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Abstract. We obtain rigidity and gluing results for the Morse complex of a real-valued
Morse function as well as for the Novikov complex of a circle-valued Morse function.
A rigidity result is also proved for the Floer complex of a hamiltonian defined on a closed
symplectic manifold (M, ) with ¢{|z,pm) = [@]lz,(am) = 0. The rigidity results for these
complexes show that the complex of a fixed generic function/hamiltonian is a retract of the
Morse (respectively Novikov or Floer) complex of any other sufficiently C 0 close generic
function/hamiltonian. The gluing result is a type of Mayer-Vietoris formula for the Morse
complex. Itis used to express algebraically the Novikov complex up to isomorphism in terms
of the Morse complex of a fundamental domain. Morse cobordisms are used to compare
various Morse-type complexes without the need of bifurcation theory.
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Introduction

A Morse type complex associated to a generic pair ( f, o) with f a functional and
with « an additional geometric structure is acomplex freely generated by the critical
points (assumed in the paper to be finite in number) of f and with a differential given
by counting “flow lines” that join successive critical points of f. The definition
of these “flow lines” depends on both f and «. For example, f might be a Morse
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function, @ a Riemannian metric and then the differential counts flow lines of
— V¥ f. The complex is in this case the classical Morse complex variously attributed
to Thom, Smale, Milnor and under a different form to Witten. Other examples that
will appear in this paper are provided by the Novikov complex where f is an
S'-valued function (the additional structure being again a metric) and the Floer
complex which, from this perspective, is associated to an action functional defined
on a space of unbased, contractible loops on a symplectic manifold together with
an almost complex structure on the manifold. In this last example, the “flow lines”
to be counted are deformed pseudo-holomorphic cylinders. In this introduction we
shall denote any complex of one of these three types by C(f, «).

Our focus in this paper is not on the homology computed by C(f, «) (which,
indeed, is in all these cases independent of the pair (f, «)) but rather on the
complexes themselves.

The first type of result that we prove for the Morse, Novikov as well as for
the Floer complex is a rigidity statement: it shows that small C® perturbations of
f accompanied by arbitrary perturbations of « do not decrease the complexity
of C(f, @). Precisely, for fixed (f, «) there exists 7 > 0 such that if (f', &) is
another generic pair such that C(f’, «') is defined and with || f — f'|lo < &,
then C(f, «) is a retract of C(f’, ') (which means that there are chain morphisms
i :C(fia) — C(f,a), j:C(f',a') = C(f,a) such that j oi = id). When
f = f' weimmediately deduce that the isomorphism type of C(f, «) is independent
of a.

For the classical Morse complex and for the Novikov complex, this corollary
is implicit in the work of Latour [12] where the approach is that of bifurcation
analysis. The general case, when [’ is different from (but C%-close to) f, is new
even in the standard Morse case and bifurcation analysis does not suffice to prove
it. The reason is that C?-closeness to f is not naturally encoded in some restriction
of the type of modification that may occur in the Morse complex at passage through
bifurcation points when tracing a generic path of (of C* functions) from f to f’.
Of course, without the CY-closeness condition the result fails. Moreover, in the
Floer setting bifurcation theory is very little understood and therefore particularly
inefficient for this type of problem.

In this paper we do not use bifurcation analysis at all. Rather, we introduce and
apply a notion of Morse cobordism. Roughly speaking, this is a generic pair ( f, «)
with f a Morse function and & a Riemannian metric both defined on a cobordism
(M; Ng, N1) and such that V¥ f is tangent to the boundary and the restrictions
fi = fln; are Morse functions whose critical points verify ind s, (x) = ind ¢ (x) +1,
i € {0, 1}. The role of Morse cobordisms is to transform a k-parametric deformation
question for Morse functions or complexes in a problem concerning a Morse
function (or complex) defined on a space with k more dimensions (in the paper the
actual values of k that are used are just 1 and 2). We introduce this notion in Sect. 1
and discuss its immediate properties in Sect. 1.1. In Sect. 1.2 we show the rigidity
result for the Morse complex. This serves as prototype for the Floer and Novikov
cases which are shown respectively in Sect. 2.1 and Sect. 2.2 Theorem 2.10 (i).
It should be noted that the whole idea of Morse cobordisms is inspired by the
continuation method in Floer theory. Indeed, the special Morse cobordisms without
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critical points in the interior of M (which implies that (M; Np, N1) is a trivial
cobordism) have an excellent Floer theory translation provided by the monotone
homotopies introduced by Floer and Hofer in [5] (see also [2]) and which we shall
use in Sect. 2.1.

In Sect. 1.3 we show a Mayer-Vietoris type formula for the Morse complex.
A geometric cobordism (M; Ny, N1) can be split along a two-sided hypersurface
N C Int(M) into two cobordisms (M’; No, N), (M"; N, N1). Of course, the initial
cobordism can easily be recovered by gluing back the two pieces. We discuss
how to split a Morse cobordism f : (M; No, N1) — R along a Morse function
g : N — R into two Morse cobordisms 4’ : M" — R and h” : M" — R. The key
point showed in the gluing Theorem 1.29, is that, if a certain technical property
is satisfied by g, then it is possible to express in a purely algebraic manner the
Morse complex of f in terms of the Morse complexes of 4’ and h”. Again, for
this result bifurcation methods are not directly usable (see Remark 1.30). Even if
g does not satisfy the technical property indicated the same method still produces
the isomorphism type of the Morse complex of f.

The result in Sect. 1.3 is applied to the study of the Novikov complex in 2.2.
out of information on one fundamental domain. For a fixed Morse-Smale function
(f, @) : M — S' the procedure consists in first splitting f along a Morse function
g : N — R with N aregular level surface of f. This produces a Morse cobordism
on one fundamental domain of f. We then consider the Morse complex associated
to this Morse cobordism and, by a purely algebraic procedure, we glue together an
infinite number of copies of it thus getting a new complex C. The problem then is to
compare C with C(f, o). By using again Morse cobordisms we show that these two
complexes are isomorphic. The complex C is viewed as an approximation of C( f, «)
and special choices of g result in a complex C agreeing with the Novikov complex
of f with any finite degree of precision desired. This last point is related to results
of Pajitnov [16] which provide an exact formula for the Novikov complex but only
apply to a special class of Morse-Smale functions. We discuss these relations in
Remark 2.14(c).

1. Cobordism of Morse functions

1.1. Basic constructions. This subsection is concerned with the basic definitions
and properties of Morse cobordisms.

1.1.1. Definitions. We start by introducing an extension of the usual notion of
a Morse-Smale function on a closed manifold to a manifold with boundary. Our
definition is designed to ensure that the standard construction of the chain complex
in the closed case extends to a construction of a chain complex for a Morse-Smale
function on a manifold with boundary.

Let M be a compact manifold, possibly with non-empty boundary. A Morse
Sfunction f : M — R is a smooth function with nondegenerate critical points
(that might belong to the boundary). We denote by Crit; (f) (or Crit; (M, f)) the
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critical points x of index i, ind s (x) = i, of such a function and we let Crit,(f) (or
Crit.(M, f)) be the set of all critical points of f.

Given a Morse function f : M — R and a Riemannian metric @ on M let V f
be the gradient vector field of f. Let ¢ = {¢, : M — M : t € R} be the flow
(possibly only partially defined) on M induced by —V f, so that

di(x)/dt = =V f(¢1(x)) , ¢o(x) =x (x € M) .

For a critical point p € M of f let
Wip)={xeM: lim ¢ (x) = p}
t—>—00
be the unstable manifold of p and let
S(p) = {x € M: lim ¢(x) = p)
—00
be the stable manifold of p.

Definition 1.1. A Morse-Smale function ( f, o) ona compact manifold with bound-
ary (M, aM) is a Morse function f : M — R together with a Riemannian metric
« such that

(i) for each boundary component N of dM one of the two following conditions is
satisfied:
(a) fisregular on N, meaning that for all x € N

Vfx)¢ TN C TyM .
(b) For all x € N we have
Vf(x) € TyN .

(i1) for any two critical points p, ¢ € M the stable and unstable manifolds W*(p)
and W¥(q) intersect transversely (due to point (i) the stable and unstable
manifolds are indeed submanifolds of M, possibly with boundary if M # ).

O

Remark 1.2. The classical definition of a Morse-Smale function assumes the
boundary behaviour of (i) (a). Let (g, 8) = (f, @)|y be defined when condition
(1) (b) is satisfied. Then (g, B) is also a Morse-Smale function on N. In this case,
Crit,(g) C Crit,(f) (because the component of V f(x) normal to the boundary is
null for all x € N) and if x € Crit,(g) we have

indg(x) = ind s (x) — 8,
with 8, € {0, 1}. O

Let (f,) : M — R be Morse-Smale. Denote the set of critical points of f
with index i by Crit;(f). For p € Crit;(f), g € Crit;(f) the space Z(p, q) of
(non-broken) flow lines of ¢ that join p to g is homeomorphic to any intersection
W*(p) N W*(g) N f~'(a) where a is some regular value of f such that f(q) <
a < f(p). The space
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Z(p, ) =W ()N W) N f (@)

isa (i— j—1)-dimensional manifold. If j = i—1 (and as M is compact) this is a finite
set. We fix orientations of 7x M forall x € Crit,( f) as well as for each tangent space
to the unstable manifolds 7, (W*(x)). This provides orientations for 7, (W*(x)) by
demanding that the orientation on 7, (W"(x)) and that on Ty, (W*(x)) give that fixed
on T (M). Moreover, as W*(x), W"(x) are contractible these orientations induce
orientations of the tangent spaces to the whole stable and unstable manifolds. For
apoint z € Z(p, q) we now let €(z) be equal to 1 if the orientation of 7, (W"(p))
and that of T,(W?*(g)) (in this order) give the orientation induced on 7; M from
T, (M). Finally, let

" p.gy= Y €@ el.

z€Z(p.q)

Definition 1.3. The Z-coefficient Morse complex C(M, f, o) of a Morse-Smale
function (f, @) : M — R is defined by

d : CM, f,e)i = ZICriti (/)] = C(M, f,e)i—1 = Z[Criti—1 ()] ;

p—= Y nl%p,9q.
qeCriti—1 (f) O

The Z[m]-coefficient Morse complex is defined for a Morse-Smale function
(f, @) : M — R and aregular cover M of M with group of covering translations 7.
Let (f ) :M— R be the pullback of (f, &), and let qb be the pullback of ¢. The
critical points p € M of f are the lifts of the critical points p € M of f. Fix two
critical points p € Criti(?) and q € Crit; (?). As each path in M that originates
at p lifts to a unique path in M of origin p, the space |, Z(P, gg) of flow lines
of ¢ that join P to one of the points gg, g € 7 is homeomorphic to Z(p, ¢). In
particular, for j =i — 1 the sum below is well defined and satisfies:

> nl ¥ B g =nl*(p.q) € Z
gem

and

n ¥ gp.gq) = B P el (gen) .

Choose a lift of each critical point p € Crit;(f) to a critical point p € Crit,'(?),
allowing the identification

Crit;(f) = 7 x Crit;(f) .

Definition 1.4. The Z[r ]-coefficient Morse complex C(M, f, «) is the based f.g.
free Z[mr]-module chain complex given by

d: CM, f,e); = Z[x][Crit;(f)] = C(M, f, @)i-1 = Z[x][Criti—1 (/)]

p Y (Xl p.gdheq.
qeCrit_ (f) g€ O
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This clearly depends on the choices of the lifts . More invariantly, the Z[x]-
coefficient Morse complex can be written as

d : C(M, f.a); = ZICrit;(f)] = C(M, f, )iy = ZICriti_1 ()] ;

T Y nlEEPT.
GeCriti— (F)

Remark 1.5. (a) In the classical situation
(f; @) : (M5 No, N1) — ([0, 11; {0}, {1})

is a Morse-Smale function on a cobordism (Milnor [14]). This fits into our definition
of a Morse-Smale function (1.1) provided that f is regular on N; and its negative

gradient points “out” on Np and “in” on N;. Such a Morse-Smale function on an
m-dimensional cobordism (M; Ny, N1) determines a handle decomposition

m
M:Nox[O,l]UU U D' x D™,
i=0 Crit; (f)

The handle decomposition of (M; Ny, N1) gives (M, Ny) the structure of a relative
CW pair, with one i-cell for each i-handle. Franks’ paper [7] identifies the Morse
complex of f with the associated cellular chain complex C(M; Z[r]) = C(]\~/I ). It
is easy to verify that the definition gives a chain complex also in our more general
context.

(b) Morse-Smale functions f : M — R have the important property that if
p € Crit,(f) and {x,} C W"(p)isaconvergentsequencein M withlimitx, € M,
then x is situated on a possibly broken flow line originating at p (that is a flow
line that passes geometrically through some other critical points besides p before
arriving in xoo). In fact, one of the proofs that the Morse complex is indeed
a complex is obtained by understanding precisely the natural compactifications of
the spaces of flow lines. |

To simplify notation, we shall write C(M, f) (resp. n'(p, q)) instead of
C(M, f,a) (resp. nf%(p, g)) whenever the choice of metric « is clear from the
context. Also, by an abuse of terrginology, we shall write C(M; Z[r]) = C(Il~/1 ) as
C(M), and H,(M; Z[r]) = H.(M) as H.(M).

Definition 1.6. A cobordism from a Morse-Smale function
(g1, 1) : Nt > R
to a Morse-Smale function
(g0, Bo) : No —> R
is a cobordism (M; Ny, Np) together with a Morse-Smale function
(ffa) : M >R

such that
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@ (fs )Ny = (go, Bo) with
ind¢(p) = indg,(p)

for each critical point p € No,

(i) (f, )N, = (g1, p1) with

inds(p) = indg, (p) + 1

for each critical point p € Nj. O
NO M N1
(go7ﬁ0) (f) a) (glaﬁl)
R

Remark 1.7. (a) We denote a Morse cobordism as before by
(f,e) : (M; No, N1) —> R..

Clearly, No and N play different roles in the definition above. However, because
we only work here with compact manifolds, it follows from Lemma 1.14 below that
Morse-Smale functions (go, Bo) : No — R, (g1, 81) : N1 — R are cobordant if
and only if the manifolds Ny, N; are cobordant and therefore the Morse-cobordism
relation is an equivalence.

(b) The condition (i) in Definition 1.6 together with the Definition 1.1 imply that
no negative gradient flow lines of (f, &) can leave Ny towards M\dM. Similarly,
no trajectory can enter Nj from the interior due to condition (ii). O

Example 1.8. An m-dimensional cobordism (M; Ny, N1) admits an embedding
(M; No, N1) C R"
forn > 2m + 1, with

M C{(x1,x2,...,xp) €eR" : 0<x, <1},
No ={(x1,x2,...,xp) € M : x, =0},
Ny ={(x1,x2,...,x0) €M : x,, = 1}
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and such that the height function
f i M—>R; (X1,x2,...,X,) > Xp

is Morse-Smale on M\0M. As f is constant on Ny and N1, it is not a cobordism of
Morse-Smale functions. However, it is possible to slightly tilt M inside R” to obtain
an isotopic embedding (M; Np, N1) C R” such that the height function M — R
restricts to Morse-Smale functions on Ny and Njp. This is not yet a cobordism of
Morse-Smale functions as in 1.6 because the component of the gradient of the
height function that is normal to M does not generally vanish. As we shall see in
Lemma 1.14 below, it is possible to perturb the height function in a neighbourhood
of dM such that the resulting function becomes a cobordism of Morse-Smale
functions. O

1.1.2. Immediate Properties of Morse cobordisms. We recall that the algebraic
mapping cone C(¢) of a chain map ¢ : C — D is the chain complex defined by

d
dc@) = <(§) —Zc) :C@)i=Di®dCi-1 > C(@P)i-1 =Di-1 ®Ci— .

