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THE CONNECTION MATRIX THEORY
FOR MORSE DECOMPOSITIONS

ROBERT .D. FRANZOSA

ABSTRACT. The connection matrix theory for Morse decompositions is intro-
duced. The connection matrices are matrices of maps between the homology
indices of the sets in the Morse decomposition. The connection matrices cover,
in a natural way, the homology index braid of the Morse decomposition and pro-
vide information about the structure of the Morse decomposition. The existence
of connection matrices of Morse decompositions is established, and examples
illustrating applications of the connection matrix are provided.

INTRODUCTION

In [4] the Conley index theory is extended to an index theory for partially
ordered Morse decompositions of isolated invariant sets. Via an index filtra-
tion for the flow-defined ordering of the Morse decomposition the homology
index braid of the Morse decomposition is defined. The homology index braid
contains the homology of the Conley index of each Morse set, i.e., each iso-
lated invariant set defined by the Morse decomposition, along with flow defined
maps between these homology complexes. A connection matrix of the Morse
decomposition is a matrix of maps between the homology indices of the min-
imal Morse sets which, in a natural way, defines an isomorphic image of the
homology index braid. Thus, the connection matrices represent a simple cod-
ification of the information in the homology index braid. Since the homology
index braid contains information about the structure of the invariant set and
its Morse decomposition, so do the connection matrices. It is this feature of
the connection matrices that is the main motivation for their study.

The connection matrix theory is presented by the author in his Ph. D. thesis
[3]. In [3] the theory is developed for the case where the homology of the
Conley index is computed using field coefficients. In this paper we present the
full connection matrix theory in the more general setting where the homology
indices may be computed with coefficients in a module over a PID.

As the Conley index is a generalization of the classical Morse index, the
connection matrix theory has correspondences within Morse theory. In that
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setting the Leray spectral sequence is used to study the relationship between
homology complexes associated to a decomposition of a set and the homology
of the set. That work and the work on connection matrices are both motivated
by a desire to obtain information about the structure of the sets defined by a
decomposition from indices of minimal sets in the decomposition.

Applications of the connection matrix theory can be found in [11-13]. Fur-
ther developments in the connection matrix theory can be found in [10], where
mappings between flows and their relationship to connection matrices are stud-
ied, and in [6], where Rybakowski’s Conley-index theory for semiflows on metric
spaces is extended to include a connection matrix theory for Morse decompo-
sitions.

This paper begins in §1 with a summary of the main background results on
homology index braids from [4]. §1 also includes a brief discussion motivating
the work that follows. The connection matrix theory is developed on a purely
algebraic level in the next three sections. In §§2 and 3 the relevant algebraic
structures are introduced (including the connection matrix in §3), and in §4 the
main connection matrix existence result is proved. In §5 the connection matrix
theory for Morse decompositions is discussed, and applications are presented
in §6.

1. BACKGROUND AND MOTIVATION

The work in this paper is a continuation of that in [4], and therefore we carry
over all of the notations and conventions used there. We summarize briefly the
important definitions relating to partial orders, Morse decompositions, index fil-
trations and their associated chain complex braids, and homology index braids.
Further details on these topics can be found in [4]. We assume that the reader
is familiar with the basic concepts of the Conley index theory as in [1-4, 7-9,
14, 15]; in particular, flows, isolated invariant sets and isolating neighborhoods,
w and " limit sets, attractor-repeller pairs, index pairs, index spaces, and the
Conley index.

The standard reference to the homology theory used here is Spanier [16].
Unless otherwise indicated, the homology of a topological space is assumed to
be singular homology with coefficients in a module over a PID. We point out
that throughout this paper we frequently use the same symbol to denote a chain
map and its induced homology map, rather than appending a subscript * to
denote the homology map.

Throughout this paper P denotes a finite indexing set with p elements. A
partial order on P is a relation, <, on the elements of P satisfying:

(1) m < never holds for m € P,

(2) <’ and 7’ < 7" imply n < n".

Assume throughout that < is a partial order on P.

An extension of < is a partial order <’ on P for which 7 < n’ implies
n<' n'.If P'c P,then < induces a partial order on P’ called the restriction
of < to P'.
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An interval in < is a subset ] C P for which n,n' € and n <" <7’
imply n” € I. The set of intervals in < is denoted I(<). I € I(<) is
called an attracting interval if 7 € I and n' < n imply n' € I. The set of
attracting intervals in < is denoted A(<). =n,n’ € P are called adjacent if
{n,n'}el(<).

An adjacent n-tuple of intervals in < is an ordered collection (/,, ... ,1,)
of mutually disjoint intervals in < satisfying:

(1) Ui L € 1<),

) mel;, n'€l,, j<k imply n¢m.

The collection of adjacent n-tuples of intervals in < is denoted I,(<). Note
that I(<) = I,(<). It is easy to see that if <' is either an extension of < or
the restriction of < to an interval in < then I (<') C I (<). If (I,J) is
an adjacent pair (i.e., 2-tuple) of intervals, then we set IJ =T UJ. If (I,J)
and (J,I) are both adjacent pairs of intervals, then we say that I and J are
noncomparable. If (I,,...,I))€ I (<) and U_,I,=1,then (I,,...,I) is
called a decomposition of I .

Throughout this paper assume S is an isolated invariant set in X, a locally
compact metric local flow in a Hausdorff topological space I" on which there is
defined a flow.

If S| and S, are compact invariant subsets of §, then C(S,,S)) is the
set of orbits connecting S, to S, in S, i.e., the set {y € S|w(y) C S, and
w*(y) C S,}. An attractor-repeller pair in §, (4 ,A"), decomposes S into
the union, § = AU C(4",A4) U A". This idea is generalized via the Morse
decompositions of S ; specifically,

Definition 1.1. A (<-ordered) Morse decomposition of S is a collection M =
M(s) = {M(m)},p of mutually disjoint compact invariant subsets of S such
that if y € S\U,p M(7), then there exists 7 < n' with y e C(M(n'), M(n)).

Since a collection of sets M = {M(n)},., can be a Morse decomposition of
more than one invariant set, the structures (including the indices) associated to a
Morse decomposition of an invariant set S are defined relative to S . However,
for notational convenience, we usually omit reference to S in the discussions
of the structures.

Assume for the remainder of the paper that M = {M(n)}, ., isa <-ordered
Morse decomposition of S . The partial order < on P induces an obvious par-
tial order on M called an admissible ordering of the Morse decomposition. The
flow defines an “extremal” admissible ordering of M called the flow ordering of
M , denoted <, and such that 7 <, 7' if and only if there exists a sequence

of distinct elements of P:n=m,,...,n, = n' with C(M(nj) ,M(th_,)) # O
for each j = 1,...,n. Every admissible ordering of M is an extension of
<g-

Associated to the admissible ordering < of M there is a distinguished collec-
tion of subsets of S, called the Morse sets of < and defined for each I € I(<)
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b
Y M(I) = (U M(n)) u ( U C(M(n'),M(n))).

nel n.n'el

S being an isolated invariant set implies that each Morse set is too. Since
every admissible ordering of M 1is an extension of the flow ordering, it follows
that the collection of Morse sets of the flow ordering contains the Morse sets
of each other admissible ordering. If (/,J) € I,(<), then (M(I), M(J)) is an
attractor-repeller pair in M (IJ); in particular, if I is an attracting interval in
<, then M(I) is an attractor in S with complementary repeller M (P\I).

The index pair for an isolated invariant set is generalized by the index filtra-
tion for an admissible ordering of a Morse decomposition; specifically,

Definition 1.2. An index filtration for the admissible ordering < of M is a
collection of compact sets /" = {N(I)},. A(<) satisfying:

(1) for each I € A(<), (N(I),N(D)) is an index pair for the attractor
M(I),

(2) foreach I ,I, € A(<), N(I,nl,) = N(I)nN(l,) and N(I,Ul,) =
N(I,)UN(I,).

