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CHAPTER 1

Morse theory

In this first lecture we will give a rapid overview of Morse theory from a 'modern’ view-
point. For simplicity here we stick to Morse functions on finite dimensional closed man-
ifolds, but with appropriate modifications a lot of what follows works in either the non-
compact or infinite dimensional setting. A key textbook reference for Morse theory is
the book of Schwarz | |. In this section there are essentially no proofs. Most of this
course will be concerned with establishing similar theorems in the Floer setup. These will
be proved in full. Warning: If this material is not at least vaguely familiar then you are
probably better off dropping the course now! It is only going to get harder...

In a lot of what follows we will talk about Banach manifolds and Banach bundles over
them. These are not as scary as they seem! A Banach manifold B is defined in exactly
the same way as a normal manifold B is, the only difference is that B should locally look
like some fixed Banach space X rather than a fixed Euclidean space R™. Since R" is itself
a Banach space, normal manifolds are of course a special case of Banach manifolds. The
key difference between Banach manifolds and normal manifolds is that the latter may be
infinite dimensional.

Exercise 1.1. Look up how much of the differential geometry you know and love still
applies for Banach manifolds. Feel both reassured and scared at the same time.

Similarly a Banach bundle 7 : £ — B over a Banach manifold is defined in exactly the
same way as a vector bundle 7 : E — B over a normal manifold, the only difference being

that each fibre &, := 7~ !(z) should look like a Banach space X rather than a vector space
V.

Definition 1.2. Let 7 : £ — B denote a Banach bundle and o € I'(B, £) a smooth section.
Denote by
My ={zeB|o(z)=0, €&}.

If x € M, then the vertical derivative Do (x) is a map
DY (x) : T, B — &,

defined as follows. Firstly, the normal differential Do (z) is a map Do (z) : TpoB — T, ()€ =
To,E. Next, if o € I'(B, £) denotes the zero section then one can write

To,€ = To,(0(B)) @ Ty, Ex =T, B & &

The vertical derivative is then the composition of Do (x) and the projection proj : Ty, € —
Er.

Definition 1.3. Suppose x € M,. We call z a regular zero if the vertical derivative
DVo(z) : T,B — &, is a surjective linear map between the Banach spaces 7,8 and &,.
This is equivalent to asking that

Do (x)[TxB] ® Do(x)[T,B] =T, E,
i.e., that o is transverse to the zero section o at x.

In finite dimensions, one has:



Theorem 1.4 (Finite dimensional implicit function theorem). Suppose  : E"T* — B»
is a vector bundle of rank k, and o € I'(B, E) is a section. Assume that the vertical
derivative DVo(x) is regular at every point x € M, := 0~%(0). Then M, is a submanifold
of B of dimension n — k.

In the infinite dimensional case a similar result is true. In order to state the result
precisely, let us recall the definition of a Fredholm map.

Definition 1.5. Suppose 7' € L(X,Y) is a bounded linear map between two Banach
spaces X and Y. Then ker T and cokerT := Y/ranT are linear subspaces of X and Y
respectively. We say that T is a Fredholm operator if both ker T and coker T" are finite
dimensional, and if this is the case we define the Fredholm index of T' to be the integer

indT := dim ker T' — dim coker T.

Theorem 1.6 (Infinite dimensional implicit function theorem). Suppose 7 : & — B is a
Banach bundle and o € I'(B, £). Assume that the vertical derivative Do (x) is Fredholm,
and in addition is surjective and admits a right inverse for every x € M, = o~ 1(0).
Then M, admits the structure of a submanifold of B of (finite) dimension equal to the
Fredholm index of Do (x).

Exercise 1.7. Check that the finite dimensional implicit function theorem is a corollary
of the infinite dimensional implicit function theorem.

Definition 1.8. In general, a space M is said to have virtual dimension k € 7, written
virdim M = k,

if M can be seen as the set of zeros of a smooth section of a Banach bundle over a Banach
manifold, whose vertical derivative is Fredholm and of index k. When such a section
is transverse to the zero section (and hence every zero is regular), Theorem 1.6 implies
that either M is empty, or £ > 0 and M admits the structure of a smooth manifold of
dimension k.

Remark 1.9. Typical proofs in Floer theory go along the following lines: suppose we want
to prove that ’bad property X’ can never happen. We first show that the space of states
where X happens has virtual dimension & < 0. Then we show that the section defining
this space can be made transverse. This implies that X can never happen.

We will now give two applications to this material, both related to Morse theory. The
first is finite dimensional, whereas the second will be infinite dimensional.

Definition 1.10. Let B denote a smooth (finite dimensional) closed manifold and fix
f € C>(B). Then df € I'(B,T*B), and in this case

Mgp = crit(f) = {x € B| df, =0} .

One says that x € crit(f) is a non-degenerate critical point if x is a regular zero of the
vertical derivative DV(df)(x). One says that f is a Morse function if every critical point
of f is non-degenerate.

Exercise 1.11. Suppose (z1,...,z,) are local coordinates at x. Identify DV(df)(x) with
the Hessian matrix
L
axiamj z i

)

Conclude that this is the same definition of Morse function that you’ve known since you
were five.



Now fix a Riemannian metric g on B. We denote by V f or V, f the gradient of f with
respect to g, which is the unique vector field Vf € I'( B, T B) such that

g(Vf(x),&) =df(z)[§], forallxze B, € T,B.

We denote by
exp, : D, CT,B—-U, CDB

the exponential map (with respect to some Riemannian metric, not necessarily equal to
g) on B. Now fix two distinct critical points x,y of f. Let B(x,y) denote the set of maps
u € WH2(R, B) that satisfy

SEI_HOO U(S) =T SEI—POOU(S) — ¥

and such that there exists sp > 0 and ¢ € W1?((—o0, —so], D;) and £ € W2([sg, +00), Dy)
such that
u(s) = exp,(¢(s)), forall s € (—o0,—s0],

u(s) = exp,(£(s)), for all s € [sg, +00).

Theorem 1.12. The space B(x,y) can be given the structure of a Banach manifold.
Moreover if u € B(x,y) then T,B(z,y) can be identified with the space of sections £ €
WL2(R,u*TB).

Exercise 1.13. Look in Appendix A of Schwarz’s book [ ] and study the proof of
Theorem 1.12 in depth. Suppress the desire to kill yourself.

We now define a Banach bundle 7 : &€ — B(z,y) by setting
Eu:=L*(R,u*TB), wu € B(z,y).

As with Theorem 1.12, the proof that & really is a Banach bundle can be found in Schwarz’
book [ ]

Definition 1.14. Fix x,y € crit(f). Define a section 0 = o, € I'(B(z,y), ) by setting
o(u) == 0su+ Vg f(u).

We will prove the Floer-theoretic version of the next theorem in great detail later on
in the course.