A chain homotopy ¥ : ¢ ~ ¢ : C — D determines an isomorphism of the
algebraic mapping cones

_(! V). /
h—<o 1>.C(¢)—>C(¢).

If C, D are based f.g. free Z[x]-module chain complexes (as will be the case in
the applications to Morse complexes) then £ is a simple isomorphism of based f.g.
free Z[mr]-module chain complexes.

The Morse complex of a cobordism of Morse-Smale functions has the following
homological properties:

Proposition 1.9. Let (f, @) : (M; N, N') — R be a cobordism of Morse-Smale
Sfunctions (g, B) : N - R, (g', B)) : N = R, write

D=C(N,g) , D'=C(N'.g) , F=CM\M, fI).

and let M be a regular cover of M with group of covering translations .
(1) There are 3 types of critical points of f
Crit; (M, f) = Crit;(N, g) U Crit; (M\dM, f|) UCrit,_;(N’, g') .
The Morse complex of f is given by
CM, f)i = ZIx1ICrit;(M, f)1=D; ® F; ® D|_, ,

1

dp 6 -y
dC(M,f) =0 dp -0
0 0 —dp

CM, f)i=Di®F®D,_, - CWM, f)i-1 =Di-1 ® Fi-1 ®D,_,
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with
6 :F—Di-i;p—~ Y n'¥p.agq,
q€Criti—1(g)
0 :Dj—>Fip— Y np.aq,
g€Crit; (e)
Y D> Di; p> Y nl%p.gq
geCrit ()
such that

dpb +6dr =0 : F; > D;_»,
dpe/ —O/dD/ =0: D; — F,'_l ,
dp¥r +Ydp +66' =0 : D; — Dj_1.

(ii) The Morse complex C(M, f) is simple chain equivalent to C(M, N'), the
Z[m]-coefficient cellular complex for any relative CW structure on (M, N'), with
homology

H.(C(M, [)) = H«(M, N') .
(iii) The subcomplex of C(M, f)

/ _ _ . : dD 0
C(M\N', f) = C(6) = (D; ® F; , (0 dF))

is simple chain equivalent to C(M), with homology
H(C(M\N', f1)) = Hy(M) .

(iv) The quotient complex of C(M, f)

is simple chain equivalent to C(M, 0M), with homology
H (C(M\N, f1)) = H«(M, M) .
(v) The subquotient complex of C(M, f)
C(M\oM, f|) = F
is simple chain equivalent to C(M, N), with homology
H (C(M\oM, f)) = H«(F) = H,(M, N) .
(vi) The chain maps (up to sign)

0 : F=CWM\oM, f|) = Ds—1 = C(N, @1,
0 . D' =C(N,g)— F=CM\M, f])
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induce the natural morphisms in homology
6 =10 1 Hy(F) = Hy M. N) - H, (D) = H,_1(N) ,
0, : Hi(D') = Hi(N') - Hy(F) = Hy(M, N)
and ¥ is a chain homotopy
Y00 ~0:D =CN,g)— Di1=C(N,gs1.
Proof. (i) Foranyx ¢ N
lim ¢;(x) e N,
11— 00

corresponding to the entry dp in the first column of dcu, f).
For any x € M\oM

lim ¢;(x) € N or M\oM ,
11— 00

corresponding to the two entries 6, dr in the second column of dc(p, f).
For any x € N’

lim ¢,(x) € N' or M\dM or N ,
1—00

corresponding to the three entries —y, —0’, —dy in the third column of dem, 1)

(ii) Slightly extend M to a manifold M’ by pasting to M collars homeomorphic
to N x [0, 1] and N’ x [0, 1]. We also extend the function f and the metric « to
a function f” respectively a metric &’ in such a way that f’ has the same critical
points as f and is regular and its gradient points out on N’ x {1} and points inside and
isregularon N x {1}. Then, by standard Morse theory, C(M, f’, ') is simple chain
equivalent to C(M’, N'). On the other hand we have C(M, f', ') = C(M, f, ).

(iii) The projection from C(M, f) to C(N’, g’).—1 is given by

CM., f) = C(M, N) —2> C(N', g')et = C(N)s1 .

The kernel of this projection is precisely C(M\N’, f|) and this complex is therefore
simple chain equivalent to C(M).

(iv) The chain inclusion
C(N,g) ~ C(N) = C(M, )~ C(M,N")

is a chain representative of the inclusion N < (M, N’). Therefore, C(M\N, f|)
(which is the co-kernel of the map above) is simple chain equivalent to C(M, NUN")
= C(M, oM).

(v) The chain inclusion
C(N, g) ~ C(N) — C(M\N', f]) ~ C(M)

is a chain representative of the inclusion N — M.
(vi) Combine (ii), (iii), (iv) and (V). |
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A particular type of Morse cobordism will play an important role further on.
Definition 1.10. A cobordism of Morse-Smale functions
(fa) : (M;N,N')—R
is simple if f does not have any critical points in M\dM, so that

Crit;(M, f) = Crit;(N, g) U Crit;_1 (N, g') . -
Proposition 1.11. Let (f, @) : (M; N, N') — R be a simple cobordism of Morse-
Smale functions (g, B) : N - R, (¢',8): N - R

(1) The identity N — N extends to a diffeomorphism
(M; N, N') = N x ([0, 11; {0}, {1}) .
(ii) The inclusions N < M, N' < M induce simple chain equivalences
C(N, g) = C(M) , C(N',g)~C(M)

with C(M) the Z[r]-coefficient cellular chain complex of any CW structure on M.
(iii) The chain map

™M C(N', g) - C(N, g
defined by
M C(N', g)i = Z[r][Criti(g))] — C(N, )i = Z[x][Criti(g)] ;
X an(x, )y
y

is a simple chain equivalence, with n'(x,y) the algebraic number of downward
gradient flow lines in M from x to 'y, for any critical points x € N, y € N with

indy (x) = ind s (x) — 1 = ind(y) = inds(y) =i .

Proof. (i) It is possible to find a small perturbation of the negative gradient flow
of f in a neighbourhood of dM such that the resulting flow y’ points inside M on
N’ and outside on N; it is gradient like and has no stationary points inside M. The
existence of such a flow implies the claim. To construct this perturbation fix some
Morse charts U; around the critical points of f that are situated on N. Fix also
a collared neighbourhood of N that is diffeomorphic to N x [0, €]. With respect
to this parametrization notice that, for all small enough § the projection of V f(x)
on T (N x {8}) is non-zero for all sufficiently small é and x ¢ UU;. Moreover, for
6 small and x € U; we have that V f(x) is not tangent to T\ (N x {8}) and points
towards N x {0} = N (because of the Morse lemma). This means that by adding
to —V f a vector field which is 0 outside N x [0, t] (r small enough) and is equal
to —h(r)d/ot for x = (z,1) € N x [0, 7] with & : [0, ] — [0, 1] decreasing,
h(0) = 1, h(r) = Othe induced flow will satisfy the desired properties with respect
to N. Of course, a similar construction is possible relative to N' and produces y’.
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(i1) Immediate from (i).

(iii) The chain map fM is the chain homotopy of Proposition 1.9 (vi)
y=s":10=0: CNV'.g) = C(N,g)sr -

For any CW structure on M the chain map M is chain homotopic to the composite
of the simple chain equivalences given by (ii)

C(N',g)— C(M) — C(N, g) . q

1.1.3. Construction of Morse-Smale cobordisms. We shall discuss here a few
simple ways to construct Morse cobordisms. We first fix some more notation. For
i =0,1,2,... let C'(N,R) be the space of C'-functions # : N — R, with the
following topology. For i = 0 use the norm

lI7llo = sup {|A(x)] : x € N} .

Fori > 1 use the Whitney C'-topology, in which a neighbourhood of f € C' (N, R)
consists of those g € C'(N, R) such that in local coordinates, f and g together
with their first i derivatives are within € at each point of N (Hirsch [8], p. 395).
Here is a result that summarizes the output of some of our constructions. All
the arguments here are simple once the correct statements are formulated — similar
constructions have been independently used by Abbondandolo and Majer [1]. We
include the details because we shall use these constructions repeatedly later in the

paper.

Proposition 1.12. Fix a Morse-Smale function (h, y) on a compact closed mani-
fold N. Consider (h',y") : N — R, another Morse-Smale function on N, such
that h(x) > h'(x), Vx € N. There exists a simple Morse-Smale cobordism
(H,T): N x [0,1] = R from (h, y) to (b, y") such that

h(x) < Hi(x) <h(x) (xeN,te[0,1]).
The resulting chain map

i=HNOU - (N, h,y) > C(N, I,y
is a simple chain equivalence.

Proof. The proof is an immediate consequence of the constructions of Morse
cobordisms described in the lemmas below.

Lemma 1.13. Let (fo, «o) be a Morse-Smale function on a closed manifold N.
Let ¢ : N — R be such that c(x) > fo(x) for all x € N and let a1 be a second
metric on N. There is a Morse-Smale function (f,«) on N x [0, 1] such that
fIng = fo, fIny = ¢, a extends the o;’s and 0f/0t(x,t) > 0 forallx € N, t > 0
(N; = N x {i}).
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Proof. Letu : [0, 1] — [0, 1] be a C*° function such that
u =1, u()=0, /'O0)=0, ') <0 >0), u"(0) <0.
Consider the function

S = u() fo(x) + (1 —u(@®))c(x) .
‘We have

af/ot =u' (1) (fo(x) —c(x)),
af/ox = u(df/ox + (1 — u(r)dc/dx

and this together with the fact that

(3 f/0x?)(x, 0) = (9 fo/0x?) (x) ,
(% f/3r%) (x, 0) = u”" (D (fo(x) — c(x))

implies immediately the statement (notice that f is regular on Nj), except that
we also need to remark that there is a metric « extending the ¢;’s such that f is
Morse-Smale with respect to «. By using a partition of unity argument it follows
that there is a metric o that extends the «;’s. Moreover, as (fp, ) is already
a Morse-Smale function we can slightly modify &’ away from 9(N x [0, 1]) to
obtain . |

Lemma 1.14. Consider a compact cobordism (M; No, N1), and suppose given
Morse-Smale functions (fi,a;) : Ni — R (@ = 0,1). Let g : M — R be
a Morse function with all its critical points in the interior of M and which
is constant, maximal on Ny, and constant, minimal on Ny. For any neighbour-
hood W of OM there are suitable constants co, ¢ and a Morse-Smale cobordism
(f, ) : (M; No, N1) — R between the Morse-Smale functions (fy + co, oo) and
(f1 + c1, 1) such that

fl=gl : M\W > R.

Proof. Inside the neighbourhood W of dM we can find a tubular neighbourhood
that we shall identify with Ny x [0, 1] [ N; x [0, 1]. We may assume that 9M =
No x {0} ] | N1 x {1} and that g is constant, regular and equal to ko on No x {1} and is
constant, regular and equal to k1 on N; x {0}. Pick ¢; € Rsuch that fo(x)+co < ko
and f1(x) +c1 > k1. Now Lemma 1.13 provides a cobordism between fj + co and
the constant function kg on Ny x [0, 1]. By the same method as in 1.13 we also get
an analogous cobordism between k1 and f1 + ¢; on Ny x [0, 1]. Another partition
of unity argument shows that these two cobordisms can be pasted together with
g to provide the function f. The metric « is obtained by the same argument as
in 1.13. O

Remark 1.15. For the cobordism (f, @) constructed in 1.14 the chain complex
C(M\oM, f) of Proposition 1.9 coincides with C(M, g). O
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Definition 1.16. Let ( fo, a0), (f1,o1) : N — R be Morse-Smale functions on
a closed manifold N such that

J1(x) > fo(x) (x € N).
A linear cobordism between ( fp, og) and (f1, «1) is a simple cobordism (1.10)
(f,) = N x ([0, 1] {0}, {1}) = R

with (f, @)|nx(iy = (fi, @) (i =0, 1) such that for all ¢ € [0, 1], f; is a convex,
linear combination of fj and f; and df/d¢ > O for all points (x,7) € N x (0, 1).0

Lemma 1.17. Any two Morse-Smale functions ( fy, ®o), (f1, @1) on a closed mani-
fold N such that

f1(x) > fo(x) (x € N)

are related by a linear cobordism. If ay = o there is a simple cobordism (f, o)
with a = g +dt? the product metric. If moreover fi = fo+cwith ¢ > 0 constant,
then there exists a linear cobordism with o the product metric and for any such
linear cobordism the chain map fN*I011 . C(N, fi) — C(N, fo) is a simple
isomorphism.

Proof. As in the proof of Lemma 1.13 we consider a C*° function v : [0, 1] —
[0, 1] such that

v0) =1, vl)=0, V1) =20)=0,
V@) <00 <zt<1), v 0)<0<V'(1).
We define

Jx) = () fo(x) + (I —v() f

with the immediate consequence that, as above, one can find a metric « such that
the Morse-Smale function ( f, ) satisfies the properties required in the first part of
the statement. For the second part, assume that « is the product metric ag + dt>. As
both ( fo, o), (f1, a1) are Morse-Smale we can modify f outside a neighbourhood
of d(N x [0, 1]) to obtain the desired Morse-Smale cobordism. If f; = fo + ¢
this modification is not necessary, because the function f itself is already Morse-
Smale with respect to «. Moreover, if x € Crit(fy) then for all + € [0, 1] the
flow induced by —V f is tangent to x x [0, 1]. As indy(x x {0}) = ind,(x),
inds(x x {1}) = ind, (x) + 1 the proof is concluded. |

The proof of Proposition 1.12 follows by applying the construction in Lem-
ma 1.17 to the Morse-Smale functions ( fo, og) = (&, y’) and (f1, 1) = (h, y). O

Remark 1.18. Note that if (g, B) is a Morse-Smale function on N, then the Morse
complexes C(N, g, B) and C(N, c(g + k), B), where ¢, k € R are constants, are
canonically identified. This implies that, on a compact manifold, we may use
Proposition 1.12 to compare the Morse complexes of any two Morse functions # and
K’ by simply adding to 4 a sufficiently large constant S such that A (x) + S > 4’ (x),
Vx € N. |
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1.2. Rigidity of the Morse complex. We now state and prove the Rigidity Theo-
rem 1.19 for Morse complexes.

Fix a Morse-Smale function (%, ) on a compact closed manifold N. Consider
(h',y") : N — R, another Morse-Smale function on N, and let S > 0 be such
that S > ||h’ — hl|o. By Proposition 1.12 and Remark 1.18 there exists a simple
Morse-Smale cobordism (H, ') : N x [0, 1] — R from (k + S, y) to (h’, y’) such
that

h'(x) < Hi(x) <h(x)+S (x € N,t €0, 1])
and the induced chain map
i(H)=HY "1 . C(N,h,y) — C(N, I,y
is a simple chain equivalence.
Rigidity Theorem 1.19. In the setting above let
8 =min{|h(x) — k()| : x,y € Crit(h) , W*(x) (W (y) # 7} .