Assume throughout that .#" is an index filtration for the admissible ordering
< of M. If JelI(<) and (I,J) is a decomposition of K € 4A(<), then it
follows that I € A(<) and (N(K),N(I)) is an index pair for the Morse set
M(J). Thus the index filtration defines an index pair for each Morse set of
the admissible ordering. Furthermore, it follows from property 2 in Definition
1.2 thatif (N(K,),N(l;)), i =1,2, are index pairs for M(J) defined by ./,
then the index spaces N(K,)/N(I,), i = 1,2, are homeomorphic. If we choose
a coefficient module G, and let C(N(K;)/N(I,);G) denote the singular chains
of the index space N(K,)/N(I,) with coefficients in G, then it follows that
there is defined a chain complex C ,(J;G) (also denoted C(J) for simpler
notation) which is naturally isomorphic to each C(N(K;)/N(/;);G). Passing
to homology in C(J) one obtains H, (h(M(J));G), the singular homology with
coefficients in G of A(M(J)), the Conley index of the Morse set M (J). This
is also called the homology index of M (J) with coefficients in G, and for
simplicity we denote it by H(J).

Now if (/,J) € I,(<) then chain maps are defined,

i(l.1J) p(1J J)
_— —_—

c c) c()

having the following properties:
(1) i(I,1J) is injective and p(I1J ,J)i(I,1J) =0,
(2) the chain map defined by p(IJ.,J), p:C(1J)/im(i({,1J)) — C(J)
induces an isomorphism on homology,
(3) if I and J are noncomparable, then p(JI,1)i(I,1J)=id|C(I),
(4) if (I,J,K) € I;(<), then braid diagram (1.1), below, commutes.
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i C(ID) P

\\
o

p C(JK)

(1.1) C(IJK) D CJ

C(K)

This collection of chain complexes and chain maps is called the chain complex
braid of the index filtration with coefficients in G and is denoted % (/" ;G)
or (). () is introduced in [4] without mention of the injectivity of
i(I,1J). Itis easy to see from the definition of i(/, IJ) in [4] that it is injective.

The chain complex braid of an index filtration is the model of what in §2 is
more generally defined as a chain complex braid. Passing to homology in & (/)
we obtain the homology index braid of the admissible ordering of the Morse
decomposition with coefficients in G, denoted #Z(<;G) or Z(<). Z(<) is
independent of the index filtration .#".

# (<) consists of graded modules H(I) for each I € I(<), and maps
between graded modules i(/,1J):H(I) — H(IJ),p(lJ,J):H(1J) — H(J),
and o(J,I):H(J) — H(I) satisfying:

(1) ---=>HU) = H(IJ) = H(J) 9, H(I)— --- is exact,
(2) if I and J are noncomparable, then p(JI,1)i(I,1J)=id|H(I),
(3) if (1,J,K) € I;(<), then the following braid diagram (1.2) commutes:

A
/

H(I)\ > H(X)

i H(IJ) p

/

H(IJK) p i HJ)

~

p  HUK

—
~

/H\\ e

[\

(1.2) D

H(K) H(I)

\/\

o H(INHS 4

/

H(J)

H(IJK)
!

"'x/”\/\

\ /



566 R. D. FRANZOSA

Because every admissible ordering of M is an extension of the flow ordering,
it follows that the homology index braid of the flow ordering contains the ho-
mology index braid of each other admissible ordering; therefore the homology
index braid of the flow ordering is also called the homology index braid of the
Morse decomposition and is denoted # (M ;G) or Z(M).

The homology index braid is the model for what in §2 is more generally
defined as a graded module braid. In §§3 and 4 it is shown that the algebraic
information in a graded module braid can be codified in a collection of matrices
called the connection matrices of the graded module braid. In §5 the connec-
tion matrices of a Morse decomposition are then defined to be the connection
matrices of the corresponding homology index braid. The definition and proof
of existence of connection matrices is done on a purely algebraic level in §§2-4.

Before commencing with the work on connection matrices consider the fol-
lowing simple case motivating their study.

Assume that (4, A") is an attractor-repeller pairin S, and let H(A4), H(A"),
and H(S) denote the homology indices with coefhicients in a fixed field. The
homology index braid in this case reduces to an exact sequence:

= HA) LS HES) L HA) S HA) - -

If 6 #0, then C(4",A4) # @ (see [4, 8]); therefore the map & (and, more
generally, the homology index braid) contains information about the structure
of the attractor-repeller pair in S .

Now let CA(S) be the chain complex with graded module H(A) ® H(A")
and boundary map defined by the matrix

A= (0 8).(H(A))_'(H(A))
0 0/ \HA HAY )
Upon appropriate restriction CA(S) and A define chain complexes CA(A) and
CA(A") with boundary maps A(A4) and A(A"), respectively, where CA(A) =
H(A), CA(4") = H(A"), and the boundary maps A(4) and A(A") are trivial.
Now a short exact sequence is defined,

0 — CA(4) 5 CA(S) & CcA4™) -0,
where /i and p are the obvious inclusion and projection maps, respectively.
Passing to homology we obtain
< HA(A) S HA(S) & HA(A™) 2 HAA) — - .

It easily follows that HA(A) = H(A), HA(A") = H(A"), and d = 0 . There-
fore we have defined the following commutative diagram of homology modules
and maps:

= HA(4) & HAS) 2 HAU) L HAM) — -
(1.3) lid lid lid

o~ HMA) S HES) & HAHY & HA) -
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It is not difficult to see that there exist maps 6(S): HA(S) — H(S) making di-
agram (1.3) commute. The five lemma (see [16]) implies that such maps 6(S)
are isomorphisms. Thus, via the matrix A, an isomorphic image of the homol-
ogy index braid is generated. One then expects that A contains information
present in the homology index braid; in particular, in this case A contains 0,
and therefore provides information about the structure of the orbits connecting
A* to A4 in S. The matrix A is the prototype of the connection matrices
studied in the following sections.

2. GRADED MODULE BRAIDS AND CHAIN COMPLEX BRAIDS
Definition 2.1. A sequence of chain maps
i p
C =G =G
is called weakly exact if i is injective, pi = 0, and p:C,/im(i) — C;, the

chain map defined by p, induces an isomorphism on homology.

Let C, 4 G, LA C, be weakly exact, and denote the boundary map in C;
by 9, for each i. It is not difficult to see that if a € H(C;) and X C ker(9,)

is the equivalence class defining «, then i"lc’)2 p"(Xa) C ker(9,) and rep-
resents a unique homology class in H(C,). Therefore, as with short exact se-
quences of chain complexes (see [16]), there exists a connecting homomorphism
0:H(C,) — H(C,) and an associated exact homology sequence. Specifically,

Proposition 2.2. Given a weakly exact sequence of chain complexes
e — G, % &
there exists a natural degree —1 homomorphism 8: H(C;) — H(C,) such that:
(1) if a € H(C,) and X, C ker(d;) is the equivalence class defining o,

then d(a) = [i"'a,p~ " (X,)],
() - —H(C) 5 H(C,) 2 H(C,) % H(C)— - is exact.

Proof. Let 8":H (C,/im(i)) — H(C,) be the connecting homomorphism for
the short exact sequence of chain complexes

0-C, 4,2 C,/im(i) -0,
where p is projection onto the quotient, and let p'l be the inverse of the
homology isomorphism p: H(C,/im(i)) — H(C,). Then define 9: H(C;) —

H(C,) by 0 = 6'p" . The naturality of 8 and properties 1 and 2 are easily
verified. 0O

Definition 2.3. A graded module braid over < is a collection & = £(<) con-
sisting of graded modules and maps between the graded modules satisfying:
(1) for each I € I(<) there is a graded module G([),
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(2) for each (I,J) € I,(<) there are maps

i(I,10):G(I) — G(1J) of degree 0,
p(IJ ,J):G(1J) — G(J) of degree 0,
a(J,I):G(J) — G(I) of degree — 1
which satisfy
(@) - = GI) S5 G L GU)S GUI) — - is exact,
(b) if I and J are noncomparable, then p(JI,1)i(I,1J)=1id|G(]),

(c) if (I,J,K) € I(<), then the following braid diagram (called the
(I,J,K) braid diagram) commutes:

o
/

G(I) 3 G(K)‘/

i G(IJ)

\

G(IJK) G(J)

(2.1) p p G(JK)

A
\/

G(K) G(I)

AV,
\/\ /-

1) G(IL)) i i

G(J) G(IJK)

A
| /

."/

NN N N

It is shown in [4] that #(<), the homology index braid of the admissible
ordering < of M, is a graded module braid.
Assume that & and £’ are graded module braids over <.

