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MORSE FUNCTIONS ON COBORDISMS
®YHKIIII MOPCA HA KOBOPIU3MAX

We study the homotopy invariants of crossed and Hilbert complexes. These invariants are applied to the
calculation of exact values of Morse numbers of smooth cobordisms.

BuB4aroThcsi TOMOTOIIYUHI iHBapiaHTH CXPENIEHUX 1 IiIbOepToBUX KOMIUICKCIB. 1li iHBapiaHTH BHKOPUCTOBY-
IOTBCSI UL MiIpaxyHKy TOYHHMX 3Ha4eHb yucen Mopca Iiaakux KoOOpAU3MIB.

1. Introduction. Let W™ bea smooth manifold. By definition the i-th Morse number
M;(W™) of a manifold W" is the minimal number of critical points of index ¢ taken
over all Morse functions on W".

It is known [8, 17] that for closed smooth manifolds of dimension greater than 6
the i-th Morse numbers are invariant of the homotopy type. There is a very complicated
unsolved problem: find exact values of Morse numbers for every i ([17] for more
details).

In [18] using new homotopy invariants of free cochain complexes and Hilbert
complexes of non simply-connected closed manifolds W™, n > 8, we gave exact values
of i-th Morse numbers for 4 < i <n — 4.

The Morse number M (WW™) of a manifold W™ is the minimal number of critical
points of all indexes taken over all Morse functions on W™.

In this paper we calculate exact values of Morse numbers for some cobordisms
(W, Vg v,

2. Crossed modules [2]. A G-crossed module is a triple (C, 9, G), where C and G
are groups, 0: C — G is a homomorphism and G acts on C' from the left (the action
will be denoted by gc). Furthermore, the homomorphism 0 should satisfy the following
conditions:

a) 9(ge) =g(d)g~! forallg € G,c € C,

b) cde™t = (9)-dforallc,d € C.

Thus, if G acts on itself by conjugation action, then a) says that 9 is a G-homomorphism.
The following statements are immediate consequences of the definition:

1) K = Ker 0 is contained in the center of G,

2) N =1ImJ is a normal subgroup of G.

Let Q@ = G/N. The action of G on C induces a natural structure of Z[Q]-module on the
center of C, and K = Ker 0 is a submodule of this module. Moreover the action of G
on C' induces the structure of Z[Q]-module on C® = C/[C, C]. Obvious and important
special cases are: 1) the case when C' is a Z[G]-module (so 9 = 0) and 2) the case when
C'is a normal subgroup of G (so 0 is the inclusion).

A morphism (a, 8) from the crossed module (C, 0, G) to (C’,9',G’) is a pair of
group homomorphisms a: C — €’ and f: G — G’ such that -9 = 9’ - a and
alg-c)=B(g)-alc) (g€ G, ce ).

Let CM denote the category of crossed modules. If 3 = Id on G = G’, we say that
« is a G-morphism and denote this category by CMg.

An important case of crossed module is so-called free crossed module defined by
J. H. C. Whitehead [2].
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A G-crossed module (C, 9, G) is called a free crossed module with indexed basis
(cier) C C if it satisfies the following universal property: given a G’-crossed module
(C",0',G"), an indexed subset (c.;) C C’ and homomorphism f: G — G’ such that
f(0(c;)) = 0'(c}) for each ¢ € I, then there is a unique homomorphism g: C — C’
such that g(c¢;) = ¢} for each ¢ € I and the pair (f, g) is a morphism of crossed modules.

The following fundamental theorem is also due to J. H. C. Whitehead [2].

Theorem. Let X be a path-connected CW-complex, and Y a CW-complex
obtained from X attaching two-dimensional cell. Then mo(Y, X, x) is a free crossed
71(X, x)-module with basis corresponding to the cells so attached.

Fix a group G. A G-crossed module C is said to be projective if it is projective in
the category CMg, that is to say, for any surjective morphism of G-crossed modules
f:A— Bandany g: C — B in CMg, there is an h: C — A in CMg such that
f-h=g.