(i) If S < 8/2, then there exists a chain map j : C(N,h’,y") — C(N, h, y) such
that

joi(H) =identity : C(N,h,y) - C(N,h,y) .

(ii) There exists a C*-neighbourhood of h, Uy, such that if ' € Uy, then the simple
chain equivalence i(H) is a simple isomorphism. O

Remark 1.20. (a) The existence of a constant S satisfying condition (i) is implied
by the assumption ||h —h'||g < 8/2. This means that whenever this last condition is
satisfied the Morse complex of  is a retract of the Morse complex of 4’. Moreover,
this relation is independent of the metrics used in the definition of these complexes.
This also implies that the number of critical points of index k of A’ is at least that
of 4. It should be noted that z and 4’ do not play symmetric roles in the statement,
since § depends on 4. One of the most striking features of (i) is that only the
closeness of i’ to & in the C° norm is required for the relation between the Morse
complexes of 4 and A’ to hold. This allows 4’ to have a different number of critical
points than / and, in particular, one could apply (i) to a function 4’ obtained from
h by a process analogous to the subdivision of a cell decomposition of a CW
complex.

(b) Even if fo = fj it is easy to produce examples such that the isomorphism at
(ii) is not equal to the identity.

(c) The condition S < §/2 appears to be optimal. It is certainly essential for the
proof we shall present below.

In Sect. 1.2 we prove 1.19 (i), and deduce 1.19 (ii) as an immediate consequence.
The key new idea appears in the proof of (i) and is as follows. As Morse-Smale
cobordisms are themselves Morse functions we may apply the constructions in
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Sect. 1.1.3 to cobordisms. This leads in Lemma 1.21 to a Morse function g de-
fined on N x ([0, 1] x [0, 1]) having critical points only for the second coordinate
belonging to the corners of the square [0, 1] x [0, 1]. The function g restricts to
h+ convenient constants in the corners (00), (01), (11) and to 2’+ some constant
in the corner (10). The critical points of g in the corner (i j) are those of & (resp. i)
but of index raised by i + j. Moreover, the simple cobordism H (+ some constant)
appears on the side (10)(11). On the sides (00)(01) and (01)(11) we have a cer-
tain type of trivial simple cobordism that induces the identity in terms of Morse
complexes. The purpose is to show that the restriction of g on the sides (10)(11)
and (00)(10) induce morphisms whose composition A is an isomorphism. For this
we compare this composition with that of the morphisms appearing on the sides
(01)(11) and (00)(01) which, as said before, is the identity. The two compositions
are measured by flow lines of g that join critical points of indexes differing by 2,
that originate in (11) and end in (00), and are broken precisely once at one critical
point of intermediate index that belongs to (10) for the first composition and to
(01) for the second. If a flow line of g originating at a critical point in (11) and
reaching a critical point in (00) which is broken once would break necessarily in
a point in (10) or (01), then the two compositions would be equal. This is not
necessarily the case though: the breaking point can belong also to (00) or to (11).
However, when the assumption on S at (i) is assumed, such a flow line with the
origin in a critical point of x € Crit;(h) x (11) and ending at y € Crit; (h) x (00)
with (y) > h(x) can only break at a point in (01) or in (10) (by Lemma 1.22)
essentially because along the negative-flow lines of g the value of g has to decrease
and a break in a point of (00) or (11) would force the change in value of g to be
bigger than allowed by the fact that #(y) > h(x). This is enough to show that our
composition A is an isomorphism even if it might not be the identity.
‘We now proceed to the actual proof of the Rigidity Theorem 1.19.

Proof. We first observe that the notion of Morse-Smale cobordism introduced in
Definition 1.6 can be generalized in an obvious way to the case when Ny and N
have boundaries and f; is tangent to dN; (in the sense that V f;(x) € TydN; for all
x €oN;,i =0,1).

All the previous statements have analogues in this case. In particular, the state-
ments of 1.9, 1.11, 1.13, 1.14, 1.17 remain true when assuming that the manifold
N has a non-empty boundary. A general existence result for two-parameter Morse-
Smale functions follows.

Lemma 1.21. Let W be a compact manifold without boundary. Let (fj,a;)
be Morse-Smale functions on W, j = 0,1,2,3 and let (g;j, Bij) be simple
Morse-Smale cobordisms on W x [0, 1] of («;, fi) and («j, f;) for (i, )) €
{(0, 1), (0,2), (1,3), (2,3)}. Assume g13 > go2 and suppose that go1 and g3
are linear cobordisms. There exists a simple Morse-Smale cobordism (g, B) on
(W x [0, 1]) x [0, 1] of (802, Boz) and (g13, B13) which restricts to (go+2k,1+2k>
Bo+ak,1+2k) on W x {k} x [0, 1] (k = 0, 1), with

Crit; () = Crit;—2(f3) U Crit;—1 (f2) U Crit;—1 (f1) U Crit; (fo) .



Rigidity and gluing for Morse and Novikov complexes 359

Proof. Let
gor =u(@®fo+ A —u@®) fi, g3=r®)fr+UA—-r)f3

with u, r : [0, 1] — [0, 1] functions with the properties described at the beginning
of the proof of Lemma 1.17. Let w : [0, 1] — [0, 1] be another such function.
Define

gx, 1, 1) = goa(x, D (Hw(r) +r()(1 — w(r))
+g13(x, D((I —u@)w(r) + (I = r())(1 —w(1)) .

By the same type of argument as those used before it is easy to see that g is a Morse
function. Moreover, by a partition of unity argument one can construct a metric
B’ extending the B;;’s. A small perturbation of g’ away from the boundary of
W x [0, 1] x [0, 1] leads to a new metric B such that the pair (8, g) satisfies the
desired properties. O

Lemma 1.22. In the setting of Lemma 1.21 above, there is an € > 0 such that for
any u € Crity_2(f3) and v € Crity—2(fo) with f3(u) — fo(v) < € we have

D on () + Y a2, )t (y,0) = 0.

xeCriy_2(f1) yeCrit—2(f2) 0
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Proof. Fori =0, 3, let
e; = min{f;(a) — fi(b) : a € Critg(f3),
b € Crite—1(f;), W"(@) (Y W*(b) # @, k € N}.
As W is compact €; > 0. Let 1 > 0 be a small positive constant such that
€ = min{eg, €3} —u > 0.
As a consequence of the fact that C(M, g) is a chain complex we have

Z ,1813(,4, x)ng‘” (x,v) + Z n823 (u, y)ngoz(% V) +

xeCritg—2(f1) yeCrity—2 (f2)
> ndu,snlos,v)+ Y nfw,Dngv)=0.
seCritg_1 (fo) 1eCrity—3(f3)

The condition imposed to # and v implies that the two last sums of this expression
vanish. Indeed, in the sum before last the only terms that count are those that
satisfy fo(v) < fo(s) < f3(u). This implies fo(s) — fo(v) < €. It follows that
n/0(s, v) = 0. The argument for the vanishing of the last sum is similar. O

We now use Lemma 1.22 to prove the Rigidity Theorem 1.19 (i). We return
to the setting of the statement of the theorem. Thus N, (4, y), §, S < §/2 and
(W', y") are fixed as well as the simple Morse-Smale cobordism (H, ') of (4', y’)
and (h + S, y). Let © > O such that S + < §/2. We intend to use Lemmas 1.21
and 1.22. We take

W=N, (fo.a0) = (h,p),
(froa) =0 +S+u, vy, (o) ="+, y),
(f3,3) =(h+285+w,y), (g13.813) = (H+ S+ u,T)

and (go2, Bo2) a linear Morse-Smale cobordism of (%, y) and (h + u, y) with Boa
a product metric. As we have 4'(x) + S > h(x) for all x € N we note that

g, D) =Hx, D)+ S+u>hx)+S+u>hx)+pn=>go1.

Therefore the conditions in Lemma 1.21 are verified. We may also take (g23, B23)
such that this is a linear cobordism with 8>3 the product metric (see Lemma 1.17).
We use Lemma 1.21 to construct (g, ). Lemma 1.22 can now be applied and by
inspecting its proof we see that we may take € = § — . We fix a total order
on the set Crit,(h) = Crit,(fy) = Crit.(f3) such that for x, y € Crit.(h) the
inequality h(x) < h(y) implies x < y. With this total ordering we consider the

matrix A = (a;;) of the composition g(])le[o’” o gfgx[o’l] as well as the matrix
B = (b;j) of the composition g(l)\/zx[o,l] o gé\gx[o’”. Because both go and g»3 are

linear cobordisms with the product metric it immediately follows that B = Id.
We now want to observe that A is an upper triangular matrix with —1’s on the
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diagonal. Indeed, assume x, y € Critx(h) correspond to elements i, j respectively
in the fixed order of Crit, (k) with i < j. Then fy(x) < fo(y) and

H&) = fo) = fox) +28+u— fo(y) <d—pn=e€.

Therefore, by Lemma 1.22 we have

aj= Y X (11,2 % 0, D) @ x (0, 1),y x (0,0) = by
z€Critg (f1)

and as mentioned above b;; = §;;, the Kronecker symbol. As a consequence
we get that A has determinant equal to =1 and is therefore an isomorphism. But
gi\gx 017 — gnx[o. 11 and this completes the proof of the Rigidity Theorem 1.19 (i).

We now turn to 1.19 (ii). If U4, is sufficiently small, then the number of critical
points of 4’ € Uj, equals the number of critical points of /4. Of course, we may
assume U}, sufficiently small such that ||h — h’||p < §/2 and this implies that our
chain maps

HNX[O,]] — g11\13x[0,1] : C(N, h, )/) — C(N, h/, J//)
and g(])le[o’l] are both isomorphisms. This completes the proof of the Rigidity
Theorem 1.19. |

Remark 1.23. (a) The proof of the Rigidity Theorem 1.19 (i) can be used to show
that for U, sufficiently small and H’ a second cobordism satisfying the properties
of H the two isomorphisms HV*[0-11 and (H")N*I0.11 differ by a nilpotent chain
map.

(b) If (h,y), (W',y") : N — R are Morse-Smale functions with i’ sufficiently
COclose to h, the construction of the simple cobordism H in the proof of the
Rigidity Theorem 1.19 implies that the resulting chain map

i=HYOU N b y) — CNH Ly

respects the “critical value” filtration of the chain complexes. In particular, if
h' = h and the critical points of h are alone on their critical levels, then i is
a simple isomorphism given in each degree by

i = 1 + lower triangular matrix : C,(N, h,y) — C,(N, I, y') .

(c) The Rigidity Theorem 1.19 (iii) shows that a Morse function has simple isomor-
phic Morse complexes for any two metrics with respect to which it is Morse-Smale.
This can also be shown using bifurcation methods as in Latour [12] (p. 21). O

1.3. Mayer-Vietoris type formula for the Morse complex. With topological
cobordisms one is able to perform two natural, geometric operations. The first
associates to a pair formed by a cobordism (M; Ny, N1) and a separating closed
hypersurface N C Int(M) the two cobordisms (M’; No, N) and (M”; N, Ny)
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where M = M’ Uy M". The second is its inverse and it associates to a pair of
two cobordisms (M’; No, N) and (M”; N, N1) the new cobordism (M; Ny, N1)
obtained by pasting M’ to M” over N. The fact that these two operations are
inverses is essential for using Mayer-Vietoris type arguments to deduce properties
of a “long” cobordism out of knowledge about the smaller pieces in which it can
be divided.

The purpose of this section is to put into place the same two operations for
Morse-Smale functions defined on cobordisms and to show a Mayer-Vietoris type
theorem for Morse complexes.

Consider the pair formed by a Morse-Smale function (f, ) : (M; No, N1) —> R
and a Morse-Smale function (g, B) : N — R with N a regular hypersurface of M
(we shall assume N = f~1(0)). In this setting, the first operation will associate to
this pair two Morse-Smale functions 2’ : (M'; Ng, N)—R, h” : (M"; N, N;) >R
such that M’ = f~1(—00,0], M" = f~1[0,00), h'|y = kg + ¢, |y = kg + "
with k, ¢/, ¢’ small constants and /', " equal to f away from a neighbourhood
of N.

Conversely, given two such Morse-Smale functions 4" and 4" the second oper-
ation produces a Morse-Smale function & : (M; Nog, N1) — R. Obviously, & can
not be obtained by simply identifying 2’ and 2 on N evenif #'|y = h"'|ny = kg+c
(with ¢ = ¢/ = ¢”) because such an identification does not produce a Morse func-
tion. Instead, we consider a linear Morse-Smale cobordism L : N x [0, 1] — R
from kg + ¢ + ¢’ = L|nxjoy to kg + ¢” = L|nxq1y with ¢ > 0 small such that
c+ ¢ > ¢”. We paste L with i’ 4 ¢ over N x {0} and then paste the result with /"
at N x {1} and we thus obtain a Morse- Smale function / as desired.

Contrary to the case of usual cobordisms, if the two operations are applied
in succession starting from f : M — R, then the resulting function / is quite
different from the initial f. As 4 is in fact obtained quite canonically from the
pieces A, h” in which f has been “split” we shall call such an & a splitting of f.
This terminology is also justified by the fact that & coincides with f away from
a tubular neighbourhood of N and, at the same time, any (negative) gradient flow
line of & that passes through a point belonging to M’ (or to M"") never crosses
N x {1/2}.

We formalize the construction of splittings in Sect. 1.3.1 and remark that it is
immediate to express the Morse complex of / purely algebraically in terms of the
complexes of &’ and h"”.

