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Abstract

In this paper we compute the minimal number of non-degenerate singularities that can be
realized on some manifold with non-empty boundary in terms only of abstract homological
boundary information. We specify the index and the types (connecting or disconnecting) of
the singularities realizing the minimum. The Euler characteristics of manifolds realizing the
minimum are obtained and the associated Lyapunov graphs of Morse type are described and
shown to have the lowest topological complexity.

Introduction

In this paper we introduce a notion of minimal flows on compact manifolds. A flow on a compact
manifold M with total number of singularities h is minimal if there exists no other flow realizable
on M with fewer singularities than . In [Rei] techniques are developed to continue a gradient flow
to one with the minimal number of critical points. However, the approach is quite distinct from
ours and our results are of a different nature.

Let M be any compact manifold of dimension n such that M = OM* U OM~, with OM™
and M ~ non-empty® where M+ (OM ™) is the disjoint union of e (e~) components of M, and

denote it by OM* = Uil Mli Also, consider the sum of the Betti numbers, ﬁj(Mii), of these
components, i.e. B;E = Zil B; (Mli) where j =1,..., L%‘lj

We now consider that we have abstract information without reference to a specific manifold,
i.e., positive integers e™, e~ and integers corresponding to the differences (of Betti numbers)
B;' — B . A minimum number of singularities hin can be determined depending only on et e”
and the differences B;-r — B; where j =1,..., L"T_lj This minimum number of singularities Ay
has a topological-dynamical meaning. Given any compact manifold M with e™ + e~ boundary
components, et components Mii,i =1,...,e* labelled with {ﬁj(Mii); ji=1,..., L"T_lj}, there
exists no Morse flow realizable on M entering through the (M;")’s and exiting through the (M, )’s
with fewer singularities than hni,. Hence, in this sense, a flow realizing A, is a minimal flow
on some compact manifold M respecting the given homological restrictions on the entering and
exiting boundaries for the flow. Of course, there may be many such compact manifolds realizing
this minimal flow. On the other hand, there are many compact manifolds with the same boundary
specification given above which possess minimal flows with total number of singularities greater
than hpin,.
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lwe will make no further mention of this fact and will assume it throughout the article



The simple example in Figure 1, on compact 2-manifolds illustrates this point, i.e., given one en-
tering boundary component and two exiting boundary components, (in this case these components
must be circles) hmin = 1 hence hy = 1. However, there are other minimal flows on other compact
2-manifold with the same homological boundary specification which possess a greater number of
singularities than hpi,. Of course, in dimension two, the number of boundary components, e +e~
and the genus g completely determines hyiy, i-e., the number of singularities of index one, hy, by
the formula 2 — 2g — (e™ + ¢7) = hy. If we define topological complexity in terms of the genus,
note that Ay, is realized on the manifold of lowest complexity. However, in higher dimensions we
can also measure topological complexity in terms of the presence of dual pairs and hence a similar
phenomenon is observed.

Figure 1: Minimal flows and topological complexity

Theorem 1 asserts that a minimum number of singularities hyi, can be determined depending
only on e¥, e~ and the differences (of Betti numbers) B;' — B;". Moreover, the set

n—1

H={(h1,. .., hp1): Z h; = hmin : Poincaré-Hopf inequalities are satisfied }
i=1

is completely determined.
One can also determine the set

HY s hno1) = {(hS, R, ... RS hE ) the h® — system is satisfied}.

We also prove that given (hi,...,h,_1) € H, the set H(hy,..., h,_1) is a singleton.

Moreover, for each element in H°(hy,..., h,), a family F, L(n) of Lyapunov semi-graphs of
Morse type L(h) is determined.

With the previous notation we can state the theorem:

Theorem 1. Given positive integers et and e~ and integers BJT" - By,

1. there exists a number hyin which is the lower bound on the number of singularities of any
Morse flow realizable on any compact manifold with et entering boundaries and e~ exiting
boundaries with Betti numbers satisfying the given differences B;f - B;.

2. the set H is completely determined and each element in H determines a set H°(h, ..., hy)
which is a singleton.

3. the range of the Euler characteristics, Xmin(M,0M) of the compact manifolds M realizing
the minimal flows is obtained.



4. given H(hy,..., hy) the corresponding family of Lyapunov semi-graphs of Morse type is
completely determined; all graphs are explicitly described and possess lowest topological com-
plexity.

Section 1 contains background information. In Section 2 we prove item 1, which follows from
Propositions 2.1.1, 2.2.1 and 2.3.1, and item 2 which follows from Propositions 2.1.2, 2.2.2, 2.3.2,
2.1.5, 2.2.5 and 2.3.5. In Section 3 we prove item 3, which follows from Propositions 3.1.2, and
item 4, which follows from Subsection 3.2.

1 Background

In this section we will introduce basic definitions and results obtained in [BMRez].

In order to bookkeep dynamical and topological information of a given flow on a given manifold,
Franks introduced in [F] Lyapunov graphs. Here we make use of abstract Lyapunov graphs.

An abstract Lyapunov graph (semi-graph)? is an oriented graph with no oriented cycles such
that each vertex v is labelled with a list of non-negative integers {ho(v) = ko,...,hn(v) = k,}.
Also, the labels on each edge {8y =1, B1,. .., Bn—2, Bn—1 = 1} must be a collection of non-negative
integers satisfying Poincaré duality and if n — 1 is even then 3 not is even.

