C,< Nd~*(C,<). It follows from
that y = 0. Hence, z = d0 = 0, which proves (38)).

Since (P, C,d) is a poset filtered chain complex, the boundary homomor-
phism d is a filtered homomorphism. Therefore, we have C,< C d~(C,<).
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Obviously, C,< C C,< and B, = d(V;) C d(C,<)Nd~*(0) C C,<Nd~*(H,<).
Thus, by , we have a direct sum of Z-graded submodules

(39) Co<Nd Y(H,<)® B, c C.< Nd Y(H,<).
Hence, we can choose a Z-graded submodule H, such that
(40) C<ndYH,<)=C<nNd '(H~<)® B, ®H,.
Thus, it follows from and Proposition that

(41) C,<Nd Y Cp<)=Ch< ® B, ® H,.
Therefore, setting W,. := V. ® B, & H, we get from that
(42) C<=Cr<c®W,.

We now have well-defined families {W},},cp, {Vp}pepr, {Bpltper, {Hp}pep of
submodules of C. We will prove that they indeed satisfy properties (i)-(v)
for (P,C,d). To prove (i) observe that by

C:CP/UT§=C/+CT§=C/+CT< +Wr:C/+WT.

We claim that C' = C' @ W,.. Indeed, by we have W, C C,<. Therefore,
wW,.nC" c W,NC,<NC"=W,NC,< =0. This together with the induction
assumption shows that

C=pw,

peEP
To show that (WW),)pep is filtered equivalent to (Cp)pep, one needs to verify
that C', = W, for all L € Down(P). Note that by the induction assumption
(43) CrL =W for L € Down(P).

Thus, we only need to consider the case when r € L. Let L' := L\ {r}.
Then L = L' Ur<, and and yield

Cr, :CL/+C,,§ =Wp+C+W,=Wp4+W.<+W, = Wp+W,.< =Wr.

This proves property (i). By induction assumption properties (ii)-(v) need to
be verified only for p = r. Property (ii) for p = r follows from the definition
of W;.. To see (iii) for p = r take an € V;. such that dv = 0 € C,.<. Since
the inclusion V,. C C,.< holds, it follows that z € V,NC,<Nd~1(C,<) and we
get from that z = 0. Thus, dy, is a monomorphism. By the definition
of B, it is an epimorphism, which proves (iii).

Finally, by we have H, C d~!(H,<) which implies

(44) d(H,) C H,<.

Therefore, d..(H;) = 0 which proves (iv) for p = r. To show that (P, H, d|x)
is a poset filtered chain complex, we will prove that

(45) d(Hp) C Hy, for every L € Down(P).
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Property holds by induction assumption if r ¢ L. Thus, assume r € L
and set L' := L\{r}. Then H;, = Hp/+ H,<+ H,, and by and induction

assumption one has
d(Hp) C d(Hp) +d(H.<)+d(H,) C H,+ H,.< C Hp,

which proves ({4F)). Since P € Down(P) and Hp = H, we get from that
the restriction djy : H — H is well-defined. Since d> = 0 and d(H) C H,
we get d|2H = 0. This proves that (H,d|g) is a chain complex. From
and Corollary one further obtains that d| is a filtered homomorphism.
This proves (v) and completes the proof of the lemma. O

Theorem 6.19. Every poset filtered chain complex admits a Conley complex
and a connection matriz.

Proof: Assume (P, C,d) is a poset filtered chain complex. Let {W,},cp,
{Vo}pers {Bplpep, {Hplpep be families of submodules of C satisfying
properties (i)-(v) of Lemma Then, by Lemma [6.1§[i), the collec-
tion (Wp)pep is a P-gradation of the module W := ,.p W), coinciding
with the module C' and, by Proposition the triple (P, W,d) is a fil-
tered chain complex which is filtered chain isomorphic to (P, C,d). Thus, it
suffices to prove that (P, W,d) admits a Conley complex and a connection
matrix. For this, set V := @, cpVp, B := @ ecp Bp, H := D,cp Hp.
Then W = V @ H & B. Moreover, (P,V), (P,B) and (P,H) are ob-
jects of GMoOD and by Lemma [6.18(iv) the triple (P, H,d|y) is a filtered
chain complex. Clearly, it is a filtered chain subcomplex of (P, W, d). Set
Q:={peP|H,#0} Weclaim that (Q, H,d|y) is also a filtered chain
complex. Clearly, H = ®p€Q H, and (H,d|y) is a chain complex. Let
L € Down(Q) and let L' := {p€ P|34ecr p<q}. Then L' € Down(P)
and H, = 0 for p € L'\ L. Therefore, Hy = Hp. Thus, since djy is
P-filtered, it follows from Corollary that d|g is also Q-filtered. Hence,
(Q, H,df) is a filtered chain complex. It follows from Lemma (iv)
that (Q, H, d, ) is boundaryless. Hence, we conclude from Corollary
and the definition of @ that (Q, H, djp) is reduced. We will prove that
(Q, H,d|p) is filtered chain homotopic to (P,W,d). Let + : H — W
and m : W — H be respectively the inclusion and the projection ho-
momorphisms. It follows from Lemma [6.1§|(v) that for z € H we have
dix = dr = idzx, that is, ¢ is a chain map. Also, for x € W we have
r =xy +xg +xp, where zy € V, zg € H and xp € B. Hence, by
Lemma [6.18(iii) de = dey + dey + dep = dey + dey € B @ H. Therefore,
wdx = dxpg = dwx proving that m is a chain map. Let a: @ — P denote
the inclusion map. Clearly, « is order preserving. Since « is injective, the
inverse relation 8 := o~ ! : P - Q is a well-defined partial map which is
also order preserving. Recall that by Proposition (1) for every p € P we

have a chain complex (W), dp,). By Lemma it has homology decompo-
sition W), = V,,® H, @ B,,. Thus, by Proposition|5.5(ii), the chain complexes
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(Wp,dpp) and (H,, 0) are chain homotopic. It follows that (W), dpp) is essen-
tial if and only if (H,,0) is essential. Moreover, by Corollary (Hp,0) is
essential if and only if H, # 0. Therefore, P, = ) = Q, which implies that
a:(Q,Qx) = (P,Py) and B : (P, P,) — (Q, Q) are well-defined morphisms
in DPSET. Obviously, the inclusion homomorphism ¢ : H — W is -graded
and, in consequence, S-filtered. Similarly, the projection homomorphism
m: W — H is a-filtered. Therefore, we have well-defined filtered mor-
phisms (3,¢) : (Q, H,d\g) — (P,W,d) and (a,7) : (P,W,d) = (Q, H,d|g).
Obviously, (a,m) o (8,t) = (Ba, ) = (idg,idy) = id(g,H). We will show
that (8,¢) o (a,7) = (af,ur) is filtered chain homotopic to idpy). Let
w:W sx =2y +2xg+xp+— xp € B be the projection map and let
v:V 3>z +— x € W be the inclusion map. Clearly, 4 and v are graded
and, in consequence, filtered homomorphisms. By Lemma (iii) we have
a well-defined P-graded degree —1 isomorphism d|y, : V' 5 z — dx € B with

a P-graded inverse, which is a degree +1 isomorphism cl‘_v1 : B — V. Then

I''=vo d‘fv1 ou: W — W is a degree 1 filtered module homomorphism. We

claim that
(46) idog —ur =T'd+ dI'.

To see , take an arbitrary x € W = C'. Then x = xyv+x g+ p, where we
have xy € V, g € H and xp € B. Hence, (idg —u7)(z) = 2y + g, as well
asdx = dry+dey € B+H,T'de = xy, 'z = d|_V1(3?B) and alsodl'x = zg. It
follows that (I'd+dl')(z) = zv + x5 which proves the identity (46). Clearly,
the identity (8a)|p, = idp, = idp|p, holds. Hence, (idp,I') is an elementary
filtered chain homotopy between (af,:r) and id(pwy. Thus, (Q, H,dx)
and (P, W,d) are filtered chain homotopic. Since Q = Q,, we deduce from
Lemma (iv) and Proposition that (Q, H,d|) is reduced. It follows
that the poset filtered chain complex (Q, H, d|) is in fact a Conley complex
for (P, W,d) and that the (Q, Q)-matrix of d|z is a connection matrix of the
poset filtered chain complex (P, W, d). O

7. CONNECTION MATRICES IN LEFSCHETZ COMPLEXES

7.1. Lefschetz complexes. With this section we turn our attention to a
more specialized situation. Rather than continuing to study connection
matrices for general poset filtered chain complexes, we now consider the
setting of Lefschetz complexes. The following definition goes back to S.
Lefschetz, see [15, Chapter III, Section 1, Definition 1.1].