It is natural to wonder why in constructing &', h” we do not take simply A’ = f7,
h' = f" where " = |y, f” = flmr. The reason is that the simplest form of
a Mayer-Vietoris type formula for Morse complexes should provide the Morse
complex of f out of the Morse complexes of the pieces 4’ and h”. However, the
Morse complexes of f” and f” are inappropriate for this task because they do not
encode the flow lines of —V f that cross from M” into M’. On the other hand,
the gluing Theorem 1.29 in Sect. 1.3.2 shows that if g satisfies a certain, generic,
technical condition, then the Morse complexes of i’ and 4" can be “glued” together
in a canonical way to give the Morse complex of f. The isomorphism type of the
Morse complex of f can be recovered out of any splitting of f even if the technical
condition is not satisfied.
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1.3.1. Splittings. 1In this section we consider a Morse-Smale function
(f,@) - (M; No, N1) > R

with f(xp) < O for all xg € Ny, f(x1) > 0 for all x; € Ny, and O € R a regular
value of f. We write

N=fY0cm.
The restrictions
(f )= (fia)| : (M'; No,N) = f~1(—00,0] = R,
(f" ey = (fo)l © (M":N,N1) = f~'[0,00) > R
are Morse-Smale functions with
(foy=(f,a)U(f" ")
(M; No, N1) = (M'; No, N) Uy (M"; N, N1) — R.
Definition 1.24. The attaching chain map
¢ C(M”, f//, a//)*+l N C(M/, f/, a/)
is the chain map given by
¢ CM", [ 0" i1 — CM', )i x> Y P y)y.
yeCrit; (f) |
Proposition 1.25. The Morse complexes fit into a short exact sequence
0—CWM, f,d)— CM, fa) — CM", f",d"y — 0
with
CM, f,a) = C(9)
the algebraic mapping cone of the attaching chain map
¢ . C(M”, f//, a//)*+l N C(M/, ‘f/’ a/) .
Proof. Immediate from the definitions. O

The key technical construction of this section is contained in the following
definition. To fix ideas we will proceed from here under the following assumption:
there exists aneighbourhood N x[—§, §] C M of N such that on this neighbourhood
f has the form f(x, 1) = ¢ and the metric o has the form dr> + 8, B = a|y. The
existence of such a parametrization of f around N is clear from the fact that N is
aregular level hypersurface of f. Moreover, because d/dt is orthogonal to N x {¢}
the metric o has the form u (x, £)dt”> +v(x, )8 (with u, v smooth positive functions)
on our neighbourhood. This means that by replacing « in this neighbourhood with
the product metric we do not perturb the flow lines of f. Therefore, our assumption
is in no way restrictive.
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Definition 1.26. An (¢, 1)-splitting of a Morse-Smale function
(f,@) - (M; No, N1) —> R

along a Morse-Smale function (g, 8) : N = ffl(O) — R (B = «|) is a Morse-
Smale function (h, @) : M — R such that for (h’,a') = (h, )|y, (W', ") =
(h, )|y we have

(i) H|y=h"Iv=1¢: N — Rwitht € RT.
(i) (h, @) = (f, @) exceptin a small tubular neighbourhood W = N x [—€, €] C
M,e e RT,of N =N x {0} C M.
(i) With respect to this parametrization f(x,7) = ¢ for all (x,7) € N x [—¢€, €]
and
Crit; (h) = Crit;(f) U (Criti—1 (g) x {—€/2}) U (Criti(g) x {€/2}) .
Crit; (h') = Crit; (f') U (Criti—1 (g) x {—€/2)) ,
Crit; (h"") = Crit; (f”) U (Crit; (g) x {€/2}) .
(iv) The restrictions of (&, «) to the submanifolds
We =N x [—€/2,¢/2] C W,
M. = M'\(N x (—€/2,0]) Cc M’
M! = M"\(N x [0,€/2)) c M"
(which are copies of W, M’, M" respectively) are Morse-Smale cobordisms
(8es Be) = (h, )| = (Wes N x {€/2}, N x {—€/2}) > R,
(hy,ap) = (W, a)] : (M_; No, N x {—€/2}) — R,
(e, af) = (h",a")| : (M; N x {€/2}, N1) > R.
(v) The cobordism (ge, B¢) is linear. |

The key properties of a splitting are collected next.

Proposition 1.27. Let (f, @) : (M; No, N1) — R be a Morse-Smale function, with
0 € R a regular value.

(i) For every Morse-Smale function (g, ) : N = f~1(0) — R with p = a|y
and every § > 0 there exists an (€, 1)-splitting (h, o) of (f, ®) along (g, B) with
l1h — fllo < 8.

(ii) The Morse complexes of a splitting of (f, o) along (g, B)
(h,a) = (he, ap) U (ge, Be) U (B, &)
(M; Ny, N1) = (Mé, No, N x {—€/2}) U (We; N x {—€/2}, N x {€/2})

UM N x {€/2}, Ni) > R,
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AR

M "

f and its splitting /2

are given by

CM,h,a) =C(0),
CMLh,o)y=CM' I, o) = C©O),
CM! Rl ay=CM' h', ") =C©O")
C(We, ge, Be) = C(1 : C(N, g, p) — C(N, g, B))
with
0 : CM I, )1 — CM', 1, "),
0 : C(N,g,B) — CM', f,d),
0" CM", ", o)1 —> C(N, g, B)
the chain maps (up to sign) defined by
0 CM' 1\ o)1 =CM, [, 0)ip1 & C(N, g, B)i
— CM", 0", a")i = C(N, g, Bi ® C(M", f", )i ;
(x,z x {—€/2}) = (z x {€/2},0) (x € Critiy1(f), z € Criti(g)) ,
0' 1 C(Ng. B — CM', f'.a)is zi> 3 " (@ x {=€¢/2). )y,
yeCrit (1)

0" . CM", f",a")ip1 — C(N, g, B)i s x> > n""(x,zx {e/2))z.
zeCrit; (g)

In particular, there are defined exact sequences
0—>CM", h,d")—> CM,h,a) > C(M',1,d') - 0,
0—CWM, f',a'y > CM',h,a') - C(N, g, B)x—1 — 0,
0— C(N,g,B)—>CM", 1, o — CM', f",d")— 0.
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(iii) Let pp : C(We, ge, Be) — C(M, h, @) be the chain map defined by the split
injections

Ph : C(W€9 g€9 ﬁé)i = C(Ny 87 ﬁ)i*l GBC(Nv 89 ﬁ)l -
CM, h, )
= CM', f',a)i ® C(N, g, B)i-1 ® C(N, g, B)i ® C(M", ", &) ;

(x, ) = @' (), x,9,0).

The algebraic mapping cone of py is the Morse complex of a splitting (h,«) :
M — R

C(pn) =C(M, h,a) .

The cokernel of py, is the algebraic mapping cone of 0’0" : C(M", f", & )11 —
CM', f',a)

0 — C(We, ge. fe) 2> C(M. h,a) 25 C(6'8") — 0,
with jj, the natural projection.

Proof. (i) This follows easily from the constructions in Sect. 1.1.3. We first choose
a > 0 such that [—a, a] contains only regular values of f, with

fl: W= f""=a,a)) =N x [—-a,a]l > R; (x,0) >t

and the assumption that « is the product metric here. After possibly multiplying g
with a sufficiently small constant we may assume that the image of g belongs to
[—b, b] with b € (0, 1) such that b < a. Let

Ns =N x {8} C W=N X [—a,ada],
Wu,v) =N x [u,v] C W.

By using Lemmas 1.13, 1.14 for each 0 < € < b we construct a Morse-Smale
function f. : M — R of f along g such that: f, agrees with f outside W(—e, €);
the gradient of f is everywhere tangent to N2 and N_¢ 2,

fE'Ng/z = E(g+k) B f€|N_€/2 = E(g+k/)

with k' > k small; if x € Crity, (| Nes2 then indy, (x) = indy(x) and if x €
Crity, N N_¢/2, then indy, (x) = indg(x) + 1; on the cobordism (W(—€/2, €/2);
N_¢/2, Nej2) the function fe restricts to a linear cobordism. The construction of the
function f, is done by applying Lemma 1.13 to the two cobordisms W(—e, —e/2)
and W(e/2, €) and Lemma 1.14 to the cobordism W(—e€/2, €/2). In particular, f.
is a linear combination of the form u(f)(—e€) + (1 — u(r))e(g + k') inside N x
[—€, —€/2] withu : [—€, —€/2] — R an appropriate function with u(—€) = 1 and
u(—e€/2) =0 =u'(—€/2), u”"(—€/2) > 0 (see 1.13); a similar linear combination
is valid inside N x [€/2, €/]. To understand the pasting between the cobordism
W(—€/2,€/2) and, for example, W(—e, —e/2) notice that on W(—e€/2, €/2) we
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have a cobordism from (e(g + k), N_¢/2) to (e(g + k), Nes2). In other words,
on both sides of N_¢/» we have cobordisms having N_¢/> as “high end”. This
allows the pasting to occur by simply using in the formula above u defined on
a larger interval, say u : [—€,0] — R, and using the same formula to define
fe on both sides of N_¢/>. For a generic choice of g the function fe is already
Morse-Smale with respect to the metric «. In general, to obtain a function h
such that (&, @) is Morse-Smale we might need to still slightly perturb fe inside
N x ([—e, —3€/4] U [3€/4, €]). We may assume that the construction has been
made such that || f — fc|lo < 5€ and by adjusting the various relevant constants
we see that (4, ) is a splitting of f along g with the required properties.

(i1) 4 (iii) Immediate from the definition and construction of a splitting. O

1.3.2. Assembly of the Morse complex. Given the algebraic data extracted from
a splitting of a Morse-Smale function (f, «) : (M; Ny, N1) — R we now describe
how to reconstruct the Morse complex of f from the Morse complexes of 4’ and 7"
One expects the composite chain map

9/9// C(MN, ‘f//’ a”)*J’_l - C(M/, f/, a/)
to be a good approximation of the attaching chain map ¢.

Definition 1.28. A Morse-Smale function (g, 8) : N = f~1(0) — R is adapted
to splitting (f, ) : (M; No, N1) - RatN C M if

1) (g,B) : N — RisMorse-Smale, with 8 = «a|y.

(i) For any p € Crit; (f)

io(ve U wo.
zeCritf,-_] (2)

(iii) For any g € Crit,(f) and any z € Crit,(g) the intersections W; @N W; (2)
and W;,‘ @N W;.(q) are transversal. |

Gluing Theorem 1.29. Let (f, @) : (M; No, N1) — R be a Morse-Smale func-
tion, with N = f~1(0) a regular hypersurface.

(1) Let (g, B) : N — R be a Morse-Smale function. For any (e, ©)-splitting (h, ) of
[ along g with €, T sufficiently small there exists a chain homotopy v : ¢ >~ 6’6",
defining a simple isomorphism

11

<(]) Ilﬁ) : C(M, f,a) — coker(pp) .

(i) There exist Morse-Smale functions (g, B) adapted to splitting (f, o).

(iii) If (g, B) is adapted to splitting (f, a) at N, then there exist splittings h of f
along g with = 0. Equivalently, we have the equality ¢ = 6’0" or, explicitly:

nfeyy = 3 "z x {e/2hn" Y (@ x {—e/2}. y)
z€Criti—1(g)

for each pair x € Crit;(f"), y € Crit;_1(f"). O
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Remark 1.30. To our knowledge, a gluing formula as the one above has not yet ap-
peared in the literature. However, a closely related result is that of Laudenbach [13]
and has been extended to S'-valued functions by Hutchings [10]. To see the relation
with these results notice that, in the situation of Proposition 1.27, the based f.g.
free Z[mr]-module chain complex

coker(pp) = C(0'68")

is the Morse complex C(M, f, «) of a Morse-Smale function (f, o) : M — Rob-
tained from (%, ) by cancelling the pairs of critical points added in the construction
of h from f, with

Crity(f) = Crit,(f) .

Indeed, the results of Laudenbach describe the modifications occurring in the Morse
complex after the birth (or death) of two mutually annihilating critical points of
successive indexes. By applying iteratively his result when cancelling all such
pairs of critical points of & that belong to W, one obtains a function ? whose
Morse complex does equal C(6'0”). Moreover, this function may be assumed to
be CO-close to f. Therefore, this argument, together with the rigidity theorem,
is sufficient to prove the point (i) of the theorem. On the other hand, this is not
enough to show the point (iii). The reason is that “cancelling of critical points” is
a non-unique operation and there is no way to insure in general that the function
fobtained at the end of this process is C2-close to f and has therefore a Morse
complex identical to that of f. Because of this we shall prove the whole theorem
without the use of bifurcation arguments (as we shall see, the point (i) is in fact
immediate by using Morse cobordisms).

Other constructions related to the gluing formula appear in Pajitnov [16]. The
role of our formula is played there by an analysis of the intersections of stable and
unstable manifolds of f with the stable and unstable manifolds of g. O

Proof. (i) This point is quite immediate. Assume (%, «) is an (e, t)-splitting of f
along g as in the statement. By the constructions in Sect. 1.1.3 there is a Morse
cobordism H between (h,«) and (f + c,@). If € is small enough, then /4 is
sufficiently C? close to f such that

min{ f(Crit.(f"))} > max{h(Crit.(h) — Crit.(f))},
min{A(Crit,(h) — Crit,(f))} > ¢ + max{ f(Crit,(f"))}

and we may construct H such that it restricts to linear cobordisms with a product
metric on M'\(N x (—¢, €)) and on M"\(N x (—¢, €)) (we use the notations in
Proposition 1.27). Denote by G : C(M, f,«) — C(M, h, o) the chain map induced
by this cobordism. Due to the linearity of H on the complement of N x (—¢, €) the
composite

j'=jnoG : C(M, f,a) — coker(py)
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is a simple isomorphism of the form

j'= (é 11”) L C(M, f.o)i = C(M, f' o) @ C(M", f", a");
— coker(pp)i = C(M', f',o")i ® C(M", ", a");
for a chain homotopy
Yo~ 00" CM, A e — CM, f ).

(ii) Clearly, a Morse-Smale function (g, ) : N — R is not in general adapted to
splitting (f, @) : M — R. We obtain an adapted (g, B) by starting with an arbitrary
(¢, B) : N — R and adding pairs of mutually cancelling critical points such that
the unstable manifolds of g give a CW decomposition of N which is sufficiently
fine to ensure that Definition 1.28 (ii) is verified. In particular, this means that
W;(R) N W;‘,(R’ ) = ¥ whenever indgy (R') > indy(R). After further subdivision
we may also assume that for any pair R* € Crit.(g'), R € Crit,(f) we either
have W;(R) n W;/(R’) =@, or W;;,(R’) C W;’C(R). We then modify g’ such as to
perturb the stable manifolds Wg, (R”) to render them transverse to W;(R) for all
pairs R” € Crit.(g), R € Crit.(f). This modification is performed successively
for R” of increasing indexes and it may be achieved without modifying those
unstable manifolds W;,(R’ ) which intersect some unstable manifold of f. This
happens because if W;,‘,(R’) intersects W}(R), then W;,‘,(R’) C W;(R) and as g’ is
Morse-Smale we also have that Wg, (R") is transversal to W;‘,(R’) (forall R", R €
Crit,(g")). This means that if W;/(R’ ") intersects W“(R) in a point which belongs
also to W;f, (R'), then W;, (R") is already transversal to W” (R) at this point. We also
need to modify our function g’ such as to obtain one Wthh also has the property that
the second type of intersections in Definition 1.28 (iii) are transversal. We perturb
successively each unstable manifold W;‘/(R’ ), R’ € Crity(g’) such as to make
W;, (R’) transversal to the stable manifolds of f. Obviously, we need to insure that
condition (ii) in Definition 1.28 is preserved and therefore the critical points R’ such
that W;;,(R’ ) intersects some W?(R) need to be discussed separately. In this case
we have W;,‘,(R’) C W}(R). Suppose thatind ¢ (R) = indy (R')+ 1, then as W;(R)
is transverse to all stable manifolds W}(Q) (by the Morse- Smale condition) it also
follows that W;f/ (R’) is transverse to these stable manifolds and no modification of
W;‘/(R’ ) is needed. In case indy (R') < ind¢(R) + 1 it follows from condition (ii)
in Definition 1.28 that W” (R) C Wi(R)NN C Uina o (@)=ind (P~ W Wh(z)=T.
We then perturb W“ (R ms1de W“ (R) such as to obtam the needed transversallty
This will also perturb the higher d1mens10nal WY (z)’s that appear in the union 7'
above but can be made such that 7' does not diminish and thus (ii) of Definition 1.28
continues to be satisfied.

It is useful to note that one can obtain in this way an adapted g that is arbitrarily
close in C? norm to the function g’ that was given initially.
(iii) We now assume that (g, f) is adapted to splitting ( f, «). Recall the functions
fe constructed in the proof of Proposition 1.27. We shall work below with functions
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of this form and with the notations of that proof. In particular,
W= f""(-a,al), W, v) =N x [u,v] = f~'(lu,v]), N=f7'0).