Definition 2.4. A. A map 6 between & and %', denoted 6:% — &', is a
collection of module homomorphisms 6(I): G(I) — G'(I), I € I(<), such that
for each (I,J) € I,(<) the following diagram commutes:

oGy —— G —2— G6(J) 2 G6U) -

JVB(I) 10(1./) 10(1) 10(1)

LG —— Gu) —2= GW) % L GU)—

B. If 6(1) is an isomorphism for each I € I(<), then we call § an isomor-
phism and we say that £ and &' are isomorphic.
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Proposition 2.5. Given 6:% — &' . If 6(n) is an isomorphism for each n € P
(i.e., for the one-element intervals), then 6 is an isomorphism.

The proof of Proposition 2.5 is a straightforward induction argument using
the five lemma.

If 6 is an isomorphism, then there is an obvious inverse isomorphism, which
we denote by §~', mapping £’ to & .

Definition 2.6. A chain complex braid over < is a collection & = £ (<) con-
sisting of chain complexes and chain maps satisfying:

(1) for each I € I(<) there is a chain complex C(I),

(2) for each (I,J) € I,(<) there are chain maps

i(l,1J):.CcI)—C(lJ), p(1J ., J):C(1J)— C(J)
which satisfy:
(a) C(I) S CcJ) L C(J) is weakly exact,
(b) if I and J are noncomparable, then p(JI,I)i(I,1J)=1id|C(I)
(¢) if (I,J,K) € I(<), then the following braid diagram (called the
(I,J,K) braid diagram) commutes:

ccD i

i< C(I1J) p

\"/

(2.2)

C(IJK) p >C(J)

/

P CWJK)

\

C(K)

It is shown in [4] that & (.#"), the chain complex braid of the index filtration
A, is a chain complex braid.

Upon passing to homology, a chain complex braid defines a graded module
braid. Specifically, assume % is a chain complex braid over <. For each I €
I(<) let H(I) be the homology of the chain complex C(I). If (I ,J) € I,(<),
then there is a weakly exact sequence

C([) ior.1J) C(IJ) p(lJ J)

c(J)).
Associated to this weakly exact sequence there is an exact homology sequence

23) - H) A gy 2220 gy 220 gy -

Set #Z % (<) equal to the collection consisting of the graded modules H (/)
for each I € I(<), along with the maps i(/,1J), p(lJ,J), 8(J,I) from
sequence (2.3) for each (/,J) € I,(<).
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Proposition 2.7. # % (<) is a graded module braid over <.

Proof. The only property of a graded module braid required by Definition 2.3
that Z & (<) does not obviously satisfy is the commutativity of those parts
of diagram (2.1) that contain a connecting boundary map 8. We prove that
diagram (2.4) below commutes for (I ,J,K) € I,(<). The other cases follow
similarly.

H(JK)

p 4
)< \i\H(l)

H(J)

(2.4) H(K

Consider
c() ——.cJK) —2— C(K)

(2.5) | e |7

c(lJ) —— CUJK) —2— C(K)
Since #(<) is a chain complex braid, it follows that diagram (2.5) is a commu-
tative diagram of chain maps with rows that are weakly exact. Upon passing to

homology in diagram (2.5), it is easily seen that the commutativity of diagram
(2.4) follows by the naturality of the connecting boundary map. O

Definition 2.8. If % is a chain complex braid, then we call Z## the graded
module braid generated by % . Furthermore, if & is any graded module braid
isomorphic to # %, then we say that & is chain complex generated.

It is shown in [4] that # (<), the homology index braid of the admissible
ordering < of M, is the graded module braid generated by the chain complex
braid € (#") where .#" is an index filtration for <.

The graded module braid is the input used in defining connection matrices.
The chain complex braid is a support structure that is necessary in our proof of
the existence of connection matrices.

Now assume that Z and %' are chain complex braids over <.

Definition 2.9. A chain map ¥ between % and %', denoted ¥: % — %', is
a collection of chain maps ¥(I): C(I) — C'(I), I € I(<), such that for each
(I,J) € I(<) the following diagram commutes:

iy —— cu) —2= cw)
l‘l‘(l) l\v(u) l\vu)
ca —— c'us) - c'W)

Now let #% and # %' be the graded module braids generated by & and
&', respectively. Given a chain map ¥:% — % " by passing to homology we
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obtain a map 0: ¥ % — F &', where for each I € I(<), 6(I) is the map
on homology induced by the chain map ¥(I). We call 8 the homology map
induced by Y¥.

Now, let <’ be either an extension of < or the restriction of < to an interval
IeI(<). Then I (<) C I (<) foreach n.

If & is a graded module braid over <, then we can restrict & to obtain a
graded module braid £|<’ over <'. Specifically, let &|<’ be the collection
consisting of the graded modules G(I), for I € I(<') c I(<), along with
the maps i(I,1J), p(IJ,J), 8(J,I), for (I,J) € 12(<') C I,(<). It is not
difficult to see that £|<’ is a graded module braid over <'.

If §:2 — £’ is a map between graded module braids over <, then we can
restrict 6 to a map

o< g|<'-Z'|<, <= {8I eI}
We can similarly restrict chain complex braids over < and chain maps be-

tween chain complex braids. We leave the details to the reader.

3. THE ALGEBRAIC CONNECTION MATRIX THEORY

Let C = {CA(n)},cp be a collection of graded modules. If I C P, then a
map

A:@ CA(n) — € CA(n)

nel nel
can be regarded as a matrix

A N 1| CA(m) — | CA(m)
: n.n'el : nel : nel

where each A |, is a map from CA(n') to CA(n).
Definition 3.1.

A. A is upper triangular if A, , # 0 implies 7 < x’.

B. A is strictly upper triangular if A, , # 0 implies 7 < 7.

C. A is a boundary map if each A , is of degree —1 and A’ =0.

Now assume that A:@, ., CA(r) — @D,cp CA(n) is an upper triangular

boundary map. For each I € I(<) set CA(I) = @,,; CA(n), and for I,
Jel(<) let A(J,I):CA(J)— CA(I) be the map defined by the matrix

nel n'eJ
If I € I(<) then we denote A(I,1) by A(]).
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Proposition 3.2. A(I) is an upper triangular boundary map for each I € I(<).
Proof. Clearly A() is upper triangular and A(/), ., is of degree —1 for each
n, n' € I. We show that A(I)2 = 0. It is easy to see that there exist H,J €
I(<) such that (H,I,J) isadecomposition of P (i.e., (H,I,J) € I,(<) and
HIJ = P). Since A is upper triangular, A(H ,I) =AH ,J)=A(I,J) =0.
We can view A as a map:
A(H) A(I,H) A(J.,H) CA(H) CA(H)
( 0 A(I) A(J,I)):(CA(I)) — (CA(I)).
0 0 A(J) CA(J) CA(J)

A’ = 0; therefore by composing the middle row with the middle column it is
easily seen that A(/ )2 =0. O

Now for each I € I(<) there i$ a chain complex CA(I) with boundary map
A(I). If (I,J) € I,(<), then there is a short exact sequence

il.1J)

0 — ca() M2, oAy 22D,

CA(J)— 0,

where i(I,1J) and p(IJ,J) are the obvious inclusion and projection maps,
respectively.

Proposition 3.3. i(I,1J) and p(1J,J) are chain maps.