Definition 7.1. We say that (X, k) is a Lefschetz complex over a ring R if
X = (Xg)qen, is a finite set with Ny-gradation, £ : X x X — R is a map
such that

(47) kz,y) #0 = ze€X, ye X4,
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and for any =,z € X we have

(48) Z K“(xa y)ﬁ(y, z) =0.

yeX

We refer to the elements of X as cells, to k(x,y) as the incidence coefficient
of the cells x and y, and to k as the incidence coefficient map. We define
the dimension of a cell x € X, as ¢, and denote it by dim 2. Whenever the
incidence coefficient map is clear from the context we often refer just to X
as Lefschetz complex. We say that (X, k) is regular if for any z,y € X the
incidence coefficient k(z,y) is either zero or it is invertible in R.

Let (X, k) be a given Lefschetz complex. We denote by Ci(X) := R(Xk)
the free R-module spanned by the set X} of cells of dimension k for k € Ny,
and let C(X) denote the zero module for k£ < 0. Then it is clear that the
sum C(X) := P,z Cr(X) is a free Z-graded R-module generated by X.
Finally, define the module homomorphism 0* : C(X) — C(X) on generators
by

(49) 0" (z) == Z k(x,y)y.

yeX

Proposition and Definition 7.2. The pair (C(X), %) is a chain complex.
We call it the chain complex of (X, k) and we refer to the homology of this
chain complez as the Lefschetz homology of (X, k).

Proof: Condition guarantees that 9" is a degree —1 module homo-
morphism, and condition implies that (9%)% = 0. O

Note that every finitely generated free chain complex is the chain complex
of a Lefschetz complex obtained by selecting a basis. More precisely, assume
that (C, 0) is a finitely generated free chain complex over aring Rand U C C
is a fixed basis of C. Suppose further that C, = 0 for all £ < 0. Then for
every v € U there are uniquely determined coefficients a,, € R such that

ov = Z Ayl

uelU

Let kg : U xU — R be defined by kg(v,u) = a,,. The following proposition
is straightforward.

Proposition 7.3. The pair (U, k) is a Lefschetz complex. O

The family of cells of a simplicial complex [10, Definition 11.8] and the
family of elementary cubes of a cubical set [10, Definition 2.9] provide simple
but important examples of Lefschetz complexes. In these two cases the
respective formulas for the incident coefficients are explicit and elementary,
see for example [I§]. Also a general regular cellular complex, or a regular
finite CW complex as considered in [16, Section IX.3], is an example of a
Lefschetz complex. In this case the incident coefficients may be obtained
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from a system of equations as described in [16, Section IX.5]. Note that a
Lefschetz complex over a field is always regular.

Given z,y € X we say that y is a facet of x, and we write y <, x, if we
have k(z,y) # 0. It is easily seen that the reflexive and transitive closure of
the relation <, is a partial order. We denote this partial order by <, and
the associated strict order by <,. As an immediate consequence of we
have the following proposition.

Proposition 7.4. The map dim : (X, <) — (Z,<) which assigns any
cell z € X its dimension dimz € Z is order preserving. Moreover, if the
inequality x <, y holds, then one has dimy = dimx + 1.

We say that y is a face of z if y <, z. The Ty topology defined via
Theorem by the partial order <, will be called the Lefschetz topology of
the Lefschetz complex (X, ). Observe that the closure of a set A C X in
this topology consists of all faces of all cells in A.

We say that the subset A C X is a k-subcomplex or Lefschetz subcom-
plex of X, if (A, K|4x4) With the Z-gradation induced from X is a Lefschetz
complex in its own right. The following proposition provides sufficient con-
ditions for a subset of a Lefschetz complex to be a Lefschetz subcomplex.
For more details see [I7, Proposition 5.3] and [18, Theorem 3.1].

Proposition 7.5. If A C X is locally closed in the Lefschetz topology,
then A is a Lefschetz subcomplex of (X, k). In particular, every open and
every closed subset of X is a Lefschetz subcomplex.

The following result was established in [I7, Proposition 5.2], and it com-
putes the homology of some simple Lefschetz complexes.

Proposition 7.6. For every x € X the singleton {x} is a Lefschetz sub-
complex of X and

R ifqg=dimzx,
0 otherwise.

Hy({z}) = {

For every x,y € X such that x is a facet of y the doubleton {x,y} is a
Lefschetz subcomplex of X and for all ¢ € Z one has

Hy({z,y}) = 0.

Note that in general the chain complex of a Lefschetz subcomplex A of a
Lefschetz complex X is not a chain subcomplex of the chain complex of X.
However, we have the following proposition.

Proposition 7.7. If A is closed in X in the Lefschetz topology, then
(50) g = Op(a)
and

(51) 95(C(A)) C C(A).



CONNECTION MATRICES IN COMBINATORIAL TOPOLOGICAL DYNAMICS 43

A B

FIGURE 4. A simplicial complex consisting of the triangle
ABC, the edges AB, AC, BC, CD, CE, and the vertices
A, B, C, D, and E is an example of a Lefschetz complex.
Simplices are marked with a small circle in the center of mass
of each simplex. The simplices marked with a gray circle
constitute a locally closed (convex) subset of the set of all
simplices. Therefore, it is another example of a Lefschetz
complex X which consists of all simplices of the simplicial
complex except vertices D and E.

In particular, the chain complex (C(A),0%14x4) is a chain subcomplex of the

chain complez (C(X),0").

Proof: To see it suffices to verify the equality on basis elements.
Thus, take an x € A. Then

Oiaxar =" k(z,y)y = Y klx,y)y = 0z,
yeA yeX
because k(x,y) # 0 implies y € clz C clA = A. Property and the
O

remaining assertion are obvious.

Given a closed subset A C X in the Lefschetz topology we define the
relative Lefschetz homology H (X, A) as the homology of the quotient chain
complex (C(X,A),d), where C'(X, A) := C(X)/C(A) and 9 stands for the
induced boundary map.

Example 7.8. The easiest way to visualize a Lefschetz complex is by pre-
senting it as a k-subcomplex of a simplicial complex. A sample Lefschetz
complex is presented in Figure [f] as a locally closed collection of simplices of
a simplicial complex. Note, however, that not all Lefschetz complexes can
be written in this form.

7.2. Acyclic partitions. Let X be a finite topological space and let £ be a
partition of X into locally closed sets. Consider the relation <¢ in £ defined
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by
(52) E =<¢ E' ifandonlyif EnNclE #@.

We say that £ is an acyclic partition of X if <¢ may be extended to a partial
order on £. Every such extension is called £-admissible. Note that the
smallest £-admissible partial order on an acyclic partition £ is the transitive
closure of <¢. We call it the inherent partial order of £ and denote it by <g.

Proposition 7.9. Assume that € is an acyclic partition of a finite topolog-
ical space X, that < is an £-admissible partial order, and that D C £.

(i) If D is a down set with respect to <g, then |D| is closed.
(i1) If D is convex with respect to <g, then |D| is locally closed.

Proof: In order to prove (i), we assume that D C £ is a down set and
let 2 € cl|D|. Then there exists an E’ € D such that x € cl E'. Since £ is
a partition of X, there exists an F € £ such that x € E. It follows that
ENclE # @ and, since < is an £-admissible partial order, we get F < F'.
Since D is a down set, this in turn implies £ € D. Thus, x € E C |D|, and
therefore |D| is closed. This completes the proof of (i). To prove (ii), we
now assume that D is convex. It follows from Proposition that both D=
and D< are down sets, and due to (i) the sets |D=| and |D<| are closed.
Moreover, since D = D=\D< and £ is a partition, we have |D| = |D=|\|D<|.
Hence, |D] is locally closed by Proposition O

7.3. Connection matrices of acyclic partitions. Assume that £ is an
acyclic partition of a Lefschetz complex X. Then the module C'(X) admits
an £-gradation

(53) C(X) = ().