An abstract Lyapunov graph (semi-graph) of Morse type will be defined subsequently, but
roughly speaking, it is an abstract Lyapunov graph with all vertices labelled with non-degenerate
singularities of index j , i. e., {h;(v) = 1}.

Let N~ be an (n—1)-dimensional closed manifold, H an n-handle and N* = 9((N~ %[0, 1])UH).
The following definition distinguishes the effect on the Betti numbers of N* and N~ once the
handle H has been attached to N~ x [0, 1].

A handle containing a singularity of index ¢ or respectively, the corresponding vertex on L is
called /-disconnecting, in short ¢-d, if this handle has the algebraic effect of increasing the ¢-th
Betti number of NT or respectively, the corresponding 3, label on the incoming edge. A handle
containing a singularity of index ¢ or the corresponding vertex on L is called (£ — 1)-connecting,
in short (¢ — 1)-c, if this handle has the algebraic effect of decreasing the (¢ — 1)-th Betti number
of NT or respectively, the corresponding 3,1 label on the incoming edge. A handle containing
a singularity of index ¢ or the corresponding vertex on L is called B-invariant, in short g-i, if all
Betti numbers are kept constant (see Figure 2). Details can be found in [CrRez].

An abstract Lyapunov graph of Morse type L is an abstract Lyapunov graph that satisfies the
following:

1. every vertex is labelled with h; = 1 for some j =0,...,n.

2. the number of incoming edges, e, and the number of outgoing edges, e~, of a vertex must
satisfy:
(a) if hj=1for j #0,1,n—1,n then et =1and e” =1;
(b) ifhy =1thenet =1land 0 <e™ <2;ifh, 1 =1thene” =1and 0 <e™ < 2;
(c) if hg =1 thene” =0and et =1;if h,, =1 then e” =0 and e~ = 1.

3. every vertex labelled with hy = 1 must be of type ¢-d or (¢ — 1)-c. Furthermore if n =2i =0
mod 4 and h; = 1 then v may be labelled with §-i.

2Given a finite set V we define a directed semi-graph G’ = (V', E') as a pair of sets V! = VU{oo}, B/ C V' x V.
As usual, we call the elements of V' vertices and since we regard the elements of E’ as ordered pairs, these are
called directed edges. Furthermore the edges of the form (co,v) and (v, 00) are called semi-edges (or dangling edges
as in [Rez]). Note that whenever G’ does not contain semi-edges, G’ is a graph in the usual sense. The graphical
representation of the graph will have the semi-edges cut short.



B(NT)=pB+1 Be1(NT)=p8—-1

o, =1 ®hy=1 o h =1
Be(N")=p Be-1(N7)=p
(-d (0 —1)-c B-i

Figure 2: The three possible algebraic effects.

In [BMRez] we prove a continuation result for abstract Lyapunov semi-graphs to abstract
Lyapunov semi-graphs of Morse type. This was done by presenting an algorithm which not only
constructs the continuation but also provides the number of possible continuations. The main
theorem in that paper asserts that every abstract Lyapunov semi-graph that satisfies the Poincaré-
Hopf inequalities at each vertex can be continued to an abstract Lyapunov semi-graph of Morse
type. The Poincaré-Hopf inequalities are deduced from an analysis of long exact sequences of index
pairs. See [Co] for more details on Conley index theory.

Consider N the entering set and N~ the exiting set for the flow defined on N, where (N, N ™)
is an index pair for an isolated invariant set A. The Poincaré-Hopf inequalities were obtained
in [BMRez] by analyzes of the long exact sequences for the pairs (N, N7) and (N,NTt). The
Poincaré-Hopf inequalities® are the collection of the inequalities below, where rank H;(N,N~) =
hj, rank H;(N,N*) = h,_;, rank Hy(N~) = e~, rank Ho(NT") = e, rank Hy(N) = 1 and
rank (H;(N*)) = BY.

hj 2 _(Bj+—1 - B;—1) + (B;‘r—z - B] 2) + - (B; - B;) + (B1+ - Bf)
7(h"—(j—1) - hj—l) + (hn—(] 2) — hj—Z) + —
+(hn—1 — h1) £ [(hn — ho) + (eT —€7)]

hn—j =2 — [_(Bgtl_Bj_q)"‘(Bj 2= Bj o)+ -i(B;_Bz_)i(BT_Bl_)
~(hp—i—1) = hj—1) + (hn—g; 2 ~ hj_o)+—...
i(hn—l - hl) + [(hn - hO) ( —e ]] (1)

{hzz—(Bf—Bf)—(hn_l—hl)ﬂh — ho) + (et —e7)
hn—2 > = [~(Bf = By) = (hy—1 — h1) + (hy, h)+(+—e*)]

hi>ho—1+e"
hn—lzhn_1+e+

3In the setting of Morse flows, the h;’s are the numbers of non-degenerate singularities of Morse index j.