Proof. We can regard i(I,1J) as a map of the form

i1, 1) = (ig) . CA(I) — (gﬁg;)

As above we can view A(lJ) as
AI) AU, DY, (CAT) _ (CA()
0 A(J) )\ CA{J) CA(J) )
With these identifications it follows that i(/,IJ)A(I) = A(JI)i({,1J), and

therefore i(/,1J) is a chain map. The proof that p(IJ,J) is a chain map is
similar. O

It is not difficult to see that the collection of chain complexes and chain maps
defined above satisfies the requirements in the definition of a chain complex
braid. More specifically,

Proposition 3.4. Given an upper triangular boundary map
AP CA(n) - P CA(n),
neP neP

the collection, denoted A(<), consisting of the chain complexes CA(I) with
boundary map A(I) for each 1 € I(<), and the chain maps i(I ,1J) and
p(1J ,J) foreach (I,J)€ I,(<), is a chain complex braid over <.

We call £A(<) the chain complex braid defined by A. Now let #A(<) be
the graded module braid generated by FA(<); i.e., ZA(<) = ZFA(<). For
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each I € I(<) there is a graded module HA([), and for each (I,J) € I,(<)
there is an exact sequence

= HA) 22 gaar) 22D gag) 22 Ay - -
The connecting homomorphism here takes on a particularly simple form.
Specifically,

Proposition 3.5. If [a] € HA(J), then A(J ,I)[a] = [A(J , I)a].

The proof of Proposition 3.5 follows from Proposition 2.2.

Now given &, a graded module braid over <, let C = {G(n)},p. Itis
natural to ask if there exist any upper triangular boundary maps

A:EP G(n) - P G(n)
nepP nepP

such that #A is isomorphic to &, and therefore if we can recover & from
the collection of G(7)’s via a matrix A (thereby using only the G(I)’s for the
one-element intervals). The significance of this is not so much in the recovering
of &, but rather in the codifying of the algebraic information in & via the
matrix A. In [3] it is shown that such maps A do exist if & is chain complex
generated and G(w) is free for each m € P. Note that in this case if G(n) is
also finitely generated, then it follows that each diagonal entry A(zn) in A must
be trivial, and therefore A is strictly upper triangular.

If G(m) is not free, then such a map A may not exist. As an example consider
the graded module braid consisting of only the sequence of graded Z-modules
and maps

= G2) L 6(1) L 6(12) 5 6(2) S Gy — -,
where the only nontrivial modules occur in dimension 1, and appear as follows:

.._>0_,zx_2.zi,12_,0_,..._

It is easy to see that there is no upper triangular boundary map A: G(1)®G(2) —
G(1) ® G(2) resulting in homology isomorphic to G(12).

This situation is overcome (in 3.8 below) by taking C = {CA(n)},.p , where
each CA(m) is a free chain complex whose homology is isomorphic to G(x).

Definition 3.6. Given & , a graded module braid over <, and C = {CA(T)} e »
let A:@,p CA(n) —» @D, p CA(n) be an upper triangular boundary map. Then
A. if #ZA is isomorphic to &, then A is called a C-connec-
tion matrix of &,
B.if also C = {G(n)},cp >

We denote the collection of C-connection matrices and connection matrices
of & by €#(%,C) and B# (%), respectively.

If <’ is an extension of <, then & |<'c £. Thus there are more algebraic
restrictions in defining A for which #A is isomorphic to & than in defining A
for which #A is isomorphic to Z|<’. Thus we have the following proposition
whose easy proof is left to the reader.

then A is called a connection matrix of Z .
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Proposition 3.7. If & is a graded module braid over <, and <' is an extension
of <, then forany C, €# (2 ,C)C &# (Z|<',C).

The following theorem, whose proof is presented in the next section, is the
main connection matrix existence result.

Theorem 3.8. If Z(<) is a chain complex generated graded module braid and
C = {CA(n)},cp issuchthat each CA(n) is a free chain complex with homology
isomorphic to G(n), then G# (S ,C) #+ D.

Note that if & is not chain complex generated, then there are no (C-) con-
nection matrices A of % ; otherwise £ would be isomorphic to #A, the
graded module braid generated by A, and therefore would be chain complex
generated. It is, however, unknown if every graded module braid is chain com-
plex generated, or equivalently, if there is a connection matrix for every graded
module braid. This poses no problem for our application to Morse decomposi-
tions of invariant sets in a flow, because, as we have seen, the homology index
braid of a Morse decomposition is a chain complex generated graded module
braid, and therefore, we can associate connection matrices to each Morse de-
composition.

It is interesting to note that a graded module braid does not necessarily have
a unique connection matrix. In §6 we present an example that establishes the
nonuniqueness of connection matrices and illustrates the significance of the non-
uniqueness.

4. THE EXISTENCE OF CONNECTION MATRICES

We begin the proof of the existence of connection matrices by establishing
some useful properties of chain complex braids. Assume % (<) is a chain
complex braid over <.

Proposition 4.1. If (I,J,J') € I,(<), and J and J' are noncomparable, then
the following triangle of chain maps is defined and commutes:
cy) - cw

N o/

cutJ
Proof. Note that (I,J,J') € I,(<) and J and J' noncomparable imply
a,J,J)e I;(<). Applying p(J 'J,J) to both sides of a commutativity rela-
tion derived from the (I,J,J’) braid diagram we obtain

p(J' T, Ni(J, JIYp(IJ ,J) = p(J' T, D)pJJ' , JIi(1J , 1JJ").
Noncomparability of J and J' imply
p(J'J,D)i(J,JJ) =1id,
and the (I,J',J) braid diagram yields p(J'J ,J)p(IJJ' ,JJ') = p(1JJ' ,J).
Thus
p(IJ,J)=p(lJJ , D)i(lJ , 1]J"),

the desired relationship. O
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Proposition 4.2. If (I,,J,) and (I,,J,) are decompositions of an interval K,
and I,nJ, =Q, then p(K,J))i(l,,K) =0.

Proof. It is easy to see that (I,,I; NJ,,J) is a decomposition of K. By weak
exactness p(K,J,)i(1,,K) = 0; thus p(J,,J,)p(K,J,)i(I,,K) = 0. Via the
(I,,1,nJ,,J,) braid diagram this reduces to p(K,J,)i(1,,K) = 0, the desired
relationship. 0O

Now assume 7 € P is maximal under <. Set A =4, = {7’ € P|n’ < n},
and R=R, =P\A4.If Ke€I(<) issuchthat = € K, then we set K, = KN4,
Kp=KNR. Assume such a K is fixed. The following proposition is a simple
consequence of these definitions.

Proposition 4.3. (K,,K;) and (A\K ,K,) are decompositions of K and A
respectively.

Proposition 4.4. If (I,J) is a decomposition of K, and n €1, then I, = K
and (1,.,1,,J) € I(<).

Proof. Clearly I, c K,. If n e K 4> then 7' < m. This and the fact that
n eI imply that n’ € I'; thus K,c1,.Since (I,J)el,(<),and (I ,1Ig) is
a decomposition of 1, it follows that (I,,1,,J) € I,(<).

Proposition 4.5. If (I,J) is a decomposition of K, and n € J, then
(A\K. K\ J,), (K K\ g Jr), (1.0, J), and (K \J,,J, K\Jg)
are adjacent triples of intervals, and J, and K \J, are noncomparable.