It is immediate to see that because of the transversality properties of the adapted g,
the function f; is Morse-Smale with respect to «w. Therefore ( fe, o) is itself a split-
ting and we will show below that any such splitting with (€, t) sufficiently small
verifies the conclusion.

By inspecting the construction in 1.27, we see that, in each point of W(—e, €),
the tangent vector V f, projected onto N has the same direction as Vg. We intend to
compare the Morse complex of f with that of f, using a special Morse cobordism
between f, and f +c. For this we start with a linear cobordism F : M x [0, 1] - R
of Morse-Smale functions between f and f + ¢ with ¢ > 0 fixed. We assume
Fo = fand F1 = f +c. We denote by t € [0, 1] the deformation parameter of F'.
We may also assume that in a neighbourhood M x [0, 1/3] of M x {0} the function
F has the form F = f + t2. We shall identify below M and M x {0} (for example
we write Flyx(0) = f etc).

We want to show that we can modify F only inside M€ = W(—e¢,€) x
[0, (56)1/ 3] such that the resulting function F€ will be a Morse-Smale cobor-
dism of f¢ and f + c. By a similar method to to that used in 1.13 we can define F*¢
inside M€ by

Félye =2 + v f+ (1 — v(D) fe

where

v:[0,1] — [0, 1]is C*°;

v is constant equal to 1 if 7 > (5¢)
v(0) = v'(0) =v"(0) = 0;
|v'(7)5€| < 27 forall 7.

1/3.

(Such a function exists, it can be modelled on ‘C3/56) and F€ = F outside of M¢€.
The function F€ is smooth because f€ = f outside of W(—¢, €) and it is clear
that it is Morse. Note for each point of M€ the gradient of F¢ with respect to the
product metric & 4+ dr> decomposes as an orthogonal sum of a component tangent
to No which is a multiple of the gradient of g and two other components, one in the
direction of d/9¢, and the other into that of 9/9t. We can change slightly the metric
o + dt? inside a set M x [1,1'] with (5¢)!/3 <1 < I' < 1 thus getting a metric
ae sufficiently close to « such that with respect to this new metric F' remains
Morse-Smale and its complex is not modified and F*“ becomes also Morse-Smale.
In fact, the set of metrics o™ such that F remains Morse-Smale with respect to
a* and has the same Morse complex as with respect to « is dense and open in
some neighborhood of «. Therefore, if we now consider the sequence of functions
FYn n e N*, n > ng > 1, we see that there is a metric &’ on M x [0, 1] such
that o’ equals « + dt? outside M x [1/3,2/3], for all n, FY/" is Morse-Smale
with respect to &’ and F is also Morse-Smale with respect to o’ and has the same
Morse complex as it has with respect to o + dr? (in fact, the set of such metrics,
as a countable intersection of open dense sets, is even dense in the mentioned
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neighborhood of @). It will be convenient to use the convention that n'(p, g) = 0
whenever the difference of indexes between the critical points p and ¢ of a Morse-
Smale function ¢ is strictly greater than 1, or if one of p, g is not a critical point
of r.

Lemma 1.31. In the setting above there is some n € N such that in the Morse
complex of F'/" we have:

(i) 0™ (p.q)=n"(p.q)if p.q € Crit(F"/") " Crit(F), p € M x {1}.
(ii) nFl/n(p, q) =0 for p, q € Crit(F'/™), with p € M x {1} and q € Niyon).-
(iii) n™" (p, q) = 0 for p, g € Crit(F'/") with p € M x {1},

q € N_1/an U Nij@n) and FV/" (p) < 0.

Assuming this lemma, here is the end of the proof of the gluing Theorem 1.29.
To simplify notation we denote G = F Un p — fi/n with n satisfying the conclu-
sion of 1.31. Denote by F, G respectively the chain maps FM*[0-11 and GMxI0.11,
If x € M x {0} C Crit(f)(\M x [0,1] we let x’ = x x {1}. As F is a lin-
ear cobordism we have F(x’) = x. Consider now the function . It restricts to
a linear cobordism on W(—1/(2n), 1/(2n)). If y € Crit(h) () N_1/(@2n). then let
Oy = RW1/C@m.1/@m) (4 Clearly,

Oy =u x{1/2n)} , y=ux{=1/2n)}

with u a critical point of g. Assume x, y € Crit(f) are such that f(x) > 0 and
f(y) < 0andi = ind(x) = ind(y) + 1. Then

I’Lf’a(x, y) = I’LF’a(x/, y/) _ nG,a’(x/, y/) )

All the counting of flow lines below will be done with respect to the metric o’
which we shall omit from the terminology.

As G is a chain map and in view of the definition of the Morse complex we
have

o ymey m+ Y %W on% @y =0.
z€Crit; (G),z#Y’

Now Lemma 1.22 implies that:

ifz € M x{1},z#y thenn%(z, y) = 0;

if z € (M x {OPD\(N1/2n) U N=1/2n)) then n®(x’, z) = 0 except for z = x
and then n%(x’, x) = 1;

ifze N_y/0n U Ni/2n) then nG(y’, z)=0;

ifz € N1/@n) then I’LG()C/, z) =0.

As also n9(y’, y) = 1, n% (x, y) = 0 we obtain

n y) + Z nl ', )n%, y)=0.
2€N—1/@n)
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Moreover for each z € N_1,2,,, we also have

n% ', 2)n%(z, 02) + Z n% ', v, 02) =0
veCrit; (G)

which gives
nS(x',2) +n%(x,02) =0.
So we get
n (e y) = n0 )
= Z n%(z, y)n (x, 0z)

zeCriti_1 (g)
= Z nh (z, y)nh (x,6z2) .
zeCriti_1 (g)

‘We can now define

h' = hl =1 Coom1j@m1» B = hl =101 7@m).00)

and modulo the obvious identification of N_y,2,) with Nj,2,) we obtain the
desired formula.
It remains now to prove the lemma.

Proof of Lemma 1.31. We fix p € Crit;(F) (M x {1}. We have p = p; x {1}
with p; € Criti_1 (F) [\ M x {0}. Consider g € Crit;—; (F) (| M x {0}. We have
nf(p,q) =0if g # p1 and nf(p, q) = 1 if ¢ = p1. We shall now consider two
cases:

(a) F(p) < 0. In this case, by choosing n sufficiently large, we have
F(p) = F'/"(p) < inf(F/" (M'/™)

and therefore W%, (N M'/" = @, so that

Fl/n
1/n
nFl/ (p,q) =n"(p, 9,
nf (p,r)=0forallr € N_1/0n) U Ni/@n)-
As the number of critical points of f is finite this implies that for a sufficiently

large n the three properties of Lemma 1.22 are verified for all critical points p such
that F(p) < O.

(b) F(p) > 0. The same argument as above shows that for all g with f(g) > 0 we
have that for sufficiently large n

1/n
" (p,g) =nF(p,q) .

There are two other properties that we still have to verify (and it is only here that
we shall need to use the specific form of F1/*):

(1) if f(g) < 0, then " (p, q) =0,

2) ifr e Nl/(2n), then I’LFl/n (p,r) = 0.



Rigidity and gluing for Morse and Novikov complexes 373

We first note that for each e the boundary of M€ has the property that W= x
(5¢!/3) J Ne x [0, 5¢!/3] is an entrance set into M€ for the flow induced by the
negative of the gradient of F¢. Similarly, N_. x [0, 5¢!/3] is an exit set. Assume
that for arbitrarily large n the property (1) above is not satisfied. As the number
of critical points of f is finite this means that there is a critical point ¢ of f of
index i — 1 and a sequence ny — oo such that nF! (p,q) # 0 with f(g) < 0.
Clearly, as nf(p, g) = 0 this means that for each 1 there is at least one flow
line A (for the flow induced by F!/7) that joins p to ¢ and that intersects M/
Let x; be the entrance point of this flow line into M'/™ and let y; be the exit
point of this same flow line. Inside M'/" the flow line joining xj to yi projects
onto N = Ny as a flow line 1} of g joining the projection of x; denoted by x;
to the projection y; of y. This happens because the gradient of F I/ can be
decomposed into two components, one orthogonal to N and the other having the
same direction as the gradient of g. We now make k — oo. Then, by compactness,
we may assume that x; — xo € N, yx — yo € N. As in the exterior of M/
the function F'/ coincides with F we obtain that Yo € ij (¢) and xg € W’; (p)-
Because F is a linear cobordism this implies x( € WL}( p1) and yg € st(q) (see
Remark 1.5 (b)). Of course, we also have x; — x¢ and y, — yo. Property (i) of
the function g implies that xo € U, ccyir., , Wy (2)- As x; and y; were joined by
the flow lines A of the flow induced by the negative of the gradient of g we obtain
that yo also belongs to UzeCritq,z W¢ (z). But this means that the intersection of
some g-unstable manifold of dimension < i — 2 with the f-stable manifold of ¢ is
non trivial. By property (ii) of g that means

dim(M) —inds(q) + (i —2) = dim(W}(q)) +(G—1)>dimM) .
This implies ind(g) < i — 2 and leads to a contradiction.

We use a similar argument to deal with condition (2). As above, if for arbitrarily
large n (2) is not satisfied there is a critical point of F' Unk re Ny /(2ny) Such that
there exists at least one F'/"-flow line A joining p to rx and ind(ry) = i — 1.
Obviously, when k — 0o we may assume that ry — r with r a critical point of
index i — 1 of g. As before, let x; be the entrance point of A inside M'/™ and let
x;, be the projection of x4 onto N. The portion of A inside of M !/ projects to a
g-flow line A joining x) to r. Let

xo = lim(xg) = lim(x}) .
As above we obtain
x0 € We(p) [\ M x {0} = Wi(p).
At the same time we also have x¢ € W. Property (ii) of g implies
dim(Wy (r) + dim(W¥(p1)) = n
which means

n—1—indg(r) +inds(p1) > n.
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It follows that ind, () < i —2, which contradicts the hypothesis on 7 and completes
the proof of the lemma (we have actually proved more: not only the relevant
numbers of flow lines counted with signs are zero but actually the respective sets
of flow lines are empty), and also of the gluing Theorem 1.29. O

2. Applications

2.1. Rigidity of the Floer complex. The purpose of this section is to adapt the
technique described in Sect. 1.2 to show a rigidity result for the Floer complex
which is similar to Theorem 1.19. This adaptation is rather immediate as it only
makes use of very standard tools from the construction of Floer homology.

2.1.1. The Floer complex. We start by recalling — sketchily — some elements of
the construction of the Floer complex. This construction is presented in detail in
many sources and we refer to them for details [18], [9] [19]. We follow closely the
last two sources mentioned as our sign conventions are like there.

Let M be a symplectic closed manifold with symplectic form w and of dimen-
sion 2m. We shall work under the assumption that o vanishes when evaluated on
2 (M). There exist almost complex structures J on M that are compatible with @
in the sense that the bilinear form g;(X,Y) = w(X, Jx)Y), X,Y € T, M, gives
a Riemannian metric on M. In fact, the set of such compatible almost complex
structures — which will be denoted by J — is contractible and therefore there exists
a well defined Chern class ¢; € Hz(M; 7). We shall also assume ¢1|z,m) = 0.

Fix a 1-periodic hamiltonian H on M. In other words, this is a smooth function
H:S' x M — R where S! = R/Z. Such a hamiltonian induces a one parameter
family of Hamiltonian vector fields X', 1 € § !, on M which is defined by the
equality w(X";,Y) = —d(H;)(Y) that is required to hold for all vector fields Y
on M. To this family we associate the time dependent differential equation

ey X0 = Xy (x(@) .

The solutions to this equation define a one-parameter family of symplectic diffeo-
morphisms ¢’ on M given by ¢’ (x(0)) = x(1).

The problem which is addressed by the Floer complex is to estimate the number
of solutions of equation (1) that satisfy x(1) = x(0) and are contractible as loops
in M. We denote by A the space of all smooth, contractible loops in M and we
denote by P(H) C Ao these 1-periodic solutions.

Letay : Ao — R be the function defined by

1
ag(x) = —f Y*a)+f H(t, x(£))dt .
D 0

Here X : D — M is an extension of x : S! — M to the unitdisk D c R%, §1 =
0D. Because w|,(y) = 0, the first integral in the formula of ay is independent of
the choice of the extension X and a g is well defined.

The critical points of ay are identified with the elements of P(H) and Floer’s
theory is a sort of Morse theory for functionals of this type. Of course, a number
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of non-degeneracy conditions are needed. The first — which we shall assume from
now on — is that all elements of P(H) are required to be non-degenerate in the
sense that

2) det(1 — dgl,(x(0))) £ 0.

This condition is generically satisfied and is similar to the requirement that a func-
tion be Morse in the classical situation. Given that M is compact and non-degenerate
periodic orbits are isolated, it follows that the number of elements of P(H ) is finite.
To each element x € P(H) we may associate an integer g (x) = ucz(x’) which
will play the role of the Morse index in the classical Morse case. Here ez (x")
is the Conley-Zehnder index [19] of the path x” : [0, 1] — Sp(2m) defined as
follows. We first choose X : D — M extending x. We fix a trivialization of the
tangent bundle of M over Im(x) and we use it to view the family d(¢>§q)x(0) as
apath x" : [0, 1] = Sp(2m) with x'(0) = Id and der(Id — x'(1)) # 0 (because
x is non-degenerate). One important point here is that because ci|z,(m) = 0 any
two extensions X produce homotopic paths x” and thus the definition of w g (x) is
independent of the choice of extension.

The fundamental problem is that the gradient of the functional ay does not
define a flow. However, the solutions u(s, 7) : R x R/Z — M of the equation

ou
3) a——l—J() +VH(tu)—0
may be viewed as “negative gradient flow lines” of this functional. Here J € J
and V, H is the gradient of H(t, —) with respect to the metric g;.
The energy of amap u : R x S' — M is defined by
2
) dids .

o w3 [ (5

We shall denote by M(H, J) the space of solutions u of the equation 3 that
verify Ep(u) < oo. This space has the remarkable property to be compact and to
decompose as the union of the spaces

(u)

or H

MOy, x; H J)={ue M(H,J): lilp u(s, ) =y, liT u(s, n = x@)}

where x,y € P(H). Here, convergence is uniform in ¢ and, as it should hap-
pen for true gradient flow lines of ay, the elements of M(y, x; H, J) also ver-
ify limg_s 400 %(s, ) = 0 uniformly in 7. Moreover, for u € M(y, x; H, J) we
have Eg(u) = ag(y) — ag(x). There is an obvious action of R on the space
M(y, x; H, J) and we shall denote by M’ (y, x; H, J) the resulting orbit space.
For our fixed almost complex structure J there exists a subset H,g(J) of the
second Baire category inside C*°(S! x M) such that whenever H € Hyeg(J) the
natural linearization D, y.; of the operator 3y j(u) = o I o 4 V. H(t,u)
is surjective at each u with 5[-]"](11) = 0 [6]. We shall call the pair (H, J) regular
whenever H satisfies (2) and H € H,¢g(J). In the Morse case, the analogue of the
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condition H € H,.4(J) is the Morse-Smale transversality requirement (when the
Riemannian metric is fixed).