Theorem 1.15 (Properties of o ).
1. The section o is smooth.
2. Ifu € M(z,y) := 0~ 1(0) then u is a smooth map.
3. The section o is Fredholm.

The proof of (1) is somewhat tedious. The proof of (2) is very straightforward, and
proceeds by induction. Suppose u € W2 satisfies o(u) = 0. Now u € W12 implies that
Vf(u) € WhH2, and hence dsu = —V f(u) also belongs to W12, But this implies that
u € W22, Tterating this argument, we see u € W*?2 for each k € Z, and hence u € C by
the Sobolev embedding theorem. This process (which is far less trivial in the Floer case)
is known as elliptic regularity.



Definition 1.16. If x € crit(f) is a non-degenerate critical point then we denote by
ind () the number (counted with multiplicity) of strictly negative eigenvalues of D" (df)(z),
and call ind¢(x) the Morse index of f at x.

Theorem 1.17. The Fredholm index of o is given by
indo = indy(x) — ind¢(y).

It follows from Theorem 1.15, Theorem 1.17, and Theorem 1.6 that if Do(u) was
surjective and admitted a right inverse for each u € M(z,y) then M(z,y) would carry
the structure of a smooth manifold of (finite) dimension inds(x) —inds(y). Unfortunately
this is in general not true. Nevertheless, the next best thing is true.

Theorem 1.18. Let Met(B) denote the (Frechet) manifold of all Riemannian metrics on
B. There exists a subset Ry C Met(B) of second category such that if g € Ry then for any
two critical points x,y € crit f and any u € M(x,y), the operator D'o(u) is surjective
and admits a right inverse.

In particular, if we start with some given metric ¢° on B and fix ¢ > 0 then there
exists g € Ry such that Hg — gOHCOO < e. We say that g is a Morse-Smale metric for f if
g € Ry, and we say a pair (f,g) € C>°(B) x Met(B) is a Morse-Smale pair if f is a Morse
function and g is a Morse-Smale metric for f.

From now on we will always assume that (f,g) is a Morse-Smale pair. Thus the
moduli spaces M (z,y) are always manifolds. We now wish to investigate the compactness
properties of these spaces. First note that if x # y then M(x,y) is never compact.
Indeed, it always admits a free R-action via translation: explicitly if © € M(z,y) and
sp € R, then the curve s — u(s + so) also belongs to M(x,y). Thus we see that if z # y
and M(z,y) # 0 then it is always at least 1-dimensional. Hence if ind¢(z) = indf(y) with
x # y then M(z,y) = 0.

Definition 1.19. We denote by M(z,y) := M(z,y)/R. Given u € M(z,y) we denote
by u € M(x,y) the equivalence class. Thus

dim M(z,y) = inds(z) — inds(y) — 1.

Suppose that ind¢(z) = inds(y) + 1, so that M(x,y) is a zero-dimensional space. If
the space M(x,y) was compact, it would be a finite set, and hence we could ’count’ it.
Luckily, this is indeed the case:

Theorem 1.20 (Baby compactness). If ind¢(z) = indf(y) + 1 then the space M(x,y) is
compact, and hence a finite set.

Definition 1.21. Given z,y € crit f with inds(z) = inds(y) + 1, we define the number
n(x,y) € Zs to be the parity of the finite set M(x,y):

n(z,y) = #2M(x,y).

Remark 1.22. In this course we will only ever work with Zs-coefficients.

We can now define the Morse complex. Set

critg(f) == {x € crit(f) | inds(z) = k}.



Definition 1.23. Let
CMi(f) = P Za(x),
w€crity (f)
and define
0 =0, : CMg(f) = CM_1(f)

by requiring that

o)=Y nlx,y) ),

y€Ecrity_1(f)

and then extending by linearity.

We would like to prove that 9 o @ = 0. This is not remotely obvious, and to do so will
require a more sophisticated compactness result than the one in Theorem 1.20.

Definition 1.24. A sequence (ug)gen C M(z,y) is said to converge up to breaking if
there exist

1. critical points z = 29, 21, ..., 2™ =y of f,

2. flow lines v/ € M(2971 27) for 1 < j < m,
3. sequences (Si)keN for 1 < 7 < m with sifl < si and with si — siil — +o00 for each
ke Nandeach1<j<m,

with the following property: For any compact interval I C R, after passing to a subse-
quence, the sequence ug (- + si) converges with all derivatives to u/(-). In this case we say
that (uz) converges to the broken gradient flow line (u',...,u™) and we write

up ~ (uly .. u™).

Definition 1.25. A sequence (u;,) C M(z,y) converges to the broken gradient flow line
(ul,...,u™), written
Qk ~ (H17 ... 7um)7

if there exist representatives uy, € u, and w/ € u/ such that ug ~ (ut,...,u™).

Note that if there exists a sequence (u;,) C M(x,y) that converges to a broken flow line
(u',...,u™) then necessarily ind s(x) —inds(y) > m+1. Indeed, one has uw/ € M(27~1, 27)
for some critical points z = 2°,...,2™ = y, and then ind¢(2/~1) — inds(27) > 1 for each
l<j<m.

Theorem 1.26 (Compactness). Suppose x,y are critical points of f which satisfy
indf(x) =inds(y) + m+1

for some m > 0. Then M(x,y) is compact up to m-fold breaking in the following sense:
suppose (u;,) C M(x,y) has no convergent subsequence. Then there exists a broken

gradient trajectory (ul,..., gl) for some | < m such that after passing to a subsequence,
wy, ~ (ul,...,u!). In particular, if m = 0 then every sequence in M(z,y) has a convergent
subsequence.

We next state the ’converse’ of Theorem 1.26.



Theorem 1.27 (Gluing). Suppose x,y are critical points of f which satisfy

indf(xz) =inds(y) + m+1
for some m > 1. Then if 1 <1 < m and x = 2°,2',..., 2! = y are critical points of f
such that ind (x/~") —inds(27) > 1 for each j, and v/ € M(27~1,27) are given flow lines,
then there exists a sequence (uy) C M(x,y) such that w, converges to the broken flow
line (u!,...,ub).

Let us explicitly look at the case where m = 1, so that ind;(x) — inds(y) = 2. Let
M(z,y) denote the compactification of M(z,y) obtained by adding in all possible limits

to sequences (u;) C M(x,y). Then M(z,y) is a compact 1-dimensional manifold. It
follows from Theorems 1.26 and 1.27 that:

Theorem 1.28. Suppose x,y are critical points of f which satisfy

ind¢(z) = ind(y) + 2

The boundary OM(z,y) of the 1-dimensional manifold M(x,y) can be identified as:
OM(w,y) = U M(z,2) x M(2,y).
indf(z)=ind¢(x)—1
Corollary 1.29. Suppose z,y are critical points of f which satisfy
ind(z) = indy(y) + 2.