Moreover, the equality

2i+41
Bf—B =e —et+ > (-1)h (2)
§=0
where ( )
—1)¢
Bt = 5 Br+Bf +...—-Bf
_(=nf _ _
B™=-—B; B +...— B;

must hold in the odd case, and

i—1 i—1
hi =Y (=1)T(Bf = B )= > (=1)(haij — hj) + (e~ —e) beeven, for 2i =2 mod 4 (3)
j=1 j=0

in the even case 2i = 2 mod 4.
Also in [BMRez| was shown that the Poincaré-Hopf inequalities are equivalent to the linear
system below, which we refer to as the h°? — system.

e —1—-h§{=0

{hj:h§+dhg+ﬁi, j=1,...,n—1,=0ifn#0 mod 4 )
e+—1—hnfl=0 )

{(=(BY =Bp)+hif —hi, —hé +hl =0 k=1,..., [%52]

(BF

If n = 2i+1 we have an additional equation of the linear system above is %ﬁm—khf—h%_l =

2 Minimal flow and its singularities

In this section we deal with minimality: we compute the number of singularities of minimal flows,
their indices and their types. Although the technical guiding line is the same, we need to distinguish
three situations according to the parity of the dimension of the underlying manifold(s) to develop
details.

2.1 0Odd dimension n =2;+1
2.1.1 Computation of hpy;,

Notation For j =1...n we denote by PH; the right hand side expressions in the Poincaré-Hopf
inequalities (1), and by OPH, their optimal value, i.e. OPH; = max{0, PH;}. Hence, the general
solution h € Ni ! of the Poincaré-Hopf inequalities (1) has coordinates of the form

ho =

hy, = a

h1 = Ot071+67+041 (5)
hno1 = oap—1+ et + an—1

hj = OPHJ + (&%}

where a; € Ng forall j =0...n.



Proposition 2.1.1. In dimension n = 2i + 1, given positive integers et and e~ and integers

B;' — B, j=1,...,i, the minimal number of singularities needed in order to have continuation
18
+ _ B;'_ — Bi_
Pmin = min E hj=e" +e” —2+§ | B Bj71|+|7|
{heNg Tt 2

satisfying (1) and (2)}

Proof Continuation is possible if and only if the Poincaré-Hopf inequalities (1) and (2) hold. For
j=2...17 we have

PHj = —(B;;l — Bj 1) PH (OPHn,(j,I) — OPHj_l) — (Oén,(jfl) — Oéj_l)
OPH,_(j_1)— OPH;_1 = —PH; 4

(if OPH;_y = PH;_; then OPH,,_ (j—1) = 0, else if OPH; 1 =0 then OPH,,_(j_1) = —PH;_1).
Hence,
PH; = —(B} = By )) = (an_(j—1y —oj—1)  Vj=2...i (6)

Let us first consider equation (2).
(BY —B7) = —on + o 1+Z I(OPH; + aj)

: . _ ~1){(Bf - B]) =
S E - By + S SR S a4 z 1/OPH,
Jj=2 j=1
For j = 2...7 either OPH; = PH; and OPH,_; =0, or OPH; =0 and OPHn,j = PH,_; =
—PH;. In any case we have

(~1JOPH; + (~1)" IOPH,_; = (~1P*' (B}, — Bj_y) + (- -1) — aj-1)]

and equation (2) becomes

= (—D'a; + (-1)" Mg
We are now ready to minimize the sum of the coordinates of the general solution h € N6L+1 of the

Poincaré-Hopf inequalities (1).

Z;-Lzo hj = Z?:O(OPHJ + O[j) = ]
=aotay et e =243, | PH; |+Z§;oaj:

=+, et e —2+ZJ s | ( = B;_ 1) — (an—(j-1) — @j-1) |+Z?:004j2
>et+e — 2+Z] 5 B -B; |- ‘ QU (j—1) — @j—1 |) ‘*‘Z? Oa] 2
>et 4e — 2"'23_:2(‘ =B ey | = a1 ) +Z] 105 =

—et +e- 72+Z;=2 | B]_"——l 7Bj__1 | ‘o taitl >
>et+em =2+ 35, | B, — By |+ 257 |

To show that the lower bound is taken, let a; = a,,—; = 0 for j = 0...i — 1. If B > B, then

B -B; Bf —B}
choose «; = 5 and a;4+1 = 0, else choose o; = 0 and ;41 = 5. A

The meaning of the formula computing hn,i, is that there is a straightforward way of making

all the differences B; — Bj vanish. The presence of each singularity is justified by the fact that

either it will make one of the B;-r — B, smaller or it will decrease the edges contributions: we can

say there is no waste of singularities.



2.1.2 Distribution of the h,;, singularities according to the index

Convention From now on hg = h,, = 0.

Once hpin is known, we want to describe the set

n—1

H=A(h1,...,hpn_1): Z h; = hmin : Poincaré-Hopf inequalities are satisfied}.
i=1

This is done in Proposition 2.1.2.
Notation We shall denote by v, € Ngfl the following vector, associated with the edges contribu-
tion to the number of singularities:

v,=( e -1, 0,...,0, et —1 )

Let us first consider the singularities altering the first Betti number and denote by V; the set of

vectors .
|BY —B1 |

V1= {Ql(kl)}klzo

where v, (k1) is defined as below:

vi(ki)=( ki, 0, 0, ..., 0, |B}—By|—ki, 0 ) if B > By
vi(ki)=( 0, ki, 0, ..., O, 0, | Bf — By | —k1 ) otherwise

In general, as for the singularities altering the j-th Betti number, let us denote by V; the set of
vectors

|BF—B7| . .
VjZ{yj(kj) Ko forj=2...i—1
where v;(k;) is defined as below:
j n—j—1
~~ n - o ot _
v;(kj)=( 0,...,0, "kj, 0, 0,...,0, |Bf—B |k, 0, 0,...,0 ) if Bf >B;
vi(kj)=( 0,...,0, 0, k;j, 0,...,0, 0, | Bf —B; | —kj, 0,...,0 )  otherwise
~~ ~—————
Jj+1 n—j