Ee&

We have the following proposition.

Proposition 7.10. The triple (£,C(X),0") with an E-admissible partial
order < on & and the £-gradation is a poset filtered chain complex.

Proof: We need to prove that 9" is a filtered module homomorphism,
that is, 9% is an a-filtered module homomorphism with o = idg. For this,
we will verify of Corollary for M = C(X) and L =D € Down(E).
Then one immediately obtains M; = C(X)p = C(|D|), and we need to
verify that the inclusion 0" (C(|D])) € C(|D|) holds. But, this follows from
Proposition because, by Proposition [7.9(i), the set |D| is closed. Thus,
by Corollary we see that the boundary homomorphism is idg-filtered.
Therefore, (£,C(X),0") is a poset filtered chain complex. O

Proposition lets us define the Conley complex and connection matri-
ces of acyclic partitions.
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Definition 7.11. By a filtration of an acyclic partition £ of a Lefschetz
complex X we mean a poset filtered chain complex (£,C(X),0") with £
ordered by an &-admissible partial order. The Conley complexr and the
associated connection matrices of £ are defined as the Conley complex and
the associated connection matrices of the filtration of &£, that is, the Conley
complex and connection matrices of (£,C(X),0").

7.4. Singleton partition. We have the following proposition and defini-
tion.

Proposition and Definition 7.12. Assume (X, k) is a Lefschetz complex.
Then the following hold:
(i) The family
X ={{z}|zeX}
1s a partition of X into locally closed sets.
(ii) The map
sing: X sz — {2z} X
18 a bijection which preserves in both directions the relation <, on X
and the relation <y on X given by .
(iii) The relation <x is a partial order on X which coincides with the
inherent partial order <y on X.
(iv) The family X is an acyclic partition of X .
We call X the singleton partition of X.

Proof: Clearly X is a partition of X and every singleton {x} is locally
closed, because we have {z} = 2=+ \ z<* and the sets =% and 2<% are both
down sets, hence closed. This proves (i).

Now let x,y € X. Then one easily verifies the sequence of equivalences

r<,y & xecly
& {z}ncly} #9
& Az} 2x {y),
which proves (ii). Hence, <y is a partial order on X. In particular, <y
is transitively closed, and this implies that <y coincides with the inherent

partial order on X. This proves (iii). It follows that X is an acyclic partition
of X, which finally establishes (iv). O

Proposition shows that we have a well-defined poset filtered chain
complex (X,C(X),0%). Using the order isomorphism sing : X — X we
identify it with (X, C(X),0%). We note that via this identification closed
sets in X are in one-to-one correspondence with down sets in X.

Proposition 7.13. Let (X, k) be a Lefschetz complex. The native partial
order of O is precisely <.

Proof: According to Definition we have to prove that for every ad-
missible partial order < on X and x,y € X the inequality z <, y implies
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the inequality = < y. Clearly, it suffices to prove that z <, y implies = < y,
because <, is the transitive closure of <. But, z <, y by definition means
that r(y,r) # 0 which implies 95, # 0, and by the admissibility of < finally
gives the inequality xz < y. O

Note that the bijection sing lets us identify partial orders in X with
partial orders in the associated singleton partition X of X. As an immediate
consequence of Proposition [7.12] and Proposition we get the following
corollary.

Corollary 7.14. Let (X,k) be a Lefschetz complex and let X denote the
associated singleton partition. A partial order is 0%-admissible if and only
if it is X -admissible.

We say that a 0"-admissible partial order < in X is natural if
(54) r<y and dimz=dimy = z=y.

Note that the native partial order of 0" is natural, but that a 0"-admissible
partial order < in X does not need to be natural in general.

Definition 7.15. A filtration of a Lefschetz complez (X, k) is defined as a
filtration of the singleton partition of X, that is, the poset filtered chain
complex (X,C(X),0%) with X ordered by a 0"-admissible partial order.
When we consider X as a poset ordered by a natural partial order in X we
refer to the filtration (X, C(X),0") as a natural filtration of X. When we
consider X as a poset ordered by the native partial order of X we refer to
the filtration (X, C(X),0") as the native filtration of X.

Theorem 7.16. Let (X, k) be a Lefschetz complex. Then the following hold:

(i) Ewvery filtration of the Lefschetz complex (X, k) is reduced, that is, it
1s a Conley complex of itself. In particular, X = X.

(ii) Every natural filtration of a Lefschetz complex (X, k) has a uniquely
determined Conley complex and connection matriz. The connection
matriz coincides with the (X, X)-matriz of the boundary homomor-
phism O".

Proof: Consider an x € X. We have from that Kzyxz) = 0.
Therefore, 07, {z}) = 0- Moreover, since Caimz({z}) = Rx # 0, we see from
Proposition [6.3|that X, = X and (X, C(X), 9") is reduced. In consequence,
it is a Conley complex of itself. This proves (i).

In order to prove (ii), it suffices to verify that every transfer morphism
from (X,C(X),0") to a Conley complex (P,C,d) of (X,C(X),0") is es-
sentially graded. Actually, we will prove the stronger fact that every such
transfer morphism is graded. Thus, assume that (X, C(X), 0") is a natural
filtration of X, that (P, C,d) is another Conley complex of X, and that the
map («, ) : (X,C(X),0%) — (P,C,d) is a filtered chain isomorphism.

Since in view of (i) the filtration (X,C(X),0") is a Conley complex of
itself, the transfer morphism from (X, C(X),9%) to (P,C,d) is just («a, ).
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Since both (X, C(X),0") and (P,C,d), as Conley complexes, are reduced,
we see from Proposition that (a, ) is also an isomorphism in FMoD.
Thus, it follows from Lemma that « : P — X is an order isomorphism
and @pap) @ C({a(p)}) — Cp is an isomorphism of Z-graded moduli for
every p € P. But, Proposition provides the structure of C({a(p)}).
Hence, we can choose a non-zero ¢, € C such that
Re, if n=dima(p)

Cp)n = P ’
(Cp)n {O otherwise.
In other words, C), is a one-dimensional Z-graded module generated by ¢,
such that

(55) dim ¢, = dim a(p).

In order to prove that (o, ¢) is an isomorphism in GMOD we will first show
that ¢ is a-graded by verifying @ Assume therefore that we have ¢, # 0
for p € P and y € X. Furthermore, let = a(p). Since (a, ) is a filtered
module homomorphism, we get from that p € a~'(y=)S. This implies
that there exists a p’ € P such that p < p’ and a(p’) < y. Since a is an
order isomorphism, one further obtains x = a(p) < a(p’) < v.

Note that C), is a one-dimensional Z-graded module which is non-zero only
in dimension n = dima(p) = dimz. Since ¢,y : C({y}) = C, is Z-graded
homomorphism of degree zero, both C'({y}) and C), are one-dimensional Z-
graded modules, and we have ¢,, # 0, one immediately obtains that ¢y,
maps Ry isomorphically onto Rc,. It follows that dim¢, = dimy. In view
of z = a(p) and we therefore have dim 2 = dimy. Since z < y and the
partial order is natural, this implies z = y, as well as a(p) = x = y. This in
turn proves that ¢ is a-graded, that is, («, ) is a module homomorphism
in GMoD. Since it is an isomorphism in FMoOD, one obtains from Corol-
lary that it is also an isomorphism in GMOD. Since it is a chain map,
Proposition [5.1] shows that it is an isomorphism in PaCc. This completes
the proof of (ii). O

8. DYNAMICS OF COMBINATORIAL MULTIVECTOR FIELDS

8.1. Combinatorial multivector fields. The concept of a combinatorial
multivector field was proposed in [I7, Definition 5.10] as a dynamically ori-
ented extension of the notion of combinatorial vector field which has been
introduced by Forman [6, 5]. The definition of combinatorial multivector
field we consider here is based on [I3] restricted to the special setting of
Lefschetz complexes. Let X be a Lefschetz complex. By a combinatorial
multivector in X we mean a non-empty subset of X which is locally closed
with respect to the Lefschetz topology. A combinatorial multivector field
is a partition V of X into combinatorial multivectors. Since in this paper
we do not use any other concepts of vector fields, in the sequel we simplify
the terminology by dropping the adjective combinatorial in combinatorial
multivector and combinatorial multivector field.
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FI1GURE 5. Three different multivector fields Vo (left), Vi
(middle), Vs (right) on the Lefschetz complex X introduced
in Example Critical cells are marked with a fat circle
around the circle in the center of mass of a simplex. Vectors
and multivectors are marked with an arrow from simplex x
to simplex y whenever y € Ily(z) and y & clxz. The case
when y € clz is not marked to keep the image readable.