If (H, J) is a regular pair, the surjectivity of D, g ; for all solutions u of (3)
implies that M(y, x; H, J) are manifolds whose dimension can be computed to be
uwu(y) — ;g (x). Therefore, the spaces M’ (y, x; H, J) are manifolds of dimension
wa(y) — npg(x) — 1. Moreover, in our setting, these manifolds admit coherent
orientations [4]. The spaces M’(y, x; H, J) also have natural compactifications
W(y, x; H, J) which are manifolds with boundary and whose combinatorics is
quite similar to that of the moduli spaces of flow lines in the Morse-Smale case. In
particular, if wy(x) = ugy(y) — 1, then M'(y, x; H, J) is finite and if pp(x) =
wH(y) — 2, then we have the (oriented) equality:

IM (y,x; H, J) = [I Mo uHI)xM@xHIT).
z€P(H)
wH @)= (y)—1

The Floer complex of (H, J) is now defined by:

CFi(H,J)=Z|x e P(H): png(x)=il, d:CF,(H,J)— CFi_(H,J),
d(x) = > " (x, 2)

z€P(H),up(@2)=pp—1

where n:/ (x, 7) is the number of elements (counted with signs) of M’ (x, z; H, J).

2.1.2. Rigidity. For a fixed hamiltonian H : ' x M — R let
Sy =inflay(y) —an(x): x,y € P(H), M(y,x; H,J) # 0} .

When all the 1-periodic orbits of X iy are non-degenerate the set P(H) is finite and
we have § > 0. The purpose of this section is to prove the following result.

Theorem 2.1. Fix a regular pair (H, J). If (H', J') is another regular pair with
[|H — H||o < 85 /4, then the Floer complex CFy(H, J) is a retract of the complex
CF.(H', J.

As in the Morse case, we immediately deduce.

Corollary 2.2. Given a Hamiltonian H : M — R let J, J' be two almost complex
structures such that the pairs (H,J) and (H, J') are regular. There exists an
isomorphism of chain complexes CFy(H, J) ~ CF.(H, J').

Proof. The proof of the theorem is based on the idea described in 1.2 and, besides
the usual approach to comparing the Floer complexes of two different regular pairs,
it makes use of monotone homotopies as introduced in [5], [2].

The standard way to compare the Floer complexes associated to the two regular
pairs (H°, J% and (H', J") is as follows [19] [9]. Take smooth homotopies HO' .
RxS'xM— Rand J%" : R x M — End(TM), J°' € J,Vs € R such that
there exists R > 0 with the property that, for s > R, we have (HSO1 (x), JSO] x) =
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(H(x), J°(x)) and for s < —R, (H%', %) = (H'(x), J'(x)), Vx € M. Consider
the equation:

(5) ?3 + J%s, u) +VSH0‘(s tu) =0

where V;HOI(S, t, —) is the gradient of the function H(s, t, —) with respect to
the Riemannian metric induced by JS(,”. Let M(H"!, J%!) be the space of all
finite energy solutions u : R x R/Z — M of this equation (where the energy
E o is defined by using H%! in (4) instead of H). Again this space is compact
and it decomposes as the union of the spaces M (y, x; H', J%!) containing those
solutions u that also satisfy

lim u(s,t) = y(¢), lim u(s,t) = x(7)
§—>—00 §s——+00

for some with x € P(H®) and y € P(H'"). Moreover, for generic choices of
(HO', JO), the associated linearized operator D, yor joi is surjective for each
solution u of (5). Whenever (H', J') are regular pairs for i € {0, 1} and this
additional condition is satisfied we shall say that the pair (H%!, J°!) is a regular
homotopy. As in the case of equation (3) a consequence of regularity is that the
spaces M (y, x; HO!, JO1) are manifolds and they also admit coherent orientations.
The dimension of such a manifold is given by w1 (y) — pyo(x). Define now

yH" I CF(HY, TV — CF.(HO, J°) by
01 ;01 01 501
YT = > n™ T (%0

x€P(HO), 1o (=11 11 ()

where n 7" (y, x) is the number of elements in M (y, x; H°!, J1) (counted with
signs). Obviously, the key point is that this application is a chain homomorphism
which induces an isomorphism in homology ([19], [18]). For such a homotopy H!
let

1
agoi (s, x) = —/ f*w+/ HO (s, 1, x(0))dr .
D 0

We now consider u : R — Ag, u € M(y, x, HO, J%) and by composition define
a(s) = agoi (s, u(s)). We derive a(s) with respect to s and we obtain (as, for
example, in [5] p. 50 — except for a change in signs)

01

da 1
E(s) d(aHm)(u(s t)) (s 1) +/ (s, t,u(s, 1))dt

where d(ag)(y)& is the derivative of the functional ayy : Ag — Raty € Aginthe
direction of the vector field £ defined along y. Now

6)  d(ago)(u(s, l)) (S 1=

1
=/ ng(J (s, u(s, t)) (s 0+ VEH (s, 1, us, z)) (s 0)dt
0

and, because u verifies equation (5), this is always negative.
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If it happens that H'(t,x) > HO, x) for all (z,x) e S1 X M we may
take H'° to be a monotone homotopy in the sense that 2 (s t,x) < 0 for
all (s, 7,x) € R x S' x M (this is quite analogue to our 51mple morse cobordisms
from Definition 1.10). These homotopies have been introduced and used by Floer
and Hofer in [5]. If H 01 is monotone, the formula above shows that Z—Z < 0 which
shows that

(7) ag(y) =ago(—R,y) > agio(R,x) =ago(x) .

Suppose now that we have two regular homotopies (H'(+D | JiG+y i ¢ (0, 1}
relating the regular pairs (H', J%) and (H™+!, Ji+1). It is then possible to glue the
two homotopies together thus getting a new homotopy (H2, J92) which is defined
by HY(s,t,x) = H (s + T, 1, x) for s < 0, HY(s, 1, x) = H'?(s — T, x) for
s > 0 and by analogue formulae for /2. For T sufficiently big this homotopy
is regular and it verifies wHOZJOZ = wHOIJm o 1//H|2’J]2 ([19], Lemma 6.4; [18]
Lemma 3.11). Notice also that if both HO and H'? are monotone, then so is H%2.

‘We now turn to the statement of the theorem. We fix the regular pair (H, J) and
welet (H', J') be aregular pair with | H'(z, x) — H(t, x)| < 8y /4,Y(t, x) € S' x M.
We have H(t,x) — 6y /3 < H’(t,x) < H(t,x) + éu/3, V(t,x) € S x M. Let
(H%, J%) = (H+8y/3,J),(H', JYY = (H', ], (H°, JO) = (H—-68y/3,J). We
may find monotone homotopies (H°!, JO), (H'?, J12) relating these pairs such
that for all s € R we have H® < H! < H! < le < H?. For fixed H'/ the pair
(H'J, Ji7) is regular for a generic ch01ce of Ji ms1de the set of time-dependent,
period one, almost complex structures compatible with w, [S] Theorem 23 (the
use of time dependent almost complex structures does not change the form or the
behaviour of any of the previous equations).

We consider the “glued” regular homotopy (H2, J9%) = (H%z, J%z) defined
as above which is monotone and regular for large 7.

In essence, we have now constructed the two non-trivial faces of the cube in the
proof of Theorem 1.19 and, to end the proof, we need to show that wHon ”

is an isomorphism. We consider the monotone homotopy (ﬁoz’ J) such that
H%(s,1,x) = H(t,x) + h(s) with & : R — R some convenient, decreasing
—02
function and J; = J. Obviously, this homotopy is regular and v = id. Let
(G, J) be a smooth homotopy of homotopies G : [0, 1] x R x S x M — R such
that G;, = G(r, —, —, —) verifies Go = H', Gy = H'~ and we have similar
identities for J. There exists a notion of regularity for such a homotopy of homo-
topies (G, J). If our (G, J) is regular in this sense it induces a chain homotopy

W =y%) : CF,(H? J*) — CF,y1(H®, J°) defined by
AMOE > n%’(y, )

x€P(HO), pt 0 () =pt o (0)+1

where nG*j(y, x) is the number of elements (counted with signs) of the moduli
spaces

MO, x; G, D) ={w,2): »e[0,1], ue My, x; Gy, J;))}
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which, are finite by regularity when pt o(x) = 2 (y)+1 and also admit a coherent
choice of orientations (see [19] Lemma 6.3, [5] Sect. 4.3). With this definition we

—02
have d¥ — Wd = H 7/ — wHOZJOZ =1d— wHonoz. We index the elements in
P(H?) = P(H") = P(H) = {p1. p2. ... pi} suchthatap (pi) < au(pj) =i < j
and we denote by A = (g;;) the matrix of the linear map ¥ — Wd in this basis.

Because both H?2 and H"~ are monotone homotopies we may take G to
be a homotopy of monotone homotopies in the sense that G, is a monotone
homotopy for all A € [0, 1]. Simultaneously, we also need the pair (G, J) to
be regular. This can be achieved generically (with again J time-dependent) as
discussed in [5] Sect. 4.3. In this case, it follows from (7) that n% 7/ (y, x) # 0 =
a2 (y) = ago(x). The coefficients of the Floer differential in CF,.(H, J) verify
nf(y,x) #0 = ay(y) > 8y + ay(x). By looking to the matrix A we obtain
that a;; # 0 = ape(p;) > ago(pi) +8u. But ay(pj) + /3 = a2 (pj),
apo(pi) = ag(pi) —8u/3 so we getthatif a;; # 0, thenag(p;) > ag(p;) which
means j > i. Therefore, A is upper triangular and we conclude that wHOZ’J ”isan
isomorphism which ends the proof. O

Remark 2.3. It is clear that the result above can be extended in many ways. One
such possibility is to consider monotone symplectic manifolds which means that
the two morphisms ¢ : m2(M) — Z and [w] : m2(M) — R are proportional.
Besides other technical complications, this implies that the action-functional ay is
S! valued. In the next section we discuss rigidity (and gluing) for S! valued Morse
functions. It is quite likely that the rigidity statement proved below in the S'-valued
case carries over to the Floer monotone setting.

2.2. Circle-valued functions. The purpose of this subsection is to apply the
methods of Sect. 1 to S'-valued functions. We shall obtain a rigidity statement
similar to that in 1.2 and we shall also adapt to this context the gluing result 1.29.
This is then used to show how to algebraically recompose the Morse-Novikov
complex out of information on a single fundamental domain.

2.2.1. The Novikov complex. We now consider a circle-valued Morse-Smale func-
tion on a compact manifold M

(fia) : M —> S' =R/Z.
In this section we fix the main definitions and properties of the Novikov complex
of f.
The pullback infinite cyclic cover
M= f"R={(x.) e M xR| f(x) = 1] € §")

is non-compact, and (f, @) lifts to a Z-equivariant Morse-Smale function

(f,a) : M= f*R—R
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with

f:M—>R; (x,f)—~1t.

f

L]

%S

—

and where we identify the metric o with its pull-back to M. The generating covering
translation along the downward gradient flow of f is given by

2 M—>M; (x,0)—~ (x,t—1).

We shall assume that M and M are connected, so that there is defined an exact
sequence of groups

{1} 71 (M) ﬂl(M)i>m(Sl)=Z—>{1} )

Let M be a regular cover of M with group of covering translations 7 (e.g. M itself
with m = {1}, or the universal cover of M with 7 = 7r;1(M)). Then M is a regular
cover of M, and the group of covering translations I1 fits into an exact sequence

{1} m I Z {1},

so that
=7 x;7%Z
with ¢ the monodromy automorphism defined by
i m—>m; gr—>z7]gz

for any lift of a generator 1 € Z to an element z € I1. The group ring

consists of the polynomials

> ajzd (aj e Zin)
Jj=—00

with {j € Z : aj # 0} finite and

az = z¢(a) (a € Z[r]) .
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For any Z[r]-module F and j € Z let 7/ F be the Z[rr]-module with elements z/x
(x € F)and
zjx+zjy=zj(x+y), az'x =zj§j(a)x eF.
Let
(f,a) : M —-R

be a lift of (f, @) to a Z-equivariant real-valued Morse function on the infinite
cyclic cover M of M. Lift each critical pointof f : M — § ! to a critical point of
f M — R, allowing the identification

Crit;(f) = U 2/ Criti(f) .

j=—00
Definition 2.4. (i) The Novikov ring

ZInl: ((2)) = Zixlellz]llz ']

is the ring of formal power series

0 .
Z ajzl (aj € Z[n))
j=—o0
such that {j < 0 : a; # 0} is finite.
(i) The Novikov complex of (f, ) is the based f.g. free Z[m ], ((z))-module chain
complex C = CN°"(M, f, a) with

d : Ci =Zn]e (@)I[Crit; (/)] — Ci—t = Z[r]e ((2)[Criti—1 (/)] ;

00 7 i j
re £ Y3 e dender
j=—00 8ET yeCriti_1 (f) 0

Assume that 1 € S is a regular value of f and let N =‘_f*] (1) € M. Cutting
M along N gives a fundamental domain (My; N, z7IN ) for M with a Morse-Smale
function

(fv,an) @ (My: N,z 'N) — ([0, 11; {0}, {1})

which is constant on N and z ' N.

zZN My N My Z’IN z*]MN Z*ZN
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Each critical point x € M of f has a unique lift to a critical point of f, which is
also denoted by x € My, with

— o N _ o0 .
f= U Zdfv: M= U ZMy—>R,
Jj=—00 j==00
J— o] .
Crit;(fn) = Crit;(f) , Crit;(f) = U 2/Criti(fn) .
j=—00
nl(x,y) ifj=k

Foa(ziy. zky) =
n X, = .
(z/x,2%) 0 itk

(x € Crit; (f), y € Criti—1(f)) .

Use the lifts of the critical points of f to M in the construction of the Novikov com-
plex CNV(M, f, &), so that the coefficients of the differentials are in Zlm][lz]] C

L] ((2)).
Lemma 2.5. The Novikov complex of (f, ) : M — S' is

CNV(M, f, @) = ZIx1e (2) @zl iz [jm C(Mn (0), fv (€), an(£))
14
with C(Mn(£), fn (), an(£)) the Z[r]-coefficient Morse complex of the Morse-
Smale function
(v, an @) = (f0)l : (My@©); 2N, z7'N) - R

on

4 00
My (£) = UszN cM= U My .
Jj=0 j=—00

The inverse limit is a based f.g. free Z[m];[[z]]-module chain complex, where the
limit is with respect to the natural projections

CMyE+ D), fn(€+ D, an(t+ 1) = C(Mn (L), fn(l), an(f)) .

Proof. Let F; be the based f.g. free Z[7]-module generated by the index i critical
points of f. Forany ¢ >0

4
CMy (D), fy(0), an(©)i =) F;,
=0

and
Z .
LieLn CMn (&), fn(),an (L)) = l%n 2 F; = (F)¢llz]]
j=0
so that
CN" (M, f,a)i = (F)e((2))

L[] ((2)) ®zpx (1211 Im C(Mn (£), fn(£), an(£)); -
¢ O
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2.2.2. Assembly and rigidity for the Novikov complex. 1Tt is clear that the Novikov
complex of (f,a) : M — S' only depends on the geometric behaviour of the
lift £ on a single fundamental domain. With the notations of the last section, one
expects therefore that there should exist an assembly process that would consist
in extracting from f (or, equivalently, from f|yny(v) with U(N) a small tubular
neighbourhood of N) precisely the data necessary to algebraically piece together
CNV(M, f, ). The work of Pajitnov [16] describes one such method. We shall
present below a different one which is based on the techniques described in the
first parts of the paper. We will compare in more detail our results with those of
Pajitnov at the end of the section.