Last, as for the singularities altering the middle dimension Betti number, let us define the vector
v; as

i

——f
Bt — B~
v,=( 0,...,0, % 0, 0,...,0 ) if Bf > B
B — B~
v,=( 0,...,0, 0, %, 0,...,0 ) otherwise
N———
i+1

Proposition 2.1.2. In dimension n = 2i + 1, given positive integers et and e~ and integers
B;' —B;,j=1,...,i, a vector h € Np~! satisfies the Poincaré-Hopf inequalities (1) and (2) and
realizes hpin if and only if it can be written as

C+Zyj(kj)—|—yi where v;(k;) €V; Vi=1,...,i—1

(V; as in the previous notation)



Proof The if part is a straightforward computation. As for the converse, recall that when a vector
h = (h1,...,hy—1) realizes hp;,, each singularity h; must either reduce the contribution of the
edges or reduce the difference between a couple of Betti numbers (just look at the formula for
Bumin)- First, we must use e™ + ¢~ — 2 singularities to get rid of the edges contribution: e~ — 1 of
them must be of type h§ and the remaining et — 1 of type h?¢_,. If we disconsider the type of such
singularities, it is easy to recognize the role of v,. Next, for each j from 1 to ¢ — 1, we must use
exactly | B;' - B | singularities to make the difference between the j-th Betti numbers vanish.
If B;' > Bj, this can be done by singularities of type h;l and/or hﬁ_j_l; if B;' < Bj, this can
be done by singularities of type hf,, and/or h¢_ ;- Again, if we disconsider the type, it is easy

o
to recognize the role of each v;. Last, we are left with “317237“ singularities associated with the

middle dimension Betti numbers. We have no choice: if B;" > B, , we must use singularities of
type he, else of type h¢ 1. The presence of v; is hence explained. A

Note that there is no restriction to the choice of the k;’s in {0. .. | Bj+ - B; [}

Corollary 2.1.3. The total number of vectors h realizing hmin 18 H;;llﬂB;r =B |+1).

By reading the proof above, one realizes that knowing a decomposition of A is knowing a vector
of type of singularities realizing h, that is a vector of

HYhyy .o hn) = {(hS, RS, ... RS, ke ) such that the h®-system is satisfied}
In order to be more explicit, let us define a map
g: Np7' — WNIn?

v, — (h$=e —1,h{=0,...,hS_ =0,h¢_  =e" 1))
2j 2n—25—2

d d " N d
v;(kj) — (h§=0,...,h§=0,h =kj,h§41 =0,....hy_;_1 =| B >B; —kj|,....ha_; =0)
if Bf >B Vji=1,...,i—1

(h§ =0,...,h§ =0,h541 =kj,h{ 1 =0,...,h;_; =| Bf >B; —kj|,...,hi_; =0)
N—— ~
2j+1 2n—2j—1

if Bf <BS Vj=1,...,i—1

24

——
v, — (h§ =0,...,hS =0,...,hS = 0,h{ =| B > B |,h$;1 =0,...,h¢_, =0)
ifszB[
2i+1
( (l::()v7h§:077h7,d:07hf+1:|81+231_ |7hzd+1:()7"'7h'{riL71:0)
ifngB[
i—1

Corollary 2.1.4. Following the notation right above, if h = v, + 325 v;(k;) +v; then g(v.) +
3521 9(v;(ky)) + g(v;) belongs to H(h).

2.1.3 Finding all the possible types of singularities

Now that we have the distributions of the hp;, singularities according to the index, we can apply
to each one of them the algorithm of [BMRez], and find all the possible matching types. We find
that for each h in H, the set H°¥(h) is a singleton.



Proposition 2.1.5. In dimension n = 2i+ 1, each vector h € Ng_l realizing hmin determines the
types of singularities uniquely.

Proof Let us recall that, according to [BMRez], for a given h the number of solutions is given
by the product H;;ll nj, where n; is given by

nj = min{h; 11 — G;, n—(]—i—l)} max{0, ﬁ]} +1 if j is odd
nj = min{h,_(j41) ﬁj, hjt1} — max{0, ﬁj} +1 if j is even
where
g j+1
B =Y (-DYBf =B;) =Y (=1)(he = hn-e) = (¢~ —€™).
=1 =1
Computation gives n; =1 for all j =1,...,7 — 1 and we are done:

for j odd we have
if Bf > By then f;=—((Bf —B;) -k
max{0,—f3;} = (Bf —B; ) —k;

J

if Bf,, >B;,, then min{hji1 = B B4y} = Py = (B - B;) -

else min{hji1 — G5, hn—+1)} = hjr1 — B; = (B = By) -
else B = k;j

max{0, —3;} =0

if Bf,, >B;,,  then min{hjt1 = Bj, hn-41)} = hn-(g41) = 0

else min{h;t1 = B, hn—+1)t = hjy1 — B85 =0

for j even we have
if Bf > By then ;= (Bf — B;) —k;
max{0,—G;} =0

if Bf;; > By, then min{hu_(41) = Bj, hjr1} = hn(jr1) = 05 =0
e}se min{hn,(j+1) - ﬂj, hj+1} = h]'+1 =0
else B = —

max{0, BJ} =k;j

if Bf;; > By, then min{hu_(i1) — B, hjr1} = ha_ger) — B = k;

else min{hn,(j+1) - f)’j, hj+1} = h]'+1 = k]' A
Now that we know that we have uniqueness, we do not need the algorithm of [BMRez] anymore
(in this special case):