We say that a multivector V' is critical, if the relative Lefschetz homol-
ogy H(clV,mo V) is non-zero. A multivector V which is not critical is called
regular. For each x € X we denote by [z]y the unique multivector in V which
contains x. If the multivector field V is clear from context, we abbreviate the
notation by writing [z] := [z]y. We say that z € X is critical (respectively
regular) with respect to the multivector field V), if the multivector [z]y is
critical (respectively regular). We say that a subset A C X is V-compatible
if for each x € X either [z]y N A= @ or [z]y C A.

We associate with every multivector field a multivalued map IIy : X — X
given by

IIy(z) :=clz U [z]yp.

The multivalued map Il may be interpreted as a digraph with vertices
in X and an arrow from z € X toy € X if y € Hy(x). Clearly, every
multivector V' € V forms a clique in this digraph. By collapsing all vertices
in a multivector to a point we obtain an induced digraph with vertices in V
and an arrow from V€ V to W € W if there exist an x € V and ay € W
such that y € IIy(z). We refer to this digraph as the V-digraph.

Since V is a partition of X into locally closed subsets, we can consider
the relation <y in V introduced in Section . The following proposition
shows that the V-digraph and the relation <y, are the same concepts.

Proposition 8.1. There is an arrow from V to W in the V-digraph of V if
and only if W 2y, V, that is, if and only if W NclV # @.
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Proof: Assume there is an arrow from V to W in the V-digraph of V,
and let x,y € X besuch that x € V., y € W, and y € Ily(z) = [z]y Ucla. If
y € [x], then W = [y] = [z] = V which yields WNclV =V # &. Ify € cl[x],
then y € W NeclV proving that W NeclV # @. Vice versa, if WNclV # @,
then we can take a y € W NclV and an x € V such that y € clz. It follows
that y € IIy(x). Hence, there is an arrow in the V-digraph from V to W. O

Example 8.2. Figure [5| presents three different combinatorial multivector
fields Vg, V1, and Vs on the Lefschetz complex X introduced in Example
The Vy-digraph coincides with the Hasse diagram . Notice that by using
the Hasse diagram representation of the digraph, we implicitly assume that
arrows always point downwards, i.e., we represent them without arrow heads.
Moreover, to keep the diagrams as simple as possible, we do not indicate
the loops which are present at every node. Similarly, the V-digraph is

{CD} {CE}
~ 7
{C,AC} {BC,ABC}
(56) |
{AB}

PN

{A} {B}

and the Vo-digraph is given by
{CD} {CE}
N

{AC,ABC} {C,BC}

(57) T~
{AB}

PN
{A} {B}

8.2. Solutions and paths. We call a subset A C Z left bounded (respec-
tively right bounded) if it has a minimum (respectively maximum). Other-
wise we call it left unbounded or left infinite (respectively right unbounded
or right infinite). We call A C Z bounded if A has both a minimum and a
maximum. We call A C Z a Z-interval if A = Z N I where [ is an interval
in R.

A solution of a multivector field V in A C X is a partial map o: Z » A
whose domain, denoted by dom g, is a Z-interval and for any ¢,7+1 € dom o
the inclusion p(7 + 1) € IIy(p(7)) holds. The solution passes through = € X
if 0 € domp and = = p(0) for some i € domp. The solution ¢ is full if
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dom g = Z. It is a backward solution if dom p is left infinite. It is a forward
solution if dom p is right infinite. It is a partial solution or simply a path if
dom p is bounded. We refer to the cardinality of the domain of a path as the
length of the path. If the maximum of dom p exists, we call the value of g at
this maximum the right endpoint of p. If the minimum of dom p exists, we
call the value of g at this minimum the left endpoint of p. We denote the left
and right endpoints of p by o~ and o, respectively. Given a full solution p
through € X, we denote by o7 = ozt the forward solution through =,

and by ¢~ = Oz; the backward solution through x.

By a shift of a solution ¢ we mean the composition g o 7, where 7, : Z >
m — m +n € Z is the translation map. Given two solutions ¢ and @ such
that ¢t and ¢~ exist and ¥= € IIy,(p~), there is a unique shift 7, such that
@ Uy oT, is a solution. We call this union of paths the concatenation of ¢
and 1 and denote it ¢ - 1. We also identify each x € X with the path of
length one whose image is {x}. The following proposition is straightforward.

Proposition 8.3. Let x,y € X. Then y € Ily(x) if and only if there is an
arrow from [x] to [y| in the V-digraph. Consequently, the multivector field V
admits a path from x to y if and only if there is a path from [x] to [y] in the
V-digraph. O

8.3. Isolating neighborhoods and isolated invariant sets. A full so-
lution ¢ : Z — X is called left-essential (respectively right-essential), if
for every regular x € imp the set {t € Z | o(t) & [z]y } is left-infinite (re-
spectively right-infinite). We say that g is essential if it is both left- and
right-essential. We say that S C X is V-invariant, or briefly invariant, if
for every x € S there exists an essential solution through x in S. A closed
set N C X is an isolating set for a V-invariant subset S C N if IIy,(S) C N
and any path in N with endpoints in S is a path in S. We say that S is an
isolated invariant set if S admits an isolating set.

8.4. Recurrent solutions and gradient-like multivector fields. An
essential solution ¢ : Z — X is recurrent if for every = € im o the set o~ ()
is both left- and right-infinite. A multivector field V is called gradient-like
if for every recurrent solution g : Z — X there exists a multivector V € V
such that imp C V. A multivector field V is called gradient if the only
recurrent solutions are constant solutions with its value in a singleton of V.
We would like to point out that this rules out multivectors of size at least
two which have the index of a hyperbolic equilibrium. Moreover, recall that
a singleton in V is always critical, see Proposition We then have the
following proposition.

Proposition 8.4. LetV be a combinatorial multivector field on a Lefschetz
complex X. The following properties are pairwise equivalent.

(i) V is gradient-like.

(ii) After discarding self-loops, the V-digraph is acyclic.
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(iii) V is an acyclic partition in X .

Proof: The equivalence (i) < (ii) follows from Proposition and the
equivalence (ii) < (iii) follows from Proposition O

8.5. Morse decompositions and connection matrices. We define the
backward and forward ultimate image of a full solution o : Z — X respec-
tively as the sets

uim™ (o) = m o((—o0,1]),
el

uim® () =[] e([t,%0)).
et

The following proposition is straightforward

Proposition 8.5. If o : Z — X is a periodic solution, then its backward
and forward ultimate images satisfy uim™~(p) = im o = uim™ (). O

By a Morse decomposition of V we mean a collection M of mutually
disjoint isolated invariant sets of V, called Morse sets, together with a partial
order < on M such that for every essential solution ¢ : Z — X one either
has im o C M for a Morse set M € M, or there exist Morse sets M, M’ € M
which satisfy M < M’ and for which uim~(g) C M’ and uim™(p) C M.

Let M be a Morse decomposition of V. Then the family

Em=Mu{Vev|VnM=go}

is clearly a partition of X. We call it the partition induced by the Morse
decomposition M. Each E € &£y either is a Morse set, or it is a multivector
not contained in any of the Morse sets. For E, E' € £ we write £ < E’ if
and only if there is a path o such that ¢~ € E' and 0~ € E.

Proposition 8.6. The relation < is a partial order in € aq.

Proof: Clearly, the relation is reflexive and transitive. To see that it is
antisymmetric, take E, B’ € € such that E < E' and E' < E. We will
prove that the assumption F # E’ leads to a contradiction. Let o be a path
such that o~ € E’ and o~ € E. In addition, let 7 denote a path which
satisfies both 7= € E and 7~ € E'.