Then

Z n(x,z) -n(z,y) =0 modulo 2.
indf(z)=indy(z)—1

Proof. A compact 1-dimensional manifold with boundary has an even number or boundary
points. [ |

Exercise 1.30. Prove this!
Corollary 1.31. 9> = 0.

Proof. This is immediate from Corollary 1.29. Indeed, if z € critg(f) then since 9 is
linear,

0@ @) =0 >  nlz2)()

z€critr_1(f)

= Z n(z,2)0 (z)

z€crity—1(f)

= Y n@2) > nzy) )

z€critg_1(f) y€Ecritg_2(f)

_ Z Z n(z,z)-n(z,y) | (y)-

yEcrity_2(f) \z€critp—1(f)

=0 modulo 2



Let us now discuss independence. Suppose (f*,g*) are two Morse-Smale pairs.
Choose a homotopy (fs, gs)ser such that

_ (fiagi)a s < _Ta
(f57gs) = {(f+,g+), s>T,

for some T > 0.

Definition 1.32. Fix 2% € crit(f*) and define the moduli space N'(z~,z%) to consists
of all maps u € B(x~,z™") such that

Dgu+ V. fo(u) = 0.

Thus N (2™, 27) is the zero-set of the s-dependent section o(u) := dsu+ Vg, fs(u). As
before, we say that the homotopy (fs,gs) is regular if the vertical derivative DVo(u) is
surjective and admits a right inverse. As in Theorem 1.18, one can show that a generic
homotopy is regular. The Fredholm index of ¢ is again given by ind ;- (z7) — ind s+ (™).
Note however that this time there is no R -action on N'(x~,2). Indeed, if u € N (z~,a™)
and so € R then typically s — u(s + sg) does not belong to N(x~,z"). It is therefore
reasonable to hope that when inds-(2~) = ind s+ ("), the space N'(2'~,2") is compact,
and thus finite. Luckily this is true:

Theorem 1.33. Suppose ind ;- (z~) = ind g+ (2"). Then the space N'(x~,x") is compact.

As with Theorem 1.20, this is a consequence of a more general compactness theorem.
The upshot is that we can define

nt(x7, 2t = #N(z7,2T),
and then define a map
Ot - OMy(f7) — CMy(fT) (1.1)
by setting
ot (z7) = Z nf(z”,2") (a1), (1.2)
ztecrity (f1)

and then extending by linearity. The next step is to show that ®T is a chain map: that
is,
0T odT =0t 00, (1.3)

where 9% denotes the boundary operator on CM, (f*). This would imply that ®* descends
to define a map

¢T HM.(f7,97) = HM.(f ", g"). (1.4)
As in the proof of Corollary 1.31, in order to prove (1.3) we need to analyze the boundary
of the compactification N (z~,z%) of N(z~,2%) when ind;- (z7) = ind+ (z*) + 1. This
time we have the following analogue of Theorem 1.28.

Theorem 1.34. Supposex~ € crity(f~) andxt € critg_1(fT). The boundary ON (x—,xt)
of the 1-dimensional manifold N'(z—,x%) can be identified as:

8N($_,SU+) = U Mi(xiayi) X N(yiaer)

y~ €crity_1(f~)

U U Ne ) xMiyTah) |,
y+ecrity (1)

where M* denotes the moduli space with respect to (f*, g%).



Exercise 1.35. Prove (1.3) using Theorem 1.34.
Next, we have the following functoriality result:

Theorem 1.36 (Functoriality in Morse theory). Suppose (f~,97), (f°,¢°) and (f*,g7)
are three Morse-Smale pairs, which give rise to three maps
Qb(l : HM*(f_ag_) - HM*(ango)v
8_ : HM*(fO7go) — HM*(f+7g+)7
¢F HM.(f7,97) — HM.(f*,97).
Then one has
¢t =of 0g”.

Corollary 1.37. The map ¢+ : HM,(f~,97) — HM.(f*,g") is an isomorphism with
inverse ¢, : HM,(fT,¢%) — HM.(f~,¢97). Thus the Morse homology HM,(f, g) is inde-
pendent of the Morse-Smale pair (f,g).

Exercise 1.38. Prove Corollary 1.37.
Corollary 1.37 implies that the following definition makes sense.

Definition 1.39. We define the Morse homology HM,(B) of a closed manifold B to be
the Morse homology HM,(f, g) for some (and hence any) Morse-Smale pair (f,g) on B.

In fact, the Morse homology is the same as the singular homology.

Theorem 1.40 (The Morse homology theorem). There is a canonical isomorphism
HM..(B) = H.(B; Z2).

There are many ways to prove Theorem 1.40. One way is show that a Morse-Smale
pair induces a cellular filtration of the manifold B. Nevertheless, this argument is of a
somewhat different flavour, and hence we will not discuss it in the course.

Exercise 1.41. Read and study the excellent set [ | of lecture notes, focusing in
particular on the proof of the Morse homology theorem.

We now discuss an extension of the theory presented above to the Morse-Bott setting.
In the setup we present here, this theory is due to Frauenfelder | , Appendix A]. As
with the previous section, we will not prove the assertions we make here (in this course we
will only prove Floer-theoretic results!). However, proofs of all the assertions made can
be found in | , Appendix A]. An alternative approach can be found in | .

We begin by defining a Morse-Bott function. As before, we assume for simplicity that
B is a closed finite dimensional manifold.

Definition 1.42. Suppose f € C°(B). We say that f is a Morse-Bott function if crit(f)
is a closed submanifold of B (whose components may be of differing dimensions), which
moreover has the property that if € crit(f) and C, C B denotes the connected compo-
nent of crit(f) containing x then

ker (D (df)(z) : TuB — T, B) = T,,Cy,

where D(df)(x) denotes the Hessian of f at x, as in Definition 1.10.



Remark 1.43. Thus a Morse function is simply a Morse-Bott function with the additional
property that Cy = {x} for each = € crit(f).

Compactness of B implies that if f is a Morse-Bott function on B then crit(f) has
finitely many components

N
crit(f) = | | C;. (1.5)
j=1

In order to set up the Morse-Bott complex we start by picking a collection
hj : Cj — R
of Morse functions on each component C;. It will sometimes be convenient to regard the
collection {h;} as a single Morse function
h:crit(f) — R;

this is harmless as the C} are all pairwise disjoint. One should beware though that if we
think of h as a single function on crit(f), then h is defined on a space whose components
may be of differing dimensions.