Corollary 2.1.6. Letn=2i+1, h=uv, + ZJ 1 (kj) —|—v and g as in Corollary 2.1.4. Then
the unique element of H°A(h) can be written as g(v,) + Zj 19(v;(k5)) + g(v;)-

2.1.4 Example in dimension 5

Consider the following homological boundary information in dimension 5:
{e" =2, =3,Bf - By =-2,B; - By =-2}

We have in this case hyin = 6. As for the distribution of the six singularities we have (Proposi-
tion 2.1.2)

v,=(2,0 ,0, 1 )

vi=(0,k ,0,2-k ) Kk e€{0,1,2}

v,=(0,0 ,1,2
hence, the set of vectors h = (hy, ho, hs, hy) satisfying the Poincaré-Hopf inequalities and realizing

Rmin are
{(27()’ 17 3)7 (2a 1a 1) 2)7 (2a 27 17 1)}

k;
k;



Concerning their types of singularities, which are uniquely determined by h, we have

2,0,1,3 {(h§ =2,h¢ =0,hS
H(2,1,1,2)) = {(h§ =2,hd =0,hS
2,2,1,1 {(h§ =2,h¢ =0, hs

>
N,
|
o
>
(3}
Il

1,hd=0,n =2,hd =1)}
1,hd =0,h§ =1,h =1)}
1,hd =0,h§ =0,h =1)}

0,
1,hd =0,h§
2,hd =0, h§

as we can obtain either from applying the algorithm of [BMRez] or, in a more direct way, from
Corollary 2.1.6.

2.2 Even dimension n =0 mod 4
2.2.1 Computation of hy;,

Proposition 2.2.1. In even dimension n, n = 0 mod 4, given positive integers e™ and e~ and
integers Bj+ —B;,j=1,...,i—1, the minimal number of singularities needed in order to have
continuation s

Nmin = min Zh =et +e” —2—|—Z|BJr ;|

{hengT!

satisfying (1) }

Proof Computation is slightly different from the one in the odd case. Here follow the details. We
use the same notation (5) established in Section 2 for the odd case. Also, let us recall equation (6)
in the proof of Proposition 2.1.1, which still holds in the even case, that is

PHj=—(Bf_, = Bj_)) = (an_(j-1) —@j—1)  Vi=2...0

Let us minimize the sum of the coordinates of the general solution h € NSH of the Poincaré-Hopf
inequalities (1).

Z?:Ohj :ZJ O(OPH +()4])
=ap+a, +et +e” —2+2J 5 | PH; |+Z; 0% =
=g+ o, +et +e —2—&-2] 9| (] 1= Byl = (o —aj-1) [+ a5 >
>et+em =243 ol B~ By | = an—goy —ay-1 D+ X0y >
Ze++e*72+Z}:2(\Bf_lf il lan—g-n | — o |)+Z; 1051—
Z€++e__2+23‘:2|3;;1_33‘:1|

To show that the lower bound is taken, let aj = o,,—; =0 for 7 =0...4. A

Again there is no waste of singularities in the sense that each singularity is necessary to make
the edges contributions and the Betti numbers vanish.

2.2.2 Distribution of the h,;, singularities according to the index

Convention From now on hg = h,, = 0.

Notation We shall denote by v, € Ngfl the following vector, associated with the edges contribu-
tion to the number of singularities:

v,=( e -1, 0,...,0, et =1 )

€

Let us first consider the singularities altering the first Betti number and denote by V; the set of
vectors

Bf —-By
Vi = {Ql(kl)}/‘klzo |

10



where v, (k1) is defined as below:
vi(ki)=( ki, 0, 0, ..., 0, |Bf—DBy|—ki, 0 )y if Bf > By
v (k1)=( 0, ki, 0, ..., 0, 0, | Bf =By | k1 )  otherwise

In general, as for the singularities altering the j-th Betti number, let us denote by V; the set of
vectors

|BF—B7| . .
VjZ{yj(kj) Ko forj=2...i—1
where v;(k;) is defined as below:

i n—j—1

A — R -
o;(kj)=( 0,...,0, "k;j, 0, 0,...,0, |Bf —Bj|—kj 0, 0,...,0 ) it Bf >B;
v;(k;)=( 0,...,0, 0, ki, 0,...,0, 0, | Bf —B; | —kj, 0,...,0 )  otherwise

41 n—j

Observe that, for j =i — 1, the vector u;_;(k;—1) has coordinates

i—1 K
A

A 7 T = ~N . I -~
yi_l(ki_1) = ( O,...,O, k’i_1, | Bi71 _Bi—l | _ki—h 0, 0,...,0 ) if Bi—l 2 Bi—l
v, 4(ki—1)=( 0,...,0, 0, ki1, | Bf , — B, | ki1, 0,...,0 ) otherwise

v ~ S
i it+1

Proposition 2.2.2. In even dimension n, n = 0 mod 4, given positive integers e™ and e~ and

integers Bj-' —B;,j=1,...,i—1, avector h € No~! satisfies the Poincaré-Hopf inequalities (1)

and realizes the minimum if and only if it can be written as
i—1
ﬁzye-FZyj(k‘j) where v;(k;) € V; Vji=1,...,i—1
j=1

(V; as in the previous notation)

Proof The same as in Proposition 2.1.2, without the difficulty of the middle dimension. A

Note that there is no restriction to the choice of the k;’s in {0... | Bj' — B |}, hence

Corollary 2.2.3. the total number of vectors h realizing hmin is H;;llﬂB;r - B;[+1).