Consider first the case when E and E’ are multivectors disjoint from
Morse sets. Then [¢F] = E' = [t7] and [¢-] = E = [rF]. Tt follows that the
paths o and 7 can be concatenated to a full, periodic solution ¢. Since we
assumed that F # E’, this solution g is essential. Consequently, uim™ (o)
and uim™ (p) must be contained in Morse sets. However, it follows from
Proposition that uim™~ (p) = im ¢ = uim™(p), and therefore the point o~
is contained in both E’ and a Morse set, which contradicts our assumption
that both F and E’ are multivectors disjoint from Morse sets. Thus, we
have E = E’ in this case.
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Consider now the case when both E and E’ are Morse sets. In particular,
this implies that they are invariant. Let p be an essential solution through o-
in £, and let 7 be an essential solution through = in E. Then 5 := o~ -7+
is an essential solution with uim™ () C E’ and uim™(5) C E, and therefore
it follows from the definition of Morse decomposition that £’ > E. Similarly,
we can extend 7 to an essential solution 7 which satisfies both uim™(7) C E
and uim™ (7) C E’. Hence, one obtains E > E’, another contradiction.

Finally, consider the case when one of the sets F, E’ is a Morse set and the
other is a multivector disjoint from Morse sets. Without loss of generality we
may assume that F is a Morse set and E’ is a multivector disjoint from Morse
sets. Then [o-] = E’ = [7]. Let m be an essential solution through o in
the Morse set E, and let o be an essential solution through 7~ in E. Then
the concatenation & := o~ -7 -0 - 7" is an essential solution which satisfies
both uim™(£) C E and uim*(§) C E. Thus, it follows from the definition
of Morse decomposition that im& C F, a contradiction. ([l

Proposition 8.7. The relations < and <g¢,, coincide. In particular, the
family Epq is an acyclic partition of X.

Proof: We need to prove that for all E, E' € £

(58) E<¢ E & E=XEFE
First, we will prove that
(59) ENncdFE +9 = EXFE.

Let x € ENclE’. Then x € cly for ay € E'. Thus, 0 := y-x is a
path. Moreover, - = y € E' and 0~ = z € FE, proving . Since, by
Proposition the relation < is transitive, it follows from property
that the left-hand side of implies the right-hand side of .

For the reverse implication assume that £ < E’. Let o = 29-x1-... 7, be
a path from E’ to E. Let V; := [z;]. Then Vy C E' and V,, C E. Moreover,
since z;4+1 € clx; U [z4], we see that Viy1 NclV; # @ or Vi = V. It follows
that Viy1 <¢g,, Vi, and therefore E <g,, E’. Thus, is proved. Hence,
it follows from Proposition that <g,, is a partial order on &, and this
finally implies that £ is an acyclic partition. ([

Proposition [8.7]lets us define the Conley complex and connection matrices
of Morse decompositions.

Definition 8.8. The Conley complex and the associated connection ma-
trices of a Morse decomposition M of a combinatorial multivector field on
a Lefschetz complex are defined as the Conley complex and the associated
connection matrices of the acyclic partition & a4, i.e., the Conley complex
and connection matrices of the poset filtered chain complex (€, C(X), 0").

Example 8.9. All three combinatorial multivector fields Vg, V1, V2 in Fig-
ure [5| have a common Morse decomposition given by the sets

Mo = My = M, = {{A},{B},{AB},{CD}, {CE}},
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which consist of singletons. However, the acyclic partition £y, is different
for each index i € {0, 1,2}. In these simple examples, £ oy, coincides with V;.
The filtered chain complex (Eq,, C(X), 0%) coincides with the filtered chain
complex considered in Example Therefore, the connection matrices

given by and are the connection matrices of M. We know that

these matrices are not equivalent.

9. CONNECTION MATRICES FOR FORMAN’S GRADIENT VECTOR FIELDS

Recall that a combinatorial multivector W is a combinatorial vector if
card W < 2. A combinatorial multivector field whose multivectors are just
vectors is called a combinatorial vector field, a concept introduced by R. For-
man [6, 5]. In the case of a combinatorial vector field the critical vectors are
precisely the singletons and the regular vectors are precisely the doubletons,
i.e., vectors of cardinality two. Therefore, every gradient-like combinatorial
vector field is a gradient combinatorial vector field.

In this section we assume that V is a gradient combinatorial vector field
on a Lefschetz complex X. Let C C V be the collection of critical vectors
in V. Since we assume that V is a combinatorial vector field, it follows
from Proposition that C is exactly the collection of singletons in V. The
following proposition is straightforward.

Proposition 9.1. Assume V is a gradient combinatorial vector field. The
collection C is a Morse decomposition of V and the partition of X induced
by this Morse decomposition is E¢c = V. O

It follows that the Conley complex of the Morse decomposition C of X is
the Conley complex of the filtered chain complex (V,C(X),0"). The aim
of this section is to prove that the Morse decomposition C has precisely
one connection matrix, and that this connection matrix coincides with the
matrix of the boundary operator of the associated Morse complex, see also [6),
Section 7]. In order to make this statement precise, we first need to recall
some concepts.

Unlike a general multivector, a combinatorial vector W & V contains a
unique minimal element and a unique maximal element in W with respect
to <.. We denote them by W~ and W™, respectively, and we extend the
notation to cells by writing = := [z]~ and 2" := [2]T. Note that a com-
binatorial vector is given by W = {W~, W'}, and W is critical if and only
if we have W+ = W™, which in turn is equivalent to assuming that W is a
singleton. As a consequence of Proposition one obtains for a vector W
the inequality

(60) 0<dimW' —dimW~ <1,
and for all z € W one has

(61) dim W~ < dimz < dimW™.
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We say that a cell x is a tail if t = x~ # ' and a head if x = 27 # z~.
Clearly, if a cell is neither a tail nor a head, then it is critical. We denote
the subsets of critical cells, tails and heads respectively by X¢(V), X~ (V),
and X (V), and we shorten this notation to X¢, X~ and X whenever V
is clear from the context. Note that the collection C of critical vectors of V
is precisely {{z} | x € X°}.

For a combinatorial vector V € V we set dimV := dim V. Moreover,
recall that V), as a gradient vector field, is an acyclic partition of X according
to Proposition [8:4] In particular, V is a poset with the partial order <y.
We have the following proposition.

Proposition 9.2. Assume that V is a gradient vector field on a Lefschetz
complex X. Then the following hold:
(i) The map dim : (V, <y) — (Ng, <) is order preserving.
(ii) If V. <y W and V s critical, then dimV < dim .
(iii) We have V4 = C, that is, the set of V €V such that C(V') is homo-
topically essential coincides with the set of critical vectors C.

Proof: Since, by definition, the relation <y, is the transitive closure of the
relation <y, to prove (i) it suffices to verify that VNeclW # @ for VW €V
implies dim V' < dim W. Thus, assume that VNcl W # @. Let z € VNl W.
If x € W, then V NW # @ which implies V = W, because V is a partition.
In particular, this gives dim V' = dim W. Thus, consider now case x ¢ W.
Since W~ € cl W™, we have clW = cl{W =, WT} =clW - Ucd W+t =clWt,
It follows that z € clW™ \ {W*}, and therefore dimz < dim W*. Since
we assumed x € V, we get from and that dimz > dimV~ >
dimV* —1=dimV — 1. Thus, dimV <dimz+1 <dim W' = dim W.

To see (ii), without loss of generality, we may assume that V' <y W, that
is, V. # W and VNcl W # @&. Observe that since V' is critical, both V' = {z}
and dimV = dimz are satisfied. Since x ¢ W and 2 € clW = clW™, we
have dimz < dim W*. Therefore, dimV = dimz < dim W+ = dim W.

To see (iii) observe that, by Proposition the Lefschetz homology of V'
is zero if and only if V' is not critical. Therefore, property (iii) follows
immediately from Theorem [5.6{iv). O

Consider now a regular Lefschetz complex X. With a given combinatorial
vector field V we can associate the degree +1 map I'y : C(X) — C(X),
which for a generator x € X is defined by

(62) r 0 ifz= =at,
T =
Y —k(zT,27) Yo, 27 )T  otherwise.