Let crossed module (C,0,G), N = Imd, Q = G/N and C** = C/[C,C].
J. G. Ratcliffe proved that (C,0,G) is a projective crossed module if and only if
C® = C/[C, C] is a projective module Z[Q)]-module and mapping the two-dimensional
homology groups

8*1 HQ(C) — HQ(N)

induced by the homomorphism 0: C' — G is trivial.

The following important theorem is due to M. Dyer [2].

Theorem. Let X be a connected CW-subcomplex of a connected 2-complex Y,
where m1 (X, z) = G and x € X is base point. Then the triple (m2(Y, X, x), 0, m (X, x))
is a projective crossed module.

(The homomorphism 9: (Y, X, z) — 71 (X, ) is taken from the exact homotopy
sequence of the pair (Y, X).)

A projective crossed chain complex is sequence of groups and homomorphisms

8 a d O
e+— T GECy & Cy+— ... &0,

such that:

a) (Cq,02,G) is a projective G-crossed module,

b) for each i > 3 the module C; is a projective Z[r|-module, 0; is a homomorphism
of Z[r]-modules, d2 commutes with the action of the group G and 93(Cs) is a Z[r]-
module,

C) (97; '6i+1 =0.
Obviously, G acts on each C;, i > 2. A crossed chain complex is said to be of dimension
n if C; = 0 for ¢ > n.

With any projective crossed chain complex (Cj;, ;, G) associate the chain complex
projective Z[r]-modules

95" b 05 O
— (057 — C3 +— ...+ ().

3. Stable invariants of finite generated modules and LZ-modules. In what
follows, M will be a left finitely generated A-module over a certain associative ring
A with unit. Rings for which the rank of the free module is uniquely defined are called
IBN-rings.
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MORSE FUNCTIONS ON COBORDISMS 121

Denoting the minimum number of the generators of the module M by p(M), we get
w(ME F,) < u(M) + n, where F, is a free module of rank n. There exist examples
(stably-free modules) when the strict inequality holds.

Recall that a A-module M is called stably-free if the direct sum of M and a free
A-module F}, is free. We assume that if the module M is zero, then p(M) = 0.

Definition 3.1. For a finitely generated module M over I BN-ring A let us define
the following function (stable minimal generators of the module M) [17]

ps(M) = nhl{loo (W(M & F,) —n)).

If a ring A is Hopfian then for any A-module M ps(M) = 0 if and only if M = 0.
Recall that a ring A is called Hopfian, if every epimorphism of a free A-module F),
on itself is an isomorphism. It is clear, that for any non-zero module M we have
0 < (M) < (M),

Denote the ring of integers by Z and the field of complex numbers by C. Let G
be a discrete group. Denote its integer group ring by Z[G| and the group ring over the
field C by C[G]. It is known that the group rings Z[G] and C[G] are I BN-rings. From
theorems of Kaplansky and Cockroft it follows that the group rings Z[G] and C[G] are
Hopfian.

In the ring C[G] there exists an involution *: C[G] — C[G], (Z_aigl)* =

= Z‘aig; ! where @ denotes the conjugation in C. This involution satisfies the
followizng conditions:

a) (r')*=mn

b) (CW’l + 57"2)* = aTT —‘1-57";7 (CY,B € C)v

c) (rire)* =riry.

k
We can define the trace tr: C[G] — C by the rule tr Z a;9; | = a1, where ay

is the coefficient of g; = e, which is the identity of the group G. It is obvious that the
trace satisfies the following conditions:

a) tr(e) = 1;

b) tr is C-linear mapping;

¢) tr(rire) = tr(rar);

d) tr(rr*) 2 0, and if tr(rr*) = 0, then r = 0.

In the ring C[G] there is an inner product <Zz O‘igi’zi ﬁigi> = Zl a;f;.