Also in the even case, we can deduce that knowing a decomposition of h, we know a sequence
of type of singularities realizing h. In fact, as we did in the odd case, we can define a map g as
follows

g: Np7' — NI
v I (hg:e__17hfli:07'“7h$171:O7h7d7,71:e+_17)

25 2n—2j—2
—— - ~

vi(k;) — (h§=0,...,hS =0,h] =k;, k511 =0,...,h_;_1 =| B >B; —kj|,....,hi_, =0)
if Bf >B; Vj=1,...,i—1

(h§ =0,...,h§ =0,h541 =kj,hj 1 =0,...,h;_; =| B >B; —kj|,...,hi_; =0)
N—— N ~ v/
2j+1 2n—2j—1

. + — - .
if Bf <B; Vj=1,...,i—1

Corollary 2.2.4. Following the notation right above, if h = v, + Zlf

. =1 (k) then g(v,) +
301 9(v;(ky)) belongs to H(h).
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2.2.3 Finding all the possible types of singularities

As we did in the odd case, now that we have the distributions of the hy;, singularities according
to the index, we can apply to each one of them the algorithm of [BMRez|, and find all the possible
matching types.

Proposition 2.2.5. In even dimension n, n = 0 mod 4, each vector h € N6“1 realizing the
minimum determines the types of singularities uniquely.

Proof Let us recall that, according to [BMRez], for a given h the number of solutions is given
i—1 L
by the product [[;_; n;, where n; is given by

n;  =min{hj11 — B, hn_(41)} — max{0, —3;} + 1 if jisodd, j#i—1
niy = Wle) ax{0, -6} + 1 if jisodd, j=i—1
nj = min{h,_(j41) — B, hjp1} —max{0, —3;} + 1 if j is even
where ) _ -
{ B = ()YBS - By) - Z] L (=D (he = hy—g) = (e — ™)
Bion =—(Bf,-B_)+ 51—2 = hit1+ hi1
For all j =1,...,7— 2, computation gives n; = 1 exactly in the same way as in Proposition 2.1.2.

As for n;_1, first remark that i — 2 is even, hence

if B, > B, then fi2 = (B, — B ,)— ki
else 57;_2 = 7l€i_2

Further computation yields

if thl > B;_, then Bifl = _[(Bitl —B;_y) — ki—1]

hi :A_Bi—l

i) = max{0, ~fia} = (B, - Biy) — ki
else ﬁifl = kifl

hi =ki—1 = [i—1

W = maX{O, _Bi—l} =0

that is, n;_1 = 1, and we are done. A

Corollary 2.2.6. Letn be even,n =0 mod 4, h =v +EJ 1 ](kj) and g as in Corollary 2.2.4.
Then the unique element of H*(h) can be written as g(v,) + Z] 1 9(v; (k).

2.3 Even dimension n =2 mod 4
2.3.1 Computation of h;,

Proposition 2.3.1. In even dimension n, n = 2 mod 4, given positive integers e™ and e~ and
integers B}' —B;,j=1,...,i—1, the minimal number of singularities needed in order to have
continuation s

Ponin = minn+1 Zh =et +e” —2—&—Z|BjL ;|
{heN
satisfying (1) and (3)}

12



Proof We use the same notation (5) established in Section 2 for the odd case. In exactly the same
way followed in the proof of Proposition 2.1.1 we get the same estimation

n

Z >et e —2+Z| J1|

7=0

Up to now, we haven’t used condition (3) yet. To show that the lower bound is taken, let o; =
an—j = 0 for j =0...4. To show that condition (3) holds for such a solution, just observe that
the parity of that expression is equivalent to the parity of

hi + (B, — B;_y) — (i1 — 1)
(use notation (5) and the fact that ¢ is odd). A

Again there is no waste of singularities, each singularity being necessary in order to reduce the
differences of the Betti numbers and the edges contributions.

2.3.2 Distribution of the h,;, singularities according to the index

Convention From now on hg = h,, = 0.

Notation We keep the same notation as in Subsection 2.2.2: the definitions of the vectors v, (k;) €
V; corresponding to the action on the Betti numbers are the same.

Proposition 2.3.2. In even dimension n, n = 2 mod 4, given positive integers e™ and e~ and
integers B;' —-B;,j=1,...,i—1, a vector he Ng_l satisfies the Poincaré-Hopf inequalities (1)
and (3) and realizes the minimum if and only if it can be written as

h=v,+ > vi(k;) where v;(k;) € V; Vi=1,...,i—1
(V; as in the previous notation)

Proof The same as in Proposition 2.1.2; except that also condition (3) must hold. This is a
straightforward check, the parity of the expression being that of

2(Bf", - Bi_y) it By > B,
—2(|Bf = B, | —ki—1) otherwise A
There is no restriction to the choice of the k;’s in {0... | B;f - B [}

Corollary 2.3.3. The total number of vectors h realizing hyi, 18 H;;ll(|BJ+ - BJ_| +1).

As in the previous situations, knowing a decomposition of h is knowing the type of singularities
realizing h.