Note that if x € crit(f) the Morse index ind s (z) still makes sense (it is still the number
of strictly negative eigenvalue of the linear map D"(df)(x)). However if = € crit(h;) then
we now have two different Morse indices: the index ind;(x) of x as a critical point of f,
and the index indp; () of  as a critical point of h;. It turns out the correct thing to do
is to sum the two indices:

Definition 1.44. Given z € crit(h) C crit(f), we define the Morse-Bott index of z,
written
indf,h(x) = indf (l‘) + indhj (.%'),
where x € C;. We define
critg,(f, h) := {x € crit(h) | indyp(z) = k}.
We can now define the Morse-Bott chain complex:

Definition 1.45. Given a Morse-Bott function f € C°°(B), a Morse function h €
C*(crit(f)), and k > 0, we define the Morse-Bott chain complex by
CMB(f,h) = €D Za(a).
x€Ecrity (f,h)

In order to define the boundary operator 0 : CMBg/(f, h) — CMBg_1(f, h) we need to
introduce gradient flow lines with cascades. This is where things start to get messy...

Fix a Riemannian metric g on B, and fix Riemannian metrics p; on Cj for j = 1,..., N.
As with h, it is convenient to regard the {p;} as defining a single metric p on crit(f). We
will use g to define the gradient vector field V f, and use p to define the gradient vector

field V,h. In what follows given x € crit(h;) we denote by W"(x; —V,h) the unstable
manifold of x with respect to the flow ¢* : C; — C; of =V hy:

W (x; =V, h) == {y e Cj | SLigloo »*(y) = :U} .

Similarly the stable manifold W*(x; =V ,h) is the set
Wé(x; =V ,h) == {y e Cj | ngoo¢ (y) = .TU} .
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Definition 1.46. Fix 1 < [,m < N (where N was defined in (1.5)), and fix critical points
x € crit(hy) and y € crit(hy,), and k > 1. An element of M, (x,y) is a tuple (2k — 1)-tuple

(w=(ug,...,ux),t = (t1,...,tk—1)),
where u; € C*(R, B) and t; > 0 are such that:

1. Each u; is a non-constant gradient flow line of f:
2. The first flow line w; satisfies

lim ui(s) € W*(x; =V,h),

§—>—00

and the last flow line wu;, satisfies

lim ug(s) € W*(y; =V,h).

S——+00

3. For 1 < j <k — 1 there are critical submanifolds Cij and gradient flow lines v; €
COO([R,CZ-J.) of hy;:
881;]- + Vpij hz‘j (Uj) =0,
such that

Tim_uy(s) = v;(0),

i wjipi(s) = v;(t)).

One should think of the v; as ’cascades’, as per the following picture: [insert picture].
The ¢’ in M€ stands for ’cascades’.

There is a free R-action on each flow line u;, and hence My (z,y) admits a free R¥-
action. As before we denote by M (z,y) the quotient space

M (2,y) = Mi(z,y)/R".

If | = m then we let My(z,y) denote the set of normal gradient flow lines of A running
from x to y, and as usual Mg(x,y) is then the quotient space M§(x,y)/R. If z and y do
not belong to the same component then we set My(x,y) := (). Finally we set

Me(a,y) = | Mi(z,y),
k=0

and -
M (z,y) == | Mi(z,9)
k=0

In other words, the space M®(x,y) is the space of gradient flow lines with arbitrarily many
cascades.

Remark 1.47. If | = m then Mj (z,y) = 0 for all k£ > 1, whereas if [ # m then M§(z,y) =
0.

We now have the following theorem, which is due to Frauenfelder | , Appendix
A]. This should be contrasted to Theorem 1.15, and is proved in essentially the same way.
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Theorem 1.48. The space M°(x,y) has virtual dimension indsp(x) —indsp(y) — 1.

This is complemented by the following result, which is proved in the same way as
Theorem 1.18. This result is again due to Frauenfelder.

Theorem 1.49. Suppose f € C*°(B) is a Morse-Bott function, and h : crit(f) — R is a
Morse function, and p is a Riemannian metric on crit(f) such that (h, p) is a Morse-Smale
pair. Then there is a set Ry, C Met(B) of second category with the property that if
g € Ry, then the moduli spaces M®(x,y) are all cut out transversely, and hence are
manifolds.

Finally one has the following analogue of Theorem 1.20, which again is due to Frauen-
felder.

Theorem 1.50. Suppose indfp(x) = indsp(y) + 1. Then the space M®(x,y) is compact,
and hence a finite set.

This means that one can define numbers n(z,y) for z,y € crit(h) by
ne(x,y) := #aM(2,y).
Then as in Definition 1.23 one defines the boundary operator
0 : CMByg(f,h) = CMBy_1(f, h)

by setting

oxy= Y. nz,y) W),

y€critg_1(f,h)

and then extending by linearity. The proof that 8> = 0 is similar to that of Corollary

1.31, and involves studying the boundary OM€(z,y) of the compactification of the space
ME(z,y) when indsp(2) = indsp(y) + 2.

Definition 1.51. A Morse-Bott-Smale quadruple is a quadruple (f,h,g,p) consisting
of a Morse-Bott function f € C*(B), a Morse function h € C*°(crit(f)), a Riemannian
metric p on crit(f) such that (h, p) is a Morse-Smale pair, and finally a Riemannian metric

g € ,R’f,h#'
The upshot of our work so far is that we can now speak of the Morse-Bott homology

HMBL.(f, h, g, p) of a Morse-Bott-Smale quadruple.

Finally let us discuss independence. Suppose (f~,h™,g~,p ) and (f*,h*, g, pT) are
two Morse-Bott-Smale quadruples. As in (1.1) we wish to define a chain map

®T: CMBg(f 7, h™. g7, p7) = CMBy(f ", h%, g7, p").
This will be done by defining a space N(z~,z") and setting
ot (z7) = Z nt(z7,2") (z),
ztecritg (f1,hT)

where n°t (27, 27) := #2N¢(z~,27). In order to define N¢(x~,z7), as before we begin
by choosing a homotopy (fs, gs)ser such that

(forgs) = {Ef_’g_)’ ;

frg%), s

_T’
T,

IV IA
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for some T' > 0. Fix = € crit(h™) and 2 € crit(h™). The space N¢(x'~,z") is defined

as the union
oo k

Nc(x_7$+) = U UNIS,Z($_7$+)7

k=01=1

where an element of N, (z7,2™) is a tuple (2k — 1)-tuple

(w=(ug,...,ux),t = (t1,...,tk—1)),
where u; € C*°(R, B) and t; > 0 are such that:

1. For 1 < j <1, each u; is a non-constant gradient flow line of f~:
Osuj + Vg [~ (u;) = 0.
For [ +1 < j <k, each u; is a non-constant gradient flow line of f*:
dsuj + Vi fH(uj) = 0.
For j =1 the map wu; is a (possibly constant) flow line of the s-dependent equation

Dsuy + Vg, fo(ug) = 0.