1/2  Consider

The norm for an element from C[G] may be defined by |r| = tr(rr*)
a completion of the ring C[G] with respect to this norm and denote it by L?(G). Then
L?(G) is a Hilbert space (the inner product assigns the same formula as for the group
ring C[G]). The Hilbert space L?(() has an orthonormal basis consisting of all elements
of the group G. Now C[G] acts faithfully and continuously by left multiplication on

L?(G)satisfies the following condition
C[G] x L*(G) — L*(G),

so we may regard C[G] C B(L?(G)), where B(L?(G)) denotes the set of bounded linear
operators on L?(G). Let N[G] denote the (reduced) group von Neumann algebra of G:
thus by definition N[G] is a week closure of C[G] in B(L?*(G)). Therefore the map
w — w(e) allows us to identify N[G] with a subspace of L?(G), where w € N[G] and
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122 V. V. SHARKO

e is unit element of the group G. Thus algebraically we have C[G] C N[G] C L*(G).
The involution and the trace map on N[G] may be defined exactly as for the ring C[G].
For the set M,,(N[G]) of n x n matrices over von Neumann algebra N[G], the trace
map can be extended by setting tr(WW) = Zé_l wy;, where W = (w;;) is a matrix with
entries in N[G]. -

Let L?(G)™ denote the Hilbert direct sum n copies of L(G), so L?(G)™ is a Hilbert
space. The von Neumann algebra N[G] acts on L?(G)™ from the left, so L?(G)™ is a
left N[G]-module called a free Hilbert N|[G]-module of rank n. The left Hilbert N|G|-
module M is a closed left C[G]-submodule of L?(G)" for some n. By definition an
Hilbert N|G]-submodule of M is a closed left C[G]-submodule of M, an L?(G)-ideal
is an Hilbert N|[G]-submodule of L?(G), and homomorphism f: M —s N between
Hilbert N[G]-modules is a continuous left C[G]-map [3].

Let M be a Hilbert N[G]-module and let p: L?(G)™ — L%(G)™ be an orthogonal
projection onto M C L%*(G)". Von Neumann dimension of Hilbert N|[G]-module M
is called the number dimyg (M) = tr(p) = Zjﬂ(p(ei), ei)r2(qyn- Here e; =
=(0,...,9,...,0) is standard basis in L*(G)". It is known that dim (V') is non-
negative real number [10].

Definition 3.2. Let M be a finite generated Z[G]-module, consider Hilbert N|G]-
module L?(G) Qzic) M and define following number

S(M) = ps(M) — dimy g | L*(G) Q) M |.
Z[C]

Lemma 3.1. For any finite generated 7|G)-module M, the number S(M) is non-
negative.

The proof in [18].

4. Stable invariants of homomorphisms. The next results can be found in [18].
Consider a A-homomorphism f: Fy, — F}, where Fy, F; are free modules of ranks &
and t respectively over ring A. The homomorphism f is a splitting along a submodule
F, C F}, if there is a presentation of f of the form f = f, @ fi: Fp@Fk_g —
— Fp @ Fi—p, such that flz g0 = fp: F, — F,, g7, , = f: Fr_p — Fyp,
where f, is an isomorphism.

From now in this situation we will suppose that submodules F, F_p, Fp, Fi_
are free.

Definition 4.1. The number p above is called the rank of a splitting f = f, D f:.
The rank R(f) of a homomorphism f is the maximal value of possible ranks of splittings
of f.

Definition 4.2. Stabilization of a homomorphism f: Fy, — F, by a free module
Fy, is a homomorphism f.(p): Fi, @ F, — Fi @ Fy, such that f(p)|r, @o = [
fst(p)|0@Fp = Id.

A thickening of a homomorphism f: Fy — F; by free modules F,, and F, is the
homomorphism_ fin(m,n): Fp @ Fn — Fy @ Fp, such that fy,(m,n)|p, o = f,
fn(m,n)log r,,, = 0.

Definition 4.3. The stable rank Sr(f) of a homomorphism f: Fy, — F} is the limit
of values of

Se(f) = lim_ (R(fn(m,n)st(p)) = p)-

m,n,p—0o0
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MORSE FUNCTIONS ON COBORDISMS 123

This limit always exists. There are examples of stably free modules with Sr(f) >
> R(f). For any homomorphism f: Fy, — F} the following equality holds: Sr(fs:(v)) =
= Sr(f) +v.