In the sequel, we drop the subscript in I'yy whenever V is clear from the
context. The following proposition is straightforward.

Proposition 9.3. If X is a reqular Lefschetz complex and V is a combina-
torial vector field on X, then for every c € C(X) we have |T'c|] C X+.
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Proposition 9.4. Suppose that X is a regular Lefschetz complex and V is
a combinatorial vector field on X. Then for all x,u € X we have both the
implication

(63) (u,T0z) #0 = wec X" and (u,T0z) = —k(z,u )r(u",u")""
and
(64) (u,0Tz) #0 = ze€X and (u,0lz) = —k(z™, z7) Y {u,dz™).

Proof: The definition of the boundary operator of a Lefschetz complex
given in implies

rox = T Zﬁ(m,y)y :Zn(m,y)Fy

yeX yeX
= = > waysyty) .y '
yeX, I'y#0
Hence, we have
(W, Tox) =— > &z v,y ) vy Huyh).
yeX, I'y#0

Thus, if (u,T'dzx) is non-zero, then there is a y € X such that y~ # y*
and that all factors in x(z,y)(y,y ){(u,y ") are non-zero. In particular, the
inequality (y,y~) # 0 implies y = y~. Hence, y € X~ and from (u,y™) # 0
we get u =yt € XT and y =y~ = [y"]” = [u]” =wu". It follows that such
a y is unique and (u, T0x) = —k(x,y)k(y",y7 )t = —k(x,u )k(ut,u™) L.
This proves .

To see observe that if (u,dTx) # 0, then 'z # 0. Hence, = # T
and one further obtains

(u,0z) = (u, =k (™, 27) N, 27)0xT) = —k(z™, ™) " Ha, 27 ) (u, Dz ™).
Therefore, if (u,0Tz) # 0, then (z,27) # 0 # (u,dz"). In particular, we
get * = 27, which in turn means that z € X~ and

(u,lz) = —r(zt,27) " {u, dx™T).
This identity finally proves . O

Given a combinatorial vector field V, we define the associated combinato-
rial flow as in [6], Theorem 6.4] by letting ® := &y, : C(X) — C(X) act on
a generator x € X through the formula

(65) Oyz =2+ lyx + T'yoz.

In the sequel, whenever V is clear from the context, we drop the subscript
in ®y. Note that ® is a degree zero module homomorphism which satisfies
the identity ®9 = 9 + dT'0 = 9. Hence, ® is a chain map. We have the
following proposition.
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Proposition 9.5. Suppose that X is a regular Lefschetz complex and V is
a combinatorial vector field on X. Then for all x € X we have

1 ifxe X€
(.%', (I).%'> = Zf v .
0 otherwise.

Proof: We have (z, ®x) = (x,z)+ (z,0lz) + (x,I'0zx). In the case z € X¢
we get from Proposition that (x,0T'z) = 0 and (z,I'0x) = 0, which
implies (z, ®z) = (x,z) = 1.

Consider now the case z € X . Then one has x = =~ € X and we get
from that (x,I'dz) = 0. Therefore, the definition yields

(x, ®x) = (x,x) + (x,0l'z) =
1— k(T 27) Na, 27 )2, 027) =1 — k(@™ 27) ezt 27) = 0.

Finally, we consider the remaining case x € X*. Then z ¢ X, and
shows that (z,0'z) = 0. Therefore, since oz =} . ¢ K(z,y)y, we get

(x,Px) = (x,z) + (z,T0z) =1+ (z, Z k(z,y)Ty)

yeX
=1—(z, >  wlzys@ty) yy yh)
yeX, T'y#0
=1— > sy y) .y ) eyt
yeX, I'y#0

=1—-k(zT,27)k(zT,27) L =0,

because the only non-zero term in the last sum occurs for the point y € X
which satisfies both y" =z =2 andy =y~ = 2~. O

Proposition 9.6. Suppose that X is a regular Lefschetz complex and V is
a combinatorial vector field on X. Then we have

B(C(XH)) C O(XT).

Proof: Since ® is linear, it suffices to show that the inclusion z € X+
implies |®x| C X*. Thus, take x € X T and a u € |®z|. Then (u, Pz) # 0.
From we get (u,0T'z) = 0. Therefore, 0 # (u, ®x) = (u, z) + (u,[0z),
which implies (u,z) # 0 or (u,['0x) # 0. If (u,x) # 0, then u =z € X ™.
If the inequality (u,T'dx) # 0 holds, then we get from that u € X™T.
Hence, |®z| C XT. O

Proposition 9.7. Suppose that X is a regular Lefschetz complex and V is
a combinatorial vector field on X. Assume further that A € Down(V, <y).
Then A := |A| is a V-compatible and closed subset of X, and we have the
inclusion ®(C(A)) C C(A). Thus, ®c(a : (C’(A),@fc(A)) — (C’(A),OFC(A))

is a well-defined chain map obtained through restriction.
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Proof: Clearly, A is V-compatible, and it follows from Proposition [7.9|(i)
that A is closed. Take an z € A. We will prove that ®x € C(A). Since A
is closed, we have |0x| C A. Since A is V-compatible, we have [I'yz| C A.
Thus, again by closedness and V-compatibility of A, we get both |0T'yx| C A
and |I'yoz| C A. Therefore,

|®x| = |z + O'yx + I'voz| C |z| U [0Tyva| U [T'yox| C A.
This finally implies ®x € C'(A) and completes the proof. O

Proposition 9.8. Suppose that X is a regular Lefschetz complex and V is
a combinatorial vector field on X. Assume further that x,y € X. Then the
following hold:
(i) If y € [Pz, then [y] <y [z].
(ii) If y € |Px| and [y] = [z], theny = x .
(iii) If z € |Px|, then (z,dx) =1.

Proof: In order to see (i), observe that the assumption y € |®x| implies
the inequality 0 # (y, Px) = (y, x)+(y, Ol'z)+(y,'0x). Thus, either we have
(y,x) # 0, or (y,dTx) # 0, or (y,['Ox) # 0. In the first case one immediately
obtains z = y and [z] = [y]. Consider now the second case (y,dI'z) # 0.
This inequality yields both I'z # 0 and y € |0T'z|. Hence, we have z = z~
and Tz = Azt with A = —k(zF,27)"1 # 0. This gives |0l'z| = |0xT|, as
well as y € |0zT| C cla™. Tt follows that y € [y] Nclfzt] = [y] Ncl[z~], and
therefore [y] <y [z]. Finally, we consider the third inequality (y,'dz) # 0.
Since 0z = ) . x £(x, u)u, we have

0# (y,Tox) = > r(z,u){y, Tu),
ueX
which implies (y,T'u) # 0 for some u € |0x|. But this implies that u = u~
and Tu = Aut with A = —k(ut,u”)~! # 0. Hence, the identities y = u™
and [y] = [u"] = [u~] are satisfied, as well as the inclusion u~ € |dzx| C clz.
Thus, [y] Ncl[z] # @, which implies [y] <y [z]. This finally completes the
proof of (i).

In order to prove (ii), we observe that y € |®z| implies dimx = dimy.
Since V is a combinatorial vector field, we further have both [x] = {z~, 2"}
and [y] = {y~,y"}. Thus, [z] = [y] and y € |®z| imply the identity =z = v,
which in turn proves (ii).

Finally consider (iii). If x € |®x|, then (z, ®z) # 0. Thus, we get from
Proposition that (z, ®x) = 1. O

We will use the fact that ® stabilizes under iteration, that is, ®” = "+1
for n sufficiently large. This is established in [0, Theorem 7.2]. One can
readily verify that while Forman only considers Z coefficients, his arguments
remain valid for the case of general ring coefficients. Let &> := " = pn+!
denote this stabilized value.

Proposition 9.9. Assume that V is a gradient vector field on a regular
Lefschetz complex X. If y € |®>z|, then [y] <y [z].
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Proof: It suffices to prove that y € |®"z| implies [y] <y [z] for every
positive integer n € N. We proceed by induction on n. For n = 1 the
conclusion is the statement of Proposition Thus, fix a £ € N and
assume that the conclusion holds for all n € {1,2,...k}. Let y € |®F*+1z]

and let ¢ := ®*z. We have ¢ = > wele{Gw)w and ®c = 37, (¢, w)Pw.
Since
y e |01a] = [ac| ¢ | J [Bul,
welc|
we get y € |®w| for some w € |c| = |®*x|. Thus, by our induction assump-
tion, we obtain [y| <y [w] <y [z]. O

We have the following proposition.