2. The first flow line w; satisfies

lm ui(s) € Wz~ 5=V ,-h7),

S—>—00
and the last flow line wu;, satisfies

lim uy(s) € Wzt =V, +hT).

s—+00

3. For 1 < j <[ —1 there are critical submanifolds C’ij and gradient flow lines v; €
COO([R,CZ-j) of hi_j:
Osv; + Vp;j h;j(vj) =0
such that

lim_uy(s) = v;(0),

i wjpa(s) = v;(t)).
For | < j < k — 1 there there are critical submanifolds C;; and gradient flow lines
v € COO([R,Cij) of hj;

Osv;j + Vp:; h;;(vj) =0

such that
lim_uy(s) = v5(0),
im i (s) = v;(t))-

Just like in (1.4), one can prove that the map ®* is a chain map, and hence induces a
map
¢T tHMB.(f7,h7,g97,p7) = HMB.(f",h", g, p").

This is again done by studying the boundary components ON¢(x~, 2) when ind ;- - (z7) =
ind g+ p+ (x%) + 1. Finally we again have the following functoriality result:

13



Theorem 1.52 (Functoriality in Morse-Bott theory). Suppose (f~,h=, g7, p7), (f°,h°, ¢°, p°)
and (f*,h*,g", pT) are three Morse-Bott-Smale quadruples, which give rise to three maps

¢ HMB.(f7,h7, g7, p7) = HMB.(f°, 1% ¢°, p"),
¢ HMBL(f°,1°,¢°, p°) = HMBL(f",n", g%, p"),
¢i_ : HMB*(f_7 h_vg_vp_) - HMB*(f+>h+’g+>p+)‘
Then one has
6T = o 0 0.
As in Corollary 1.37, this tells us that:

Corollary 1.53. The Morse-Bott homology HMB.(f, h, g, p) is independent of the choice
of Morse-Bott-Smale quadruple.

Since a Morse function is a particular case of a Morse-Bott function (cf. Remark 1.43),
a Morse-Smale pair (f,g) gives rise to a Morse-Bott-Smale quadruple (f,0,¢,0). But we
already know that the Morse homology is independent of the Morse-Smale pair. This
proves:

Theorem 1.54 (The Morse-Bott homology theorem). If (f,h,g,p) is any Morse-Bott-
Smale quadruple, then one has

HMB.(f, h, g, p) = HM.(B) = H.(B; Z,).

Exercise 1.55. Fill in the details of Theorem 1.54.
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CHAPTER 2

The Arnold Conjecture

Let (Q,w) denote a closed symplectic manifold of dimension 2n. By definition this means
that w™ € 027(Q) is a volume form. Equivalently, w defines a bijective map

®, : OHQ) = Vect(Q)

by associating to a 1-form ¢ the vector field X defined by

w(Xe,) = ().
For historical reasons one calls a smooth function H € C*°(Q) a Hamiltonian.

Definition 2.1. The Hamiltonian vector field Xy associated to H € C*°(Q) is by def-
inition Xy := ®,(—dH). If H € C*(S' x Q), written either as H(t,q) or Hy(q), then
we obtain a time dependent vector field Xy (¢,-) = Xg,(-) where Xg, = ®,(—dH;). We
denote by ¢4, the flow of Xy and call the time-1 map ¢p := ¢}, a Hamiltonian diffeo-
morphism. The set of Hamiltonian diffeomorphisms forms a group Ham(Q,w).

Suppose ¢ € Ham(Q,w). Then by definition there exists H € C*°(S! x Q) such that
P = go}{. In this case we say that H generates ¢ and write H +— ¢. The function H is
certainly not unique: suppose G € C*°(S! x Q) satisfies ¢}, = 1. Then if

(G#H)(t,q) == G(t,q) + H(t, (pc) ' (9)) (2.1)
then one can readily check that
Coun =G oY
In particular, in this case one has G#H — ¢ as well.

Exercise 2.2. Suppose ¢ € Ham(Q,w). Show that one can choose H € C*®(S! x Q) such
that H — ¢ and such that there exists € > 0 such that H(t,-) = 0 whenever ¢t € (—¢,¢).

If HHK € C®(S! x Q) then we can define H#K in exactly the same way (2.1).
However in general H#K may not be l-periodic. Nevertheless H#K is 1-periodic if
either (a) o}, =1 or (b) K satisfies the conditions imposed in Exercise 2.2.

Remark 2.3. Since the object of interest is always the Hamiltonian diffeomorphism ¢
rather than the particular function H, and since Exercise 2.2 implies that we may always
choose H such that H(t,-) = 0 whenever ¢ is sufficiently close to 0, from now on we will
always implicitly assume whenever convenient that this is the case. Thus by convention
H+#K is always 1-periodic.

Exercise 2.4. Show that if H — ¢ then H — ¢!, where
Conclude that Ham(Q,w) really is a group.

Remark 2.5. Suppose t — ¢, : t € [0,1] is a path in Ham(Q,w) with ¢9 = 1. Then it is in
fact always possible to choose a Hamiltonian H € C*°(S! x Q) such that ¢; = ;.
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Exercise 2.6. Convince yourself that Remark 2.5 is not obvious. Then consult | ,

Proposition 10.17] and study the proof.

We denote by Symp,(Q,w) the set of diffecomorphisms ¢ : Q — @ that satisfy ¥*w = w
and that are isotopic to the identity through such maps.

Lemma 2.7. One has Ham(Q,w) C Symp(Q,w).

Proof. Suppose ¢ € Ham(Q,w), and let H — . Compute:

a(‘ﬁz}—l)*w = LXHtw

= (diXHt + iXth)w
= d(—dHy))
=0.

Since % = 1 we have (¢%)*w = w and hence also (p})*w = w. Thus Ham(Q,w) C
Symp(Q,w). Since Ham(Q,w) is path-connected, the result follows. [

Exercise 2.8. Suppose ¢ € Sympy(Q,w) and ¢ € Ham(Q.w). Show that if H — ¢ then
Hoyrsopoy~t. Thus Ham(Q,w) is a normal subgroup of Sympg(Q,w).

Remark 2.9. A celebrated of Banyaga [ ] says that Ham(Q,w) is a simple group.