Consider a composition of homomorphisms of free modules F), ! F, —2
—~2 4 F,, such that g - f = 0 (condition (3)). We say, that the homomorphisms f and
g are splitting along submodules F,, C F},, and F, C F,, if there are presentations of f
and g of the form

0o—— F, % F —— 0

D D

f2 g2
Fm—p — Fn—p—q I Ft—q

D D
7 —

0 — 2, F, 0

such that f|fp @o = J1; g‘OGBOEBE = g1. We admit that the module F,, or F;, to be
zero module. In the sequel we will suppose that submodules Fp, F,p Frp, Fy— g, Frup—g
are free.

Definition 4.4. The number p + q will be called the common rank of a splitting
of homomorphisms f and g along submodules F, C F,, and F, C F,,. The common
rank Cr(f, g) of the homomorphisms f and g is a maximal value of common ranks of a
splitting of f and g.

Definition 4.5. The stabilization of a composition of homomorphisms of free
modules p. ¥, @9 F,, satisfying the condition (0) by free modules F,
and F is the following composition of homomorphisms

id

0 F, F, 0
D D
F, - v pr 2 F
D D
0 F, —% F, 0

We will denote it by (fst(p), gst(q)).
f

Definition 4.6. Consider a composition of homomorphisms [ and g F,, SN

L F,—2F,, satisfying the condition (0). The thickening of this composition by

free modules F, and F, is the following composition of homomorphisms F,, @ F, ——)f“l (p)

f th
w0, B, 28y B @ Fy, such that fu(p)|, @0 = f. S @log , = 0, gin(a) =
= g. It will be denoted by (fin(p), 9:1(q))-
Definition 4.7. The stable common rank Scr(f, g) of the composition of homomor-

phisms of free modules F, f F, 9 F,,satisfying the condition (0) is the
limit of values of common ranks

Ser(f,9) = tim | (Crl(fn(®)ua(0), 900 (@)ur(w) v = w).

P,q,v,w—00
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This limit always exists. There are examples of stably free modules showing that
Scr(f.g) = Cr(f, g).

Lemma 4.1. For arbitrary composition of homomorphisms f and g F,, TN

! F, —2— F, satisfying the condition (9) the following equality holds true:
Ser(foi(x), 9se(y)) = Ser(f, 9) + 2 +y.

Definition 4.8. The stable common rank from the left (from the right) Scr;(f, g)
(Scr,(f, g)) of the composition of homomorphisms of free modules F,, ! F, —2
—2 s F,, satisfying condition (9) is the following limit of values of common ranks:

Seri(f,9) = T (Cr(fyn (p)se(v), gox(w)) —v — w)

P, v, Ww—0Q

(Sero(f.9) = Jim(Cr(fur(®), gunr(@)sr(w)) —v = w)).

Remark 4.1. For stable common rank from the left (from the right) Scr;(f, g)
(Ser,.(f,g)) of the composition of the homomorphisms satisfying the condition (9) the
analogues of Lemma 4.1 hold true.

Definition 4.9. The defect D(f, g) of the composition of homomorphisms of free

/ F, —2— F,, satisfying condition () is the following number-

modules F,,

D(f,g) = Sr(f) + Sr(g) — Scr(f, g).

Remark 4.2. 1f in composition of the homomorphisms f and g the module F,/ f (F;,)
is stable free, but non free, then all way D(f, g) > 0.
Lemma 4.2. Consider two compositions of homomorphisms of free modules

E, -t F % F, and

id 0

D
gth,T(Q) Ft @Fq

D

Fr, —0

0 —— F,

SV
jol @Fp fen,1(p)

S
0

id

SR

satisfying the condition (0) (the numbers p, q, v, w are nonnegative). Then the following
equality holds true:

D(fv g) = D(fth,l(p)st (U)a gth,r(‘])st (w))

Definition 4.10. The defect from the left (from the right) D;(f, g) (DT (f, g)) of

a composition of homomorphisms of free modules F,, ! F, —2— F,, satisfying
condition (0) is the following number:

Di(f,g9) = Sri(f) + Sr(g) — Seri(£, 9)

(D1 (f.9) = Sr(4) + S, (9) = Ser, (£.9) ).
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MORSE FUNCTIONS ON COBORDISMS 125

Remark 4.3. For the defect from the left (from the right) D;(f,g) (Dy(f,g)) of
a composition of homomorphisms f and g satisfying condition (9) the analogues of
Lemma 4.2 and Remark 4.2 hold true.