Proposition 9.10. Assume that V is a gradient vector field on a regular
Lefschetz complex X. For every x € X¢ we have

(66) O =ax+1,

oo

<y ‘ Xe

where r, is a chain satisfying |r;| C X+ N |[z] In particular, 5. is

injective.

Proof: Let x € X¢. Since &> = ®" for a large n € N, it suffices to verify
that for every positive integer n € N

(67) P'r=x+r,
where 7, is a chain satisfying
(68) Irn] € Xt 0| [2]<V].

We proceed by induction on n. Assume first that n = 1 and set r; := I'Oz.
From Proposition [9.3| we see that |r;] C X and, since x € X¢, one obtains
further (z,r;) = 0. It follows from x € X¢ that 'z = 0. Therefore, the
identity ®x = xz + I'dx = x + r; holds. To show that |ri| C |[z]<V |, take
an arbitrary y € |r1]. Then (y,r1) # 0, and since (x,r;) = 0, we get x # v,
that is, (y,x) = 0. It follows that (y, ®x) = (y,x) + (y,m1) = (y,m1) # 0.
Hence, y € |®z|. Thus, Proposition (1) gives [y] <y [x] and [y] € [z]=V.
Since y # x, and in view of the fact that ® is a degree 0 map, one further
has dimy = dimz, and we also get [y] # [z] and [y] € [#]<V. This in turn
yields y € | [z]<V |. Therefore, |r1| C | [z]<V | and the proof of (67) for n = 1
is complete.

Next, fix a £ € N and assume that holds for all n < k with r,
satisfying . We then have &1z = &(®Fz) = Sz 4 Oy = x4+ 11 + Ory,
and let rg4q = r1 + ®rp. It follows from the induction assumption and
Proposition that |rg1| C |ri| U |®rg] € XT. Since |r| C |[z]<V ], it
suffices to prove that |®rg| C |[z]<V | in order to see that |riii| C |[z]<V].
For this, take an arbitrary element y € |rx|. Then the induction assumption
gives y € | [z]<V|. Since | [x]<V | is V-compatible, it follows that [y] € [x]<V.
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Since [z]<V is a down set, we get [y|SV C [z]<V and |[y]=V| C |[z]<V].
Thus, we proved that

(69) yelnl = W= [clR]™]

We have ry = 32 o, Tk y)y and @rp = 32 (1, y)Py. By Proposi-

tion ( ) and property (|69 .

il ¢ | 19yl | 1150] <l [2]=v .
YE|Tx] YE|rk]
Thus,
[rega] C | U [@rg| C [[2]=V | U 2]V ] = [[2]7V],

which completes the induction argument.
Finally, to prove that <I>‘ Yo is injective we will show the more general
statement that <I>|C( X¢) is a monomorphism. For this, it suffices to verify

that ®>°c = 0 implies ¢ = 0 for ¢ € C(X°¢). Let ¢ € C(X°¢). Then

c= E GyT,

reX®

and by

0=9%c= Z a4z >z = c+ Z azry € C(X) @ C(XT).
reXe reXe
Hence, it follows that ¢ = 0. [l

Consider the set
Fix®:={ceC(X)|Pc=c}

consisting of chains fixed by ®. Clearly, if ¢ € Fix ®, then dc € Fix @, be-
cause ®dc = 9®c = de. It follows that (Fix ®, 0| ix ) is a chain subcomplex
of (C(X),0) and > : (C(X),0) — (Fix®, 0| pixe) is a chain epimorphism.
For this, note that ®>° = ®" for large n and that ® is a chain map.

Recall that X¢ C X stands for the collection of critical cells of V. For
every x € X¢ we define z := &z € Fix ®.

Proposition 9.11. Assume that V is a gradient vector field on a regular
Lefschetz complex X. The the following hold:
(i) The set
X:={z|zxecX}
s a basis of Fix ®.
(ii) For every x € X° we have

(70) 0= a7,

for uniquely determined coefficients a,, € R.
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(iii) The pair (X, k), where the Z-gradation of X is induced by the map
dim : X 3 Z — dimz € Z and (%, 2) is the coefficient a,. in (70),
is a Lefschetz complex and C(X) = Fix ®.

Proof: In order to prove (i) consider the projection II : Fix ® — C(X°)
given for ¢ € Fix® by lc := ) xc(c,z)x. It follows from the proof of [6]
Theorem 8.2] that ®*°II = idpix¢. Take a ¢ € Fix ®. Then

¢ = 0%(Ile) = ¢°°( Z (c,x)x) = Z (e, x)®®x = Z (c,x)T

reX¢ reX® reX®

proving that X generates Fix ®. To see that X is linearly independent,

assume that
Z ax =0

reXce

for some coefficients a, € R. Then 0 = ) . a, 2%z = (3 vc azx).
Since Y, ¢ ye azw € C(X€), and (¢ (xe) : C(X€) — Fix ® is an isomorphism
due to [6, Theorem 8.2], we conclude that ) _y.a,z = 0. This in turn
implies a, = 0 for all z € X¢. Thus, X is indeed a basis of Fix ®.

In order to see (ii), we observe that 9"z € Fix ®. Thus, follows im-
mediately from (i). Finally, by Proposition the pair (X, &) is a Lefschetz
complex and clearly C(X) = Fix ®, which proves (iii). O

It follows from Proposition that the map X¢ > 2z — Z € X is a
bijection. Hence, also the map C 3 {z} — z € X is a bijection, which lets
us carry over the partial order <y, from C C V to X. Thus, for z,y € X we

write T <y ¢ if {z} <y {y}. Then we have the following result.

Proposition 9.12. Assume that V is a gradient vector field on a regular
Lefschetz complex X. Then the partial order <y in X is a natural partial
order on the Lefschetz complex (X, R).

Proof: First we will prove that the order <y, in X is admissible, that
is, § <z ¥ for x,y € X¢ implies §y <y Z. Since the partial order <j is
the transitive closure of <z, it suffices to prove that the inequality § <z &
implies § <y Z. Thus, assume that x,y € X and § <z &. Then, &(Z,y) # 0.
By Proposition [9.11(i) we have 0 = ) _x. 4.2, where a,. := K(Z, ). By
Proposition we have z = &z = 2 +r,, where |r,| C Xt N |[z]<V].
Since y € X¢ C X \ X, we have

<aj7y> = Z aﬂfz<2a y> = Z Az (<Zay> + <T27y>)

zeXe¢ zeXe

= Z (g2(2,Y) = Gay = (T, 7) # 0.
zeXe°
It follows that

y € |0z| = |09Fz| = |P*0x| = [P Z k(z,w)w || C U | D> w|.

we|dz| we|oz|
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Thus, y € |®>u| for some u € X such that x(z, ) # 0. From Proposition[9.9]
we get [y] <y [u]. Since k(x,u) # 0 we further have u € clx, which in turn
implies u € [u]Nclz]. In consequence [u] <y [z] and {y} = [y] <y [z] = {z}.
Thus, by the definition of <y in X we get § <y Z.

To see that <y is natural, let Z,y € X satisfy z <y y and dim Z = dim 7.
Then {z} <y {y} and dimz = dimy. Thus, we cannot have {z} <y {y},
because then, by Proposition [0.2{ii), dimz = dim{z} < dim{y} = dimy. It
follows that {x} = {y} and & = g, which proves that the order is natural. [

In the sequel we consider )_(_ as a poset ordered by the natural partial
order <y in V, transferred to X via {z} — Z, and the triple (X, C(X), ")
as a natural filtration of X.

Proposition 9.13. Assume that V is a gradient vector field on a regular
Lefschetz complex X. Then we have a well-defined filtered morphism

(idy, @) : (V,C(X),0") —» (V,C(X),0%).