Remark 2.10. Suppose t — ¢; : t € S is a loop of Hamiltonian diffeomorphisms such
that o9 = 1. Fix ¢ € @ and consider the loop z4(t) := ¢i(q). One can ask: is the
class [z4] € m(Q, q) zero? That is, is 24 a contractible loop? This would imply that the
evaluation map

7 (Ham(Q,w)) — m(Q)

is always trivial. Amazingly, the answer is yes, but to prove this one needs the entire
machinery of Floer homology. Here is a sketch of the proof: choose ¢y very close to 1 so
that the paths t — ¢:(q) : ¢ € [to, 1] are all contained in geodesically convex subsets of Q.
Floer homology guarantees the existence of at least one point gy € @ such that ¢, (q0) = qo
and such that the loop t — ¢:(qo) : t € [0, ¢o] is contractible (see Remark 2.27 below). Since
©i(qo) : t € [to, 1] is contained in a geodesically convex set, the loop t — ¢:(qo) : t € [to, 1]
is also contractible. Thus the concatenated loop ¢ — ¢(qo) : t € [0,1] is contractible.
Now consider the map
ev, 1 Q — C%(S, Q)
given by
evy(q) = x4

Since @ is connected (we always assume this!), the map ev has its image in one con-
nected component of C*°(S!, Q). Since ev,(qo) belongs to the connected component of
C>(S', Q) containing the contractible loops, this implies that ev,(q) belongs to the con-

nected component of C*(S', Q) containing the contractible loops for every ¢ € Q. Thus
[z4] =0 € m(Q, q) for each g € Q.

Definition 2.11. Suppose ¢ € Ham(Q,w) and q € fix(¢). Then if H +— ¢ then the path
z(t) := ¢l (q) satisfies
7' (t) = Xy(t, ).

We call z a I-periodic orbit of Xy and write x € P1(H). Thus there is a bijection

P1(H) — fix(pp)
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given by z(t) — x(0). Denote by P;(H) C Pi1(H) the set of 1-periodic orbits z(t) that
are contractible.

Exercise 2.12. Suppose ¢ € Ham(Q,w). Define fix°(¢) C fix(¢) by saying
fix°(¢) :=={x(0) | z € P{(H), for some H > ¢}.

Prove that fix°(y) is well defined (i.e. independent of the choice of H — ). Hint: Use
Remark 2.10.

Definition 2.13. We say that « € Py(H) is non-degenerate if the linear map
Dy (2(0)) : Too)Q = To1)@

does not have 1 as an eigenvalue. We say that H is non-degenerate if every element of
Py (H) is non-degenerate. Note that non-degeneracy is clearly a property of the time-1
map ¢k (i.e. if H — ¢ and K — ¢ then H is non-degenerate if and only if K is). Thus
let us say that ¢ € Ham(Q,w) is non-degenerate if there exists H — ¢ such that H is
non-degenerate.

Remark 2.14. As we will in Lemma 3.20, saying that x € P{(H) is non-degenerate is
equivalent to saying that x is a regular zero of a certain section oz of a Banach bundle in
the sense of Definition 1.3.

Non-degeneracy is a generic property in the following sense: given H € C*°(S! x Q)

and e > 0 there exists H € C°°(S? x Q) such that HH - H )C (51%0) < ¢ and such that
0 X

H is non-degenerate.

Exercise 2.15. Do not be fooled into thinking that all ’reasonable’ Hamiltonians are
non-degenerate. Indeed, suppose H € C*°(Q) is autonomous (i.e. H = H(q) does not
depend on t € S'). Prove that every x € Py(H) is always degenerate!

Let us now state a weak form of the celebrated Arnold Conjecture. The main aim of
this course is to prove this conjecture for a certain special class of symplectic manifolds.

Conjecture 2.16. (The Arnold Conjecture)
Suppose H € C*®(S! x Q) is non-degenerate. Then

2n
#PP(H) > dim Hy(Q; Z).
k=0
Remark 2.17. It follows readily from the Morse homology Theorem 1.40 that if f € C*°(B)
is a Morse function then

dim B

Ferit(f) > > dim Hy(B; Zy).

k=0
The Arnold Conjecture as stated is a statement about Py (H). Using Exercise 2.12, the
Arnold Conjecture can actually be interpreted as a statement about the set fix°(¢) for non-
degenerate ¢ € Ham(Q,w). Namely, the Arnold Conjecture asserts that if ¢ € Ham(Q, w)
is non-degenerate then #fix°(y) is at least as big as the sum of the Betti numbers of @
(with Zs-coefficients). However since Remark 2.10 used the existence of Floer homology,
for now we don’t actually know that the set fix°(¢) is even well defined! So for now we
will content ourselves with stating the Arnold Conjecture for non-degenerate Hamiltonians
H € 0*®(S! x Q) only (one could alternatively state the weaker conjecture that the set
#fix(p) of all fixed points is at least as big as the sum of the Betti numbers of () whenever
¢ € Ham(Q,w) is non-degenerate).
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Let us now define the class of symplectic manifolds which we will work with in this
course.

Definition 2.18. Let (Q,w) denote a symplectic manifold. There is a well defined map
I, :m(Q) — R

given by

L(l]) == /S v w.

There is a second homomorphism I, : m(Q) — Z we can associate to (Q,w). This
will require a little bit more work to define.

Definition 2.19. We will use the sign convention that an almost complex structure J
on @ (that is, a section J € I'(Q, End(7'Q)) such that J? = —1) is compatible with the
symplectic form if

gJ("') = OJ(J',') (2'2)

defines a Riemannian metric on Q.

Remark 2.20. The sign convention (2.2) is opposite to the one that you will find in many
textbooks (e.g.. [ ) ]), and in most papers. Throughout the subject there are
many mutually inconsistent sign conventions in common use. In fact, it is not possible
simultaneously have all the ’standard’ sign conventions. In general everyone tries to use as
many standard conventions as possible, and thus everyone has to pay the price somewhere.
We will adopt the convention introduced by Abbondandolo and Schwarz | ] (which
also happens to be the one I like and always use in my papers!). If nothing else, the point
of this course is to convince as many people as possible to adopt these sign conventions!

It is well known that the set J(Q,w) of almost complex structures J on @) that are
compatible with w is path connected. Let us now fix one: then (7'Q, J) — @ is a complex
vector bundle, and hence gives rise to a cohomology class ¢1(TQ,J) € H*(Q; Z).

Exercise 2.21. Prove that if J was another element of 7(Q,w) then
Cl(TQ7 J) = CI(TQu j)
Thus we may unambiguously define

a(Q) == (TQ,J) forany J € J(Q,w).
Definition 2.22. Define
I, :m(Q) = Z
by
I ([0]) := (e1(@), v ([S7]))
where v, : Hy(S%;Z) — H(Q; Z) is the induced map in homology and [S?] € Hy(S?;7) is
the fundamental class.

Exercise 2.23. Prove that both I, and I., are well defined.

Definition 2.24. We say that (Q,w) is symplectically aspherical if both I, and I., are
identically zero:
l,=1,=0.
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In this course we shall construct the Floer homology of a symplectically aspherical
symplectic manifold. More precisely, we will prove:

Theorem 2.25. Let (Q,w) be a closed symplectically aspherical symplectic manifold.
Let H € C*(S! x Q) be non-degenerate. Then there is a chain complex (CF.(H),0)
associated to H, which is generated by the elements of Py (H):

CF.(H) = @ Z:().
z€Py(H)
The homology of this complex is called the Floer homology of H and is written

H, (CF,(H),d) := HF,(H).