0
5. Homotopy invariants of cochain complexes. If (C,d): C° -5 ¢! -4,

.5 O™ is a free cochain complex over a ring A, then the numbers D,.(d"), D; (d" 1),
D, (d°,d*), Dy(d"=2,d"~1), D(d?, d**1) are defined for 1 < i < n — 3. In [18] proof
that they are invariants of the homotopy type of a cochain complex (C, d).

0 mn—
Definition 5.1. Let (C,d): C° NG LN C’” be a free cochain complex.

Then cochain complex (C(i),d(i)): C° Lot s Y s called i-th skeleton of
cochain complex (C,d).

Let (C*,d*)): Cy o2 0, bea sequence of free Hilbert N|[G]-
modules and bounded C[G]-map such that d;;1 o d; = 0. It is called a Hilbert complex.
The reduced cohomology of Hilbert complex (C*,d*)), it is a collection of Hilbert
N[G]-modules H'(5)(C*,d*) = Kerd'/Imdi~ .

Definition 5.2. Consider a free cochain complex over Z|G]

(a9 ¢ Lot o T o,

Hilbert complex

G) Q) C 1d(K) d*

Z[G] Z[G]
dQy, o d° d® d"—l
R = et ... TS &) Qcn
Z[G] Z[G] Z[G)

of free Hilbert N|G|-modules is the Hilbert complex generated by Z[G]-complexes.
Consider the i-th skeletons of these complexes

(C*(i),d*(i)): €0 L5 0t L5 o,

Id Qg d° Id @y d ™t .
L*(G) Q) c” EECOayle) &Rct — ... ®ﬂ L*(G) Q) ',
Ate) Z[G) Z[G)
Set I'" = C%/d*=(C*~1). It is clear that

G) Q)i /1d Q) di- <L2 )% Ci—1>

Z[G] itel

is the 4-th Hilbert N[G]-module of reduced cohomology of the i-th skeleton of the
Hilbert complex

G) Q) C* (i), 1d ) d* (i)
Z[G) Z[G)

Definition 5.3 [16, 17]. For the cochain complex (C*,d*) over Z[G] set

o~

Siy(C*,d*) = ps(T") — dimpye T
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126 V. V. SHARKO

Lemma 5.1. The numbers §z2) (C*,d*) are non-negative for every i.
If (C*,d*) and (D*,0*) are two homotopy equivalent free cochain complexes over
the group ring 7G| then

S(ay(C*,d*) = 5{yy(D*,9%).
Definition 5.4. The Morse number of a cochain complex
(C,d): Lot T om

over a ring \ is the number M(C,d) = Zé_o w(Cy).

Definition 5.5. The homotopy Morse ‘number Mp(C,d) of a cochain complex
(C,d) over a ring A is the minimum of Morse numbers taken over all cochain complexes
homotopy equivalent to (C,d).

For a cochain complex (C,d) denote by Do(C,d) = D,.(d°,d"), D,_2(C,d) =
=Dy(d"2,d" 1), Dy(C,d) = D(d?, d+1).

Theorem 5.1. Let (C,d): C° NG SN L C™, n > 4, be a free cochain
complex over a group ring 7Z|G] such that if D;(C,d) # 0, then D;11(C,d) = 0 for
0 < i < n— 2. Then the homotopy Morse number of (C,d) equal:

Mh(c,d):QZj( (Cd)+23 " (5(2)Cd))

n—1
+ Zi:o dimy(g) | H'(L*(G) Q) C,id R d) | | +2u(H™(C.d))—
Z[G] Z[G]
—dimpg [H™(L? @ C,id (X) d)
Z[G] Z[G]