Proof. (A\K,K,) € I,(<) by Proposition 4.3, and it is easy to see that
(K,\J,.J,) is a decomposition of K , ; therefore (A\K,K ,\J,,J,) € I,(<).
(K, . Kpg) € I,(<) by Proposition 4.3, and (Kg\J,,J) is clearly a decomposi-
tionof K ;thus (K, ,Kp\Jp,Jg) € I;(<). Since (I,J) € I,(<) and (J,J)
is a decomposition of J (by Proposition 4.3), it follows that (1,J,,J;) €
I,(<). It is not difficult to see that (K ,, K \J) € I,(<); this and the fact that
(K,\J,.J,) is a decomposition of K, imply (K \J,.J,, K \J) € I,(<).
Finally note that J, C 4, Kp\J; C R, and (4, R) € I,(<), and furthermore
K\JgCI,J,cJ,and (I,J) € I,(<); it follows that J, and K. \J, are
noncomparable. O

Proposition 4.6. If (I ,J) is a decomposition of K, and n € J , then the follow-
ing diagram of maps is defined and commutes:
C(4)
p p
7 ) N\
(4.1 CK,) = C(J,
i i

CK)y & cu
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Proof. By Proposition 4.5, (A\K,K \J,,J,) € I,(<); the associated braid
diagram yields the commutative triangle. Now consider

C(K,)

(4.2)

cKy L cwW

Note that K, U (Kg\Jg) = T UJ,. By Proposition 4.5, (K,, K \J, Jp)
and (/,J,,Jg) are adjacent triples of intervals, yielding, respectively, the left
hand commutative triangle and the commutative rectangle in diagram (4.2).
Furthermore, Proposition 4.5 states that (K \J,,J,, K \Jg) € I;(<) and J,
and K \J, are noncomparable. Proposition 4.1 then yields the commutative
triangle on the top in diagram (4.2). Thus the outside quadrilateral in diagram
(4.2), i.e., the rectangle in diagram (4.1), commutes. O

The following proposition describes the main construction step used in the
proof of the existence of connection matrices.

Proposition 4.7. Consider the following diagram of chain complexes and chain

maps:
6’

(4.3) [«
c'4ctc

Assume that the horizontal sequence is weakly exact and that o' induces an
isomorphism on homology. If C'isa free chain complex with homology H'
isomorphic to H" (the homology of C") via an isomorphism o H — H",
then there exist maps:

d:C' - C, vC' —-c, «:C' ="

such that
(1)

= (5 #):(&)~ (&)
= 0 5// . ? ?

is a boundary map, where 3,9 arethe boundary maps in the chain complexes

C', T", respectively,
(2) &":C" — C" is a chain map that induces the homology isomorphism
"
a’,

(3) ad' +1:C ®C — C is a chain map,
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(4) the following diagram commutes:

P —

C —.CelC' 2T

la' laa'+‘t la"

C/ a C b CII
where i, p are the obvious inclusion, projection maps respectively.
Proof. Set K = ker(ﬁ"), and let L be a subspace of ¢’ complementary to
K. We define d, 7, and o” separately on K and L. We begin by defining
the maps on K so that diagram (4.4) below commutes where the vertical maps

on the front face are the boundary maps for the respective chain complexes,
and the map 0: K — K is the trivial map and takes the place of d in A.

C'—* s C'®oK—? LK
/ i aa"‘/ A a’
Cl a . C b >C// 0

(4.4)

6/
a

ol > C c”

Let £ be an element of a basis for K. Define d(£) € C' so that [d(£)] e
H is the image of [#] under the following sequence of maps:

;AN 2 LN S LNy -
where 0,: H " — H' is the connecting homomorphism for the weakly exact se-

quence in diagram (4.3) and (o/)'l is the inverse of the homology isomorphism
induced by the chain map o’ .

Now we claim that there exists »~2 € C such that b(») € ker(8"), [b(»)] =
a"([£)),and 8() = aa’'d(#) . By Proposition 2.2 there exists ~ € C such that
[b(~)] = a"([#]) and [a~'8(=)] = 8,a" ([#]). Then by the definition of d(#)
it follows that [a'd(#)] = [a"‘a(a)]. Choose » € a"a(a), and let - € lod
be such that 8'( 2) = a'd(£) —+. Set = = » +a( ). Note that b(») =
b(z) + ba( z) = b(z); therefore [b(~)] = [b(~)] = o"([#]). Furthermore,
d(m) = 8(z) +ad'(r) = 8(r) + ad'd(£) — a(o) = 3(z) + ad'd(£) — 3(») =
ac'd(#£), completing the proof of the claim.

Now define 7(#) =~ and o"(#) = b(~). With these definitions it is easy
to see that diagram (4.4) commutes; therefore d,7, and o" are defined on
K as desired. Note furthermore that [a”(#)] = o”[#]; thus any extension
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of o” on K to a chain map on C yields a map that induces the homology
isomorphism o” .

The proof is complete once we define d,7, and o’ on L such that A> =0
and diagram (4.5) below commutes:

c—* L, Cc'eC'—P2 ,On
/ .B_, aa,:/ A o -(-9-11
C' a C b C//
4.5) |
6/ ? 5/ @6'—' p c"
o / 8 y 9" /
o e

Let Z be an element of a basis for L. We define d(/), ©(/), and (/).
Note that 3 (/)€ K;s0 dd (/), 10 (£), and o"9 (/) are all defined. We
claim that there exist ¢ € C', » € C such that () = aal(y) + 15"(/ ). Since
[3"(#)] = 0, it follows (by the definition of d on K ) that [dd (/)] =0 and
there exists s € Csuch that 5’(4) = d5"(/ ). Now

(— @3 (/)
(—®3" (/)

o~

J(—=s)+do" (/) ®0)

8(aa’(=s) + 19" (7)) = d(ac’ + 1)
= (ad' + 7)A
= (ad’ + 7)((
=0,

where the second equality holds by the commutativity of diagram (4.4), and
the fourth equality holds because 3 (s) = dd (/). It follows that [aa(—7) +
19 (/)] € H , the homology of C, and

blaa'(—s) + 18 (£)] = [b10 (/)] =[a"3 (/)] =a"[0" (/)] =0,

where the second equality holds by the commutativity of diagram (4.4), and
the fourth holds because [3" (#)] = 0. Therefore [aa’(=s) + 10 (£)] is in the
image of the homology map, a: H' — H, induced by the chain map a, and
furthermore, since o: H — H' is an isomorphism, there exists 7 € ker(?’)_')
such that ac'[z] = [aa'(~s) + 10 (£)]. Thus there exists » € C such that
8(r) = aa'(~s) + 10 (/) — ad'(¢). Set g = —s —¢. Clearly 8(») = ad'(z) +
15"(/ ) ; thus the proof of the claim is complete.

Now define d(/) =4, 1(/)=~»,and o" (/)= b(»).

We claim that A> = 0. Clearly if ,®0€ C @ C , then A’ ®0) = 0.
Also, if 0@ # € C with £ € K, then because d(£) € ker(9'), it follows that
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A*(0® £)=0. Consider 00/ €C ©C with £/ €L.

A0e/)=Ad() 8 (/)
=@d()+dd" (/) @89 ()
=@ (-)+0 (-2)+dd" (/) ®0
= 0,

where the last equality holds because # € ker(d') and 9 (s) = dd (/).

Now we claim that diagram (4.5) commutes. The left and right faces on the
right-hand cube need to be checked. That the other squares commute follows
either by assumption (e.g., a is a chain map) or directly from the definition
of the particular maps. Thus we need to show that aa’ + v and o” are chain
maps. That " is a chain map, i.e., that the right face commutes, follows by
surjectivity of p and the commutativity of all of the other faces in the right-
hand cube once it is shown that aa’ + 7 is a chain map.

To prove that aa’ + 7 is a chain map we consider d(ac’ + 1) and (aa’ +1)A
on +®0, 004, and 067 € C ©C  as above. First consider < @ 0;
d(aa’ + 1)(c ®0) = daa’(c) = ad'd (¢) = (aa’ + 1)A(c ® 0). Next consider
00 £; d(ad’ +1)(00 £) = 9t(£) = 3() = ad'd(£) = (ad’ + 1)A(0 @ £),
where the last equality holds because 5"(,{ ) = 0. Finally consider 0 & 7 ;
dad' + 1) (0@ /) =0t(/) = 0(r) = ad'(g) +10 (/) = add(/) + 10 (/) =
(aa' + 1)A(0® 7). Thus aa’ + 7 is a chain map, and the proof of Proposition
4.7 is complete. O

We leave it to the reader to provide the simple verification that the main
connection matrix existence result, Theorem 3.8, is established via the following

Theorem 4.8. Let % (<) be a chain complex braid, and C = {CA(n)},.p be
such that for each m € P, CA(rn) is a free chain complex with homology HA(m)
isomorphic to H(m), the homology of the chain complex C(n) in €(<). Then
there exists an upper triangular boundary map,

A: @D CA(n) - @ CA(x),
nepP nepP
and a chain map, Y:FA(<) — €(<), from the chain complex braid defined
by A to (<), such that 0: ZA(<) - # (<), the map induced by ¥, is an
isomorphism.