Moreover the Floer homology is canonically independent of the choice of H, and hence we
can define the Floer homology of (Q,w) to be

HF,(Q,w) := HF,(H) for any non-degenerate H € C*°(S' x Q).
Finally, there is a canonical isomorphism
HF*(va) = H*-l—n(Q; 73).

Exercise 2.26. Use Theorem 2.25 to prove the Arnold Conjecture 2.16 for symplectically
aspherical manifolds.

Remark 2.27. There is also a ’degenerate’ version of the Arnold Conjecture. Before stating
this, recall that if f € C*°(B) is any (not necessarily Morse) function then Ljusternik-
Schnirelman theory implies that

#crit(f) > cuplengthz, (B),

where cuplengthz, (B) is the largest number N such that there exist cohomology classes
aj € HZI(B;ZQ) such that a; « ag--- — ay # 0. See for instance [ , Theorem
11.16]. The degenerate form of the Arnold Conjecture states that if ¢ is any Hamiltonian
diffeomorphism then

#x°(p) > cuplengthy, (Q).
For symplectically aspherical manifolds this was proved by Rudyak and Oprea | ].

Remark 2.28. Finally we remark that a more ambitious conjecture would be to assert that
for any symplectic manifold (@Q,w) and and ring R of coefficients, one has

dim @Q
#1ix°(p) > Z dim Hg(Q; R) for all non-degenerate ¢ € Ham(Q,w),
k=0

and
#1£ix°(p) > cuplengthp(Q) for all ¢ € Ham(Q,w).

This is still open in many cases, although it has been proved in far more generality than
just the closed symplectically aspherical case we study here.

19



Here is a related conjecture, which is due to Conley, which, as stated below, was
recently proved by Ginzburg | ]. Recall a periodic point of a diffeomorphism ¢ is a
fixed point of some iterate ¢*. A periodic point is called simple if it is not an iterate of
another periodic point. Finally, for Hamiltonian diffeomorphisms it again makes sense to
speak of 'contractible’ periodic points: per®(p):

per®(p) := {x(O) |z € Pf(H#k), for some H — <p}

(here H#* = H+4 ...#H generates the flow ©¥).

k times

Conjecture 2.29. (The Conley Conjecture)
Suppose (Q,w) is a closed symplectic aspherical manifold. Let ¢ € Ham(Q,w). Then
@ has infinitely many contractible simple periodic points.

Time permitting, we will prove a weaker version of this conjecture at the end of the
course, which is due to Salamon and Zehnder | ]. Unlike the Arnold Conjecture 2.16,
which is expected to be true for all symplectic manifolds (cf. Remark 2.28), the Conley
Conjecture is certainly not true for arbitrary symplectic manifolds, as the following exercise
shows.

Exercise 2.30. Show that Conley Conjecture is false on (S%,w = area form). Hint:
Consider an irrational rotation.
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CHAPTER 3

The Hamiltonian action functional

Definition 3.1. Let AQ = CX...(S', Q) denote the set of contractible smooth loops

contr
z : S' = Q. Sometimes it will be convenient to work with the completed loop space

LQ = Wclcﬁtr(Sl, Q). Thus LQ is the completion of AQ with respect to the W!-2-Sobolev
norm. Since dim S' = 1, elements of £Q are continuous. The reason we will sometimes
prefer £@) is that L@ carries the structure of a Banach manifold, where AQ is only a
Frechet manifold.

Exercise 3.2. Convince yourself you know how to define Sobolev spaces for functions
that take values in a manifold.

Definition 3.3. If we fix a Riemannian metric ¢ = (-,-) on @ we can define a Hilbert
product ((-,-)); on LQ as follows:

(o= [ (e ars [ (e, Vi

where if £,¢ € T'(2*TQ) then V; denotes the covariant derivative (with respect to the
Levi-Civita connection of g) along the curve z.

Theorem 3.4. The space (LQ, ((-,-));) is a complete Riemannian Banach manifold.

Nevertheless, in some sense the key idea of Floer | ] was to ignore Theorem 3.4!
Instead of working on a nice Hilbert manifold, his masterstroke was to realise that one
could instead work on something far less pleasant...

Definition 3.5. Fix a Riemannian metric g = (-,-) on @ and equip AQ (not £Q) with
the L*-inner product:

(6.0l = [ (0. cey .

This L?-metric is not complete, and hence does not define the structure of a Hilbert space
on the tangent spaces to AQ.

Remark 3.6. In Floer theory we will study the “negative gradient flow” of the Hamiltonian
action functional Ay (cf. Definition 3.10) with respect to an L?-metric of the form given
in Definition 3.5. This is not a “flow” in the strict sense of the word, since, as we will
see, the problem is not well-posed. That is, the corresponding “flow” &4 of —V Ay is not
a real flow: it is not necessarily true that for any given x € AQ there exists a solution
u: R = AQ of the initial value problem

Osu = —VAg(u), u(0)=umx.

Such a flow is called unregularized | ]. One could obtain a real flow by working instead
with the stronger metric ((-,-)); from Definition 3.3. If one’s goal was to do Morse theory
with the functional Ay then this would make sense. However, Morse theory does not work
with Ap, since, as we will see, the relevant Morse indices are always infinite.

Let D:={z € C| |z < 1}.

Definition 3.7. Suppose x € AQ. Define a capping of x to be a map T € C*(D, Q)
such that z(e*™) = z(t) for all t € S'. Similarly if z € £Q a capping of z is any map
7 € CY(D?,Q) N WL2(D?, Q) such that T(e?™) = z(t) for all t € S
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The following lemma is the reason why we assume that the map I, : m2(Q) — R from
Definition 2.18 is identically zero.

Lemma 3.8. Suppose x € AQ. Let T and i be two cappings of x. Then

/x*w:/y*w.
D D

Proof. Without loss of generality we may assume that there exists € > 0 such that
() =7/ |2) and F(z) ==/ |2))
for all z € D with 1 —e < |z| < 1. Then there is a well defined map
v:8*=CU{o0} = Q
defined by

Then

Exercise 3.9. Check that if x € £ then Lemma 3.8 still holds.
We now finally define the Hamiltonian action functional.
Definition 3.10. Let H € C*°(S! x Q) and define the Hamiltonian action functional
Ap - AQ — R
by
Ap(x) ::/x*w— Hy(x(t))dt,
D St

where 7 is any capping of x. Note that Ay extends to a well defined functional on £Q by
Exercise 3.9.