Proof. The number D;(C,d) arises in this theorem because in definition of the
number S, (C, d) we take the number /15(I"*) but not the number 1(I'"). For example,
in view of Remark 4.2 if the module C?/d*~1(C*~1!) is stable free but non free, then
D;(C,d) > 0. Therefore, if D;(C,d) > 0 then in dimension ¢ and ¢ — 1 we have
additional free modules of the rank I;(C, d) such that they not give contribution in :5'\22

From conditions of theorem it follow that in the homotopy type of (C,d) any
cochain complex (D, d): D° L pt o Y5 D7 such that D, (C,d) = 0 satisfies
the following condition p(D;,/d"°~'D;,_1) = ps(D;,/d"~1D;,_1) for ig. From [17]
it follow that in the homotopy type of (C,d) there exist minimal cochain complex in
dimension i such that u(C;,) = Ség)(C’, d)—l—Szg;H(C’ d)+dimyg) (H*(L*(G) Qyq
Q211 €+ 1 Qyq d)).

The value of Morse number of cochain complex may be find direct calculation.

Theorem 5.1 is proved.

6. Applications. It is well known that all chain complexes constructed from cellular
decompositions of the non-simply connected C'W-complex K have the same homotopy

type. Therefore it follows directly from the previous or from [9,17] that the numbers

Sty (K) and DY(K), D}~ (K), DY(K), D} 2(K), DI(K) for 1 < i < n — 2. are

invariants of the homotopy type of the C'W-complex K.
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For a smooth manifold W™ there is an approach to the construction of cochain
complex via Morse functions. The details can be found in [15].

Let (W™, VJ"" 1, V""!) be a compact smooth manifold with boundary OW™ =
= VUV Let 1 = 7 (W™) be the fundamental group of the manifold W".
Denote by p: (W™, VEL vt — (W, VL V) the universal covering space.
Here 172-"*1 = p~1(V""1). Let us choose on " an ordered Morse function f: W™ —
— [0,1], F710) = Vg™, f71(1) = V""! and a gradient-like vector field ¢ [17].
Using the mapping p, lift f and £ to W”, and denote a lifted function and a vector field
by fand §~ respectively. Using f, £ (f, §~ ) construct chain complexes of abelian group
Ca(W™, f,€):

CL (W™, £,€): Co <2 Oy ... <&,
Co W™, £,6): Co < Cy ... & C,,

where Cz = Hi(Wi,Wifl,Z), él = HZ-(WZ-,VNVFMZ) and I,}[\//z = fv_l[O,aiL Wz =
= 1[0, a;] are submanifolds containing all critical points of indices less than or equal
to 7. For the generators of the chain groups C; (a) one can take middle disks of
critical points of index ¢ constructed by the vector field & (2) The fundamental group
7w = m (W™) acts on manifolds wn. Making use of this actions, we can turn the chain
group CN'i into finitely generated modules over ring Z[r]. Making use of the involution,
we turn the right Z[r]-module CY) = Hom /1 (C;, Z[r]) into a left one and construct
the following free cochain complex

(Y A

— e~ o~ 0) ~
cWn, F,8): 00 45 g Ly
Taking the tensor product of C* (W™, f,£) and L2(r) as Z|r]-module, we obtain the
cochain complex of abelian groups which can be used for the definition the numbers
Sioy (W™, Vg™ h) and DY (W™, V).
On cobordism (W™, Vg*~* V/"~!) using (f,&) construct crossed projective chain
complexes CS" (W™, f,£):

_ d? _ a® ~. Fin=1) ~
e m (VP S mwm el - - — O

and using (—f, —&) construct crossed projective chain complexes C¢" (W™, —f, —¢):

e mem(VPh L (W™, V™ h) & ps A B,
Definition 6.1. The Morse number M(W™) of a manifold W™ is the minimal
number of critical points of all indexes taken over all Morse functions on W".
Theorem 6.1. Let (VV",VO’“l,Vf“l)7 n > 6, be a compact smooth manifold
with boundary OW" = VO"71 U V1”71 and m = w1 (W™) be the fundamental group of
the manifold W". Suppose that ©(V;"™') — 7 (W") is isomorphism, Wh(r) = 0
(Whitehead group of ) and if D' (W™ V"™ 1) # 0 then D' (W) = 0 forall 1 < i <
< n — 2. The following equality holds for the Morse number of W™ :

n—2 n—2
M(W", ‘/Onil) -9 Z (]Di(W", Vvonfl)) +9 Z (522)(Wn, Vonfl))_i_
1=1 1=3
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n—2

+ 3 (dimy o) (Hipy (W7, V5 2))).