The notion of a splitting of a real-valued Morse function has an obvious ana-
logue for circle-valued Morse functions. As in the real valued case (see just above
Definition 1.26), there is no restriction to assume that o equals the product metric
B + dt? in a tubular neighbourhood of N with g = a|y.

Definition 2.6. A (e, 7)-splitting of a Morse-Smale function (f,a) : M — S!
along a Morse-Smale function (g,8) : N = f~'(1) — R with 8 = «a|y is
a Morse-Smale function (h, o) : M — S ! such that:

(i) h|y = €*™Tg: N — J for a convenient interval J C S'.

(1) (h, @) = (f, @) exceptin a small tubular neighbourhood W = Nx[—e, €] C M
of N =N x {0} C M. Welet M = M\N.

(iii) With respect to this parametrization f(x,7) = ¢*™ e J' for (x,f) € N x
(—¢, €) with J/ C S! an interval containing 1 and

Crit;(h) = Crit; (f) U (Criti—1(g) x {—€/2}) U (Crit;(g) x {€/2}) .
(iv) The restrictions of (&, ) to the submanifolds

W. =N x [—€/2,¢/21C W,
M, = M'\(N x (—€/2,€/2)) C M,

are Morse-Smale cobordisms
(8, Be) :© (We; N x {€/2}, N x {—¢€/2}) — J”,
(W,o): (M,; N x {€/2}, N x {—€/2}) = J" C st —{1}

with J” U J"” = S,
(v) The cobordism (ge, B¢) is linear, so that

C(We, ge, Be) = C(1: C(N, g, p) = C(N. g, B)) . -

The key point of the construction is that, by contrast to the Novikov complex
of (f, «), the Novikov complex of a splitting (%, «) is very simple because the flow
lines of the corresponding lift /2 are never longer than one fundamental domain.
Indeed, the only way a flow line of /2 can cross Nis by joining inside N x[—¢€/2, €/2]
a critical point contained in N x {—€/2} to one in N x {€/2}. As h restricts to
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a linear cobordism on N x [—¢€/2, €/2] this leads to a simple description for the
Novikov complex of &.

For any such splitting we may identify the interval J”” with [¢/2, 1 —€/2] (such
that,in S', 1 —e = —¢) and if we denote N’ = N x {€/2} and N = N x {1 —¢/2},

then the cobordism (/', o) equals (%, Ol)lﬁ—l([e/z’l_e/z]). Clearly, (M,; N', N") is

diffeomorphic to (My; N, z7IN ). The cobordism
(', ay) = (hy,an)| = (M3 N',N") — R
has
Crit; (h") = (Crit; (g) x {€/2}) U Crit; (fy) U (Criti—1 (g) x {1 —€/2}) .

The algebraic data contained in a splitting of an S'-valued map is brought
together in the following structure.

Definition 2.7. The algebraic cobordism of a splitting (h, o) : M — Stof (f, a):
M — S along g is defined by

Cn(M, h,a) = (F, D,6,0, )
with Z[r]-module chain complexes and chain maps

D=C(N,g,pB), F=CMu\oMy, hyl, ay]) = C(My, fn,an) ,

0: F—Di_1;x—> Y "' (yx{e/2))y,
yeCrit;_1(g)
0 i Di— Fi;x— Y "™ x{l—e/2), )y,
yeCrit; (fn)

Yoo Di—zDi; x> Y nf Vv ((x x (1 —€/2)), (v x {€/2)y .
yeCriti () 0

By analogy with Proposition 1.27:

Proposition 2.8. Let (f, ) : M — S' be a Morse-Smale function, with 0 € S
a regular value.

() For every Morse-Smale function (g, ) : N = f~1(0) — R with B = a|y
and every § > 0 there exists an (€, v)-splitting of (h, «) along (g, B) such that
A = fllo <.

(ii) The Novikov complex of a splitting (h, @) of (f, «) along (g, B) with algebraic
cobordism Ty (M, h, @) = (F, D, 0,0, ) is given by

CN"(M,h,a) = E
with E the based f.g. free Z[ ] ((z))-module chain complex defined by

—dp 0 O
de=|1—zy dp 6
—29/ 0 dF

Ei=(Di-1®D; ® F1);((2)) > Ei-1 = (Di—2® Di—1 ® Fi—1):((2)) .
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Proof. (i) As for 2.8 (i).
(ii) The Morse complex of (h, @) : M — Ris

—dp 0 O
dC(Mha)z 1‘2}” dOD de
—z F

C(M,h,@); = (Di—1 ® D; ® Fi)¢[z,z7"]
— C(M, h,@)i—1 = (Di—> ® Di—1 ® Fi_1)¢[z,z7"]
and

CNOV(M, h, Ol) = F = Z[ﬂ];((Z)) ®Z[n];[z,z*1] C(M, E, a) . .

In the setting_gf Proposition 2.8 define a based f.g. free Z[r];((z))-module
chain complex F(h) by

o) . .
digy =dr+26'(1 —z9)'6 = dF + jgozf“e’we :

F(h); = (F)((2)) = Fh)i_y = (Fi—1)¢((2)).

The role of this complex is to eliminate in a purely algebraic way the contribution
of g from the Novikov complex of the splitting (%, ). Clearly, this suggests that
f(ﬁ) is a good approximation of C¥"(M, f, @) and we shall see further that this
is indeed the case.

It is convenient to fix the notations

R =ZInl((2)) , R =ZlxlllzlCR.

All complexes and isomorphisms in this result are understood to belong to the
category of R-module chain complexes.

Definition 2.9. An isomorphism of based f.g. free R-modules ® : FF — G is
R -simple if

7(®) € im(K1(R') — K1(R)) . O

The result below is the S'-analogue of the Rigidity Theorem 1.19 (iii) and the
gluing Theorem 1.29.

Theorem 2.10. Fix the Morse-Smale function (f, ) : M — S'.

(i)There exists 8y > O such that if (f', &) is a Morse-Smale function with || f" —
fllo < 8y, then CNV(M, f, @) is a retract of CN"(M, f', &'). In particular, the
R -simple isomorphism type of the Novikov complex of (f, ) is independent of the
choice of a.
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(ii) For any (e, ©)-splitting (h, &) : M — S' of (f, &) along a Morse-Smale function
(g, B) : N = Rwith €, t sufficiently small there is an R'-simple isomorphism

® : CNM, fa) = Fh).

(iii) For any n € N there exist Morse-Smale functions (g, B) : N — R and
splittings (hy, @) : M — S' of (f, @) along (g, B) such that there is an R'-simple
isomorphism

@" : CY'(M, f,a) S Flhy)
with ®"(x) — x € 7" R/[Crity(f)] for each basis element x. O

Remark 2.11. The complex f(ﬁ) behaves as if it were the Novikov complex
CNoV(M, F, ) of a Morse-Smale function (f, @) : M — S! obtained from a split-
ting (h, o) by cancelling the pairs of critical points added to those of f in the
construction of /2, with

Crit(f) = Crit,(f) .

Indeed, as in the real-valued case (see Remark 1.30) such a function does exist
(this follows from Hutchings’ extension in [10] of the bifurcation analysis of
Laudenbach [13]) and one may construct it such that it is C%-close to f. Using
point (i) of the theorem and the existence of such an fis sufficient to prove (ii)
but, again as in the real-valued case, it is not enough for (iii). In the following we
shall prove the whole statement independently of bifurcation considerations. O

Proof. Order the critical points of f following their critical values. Explicitly, we
fix a total order on the finite set S = Crit,( fy) = Crit,(f) such thatx < y implies
Sn(x) < fn(y) forx,y € S.

The proof of the theorem uses the adaptation to the S'-valued case of the
techniques developed in the first three sections of this paper. These methods will
produce certain morphisms relating the various chain complexes involved. Showing
that these morphisms are isomorphisms is less immediate than in the R-valued case,
but it will always follow from the fact that our morphisms satisfy the assumptions
of the rather obvious lemma below.

Lemma 2.12. Consider the free R-module R{S} generated by a finite ordered
set S. An R-module endomorphism ® : R{S} — R{S} such that for each x € S

Ox)—xe RS+ R{yeS:y<x)

is an R’ -simple automorphism.

Proof. Write S = {x1, x2, ..., xx}, withx; < x; fori < j. The matrix of ® has
entries in R/, of the form
1+an b1 b13 bii
asi I+axn by ... Dby

O=| asu ax  l+4asz ... Db

ag| ag a3 oo 14 aw
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with a;j € zR' = zZ[7]¢[[z]], bi; € R’. The augmentation
€ : R = Znl; z— 0

sends ® to an upper triangular matrix of the form

1 e(br2) eb13) ... €e(bp)
0 1 €(br3) ... €(by)

€(®) = 0 0 1 ... €(b3p)
0 0 0 .. 1

which is clearly invertible. The matrix defined by
U=0e0) -1

has entries in zR'. Thus @ itself is invertible, with inverse

O ' =@ (14 ) (v

j=1
defined over R’. O

We now return to the proof of Theorem 2.10. The first remark is that the Def-
initions 1.1, 1.6 and 1.10 apply ad literam to the case of S'-valued maps because
the relevant conditions are local in nature. Similarly, the statements in Proposi-
tion 1.9 (i) and Proposition 1.11 (iii) remain valid if we replace the relevant Morse
complexes by the corresponding Morse-Novikov complexes with one exception:
the argument given for the proof of 1.11 (iii) only shows that ¥ is a chain map in
the S'-valued case.

More care is necessary for the constructions of Morse cobordisms.

Lemma 2.13. (i) Let (fo, ao), (f1, 1) : M — S' be two Morse-Smale functions
with M closed. Suppose that fo and fi are homotopic. Then there exists ¢ € R and
a simple Morse cobordism (F,a') : M x [0, 1] — S between (ezmcfo, o) and

(f1,a1).

(ii) If there exists a constant ¢ > 0 such that
(fi,ar) = (¥ fo,00) : M — S

then there exists a cobordism (F,a') : M x [0,1] — S! between fo and f1 such
that FM*10-11 is the identity.

Proof. The difference between proving this statement and the constructions in
Sect. 1.1.3 comes from the fact that the formulas for the homotopies given there are
no longer applicable in this case. Let i1 : S' x R — S be given by u(t, 1) = > z.
We also use the following convention: dr € Q'S is the standard volume form on
S! and for an S'-valued function g we let dg = g*(dr).
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() Let F' : M x [0, 1] — S be the homotopy of fy and fi. By a simple partition
of unity argument we may assume that F’ is flat at the ends of the cobordism in
the sense that there are collared neighbourhoods U; ~ M x [a;, a; + §] of M x {i},
i €{0,1},a0 =0,a; = 1— 6, 8 small, such that for (x, 1) € U; we have F'(x, 1) =
fi(x). Because M is compact there exists m such that [(3F’/9t)(x, )| < m for all
(x,1) € M x [0, 1] (where 0F' /ot = (dF’, 8/dt)). Letk : (—1/2,3/2) — R be
a Morse function with exactly two critical points, a minimum at 0 and a maximum
at 1 that has value 1 and such that forz € [§, 1 —§] we have k' (f) < —m. Now define
F:Mx[0,1] — S'by F = u(F' xk). As F' is flat close to d(M x [0, 1]), to verify
that F is a Morse cobordism we only need to notice that F has no critical points in
M x [0, 11\(Up U Uy). This happens because in this set dF/dr = dF'/ot + k' < 0
(which is computed by using polar coordinates T — ¢>™* on S!). It is obvious that
there are metrics o that extend «; and such that (F, «’) is Morse-Smale.

(i1) This is the analogue of the construction of linear Morse cobordisms in Lem-
ma 1.17. We consider a Morse function k : (—1/2,3/2) — R as above (without
any derivative restrictions). Let v : [0, 1] — [0, 1] be an increasing C*°-function
with v([0,8]) =0, v([1 —=68,1]) = 1. Welet F/ : M x [0,1] — S! be a smooth
homotopy of fyand fi thatis defined by F'(x, f) = ¢*™® f;(x). Finally, we define
F as before F(x, 1) = w(F’ x k). We take on M x [0, 1] the metric o = g+ dr>. It
is easy to verify that (F, B) is a cobordism whose induced morphism is the identity.
Indeed, the lift of this pair to F : M x [0, 1] — R is an obvious linear cobordism
in the real valued sense and this implies that £ *[0-11 i5 the identity. O

(1) Given these two lemmas item (i) of Theorem 2.10 follows exactly by the same ar-
gument asitem (ii) of Theorem 1.19. More precisely, assume that (f;, ;) : M — st
are homotopic Morse-Smale functions such that f; is C” close to fy. Then there
exists a homotopy F' : M x [0, 1] — St of fo to f1 which is CO-close to the
constant homotopy fo. This means that by taking f; sufficiently C° close to fy we
may also assume the constant ¢ in Lemma 2.13 (i) to be as small as desired. We now
construct Morse cobordisms relating e2mic fo, €™ f1 and fp for small constants ¢
and ¢’ that are similar to those in Lemma 1.21 and the argument in Lemma 1.22
applied to the lifts of f;,, f, to M implies that the resulting chain maps

w : CN(M, fo, ) — CNV(M, fi,a1) ,
w o CNY(M, fi,a1) — CN(M, fo, @)

have the property that w’ o w satisfies the assumptions of Lemma 2.12 and is
therefore an isomorphism. If fy = f] the fact that w’ is surjective implies that it
is an isomorphism (because any module epimorphism between finitely generated
free modules of the same rank is an isomorphism).

(i1) Again, the proof here consists of adapting the proof of Theorem 1.29 (i) to
the S'-valued case. We shall use the notations introduced in Definition 2.6. In
particular f and A only differ in the interior of a small tubular neighbourhood
U = N x [—¢, €] and on this set, if we identify the interval [—e, €] with a small arc
we have f(x, ) = . By taking T small we can make the function /|y as C° close
to the function f|y as desired. Therefore, we may find a small constant / such that
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h(x,t) <t+1 = f(x,1) + 1. We then construct by the methods in Lemma 1.17
aMorse function F! : U x [0, 1] — [—¢, € 4 ¢] which is of the form (1 — u(r))h +
u@(f + 1) withu(l) =1,u(0) =0, u'(0) =u'(1) =0, u”"(0) > 0 > u’(1) and
such that (8F1/8t)(y, 1) < 0if (y, 1) € Ux(0, 1).Because, h and f coincide outside
U we notice that on U we have F!(y, 1) = f(y) +[u(r). Recalling that actually the
image of F!isin S' we rewrite F! laux[0.1] as F! y, 1) = ezﬂil”(’)f. This shows
that F! extends to a function H : M x [0, 1] — S' which is equal to 2milur) fly)if
(v, ) € (M\U) x [0, 1]. With an appropriate metric ' the function H is a Morse
cobordism between (h, «) and (¢*™ f, a). By inspecting its lift H we see that
the induced morphism 7 = HM*[0.11 . cNv(p1| f o) — CN°Y(M, h, @) has the
following property: for each generator x € Crit,(f) we have T(x) = x+o(x)+zp
with o(x) € Z[x [{Crit, (h)\Crit«(f)} and p € Z[r],[[z]]{Crit«(h)}. We consider
the composition J' = Jj, o T. The description of Jj, now shows that J'(x) = x +z¢
with g € Z[x]¢[[z]]{Crit,(f)}. Lemma 2.12 implies that J’ is an isomorphism.
(iii) We intend to prove this item by showing that for a fixed n and some special
choice of function g, leads by the construction above to a splitting /,, a cobordism
(H,, ay) and a corresponding morphism 7, that has the form 7, (x) = x + 0, (x) +
Z" p such that with the notations in Definition 2.6 we have

p € Z[r ] [[z]{Crit«(h)}

and
on € Zlr ] [[z]I{Crits—1(gn) x {—€/2}} .