Proof. The proof is by induction on the order of the indexing set P. If P
contains one element 7, then let A be the boundary map in the chain complex
CA(n) and 6: HA(n) — H(m) be an isomorphism. Since CA(m) is free, there
exists a chain map ¥:CA(n) — C(n) inducing 6. Clearly A and ¥ satisfy
the requirements of the theorem.

Now assume the theorem is true for indexing sets of order n — 1 and P is
of order n.
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Choose a maximal (under <) m € P. Let P' = P\n and <’ be the restric-
tion of < to P. By induction there exists an upper triangular boundary map
A':@nel,, CA(m) — @756,,, CA(m) and a chain map between chain complex
braids, ¥': A’ — #| <', that induces an isomorphism on homology.

We extend A’ to an upper triangular boundary map,

A: @ CA(r) — @ CA(x),

nepP nepP

and ¥ to a chain map, ¥: #A — %, inducing an isomorphism on homology.

Since A is an extension of A’, we define A(P') = A'. A must be upper
triangular; therefore A(P’, n) is defined to be zero.

It remains to define A(x, P); this is done in three separate pieces. Let 4 =
{a€Pla<n},andset A'=A\n, R=P\4. (4" ,R,n), (4 .n,R)eL(<).
Upper triangularity of A requires the definition A(n, R) = 0. Set A(n) equal to
the boundary map for the chain complex CA(n), and let 6(n): HA(n) — H(n)
be an isomorphism. To define A(rn, A’) consider

CcA(A)
w4
C(A) XA, gy 24D, ().

The horizontal sequence is weakly exact, and by induction W(A4') induces a
homology map 6(A’) which is an isomorphism. CA(n) is a free chain complex
and 6(n): HA(n) — H(m) is an isomorphism.
By Proposition 4.7 there exists maps
A(r, A'): CA(n) — CA(A),
7,:CA(n) — C(4),
Y(r): CA(n) — C(n)

such that
(1)
(A4 A(r, A\ [ CAL) CA(4A")
s = (5 L) (Cam ) ~ (Cam)
is a boundary map,
(2) ¥Y(m) is a chain map that induces 6(7),

(3) 7, +i¥(4"): CA(n) ® CA(A') — C(A) is a chain map,
(4) the following diagram commutes:

CcA(4) —— CA(4) @ CA(n) —2— CA(n)
(4.6) l”’> ln+wuw lwﬂ

c)y —— C(A) —£— C(n)
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Now with this definition of A(m, A’) the matrix A is completely defined. A
is obviously upper triangular; we claim it is a boundary map. We can view A

as a matrix , , ,

A(4) A(r,A) AR,A4)

A= 0 A(m) 0 .
0 0 A(R)
Then
AA')? AADA(m, A') + A(r, A)A(n) A(4)A(R, A') + A(R, A")A(R)
A? = 0 A(m)? 0 .
0 0 A(R)?

Since (2" A(A"(;t’;')) is a boundary map, it follows that A(n)®, A(4')*, and

AAA(m, A )+A(r, A')A(n) are zero. A(P') = (A({)")A(AR( ,'{;')) , and by induction
A(P')? = 0; therefore both A(R)? and A(4')A(R, A')+A(R , A')A(R) are zero.
Hence A’ =0 and it follows that A is an upper triangular boundary map.

We now define W:#A — #. Since ¥ is an extension of ¥, we define
¥|<'= ¥'. It remains to define W(K) for intervals K containing 7. Set
K' = K\n, and as in Propositions 4.3-4.6 with 4 = A and R = R, let
K,=KnA4 and Kp=KNR.

Note that Proposition 4.3 implies that both p(4,K,) and i(K,,K) are
defined.

Define 7,:CA(n) — C(K) to be the composition of the maps

(K4 .K)
—_—

CA(n) 4 C(4) 224X, c(k ) C(K),

and ¥(K): CA(K) — C(K) to be equal to the map
1+ iK' K)¥(K): CA(n) ® CAKK') — C(K).

Note that W(n) is defined twice; however, the definition of 7, and the
commutativity of diagram (4.6) imply that the two definitions coincide.

Now ¥ is completely defined. To complete the proof of the theorem we
must show that ¥ is a chain map. Then, since ¥(7n) induces an isomorphism
on homology for each n € P, it follows (by Proposition 2.5) that ¥ induces an
isomorphism on homology. Since by induction ¥|<' is a chain map, we only
need to prove that if K € I(<) and n € K, then ¥(K) is a chain map, and
furthermore, if (I,J) is a decomposition of K, then the following diagram
commutes:

CA(I) —— CAK) —2— CA(J)
(4.7) l\vu) 1'1'(1() lwu)

cl)y —— CcK) -2~ cW)
We first prove that diagram (4.7) commutes. We call the left-hand square in
diagram (4.7) an inclusion square and the right-hand square a projection square.
Each square is considered separately.
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To prove that the inclusion square commutes we consider two cases: 7 ¢ [
and me€/l. Assume n ¢ 1. (I,J/%n,m) € I;(<). Consider

CA(I) CA(K)
‘P(I)J CA(K') l\y(m
c(n & / C(K)

C(K')

The top and bottom commutes by the (I ,J\n,n) braid diagrams. The left
side commutes by induction. The right side commutes by the definition of
Y(K). Therefore the back commutes; i.e., if 7 ¢ I, then the inclusion square
commutes.

Now assume ne /. Set I' =I\n. CA(I) = CA(n)®CA(I'). We show that
the inclusion square commutes on each of the subspaces CA(n) and CA(I')
of CA(I). Note that (I',xn,J), (I',J,n) € I,(<). Consider

call'y —_____, CA(K")

¥(I') CA(I)-—\—}i CA(K)
Y(K')
c(r) W)l C(K") lwo

c(I) > C(K)

where all of the unlabeled maps are of the form i(-,:). The top and bottom
commute by the (I',n,J) and (I',J,n) braid diagrams. The left and right
sides commute by the definitions of W(I) and W(K), respectively. The back
commutes by induction. Thus, the front commutes on the image of i: CA(I') —
CA(I); i.e., the inclusion square commutes on the subspace CA(I') of CA(I).

To show that if 7 € I, then the inclusion square commutes on CA(n), note
that I, = K, and (I,,I,,J) € I,(<) by Proposition 4.4. The (I, ,1;,J)
braid diagram yields i(/, K)i({,,I) = i(I,, K). This and the fact that I, = K,
imply i(I,K)i(I,,I)p(4,1,)t,=i(K,,K)p(4,K,)t,. Therefore i(I,K)z,
=1, , implying that (I, K)¥(I)|CA(n) =¥ (K)|CA(n) =¥ (K)i(I,K)|CA(r) .
Thus, the inclusion square commutes on the subspace CA(n) of CA([).

It now follows that the inclusion square commutes.

Now consider the projection square. CA(K) = CA(n) ® CA(K'). We show
that the projection square commutes on the subspaces CA(m) and CA(K') of
CA(K). We consider two cases: n€J and n ¢ J.
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CA(K') — L4 »CA(J") i
1
¥(K') CA(K) P —CA(J)
V(K) V’(J’) ;
C(K') p %C(J') ; v(J)
C(K) P —-C(J)

Assume m € J. Set J' = J\n. (I,J',n) € I(<). Consider the above
diagram.

The top and bottom commute by the (I,J’,n) braid diagrams. The left
and right sides commute because all inclusion squares commute. The back
commutes by induction. Thus the front commutes on the image of i: CA(K') —
CA(K); i.e., if m € J, then the projection square commutes on the subspace
CA(K') of CA(K).