=2

Proof. Let f be an arbitrary ordered Morse function, £ a gradient-like vector field

on W™, and C*(W”, £,€): Co &Gy O, the chain complex associated
with them.
_ o~ ~ ~ 0 ~ qan—1 ~ .

Denote by C’*(W”, f,f) 00 L5 0 & . “— ™ the cochain complex
constructed starting from chain complex C, (W™, f,€). It is clear that if chain complex
C*(W"7 £,€) is minimal in dimension i then and cochain complex C’*(VNV”, £,€)
is minimal in dimension 7. It is known that the operation of stabilization of the
homomorphisms ci-, can be realized by changing Morse function and gradient-like vector
field on W™. But the inverse operation, the elimination of contractible contractible
free chain complex of the form 0 — C; — éiﬂ — 0 from the chain complex
C* ( W”, f, §~ ) can not always be realized by change of Morse function and gradient-
like vector field on W™. This is possible if n > 6 and Wh(w) = 0[17]. Let (C,d) bea
chain complex homotopy equivalent to chain complex C. ( W”, ]?, E ) such that it Morse
number equal homotopy Morse number of C’*(W”7 f, g) By Cockroft—Swan theorem
[2] there exist contractible free chain complexes (D, 9) and (5,5) such that the chain
complexes (C*(W", f,é @ D,d@d)) and (CPD,d@d), are chain-isomorphic.
The previous notice ensures the existence of a Morse function g and gradient-like
vector field that realize the complex (C’ * (/W/", f, 5 P D,dp 8)) . Using elimination of

contractible contractible free chain complexes of the form 0 — C; — 6i+1 — 0
and 0 — C,;_; — C; — 0 from the chain complex (C*(W”, FEP D,d@9))
we can obtain a chain complex (6‘, c?) that is minimal. The conditions that n > 6 and
Wh(m) = 0 ensures the existence of a Morse function g and gradient-like vector field 7
that realize the complex (6’ , C/l\) The number of critical points of Morse function g can
be computed using previous formulas from Theorem 5.1.

Theorem 6.1 is proved.

Theorem 6.2. Let (W™, VO"_l, V™Y, n > 6, be a compact smooth manifold with
boundary OW™ = V" P U V""" and = = m(W™) be the fundamental group of W™.
Suppose that To(W™, V"~ 1) are fiee crossed m (V" ~')-modules, H, (W”, ‘71."_1, Z[n))
are fiee Z[r)-modules, M(Hg(W”, vt Z[n))) = p(re (W™, V"), Wh(r) = 0 and
ifDYW™) # 0 then DL (W™) = 0 for all 3 < i < n — 3. Then the following equality
holds for the Morse number of W™ :

n—2
M(wn7 Vonfl) -9 Z (Dz(Wn7 Vbnfl))_’_
=2

n—2 n—3
1237 (St W, V™)) + D (i () (W, V™, 2)) )+
=3 =3

i Ha (W V= Zla])) + (o (W, Vi, Z[)) ).

Proof. The conditions in the theorem guarantee the existence of a ordered Morse
function f: W™ — [0,1], f~1(0) = Vg* 1, f~1(1) = V"~ without critical points of
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indexes 0, 1, n— 1, n. The Morse number of (W", VO”*I, Vlnfl) can be computed using
previous formulas from Theorem 5.1.

Theorem 6.2 is proved.
The estimate for Morse numbers study in works [1, 4—7, 10— 19], where were use

and other approaches. In next papers we shall give the values of Morse numbers for
other class manifolds.
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