Corollary 2.3.4. For g as in Corollary 2.2.4, if h =v, +Z] 19;(k;) then g(ge)+22;11 g(v; (k)
belongs to H(h).

2.3.3 Finding all the possible types of singularities

As we did in the odd case, now that we have the distributions of the hy,;, singularities according
to the index, we can apply to each one of them the algorithm of [BMRez|, and find all the possible
matching types.

13



Proposition 2.3.5. In even dimension n, n = 2 mod 4, each vector h € Ng_l realizing the
minimum determines the types of singularities uniquely.

Proof Let us recall that, according to [BMRez], for a given h the number of solutions is given
by the product H 1 n;, where n; is given by

{ n; =minf{h;41 — ﬁj, n—(_]-i—l)} max{0, ,BJ} +1 if 7 is odd,
nj  =min{h,_ 1) — ﬁj, hjt1} — max{0, 5]} +1 if j is even
where R 4
Bi =i (DUBf = By) = ik (1) (he — hny) — (7 —€¥)
Hence the proof is exactly the same as that of Proposition 2.1.2. A

Corollary 2.3.6. Letn be even,n =2 mod 4, h=v +Zj 1 ](k) and g as in Corollary 2.2./.
Then the unique element of H°Y(h) can be written as g(v,) + ZJ 19(v;(kj))-

3 Topological aspects

In this section we will consider the realization of minimal flows on compact manifolds making use
of abstract Lyapunov semi-graphs. We also obtain the formulas of the Euler characteristic for these
minimal flows. In the odd case, x(M,9M) depends only on homological boundary information
i.e., et, e~ and the differences B — B} and not on the singularities realizing hmin. In the even
case, although x (M, M) depends on A, and hence on homological boundary information, it also
depends on the singularities realizing Apiy.

3.1 Euler characteristic

It is well known that x(M,dM) = >=7_((=1)h;.
In general we prove the following formulas for the Euler characteristic of compact manifolds.

Proposition 3.1.1. Given (M,0M) abstractly in terms of positive integers e™, e~ and integers
corresponding to the differences (of Betti numbers) B;-r — B; where j=1,..., |22 (n being the
dimension), we have:

1. if n=2i+1, then

x(M,0M) = Z(B?“ - B7)+ BB + (et —e7)

2. if n =2 mod 4, then

x(M,0M) = XZ:(BJ* —Bj)+(e" —e7) mod?2

Proof Consider the definition of x(M,9M) given above. Item 1 is just equality (2) holding in
the case of odd dimension. Item 2 is condition (3). A

We now consider the realization of hni, as a minimal Morse flow on some compact manifold
M respecting the homological boundary information. The following proposition asserts that in
the odd case, x(M,90M) neither depends on M nor on the choice of singularities that realize the
minimal flow and depends only on homological boundary information.

14



In the even case, it is still true that x(M,dM) depends on homological boundary information,
however it will depend on the minimal flow, i.e. on the choice of singularities realizing hyi,. We
present the range of values taken by x(M,0M) for all minimal flows on M realizing hmyi,. Our
formula not only generalizes in the minimal setting item 2 of Proposition 3.1.1 since it is true for
any even dimension but also is more precise.

Proposition 3.1.2. Let (M,0M) be abstractly given in terms of positive integers e™, e~ and inte-
gers corresponding to the differences (of Betti numbers) Bf — B where j=1,..., L";lj (n being
the dimension). Recall that H = {(h1,...,hn_1) : Z?;ll hi = hupin : Poincaré-Hopf inequalities
are satisfied} and denote by Xmin(M,0M) the set of values of x(M,0M) taken over H. Then

1. ifn=204+1, xmn(M,0M) is the singleton given by

i—1

M.OM) = Bt — BT B;F_B; + -
Xonin (M, M) = g F B+ g (e )

2. if n is (any) even dimension, then
Xmin(M; aM) = {hmin - 2p7 p= Ov ceey hmin}

Proof Ttem 1 is as in the proposition above or can be proved by direct computation (use
Proposition 2.1.2). Item 2 follows by direct computation. First of all, remark that, in general

| x(M,OM) |—|2n: Jh]|<Zh
7=0 7=0

and in the minimal case the bound is Anyi,. We show that the bound is taken by a particular vector
of H. Recall the decomposition of the vectors of H in the even case (Propositions 2.2.2 and 2.3.2)
and choose v;(k;) in the following way:

if j is odd then if BJ’-" > Bj then —j—1is even
choose v;(kj = 0) (all the singularities are in hn—;_1)
else if B;' < Bj then j+1iseven
choose v, (k; =| B;’ — B |) (all the singularities are in hji1)
if j is even then if B"’ > B, then choose v, (k; =| B;’ — B |) (all the singularities are in h;)
else 1f B+ < B; then n —jis even
choose wv,(k; = 0) (all the singularities are in h,—;).

With these choices, we have a minimal flow on M and the corresponding Euler characteristic is
X(M,0M) = hyin. Each time we change the value of one of the ks by one (hence considering
another minimal flow), we decrease the value of x(M,0M) by 2 and we are done since we can do
it exactly Ami, times. A

3.2 Lyapunov Graphs of Morse Type

Given the abstract data e™, e~ and the differences B;L — B;" we can associate a family F of directed
semi-graphs with one vertex with e incoming and e~ outgoing edges. An element in this family
has its edges labelled with specific Betti numbers such that the differences are satisfied. Any choice
of labelling is admissible as long as it satisfies the differences.