Notice thatif such a 7}, is constructed, then as J,,, : cNv(M, hy) — F(iz,,\) vanishes
on Z[m ¢ [[z]{Crity—1(gn) x {—€/2}} the composition Jp,, o T, is an isomorphism
of the form required. Therefore, we have reduced the proof to the construction of
hy,, H, such that 7, is as above. This construction may be accomplished in a way
similar to the proof of Theorem 1.29 (iii). We recall that the metric « is the product
metric 8 4 dt? inside a neighbourhood N x [—8, 8].

Asin Theorem 1.29 (iii), the key point is to work with an adapted function g (see
Definition 1.28). In our setting, consider a Morse-Smale function (g,, 8) : N - R
which is adapted to splitting the Morse-Smale function (fx (i), an (i) : My (i) >R
along Z""Nforall 0 < i < n (the notations are as in Lemma 2.5). Such a function
exists by the same argument as in the real valued case (there are more conditions to
be verified but they are of the same type and finite in number). We now construct
the (e, 7)-splitting /,, such that inside the set N x [—e, €] the function /, has the
particular form of the functions f¢ in the proof of Proposition 1.27. There is one
minor additional point that needs to be looked at: we need to be sure that (A, )
satisfies the Morse-Smale transversality condition. The needed transversality is
certainly satisfied with respect to the unstable and stable manifolds of the critical
points in Crit, (k) U Crit,(f) by the transversality part in the “adapted” condition.
The rest of the transversalities needed can be insured by possibly slightly perturbing
the stable manifolds of g,. This can preserve the transversalities already achieved
and does not affect the part (i) of the adapted condition (see Definition 1.28).

We now construct the Morse cobordism (Hy,, o) : M x [0, 1] — S! in the
same general way as for item (ii), but now we need to control the behaviour of
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the flow lines of H, over the set K = My (n)\(z" + z~)(N x (—¢, +€)). More
precisely, we shall construct a cobordism (H,,, o) which satisfies

®) nfln(x, ) =0
for all x € Crity(f) x {1} € M x {1} and

y € 2 (Crity (f) U (Crite(gn) x {€/2}))

forall 0 < i < n — 1. This immediately implies our claim for 7}, (as in the proof of
Theorem 1.29). The argument providing this (H,, o) follows. It is quite similar
to that in the proof of Theorem 1.29 (iii), but with the additional difficulty that all
the constructions initially accomplished for real valued functions (on M) will need
to be adjusted such that they are periodic in order to descend to M.

We first make the properties of %, more explicit. We assume that the neigh-
bourhood N x [—2¢, 2¢] is like in the definition of splittings (after reparametriza-
tion f has the form (x,#) + ¢ and the metric is the product one here). On
N x [—2¢, 2¢€] we consider a Morse-Smale function g’ such that g’(x, r) = ¢ for
(x,1) € N x ([—2¢, —€] U [e, 2¢]); ¢’ is a linear cobordism between €(g, + k)
and €(g, + k') on N x [—€/2,€/2] and is a linear combination of the form
u(®)(—e) + (1 —u(t))e(gy + k') inside N x [—e, —€/2] withu : [—€, —€/2] — R
an appropriate function with u([—2e —€) = 1 and u(—€/2) = O asin Lemma 1.13;
a similar linear combination is valid inside N x [¢/2, €]. The function A,, equals g’
on N x [—¢, €] and is equal to f on M\N X [—e, €].

Similarly, we may define a standard cobordism (H’, «’) between g’ and the
function (x, ) — t 4 ¢ which is defined on (N x [—2¢, 2¢]) x [0, 1] and where c is
a very small constant depending on k, k', €. This cobordism H’ differs from a linear
cobordism only in the interior of N x [—¢, €] x [0, €]. The metric ' is the product
metric o +dt2. We fix § > O such that if (x, 7, #') € N x [—2¢, 2¢] x [1 =38, 1], then
the flow line of —V¥ H’ containing (x, z, t’) does not intersect N x [—2¢, 2¢€] X
[0, 2€].

Now let 0 < ¢; < € < 1/3 and consider ¢; : N x [—2¢, 2¢] x [0, 2¢] —
N x [—2¢,2¢] x [0, 2¢] a diffeomorphism given by (x, (t,¢)) + (x,1;(z, 1))
where [; : [—2€, 2¢] x [—2¢,2€] — [—2¢, 2€] x [—2¢, 2¢€] is a diffeomorphism
such that /; restricts to the identity on the complement of the square of side
[—(3/2)¢, (3/2)€] and the image of the square of side [—¢;, €;] is the square of
side [—e, €]. We also require that /; restricts to diffeomorphisms when t = 0 and
whent’ = 0. Let (H;, h;) = (¢;/€)(H', h’) o ¢;. The metric associated to the Morse
cobordism H; is the metric o = ¢fa’. Tt is useful to note that H; coincides with
a linear cobordism outside of N' x [—¢;, €] x [0, ;] and that V' H;(x, 1, ') and
V¥ H;(x, t, ') have the same projection on N. Clearly, o' and &’ differ only outside
N x [—(3/2)e, (3/2)€] x [0, (3/2)€]. For 0 < i < n we fix the following notation
K; = 72/(N x [—(3/2)¢, (3/2)€]) and K’ = K\ U K;.

We intend to construct a cobordism (H”,«”) : K x [0,1] — R between
a Morse-Smale function 2” and fx(n) such that there exists a sequence of ¢;’s
with the property that H” is a linear cobordism on K’ x [0, 1] x [0, 1], on
(H",&")|.i(vx[—c.c]xjo.1]) it agrees with (z'H;, &) and it coincides with z' H'
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on each set z/ (N x ([—2¢, —(3/2)e]U[(3/2)€, 2€]) x [0, 11). Moreover, (H”, o”
should verify the obvious analogue of (8).

To construct H” we proceed by induction. We start with the trivial linear
cobordism with a product metric. Assume now that we have already constructed
(€n—1, - - - €) and the function &} and (H/, ;) such that H{|k;x[0,1] = szj for all
Jj < iand H/ is a cobordism between f and h’; which is linear on (K\ U;-; K;) x
[0, 1] and is such that the equation (8) is satisfied by (Hl.’, oc;). We now want to
construct €;_1, H

We first pick some choice for R = H]_, defined withrespecttosome ¢; | = €’
and which satisfies the properties required from H;_, except possibly (8) and such
that Re|k,_ x[0,1] = 71 H;_1 and Ry = Hl.’ in the complement of K;_1 x
[0, 1]. As in the Morse case we might need to modify the associated metric on
K x [1/3,1 — §] (in the real case it was enough to take § = 3/2 but here it is
useful to use the constant fixed above) such that R, is Morse-Smale (see above
Lemma 1.31). In fact, it is easy to see that we may assume that the metric a¢/
associated to R satisfies property (8) with respect to H; (because it can be chosen
to be arbitrarily close to «}) in the exterior of K;_1 x [0, 2€])), it coincides with the
standard product metric outside K x [1/3, 1 — 8] U U; K;, it coincides with ¢ ()
on z/N x [=2¢,2¢] x [0, 1], Jj < i —1, and is arbitrarily close to the product
metric o’. In fact, the set of choices for the metrics «/ is dense and open in some
neighborhood of o’ viewed as a metric on K’ x [0, 1]. As the difference between
R¢ and H] appears around Z/=N, as in the proof of Lemma 1.31, we assume that
there exists a pair of critical points x, y of Ro that do not satisfy (8) even if we
make ¢ — 0. By using the induction hypothesis and proceeding as in the proof of
that lemma (see also Remark 1.5 b.) we are lead to the existence of a sequence of
points x1, x2, ..., x; with the following properties: x; is a critical point of fy(n)
such that x = x1 x {1},

/
—1 %

X2, X3 € U Wgn (@) C Zi_lN s
indg, (¢)<ind £ (x1)

x; =y, x3 is related to x4 by a flow line of %7, x; is related to x2 by a flow line
of ?, x7 is related to x3 by a flow line of g, and all the points x4, . . . , x; are critical
points of A} and appear as vertices in a sequence of broken flow lines of /; (in
the proof of Lemma 1.31 this sequence only had 4 elements). Moreover, and this
is a key point, all the points x; for / > 3 belong to W},,(x). By transversality this

means that ind; (x;) < ind(x). By the transversality properties of g, we have that
indy (x4) <indy(x)) =indpy(x) — 1=k —1.

Notice that this implies that ind,, (x;) < ind(x1) which contradicts our assumption
thatind(y) = k— 1. Indeed, if ¢ = 4 this has already been shown above and if t > 4
then y is in the unstable manifold of the point x,_; whose index is at most k — 1.
Again by transversality the index of y is at most k — 2. Therefore, the existence of
the ¢; has been established and hence the construction of (H”, &), h” follows by
recurrence.
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In order to complete the proof we need to adjust H”, h”, &” in such a way
that the validity of equation (8) is preserved, but the new functions and metric are
periodic and hence induce corresponding notions on M. Let ¢ : K x [0, 1] —
K %[0, 1] be a diffeomorphism which leaves invariant (K —Uz (N x [—2¢, 2€])) X
[0, 2¢] and is the inverse of ¢; on each set z/ (N x [—2¢, 2¢]) x [0, 2¢]). Consider
the composition Q = H” o . This function still satisfies (8) but, of course, with
respect to the metric &* = y¥*(«”). Notice that «* = o' in U;(K; x [0, 1]) U
(K x [1 —38,1]U[0, 1/3]) and so it is immediate to see that we can choose «” as
described above on K’ x [0, 1] but also such that «* is periodic. On each of the sets
ZH(N x [—2€, 2¢€] x [0, 1]) the function Q satisfies Q(x, t,1") = u; ()z'H'(x, 1, 1)
where u; (f) equals 1 on [—2¢€, —(3/2)e] U [(3/2)€, 2¢] and equals €; /€ on [—¢, €]
(these functions u; appear when the cobordisms H; are pasted with the linear
cobordisms on K’ x [0, 1]). This means that there exists a diffeomorphism v :
[—n, 1] — [—n, 1] which satisfies v(f) = ¢ for t &€ U[k — 2¢, k + 2¢] and with the
property that for (x, 7, 1) € (N x [k—2¢, k+2€] x [0, 1]), we have vo Q(x, t, ') =
H'(x, t, 1) +k (we have identified everywhere z' f(x) and f(x)+i). We now define
H" = v o Q. By factorization this cobordism provides the desired cobordism
H, : Mx[0,1] — S'.Indeed, by construction, H,, satisfies the required properties
relative to equation (8) with respect to the metric o*. The pair (H,, «*) might not
be a Morse-Smale pair even if the Morse-Smale condition is satisfied up to order n.
Therefore, we obtain the metric «, by a new (and last) perturbation of «* away
from M x {0, 1} such that «,, is sufficiently close to o* for condition (8) to continue
to be satisfied (this is possible because this condition concerns only the behavior
of flow lines of “length” n). On M x {0, 1} the metric o, coincides with «.
Moreover, Hy,|pmx{1) is equal to f up to a constant and H,|pmx oy is a splitting
of f. By construction the morphism induced by H,, satisfies equation (8), and this
concludes the proof. O

Remark 2.14. (a) For any fixed Morse-Smale function ( f, &) : M — S!, asplitting
(h,a) of (f,a) along g : N = f~1(0) — R can be viewed as a geometric
approximation of finite nature for ( f, @). Indeed, (f, @) and (h, @) are compared
by a simple Morse cobordism and the flow lines of / are never longer than one
fundamental domain. Theorem 2.10 (ii) indicates that the isomorphism type of the
Novikov complex of (f, &) can be recovered from any such finite approximation &
that is sufficiently C%-close to f. Itis important to note that g can be here any Morse-
Smale function g : N — R. Theorem 2.10 (iii) shows that by using £-adapted g’s
in the sense of being adapted to splitting fy (£) along z‘~' N for higher and higher
£’s we reconstruct the Novikov complex itself. Producing £-adapted g’s is a finite
process that only depends on fi(£) and its difficulty increases with £. As in any
approximation process more effort is needed to produce better approximations.

(b) A natural question is whether there is some g : N — R and an associated
splitting /2 (g) such that there exists an isomorphism

% : CNV(M, f, @) — F(h(g))

which is basis preserving. The major difficulty in proving such a statement along
the method above comes from the fact that one would need g to be adapted to
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splitting fy(£) : My(£) — R along z‘~'N for any £. The existence of such a
g is not at all clear. It is also possible to use a slightly less restrictive condition
at the point (ii) in Definition 1.28 but as it turns out this leads to some technical
difficulties related to transversality issues (in the S'-valued case).

(c) The work of Pajitnov [16] shows that for a certain class £ of pairs (f, @) which
is CO-dense and open in the set of Morse-Smale pairs, there exists an algebraic
cobordism (F, D, 0, 0’, 1) such that the differentials of the Novikov complex of
(f, a) are described by the formula

0 . .
devovu, foy = dF + ZOZHIQ/WQ :
l:

CNY(M, f,@)i = (Fi)¢((2)) = CN"(M, f@)i-1 = (Fi-1)¢((2) -

with ¢ : D; — zD; constructed by means of a homological version of the partially
defined flow-return. Although (F, D, 0, 6) was not constructed from a splitting it
certainly suggests that, at least for this class of functions, the answer to the question
discussed in (b) is positive. This seems even more likely because the property that
distinguishes (f, @) € L from the rest of Morse-Smale functions appears to be
quite close to demanding the existence of an “infinitely”” adapted g. It should be
noted that it is a rather difficult task to decide whether a particular Morse-Smale
function (f, @) : M — s belongs to L or not. Therefore, Theorem 2.10 is a result
essentially complementary to the results in [16] because 2.10 applies to all Morse-
Smale functions (f, &) the only choices involved having to do with the auxiliary
function g.

(d) As in Farber and Ranicki [3] define the Cohn localization ¥~ Zlm]elz, z of
Zlm]elz, z 1 inverting the set X of square matrices over Z[ ] [z] sent to invertible
matrices over Z[r] by the augmentation z > 0. Let (F, D, 0, 6’, ) be the algebraic
cobordism over Z[r] determined by a splitting (&, ) of (f, @) as in Theorem 2.10,
with

D=C(N, g B, F=CMny, fn,an) .

The rational Novikov complex CTR(M, f,a) of [3] is the based f.g. free
> 1717] lz, z~!1]-module chain complex defined algebraically by

CTRM, f0) = (7N (F)elz, 27" dr +26'(1 — z9)716) .
The rational analogue of Theorem 2.10 shows that the basis-preserving isomorph-

ism type of CFR(M, f, a) is independent of the choice of generic metric «, and
gives an isomorphism

ZI1e((2) ®s-17my .01 CRML fro) = CV (M, fa) .

See [17] for further details of this isomorphism, and of the construction of
CFR(M, f, o). O
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