Moreover, (idy, ®)" = (idy, ®™) is filtered chain homotopic to the identity
morphism idy c(x)) for every n € N. In particular, (idy, ®>) is filtered
chain homotopic to idy c(x))-

Proof: Clearly, ® is a chain map and idy : (V,V,) — (V,V,) is a mor-
phism in DPSET. Hence, to prove that (idy, ®) is a well-defined filtered mor-
phism we only have to show that ® is idy-filtered. We will do so by checking
property of Corollary Consider the down set £ € Down(V) and
set L := |L£]. Then C(X)z = @y, C(V) = C(L), and we need to verify
that ®(C(L)) C C(L). But this follows from Proposition because L is
immediately seen to be V-compatible and closed by Proposition (1)

Since by Proposition filtered chain homotopy between morphisms is
preserved by composition, in order to prove that (idy,®)" = (idy, ®") is
filtered homotopic to the identity morphism it suffices to prove that (idy, ®)
is filtered homotopic to the identity morphism. By the definition of ® we
have ® —id¢(x) = O + I'd. Thus, we only need to check that I' is idy-
filtered. Hence, assume that I'yvy # 0 for some V,W € V. Then, there
exists a w € W such that 7y (I'w) # 0. In particular, one has I'w # 0,
which implies both w = w™ # wt and T'w = —k(w,w™)"tw*. It follows
that wt € V. Thus V = W = idy,(W), which proves that T is idy-filtered,
in fact, even graded. Finally, since > = ®" for large n € N, it follows that
also (idy, ®*°) is filtered chain homotopic to id(y c(x))- O

Proposition 9.14. In the situation of the last proposition, we have a well-
defined filtered morphism

(@, 0) : (V,C(X),0%) = (X, C(X), %)

with o : X — V defined for x € X¢ by a(z) := {x} and p : C(X) — C(X)
defined for c € C(X) by pc := &c.
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Proof: First observe that by Proposition [0.2{iii) we have V, = C, and
by Theorem i) we have X, = X. Therefore,  is a morphism in DSET
and since we consider X as ordered by the natural order <y, the map «
is trivially order preserving, hence also a morphism in DPSET. Obviously,
the map ¢ is a chain map. We will show that ¢ is a-filtered by checking
property of Proposition Let £ € Down(V) and let L := |£|. Then
we have C(X)z = @y, C(V) = C(L). Observe that o~ !(L) is a down set
in X. Indeed, if z € o= 1(£) and § <y 7, then {y} <y {2} = a(7) € L,
which implies a(y) = {y} € £ and § € a~(£). Hence, a~}(L)=S = a~1(L).
It follows that C(X)a—1(£)§ = C(X)aq(ﬁ) = @Duyec Bu. Thus, in our case,
we have to verify condition in the form

(71) *>(C(L)) ¢ P Ra.

{u}el
In order to verify take a ¢ € C(L), and let ¢ := &¢c = &*°c. In view of
Proposition [9.10| we have

(72) c= Z ayli = Z ayu + Z Ay Ty
ueXe ueXe ueXe

for some coefficients a,, € R and chains r, satisfying |r,| N X¢ = &, as well
as

(73) [l € [u]=V].

Consider a u € X¢ such that {u} ¢ L, i.e., one has u ¢ L. Since by
Proposition [9.7| we have ¢(C(L)) = ®>(C(L)) C C(L), it then follows that
the identity (¢,u) = 0 holds. But now equation gives (C,u) = ay,
because implies (ry,,u) = 0. Therefore, we have a, = 0 for u ¢ L,
which subsequently proves

This verifies and completes the proof. O

Proposition 9.15. In the situation of the last proposition, we have a well-
defined filtered morphism

(B:¢) 1 (X,0(X),07) = (V,C(X), ")

with B:V - X defined for x € X¢ by B({x}) := 2 and ¢ : C(X) — C(X)
defined for c € C(X) by vc = c.

Proof: As we already mentioned, Proposition [0.2] implies that V, = C,
and Theorem (1) gives X, = X. Therefore, 3 is a morphism in DSET.
Moreover, since we consider X as ordered by the natural order <y, the map 3
is trivially order preserving, hence also a morphism in DPSET. Obviously,
the map v is a chain map. We will show that 1 is S-filtered by checking
again property of Proposition Consider a down set A € Down(X).
Clearly, we have C(X)4 = C(A). If we define £ := 371(A), then in general £
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is not a down set in V, but £V is. We therefore consider L := [£=V|, and
obtain the identity C(X)g-1(4)<y = C(X) <, = C(L). Thus, in our case,
condition has to be verified in the form

(74) $(C(A)) = C(4) C C(L).

Consider first a chain z € A for an x € X¢. Then f({z}) = z € A, which
means that {z} € B71(A) = £ and |z| = {2} = [z] € L C LZV. Tt follows
from Proposition that £ = ®>*x = z + r, where |r,| C XT N |[z]<V|.
Hence, the inclusion |Z| C |z| U |ry| C [2]U|[2]<V] = | [2]=V | C |[LSV| = L is
satisfied, because [z] € £ C LSV and L=V is a down set. This immediately
shows that £ € C'(L). Since every chain in C(A) is a linear combination of

chains in A, the inclusion follows. O

Theorem 9.16. Assume that V is a gradient vector field on a reqular Lef-
schetz complex X. Then the filtered morphisms («, @) and (B,v) defined in
the last two propositions are mutually inverse filtered chain equivalences. In
particular, the filtered chain complexes (V,C(X),0%) and (X,C(X),dF) are
filtered chain homotopic.

Proof: Clearly, one has fa = id g. Moreover, if ¢ € Fix ®, then ®*°c = c.
Therefore, the identity ¢¢ = idpixe = idC( X) holds and we get

(o, p) o (B,9) = (Ba, p¢) = (id g, ide (%)) = 1d(x,o(x)) -
Thus, (a,¢) o (B8,) is filtered homotopic to id(co(xy) via the zero filtered
homotopy. In the opposite direction we have

(75) (B,1) o (a, ) = (@B, byp) = (1dyc, ).

Since Vi = C, we see that (idy|c, ) ~ (idy, ®>°). Hence, it follows from
Proposition and that (a, @) o (B,) is filtered chain homotopic to
the identity id(y ¢(x)). The conclusion follows. (]

Theorem 9.17. Let V be a gradient combinatorial vector field on a reqular
Lefschetz complex X. Then C, the collection of the critical vectors of V, is
a Morse decomposition of V. It has exactly one conmection matrix which
coincides with the (X, X)-matriz of OfFiX(I, up to a graded similarity.

Proof: It follows from Proposition that C is a Morse decomposition
of V and the partition induced on X by this Morse decomposition is V.
Thus, by Definition the Conley complex of C is the Conley complex
of (V,C(X),0"%). From Corollary and Theorem we obtain that
the Conley complex of (V,C(X),9") is isomorphic in PFCC to the Conley
complex of (X, C(X),d%) with X ordered by a natural partial order. Since,
by Proposition and Definition the latter is the Conley complex of
a natural filtration of a Lefschetz complex, the conclusion follows directly

from Theorem [7.16((ii). O

Example 9.18. Consider the partition £; := &aq, associated with the
Morse decomposition M of the vector field V1 in the middle of Figure[s In
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FIGURE 6. Conley complexes (X, %) for the Morse decom-
positions M (left) and My (right) of the combinatorial gra-
dient vector fields V1 and Vs in Figure [5 visualized as &-
subcomplexes of simplicial complexes.

this simple case it coincides with the vector field V. Hence, the Hasse dia-
gram of the partial order <g, coincides with diagram . It follows that V;
is a gradient vector field and by Theorem M has exactly one connec-
tion matrix. One can verify that the morphisms (a/,h’) and ((o/)7%,¢')
constructed as in Example [6.13] are also filtered with respect to the filtra-
tion (€1,C(X),0%). Therefore, arguing as in Example we conclude
that the Conley complex of M is the filtered chain complex in Example
with the associated connection matrix . In fact, the homomorphism A’
coincides with homomorphism @y, and ®y, = @} in this case. An analo-
gous argument shows that the Conley complex of My is the filtered chain
complex in Example with the associated connection matrix (31]). Both
Conley complexes are visualized in Figure [6] as x-subcomplexes of simplicial
complexes.
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