Starting from the same abstract data, we have shown in this paper how to compute the minimal
number of singularities hyi, (Propositions 2.1.1, 2.2.1 and 2.3.1). We have also determined the set
H of vectors realizing hmyi, (Propositions 2.1.2; 2.2.2 and 2.3.2). Hence we can label the vertex of
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any semi-graph of F with any h € H thus obtaining an abstract Lyapunov semi-graph as defined
in Section 1.

We have also shown here that the set H(h) of (h$,h{, ..., hS_1,he_;) realizing h and the
abstract data is a singleton. Now, with these data we have an abstract Lyapunov semi-graph of
Morse type, L(h), which is unique up to permutation of the labels of the vertices. All this is
equivalent to saying that for each h we have a unique family Fp ) of abstract Lyapunov semi-
graphs of Morse type. Given h, each element of the family F7 ) is again determined by fixing the
labels of the edges (satisfying the differences B;' — B; given a priori).

The process of obtaining all the possible abstract Lyapunov semi-graphs of Morse type from an
abstract Lyapunov semi-graph is called continuation and developed for the first time in [BMRez].
Uniqueness has been proved in this paper by using the results of [BMRez] on the number of
continuations of a given abstract Lyapunov semi-graph.

Last, as well as the vectors of H are linked by the fact of realizing Ay, the corresponding
families of Lyapunov semi-graphs of Morse type are linked by the fact that one can obtain one
semi-graph from the other by replacing the label of one vertex by the type of singularity having
the same algebraic effect on the Betti numbers, as shown in the example below.

Furthermore, following [CrRez|, define a null pair of types of singularities as the pairs of
singularities having the opposite algebraic effect on the same Betti numbers and with consecutive
indices, i.e. h; of type j-d and hjy1 of type j-c. Define also a dual pair of types of singularities
as the pairs of singularities having the opposite algebraic effect on the same Betti numbers, with
complementary indices, i.e. h; of type j-d and h,,_; of type (n — j — 1)-c. Formulas for hny;, show
that there is no waste of singularities, hence the labels of the corresponding families of abstract
Lyapunov semi-graphs of Morse type contain neither null pairs nor dual pairs. In other words,
such abstract Lyapunov semi-graphs possess lowest topological complexity.

3.3 Example
Consider the same homological boundary information as in the example of Subsection 2.1.4.
{et =2,¢” =3,Bf — By =—2,Bf —B; =—2}

Then from Proposition 3.1.2 we have ymin(M, M) = {—4}.
Now we fix the labels of the edges satisfying our initial data, for instance as in the example of
Figure 3: this directed semi-graph is an element of the family F.

pr=1 B1=2
B2 =2 B2 =0
B =2 B=1
B2 = fo =2
B =2
B2 =2

Figure 3: Labels respecting {e* =2,e~ =3, B — B = —2,B — B; = -2}

Using results of the example of Subsection 2.1.4 applied to this specific directed semi-graph we
have three abstract Lyapunov semi-graphs, one for each h realizing hy,i, (Figure 3.3).
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B1=1 b1=2 =1 Gir=2 pfi=1 b1 =2
P2 =2 P2=0 p2=2 Ba=0 p2=2 B2 =0
(2,0,1,3) (2,1,1,2) (2,2,1,1)
pr=2 Pr=1 p1=2 Pr=1 p=2 fr=1
B2 =0 B2=2 PB2=0 B2=2 P2=0 B2 =2
B =2 B = B =2
52 =2 ﬂz =2 [32 =2
Figure 4: The three abstract Lyapunov semi-graphs

Hence we have three abstract Lyapunov semi-graphs of Morse type (Figure 3.3), respectively
in Fr2,0,1,3), Fr(21,1,2) and Fr221,1). Observe that we can obtain one abstract Lyapunov semi-
graph of Morse type from another one by replacing singularities of type 3-c¢ with singularities
of type 1-c, both having the algebraic effect of decreasing (1. Furthermore, note that in these
Lyapunov linear semi-graphs for each j, 3; is strictly decreasing or increasing as one walks on the
graph following the opposite orientation of the directed edges. We can easily see that this implies
that these Lyapunov linear semi-graphs possess neither dual pairs nor null pairs. Hence these
semi-graphs possess the lowest topological complexity.

Br=2p1 =1 G1=2p1=1
Ba=0 B2=2 B2=0 B2=2
4-d 4-d

b1=3 B2=2 Br=3 B2=2
3-c 2-c

B1=4 B2=2 B =4 B2=2
2-c 1-c

5B2:2 462:4
1-c 1-c

B1=5 =4 Bi=5 B2=4
0-c 0-c
B =1 0-c By = 0-c

B2 =2 B2 =2
Br=2p1 =2 B1=2 =2

Ba=2p2=0 B2=2P2=0 B2 =

Figure 5: The three abstract Lyapunov semi-graphs of Morse type

It is worth mentioning once more that any odd-dimensional compact manifold M realizing
the Lyapunov semi-graphs of Morse type above has the same Euler characteristic as was shown
in Subsection 3.1. However, if we had even dimensional Lyapunov semi-graphs of Morse type,
each graph would determine an Euler characteristic which is the same for any compact manifold
realizing it. As in Subsection 3.1 the range of the Euler characteristics is determined in this case.
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