To show that if = € J then the projection square commutes on CA(n), note
that

(K, J)¥(K)|CA(T) = p(K , J)i(K , K)P(4.K )1,
=i(J,,)p(4.J )1,
=Y¥Y(J)|CA(n)
=W¥(J)p(K ,J)|CA(n),
where the second equality holds by Proposition 4.6. It now follows that if = € J
then the projection square commutes.
Now assume 7 ¢ J. Let I' =I\n. (I',J,n) € I,(<), and = and J are
noncomparable. Consider
P

CA(K") —» CA(J)
; (4
Y(K') CA(K) ¥(J)
Y(K)
C(K") Fy CW)

\C(‘K)/

The top and bottom commute by Proposition 4.1. The left side commutes
since all inclusion squares commute, and the back side commutes by induction.
Therefore the right side commutes on the image of i:CA(K') — CA(K); i.e.,
the projection square commutes on the subspace CA(K’) of CA(K).

To show that if 7 ¢ J then the projection square commutes on CA(x),
first note that since n ¢ J, it follows that p(K,J)|CA(n) = 0. Therefore
Y(J)p(K,J)|CA(r) = 0. It is easy to see that K, NJ = &. Proposition 4.2
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then implies that
p(K,J)i(K,, K)=0.
Therefore p(K,J)t, = p(K,J)i(K, K)p(4,K )t,=0;ie,
p(K,J)¥(K)|CA(m) = 0.
Thus the projection square commutes on CA(n), and it now follows that dia-
gram (4.7) commutes.

The proof of Theorem 4.8 is complete once we show that W(K) is a chain
map. Denote the boundary map in the chain complex C(K) by d(K). We show
that 9(K)¥(K) = ¥(K)A(K) on each of the subspaces CA(K') and CA(n) of
CA(K). Note that W¥(A) is a chain map by Proposition 4.7.

Now note that

O(K)¥(K)|CAK) = 8(K)i(K', K)¥(K')
=i(K', K)¥(K')AK")
= (¥(K)|CAKK)A(K')
= W(K)A(K)|CA(K'),
where the first and third equalities hold by the definition of W(K), and the
second holds since i(K',K) and W(K') are chain maps. Furthermore, note
that
O(K)¥Y(K)|CA(m) = 0(K)i(K ,,K)p(A,K ,)¥(A)|CA(n)
=i(K,,K)p(A4,K )¥(A)A(A)|CA(n)
=¥Y(K)i(K,,K)P(A4,K ,)A(A)|CA(r)
=¥Y(K)AK)i(K,,K)P(A,K ,)|CA(n)
= W(K)A(K)|CA(m),
where the first equality holds by the definition of ¥(K), the second and fourth
hold since i, p, and ¥(A) are chain maps, and the third holds by the com-

mutativity of diagram (4.7). Therefore W(K) is a chain map, and the proof of
Theorem 4.8 is complete. O

5. THE CONNECTION MATRIX THEORY FOR MORSE DECOMPOSITIONS

Recall that M = {M(n)},., is a Morse decomposition of the isolated in-
variant set S with admissible ordering <, and #(<;G) (= #(<)) is the
homology index braid of < with coefficients in G. #(<) is chain complex
generated; therefore if C = {CA(n)},., is a collection of free chain com-
plexes such that the homology of CA(x) is isomorphic to H(m), the homology
index of M (n) with coefficients in G, then Z#(#(<),C), the collection of
C-connection matrices of #(<), is nonempty.

Definition 5.1. Under the above circumstances
A. g#(#(<),C) is called the C-connection matrices of the admissible or-
dering < with coefficients in G, and is denoted Z#(<;G,C).



CONNECTION MATRIX THEORY 585

B. If < is the flow ordering, then Z#(#(<), C) is called the C-connection
matrices of the Morse decomposition M with coefficients in G, and is denoted
e#(M;G,C).

C. If the chain complex CA(n) equals H(m) with trivial boundary map, then
the above collections are denoted ##(<;G) and €#(M ;G), and are called the
connection matrices of < and M , respectively, with coefficients in G.

Note that the situation described in Definition 5.1.C occurs when the homol-
ogy indices H(m) are free for each m. An example of that case is when the
coefficient module is chosen to be a field (see Examples 6.1-6.3 below).

Since every admissible ordering of M is an extension of the flow ordering,
the following proposition is an immediate consequence of Proposition 3.7.

Proposition 5.2. 2#(M ;G,C) Cc z#(<;G,C).

Proposition 5.2 is a reflection of the fact that the connection matrices of the
flow ordering of the Morse decomposition are defined using maximum (over all
other admissible orderings of the Morse decomposition) algebraic information.

As is indicated in §2, it is expected that the connection matrices provide
some information about the structure of the invariant set S. For an initial
interpretation result we have

Proposition 5.3. If A€ 2#(M ;G,C), n and n' are adjacent in the flow or-
dering, and A(n' ,m) # 0, then C(M(n'), M(n)) # @ .

Proposition 5.3 describes a situation where information about the set of con-
necting orbits between elements of a Morse decomposition can be obtained via
the connection matrices of the Morse decomposition. We point out that the
proof is nothing but a simple consequence of the definitions involved; specifi-
cally,

Proof. A(n', ) # 0 implies n <, n'. Therefore by the definition of the flow
ordering there is a sequence of distinct elements of P: n =m,,... %, = n
with C(M(n;), M(n,;_))#© foreach j=1,....,n. m and n' adjacent in
the flow ordering then implies n = 1;i.e., C(M ('), M(n) #@. O

The ease with which Proposition 5.3 follows from the relevant definitions is
significant because it indicates that the object under investigation, i.e., the col-
lection of connection matrices of the flow ordering of a Morse decomposition,
is to some degree properly defined as a tool for studying the structure of the
invariant set relative to the Morse decomposition. We leave further interpre-
tation results for future investigations; however, it should be noted that simple
examples do indicate that deeper interpretation results are possible.

For example, suppose that for some strictly upper triangular connection ma-
trix of the Morse decomposition, the composition A(n’, n)A(z” , n') is nontriv-
ial and that # and #n’ as well as n' and n” are adjacent under the flow order-
ing. Then by Proposition 5.3 both C(M(n"), M(xn')) and C(M(n'), M (n))
are nonempty. Furthermore, if I1:= {n,n’, n"}, then since A(IT)® # 0, it
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M(n'") =%

M(n') * y

M(n) =*
FIGURE 5.1

follows (by Proposition 3.2) that IT is not an interval of the flow ordering, thus
implying that more structure is present. More specifically, it is not difficult to
see that this implies C(M(n"), M(n)) # @, and moreover that there exists an
interval I in the flow ordering such that = ¢ I and both C(M(n"), M(I))
and C(M(I),M(n)) are nonempty (see Figure 5.1).

The schematic representation of this situation suggests that there is some
further structure to C(M(n"'), M(n)) (e.g., a parameterized family of orbits).
As is indicated above, we leave a formal presentation of these points, along with
further connection matrix interpretation results, to a later study.

6. SOME EXAMPLES

To begin, consider the following family of ordinary differential equations
parameterized by the variable 6 > 0:

X=+y, y =40y — x(x - H)(1 - x).

The complete set of bounded solutions S, for these equations is shown (along
with some nearby orbits) for values of 6 near 0 and for values of 8 large in
Figure 6.1. For all 6 > 0 the set of bounded solutions is an isolated invariant
set, and the collection M, = {M(i)} is a Morse decomposition of S, where
the sets M,(1), M,(2), My(3) are the points in the xy plane (1/3,0), (0,0),
(1,0), respectively.

In Example 6.1 we compute the connection matrices with coefficients in Z,
of the Morse decompositions depicted in Figure 6.1. In Example 6.2 we use
the connection matrix theory to prove that there exists a parameter value 6°
at which there is a connecting orbit from M,.(3) to M,.(2). In Example
6.3 we compute the connection matrices with coefficients in Z, for the Morse
decomposition M,.. The latter example is an instance where the Morse de-
composition does not have a unique connection matrix.

Note that since we have chosen field coefficients in Examples 6.1-6.3 and
since we are computing connection matrices (i.e., C-connection matrices where
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FIGURE 6.1

C is the collection of homology indices of the sets in the relevant Morse decom-
position), it follows that the connection matrices are strictly upper triangular
(see the remarks preceding Definition 3.6 and following Definition 5.1).

In Example 6.4 we consider a case where the coefficients are chosen to be in
Z (i.e., not in a field) and there are no connection matrices. However, with an
appropriate choice of C, we compute the C-connection matrices.

Example 6.1. Qualitatively the flows in Figure 6.1 can be depicted as in Figure
6.2 below.

Consider the case where 0 < § < 1. Here the flow ordering is such that
1 <, 2 is the only relation. Thus by strict upper triangularity of the connection

M(3) M(3)
n‘22>4 > mq M2 M(1)
0¢<06«1 0 »1

FIGURE 6.2
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matrices it follows that only A(2, 1) may be nonzero. The homology index of
the Morse set M (12) is easily seen to be trivial; therefore HA(12) must be also.
Since the homology indices of the Morse sets M (1) and M(2) are nontrivial,
it follows that A(2,1) is an isomorphism. Thus &#(M,;Z,) consists of one
matrix, and it is in the form

0 ~ 0
0 0 O
0 0O

where ~ indicates an entry that is an isomorphism.

Consider the case where 6 > 1. Here the flow ordering is such that 1 <, 2
and 1 < 3 are the only relations. Thus by strict upper triangularity of the
connection matrices it follows that only A(2,1) and A(3,1) may be nonzero,
and furthermore, by an argument identical to the one used above, it follows
that each of these entries is an isomorphism. Thus in this case &#(M,;Z,)
also contains a single matrix, and it is in the form

0 ~ =~
0 0 0].
0 0 O

Example 6.2. Nowlet 0 < 8’ < 1 and 1 <« 6”. Append the equation
6=¢6 —-6)0"-0), >0,

to the above system. S, the complete set of bounded solutions to the resulting
system, is an isolated invariant set. Some of the orbits in .S, along with a Morse
decomposition, M = {M(i'), M(i")}, of S, are shown in Figure 6.3.

It is not difficult to see that if A is a connection matrix of M with coefficients
in Z, then A = (4 [) where A" and A” are of the form of the first and
second matrices, respectively, computed in Example 6.1 and the entries in T
are in the form A(i",j’). The matrix 7T is called a transition matrix of the

system; transition matrices are studied further in [11-13]. We are interested in

M(3'-),:,\A&/ + \/r M(3")

WA VAl Vi

M(2")

ML) 2 « S 1A

FIGURE 6.3
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the A(3",2') entry. It is easily verified that A(1”,1’) is an isomorphism, and
therefore

A(3",2)

OO OO OO
coocooo
OO OO OO
SO O e e
SO QR e e o
[« RPN }

A? must be 0; therefore it can be seen by composing the top row with the
right hand column that A(3”,2') is nontrivial. Then since M(3") and M(2')
are adjacent in the flow ordering, it follows that C(M(3"), M (2')) is nonempty.
Note that this is true for all ¢ > 0. It then follows (see [12]) that in the system
at ¢ = 0 (i.e., in the original parameterized family of equations) there exists
6" € (6',60") such that C(M,.(3),M,.(2)) is nonempty.

An alternative proof of the existence of a parameter value 8 for which there
is a connecting orbit from M,.(3) to M,.(2) is presented using the connection
matrix continuation theory in [5].

Example 6.3. Now consider the flow at 6" ; it is depicted qualitatively along
with an index filtration for the flow ordering of the Morse decomposition in
Figure 6.4 below. Let H(I) denote the homology index with coefficients in
Z, of the Morse set M(I) for each I € I(<,). Each homology index can
be computed by choosing appropriate index pairs from the index filtration (for
example, see the schematic representations in Figure 6.5 below).

The relations in the flow ordering are 1 <, 2, 2 <. 3, and 1 <, 3. Thus
if A is a connection matrix of the Morse decomposition, then only A(2,1),
A(3,2), and A(3,1) may be nontrivial. As in Example 6.1, A(2,1) is an
isomorphism. A(3,2) is trivial because H(3) is nontrivial only in dimension
one, A(3,2) is of degree —1, and H(2) is trivial in dimension O.

Now consider A(3,1). We leave the details of the computation to the reader
(see [3]), and only illustrate the algebraic relations that determine A(3,1). Let

3

M(3)

>

A M(2) M1

FIGURE 6.4
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H(23) H(L)
B
FIGURE 6.5

a be a generator of H(3), and note that the map p(23,3): H(23) — H(3)
associates two independent generators (o' and o” in Figure 6.5.A) of H(23)
to a. It is via this association that A(3, 1)a is defined.

The flow-defined boundary map 9(23,1): H(23) — H(1) is pictured sche-
matically in Figure 6.5.B. It is easy to see that 8(23,1)a’ is a generator of
H(1), but 8(23,1)a” is trivial. Thus, depending whether a is associated
to a' or o”, A(3,1) is either an isomorphism or is trivial. It follows that
&#(M,. ;1,) contains two matrices, and they are of the form

0 ~ 0 0 ~ =~
0 0O and 0 0 O
0 0O 0 0 O

In this example the nonuniqueness of the connection matrices reflects the fact
that there are two qualitatively different perturbations possible from the flow
at 6" . It is not known if nonuniqueness of connection matrices in general re-
flects such a bifurcation of behavior. Reineck [12] has shown that on a smooth
manifold if the Morse decomposition consists of hyperbolic rest points and is
such that stable and unstable manifolds intersect transversally then the connec-
tion matrix is unique. Further results in that direction would be an important
component of the connection matrix interpretation theory.

Note that &#(M,.;Z,) does not continue to ##(M,;Z,) for 6 near 6"
(i.e., the form of the collection changes). Thus, even though the Morse decom-
position continues locally, the collection of connection matrices is not invari-
ant under continuation. However, as this example illustrates, the connection
matrices are upper semicontinuous in the sense that under local continuation
connection matrices may be lost, but not gained (see [5]).



CONNECTION MATRIX THEORY 591

Example 6.4. Now consider the flow on the Mobius band S pictured in Figure
6.6 below:

FIGURE 6.6

M(1) is an attracting periodic orbit, and M (2) is the complementary re-
pelling orbit. Let H(-) denote the homology index with coefficients in Z of the
relevant Morse set of the flow ordering of the above Morse decomposition. The
associated homology index braid consists of the sequence of graded Z-modules
and maps

o HQ) S H) L H12) L HR) S HO) > -,
where the only nontrivial modules occur in dimension 1, and appear as follows:

.._.o_.zi_LzL,zz_,o_....,

There are no connection matrices associated to this graded module braid (see
the remarks preceding Definition 3.6); however, with an appropriate choice of
the collection C, the collection of C-connection matrices is nonempty. To that
end let CA(1) be a chain complex with graded module equal to H(1) and with
trivial boundary map, and let CA(2) be a chain complex with graded module
Z in dimensions 1 and 2, trivial otherwise, and with chain map A(2) multipli-
cation by 2 in dimension 2, trivial otherwise. Let C = {CA(1), CA(2)}; then
since CA(1) and CA(2) are free chain complexes having homology isomorphic
to H(1) and H(2), respectively, it follows that the collection of C-connection
matrices of the Morse decomposition is nonempty. In fact, it contains a single
matrix (g “;’) where A(2) is the map described above and A(2,1) is an
isomorphism in dimension 2 and trivial otherwise.

Note that the flow-defined boundary map 8(2, 1) is trivial and therefore does
not reflect the existence of a connecting orbit from M (2) to M(1); however
A(2,1) is nontrivial, and therefore (by Proposition 5.3) C(M(2),M(1)) # .

These examples provide simple illustrations of applications of the connection
matrix to the qualitative study of differential equations. Studies of particular
differential equations using the connection matrix have been carried out by
Mischaikow [11] and Reineck [12]. These examples also illustrate that there
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many questions to be answered (and asked) regarding the connection ma-

trix theory. Besides the interpretation questions mentioned above, there are
numerous questions regarding the computation of connection matrices, most
importantly those investigating the minimal algebraic information required to
maximize the information in the connection matrix.
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