The following result is key to all that follows:

Lemma 3.11. It holds that

crit(Ag) = PL(H).
Proof. Fix x € AQ and let £ € I'(z*T'Q). Choose a path (zs)se(—c) C AQ such that
o =xand £ = % oo¥s- Let (T;) C C*°(D, Q) denote a smooth family of cappings of xs,
and set define £ € I'(z*TQ) by

&)= o] 7o)
Now we compute:
0
dhp(v)[E] = 5| Au(ws)
0




Now

where (%) used Stokes’ theorem. Similarly

Putting this together we see that

5ol [ 7t = [ mitee)
_ /D T (diz)
@ [ i)
= [ wiew), 2 @)t

=

S

0 dH;(x(t))[§(t)]dt = —/Sl w( X, ((t)), E(t))dt.

. Hy(as(O)dt = |

s=0/g1

dba(@)le] = [ wl€(0).2'() = X (alt)ar

(.= [ artete). o

denote the L?inner product, as in Definition 3.5.

Definition 3.13. As above, suppose J € J(Q,w) is an w-compatible almost complex

structure. Define a vector field V jAgon AQ by setting
Vibp(z) = J(z)(@' () — Xp, (2(t)))-

Lemma 3.14. The vector field V jAp is the L?>-gradient of Ay with respect to ({-,));

dAH(:E)[f] = <<VJAH(1’)7€>>J :

In other words,

Proof. Immediate from (3.1):

db(@lel = [
= [ @U@ @60 - Xu=0)).50) @

w(§(t), 2 (t) — X, (x(t))dt

_ /5 g5 (@)@ () = X, ((1)), (1)t

= (VA (2),8)) ;.

Now consider a Banach bundle & — £@Q whose fibre over x is given by L?(S!, 2*TQ).

Define a section
OJH: ﬁQ — &

by
J(z)(2'(t) — X, (2(t))) = Vyhu(z).

O']JL[(Q?) .
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Definition 3.12. Suppose J € J(Q,w) is an w-compatible almost complex structure (cf.
Definition 2.19). Let g := w(J-, ) denote the corresponding Riemannian metric, and let

(3.2)



Lemma 3.15. The vertical derivative Do () at © € Py (H) is given by
Do yp(x) : WH(SY, 2*TQ) — L*(S*,2*TQ),
D0 (x)[¢] := J(2)(Vi§ — VeXp,(z)).
Proof. Choose a family (7s)se(—c,¢) C £Q such that zg = x and %‘g:OxS(t) = ¢(t). Then

DYosn(e)iel = o] oanes)
= 2| )0~ X0
= I I (@ 0) = Xa @ 0) + T@) | (@)~ X oa(1)
= J(z)Ver' — J(x)vgxzfi (z)
where the last line used the fact that the Levi-Civita connection is torsion free. [ |

Let us now restrict to the linear setting for a while. We equip R?" with the coordinates

(IE,y) = (xla"'vxnayla'-'ayn)v

and the standard Euclidean inner product - y. In order to minimize notational confusion
we denote by (-,-) the Euclidean inner product on R?" | so that given z = (z,y) and
w = (u,v) we have
(zyw) :=x-u+y-v.
Define wy € Q?(R?") by
wo((z,y), (u,v)) :=u-y—x-v.

Jo == ( 110n _3” > (3.3)

where 1,, is the n x n identity matrix. Thus

Let Jy € R?" be the matrix

wo(Jo(z,y), (u,v)) =z -u+y-v= (), (u,v)).
The L? inner product on L?(S!, R?") is given by

((§,0)) = /5 (€,¢) dt.

The following lemma is standard undergraduate functional analysis.

Lemma 3.16. Let S : S' — Sym(R?*") denote a smooth loop of symmetric matrices. Let
U : [0,1] — Sp(R?", wp) denote the fundamental solution of the equation

W(t)y=Jy-S(t)-¥(t), ¥(0)=1.
Let

og : WI’Q(SI, [R2n) N LQ(SI, [RQn)
denote the map

os(w)(t) == Jo-w'(t) + S(t) - w(t).

Then og is a self-adjoint Fredholm operator of index zero. Thus og defines an unbounded
self-adjoint operator on L*(S',R?") with spectrum spec(cs) consisting of discrete eigen-
values of finite multiplicity that accumulate only at infinity. Moreover

dim ker og = dim ker (¥(1) — 1). (3.4)
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Exercise 3.17. Prove Lemma 3.16. Hint: To show (3.4), note that if ¥(1)wy = wy and
w(t) := ¥(t)wo then w is a loop that satisfes og(w) = 0. See also the discussion on
page 41.

We now define the class of trivialisations of the pullback bundles z*T'Q) that we will
use.

Definition 3.18. Let 2 € AQ and J € J(Q,w). A symplectic trivialisation of the bundle
r*TQ — S' is a map
P : S xR = 2*TQ,

written (t,p) — ®.(p), such that
QW) = wo, Do = J Py

Moreover a trivialisation ® is called admissible if

D4(p) = De2rit (p)

for a symplectic trivialisation ® : D x R?”® — Z*T'Q of a capping Z : D — Q of 2. The next
lemma is the reason why we require that the map I, : m2(Q) — Z from Definition 2.22
vanishes.

Lemma 3.19. For any = € AQ there always exists an admissible symplectic trivialisation
® of z*T'(Q). Moreover any two admissible symplectic trivialisations are homotopic.

Proof. The existence of an admissible symplectic trivialisation can be proved using Gram-
Schmidt, see [ , Lemma 2.65] for details. Two prove that any two such trivialisations
are homotopic we proceed to two steps. First, suppose Z is a capping and ® and ¥ are
two trivialisations of Z*T'Q). Then z — 5;1 o W, defines a map D — U(n, C). Every such
map is smoothly homotopic to the constant map z +— 15,. Now we prove that if T and y
are two cappings with corresponding trivialisations ® and ¥ then the two trivialisations
P := ®|yp and ¥ := ¥|yp are homotopic. Without loss of generality we may assume that
there exists € > 0 such that

T(z) =%(z/|z]) and @, =,

for all z € D with 1 — e < |2| < 1, and similarly for 7 and W. Then there is a well defined
map
v:8*=CU{o0} = Q

o _[m. Hst
) {ya/rz\), B>

The bundle v*T'Q — S2 is trivial if and only if ¢;(v*T'Q) = 0. Since we assume
that I., = 0, this is indeed the case. Thus there exists a symplectic trivialisation
O : 2 x R?® — v*TQ. By restricting to the upper and lower hemispheres, we obtain
two new trivialisations ©F of Z*T'Q and ©~ of ¥*T'Q. The argument above shows that ®
is homotopic to ©F and ¥ is homotopic to ©~. The claim follows. [ |

defined by

We will see later on why it is so important that any two admissible symplectic trivial-
isations are homotopic. For now let us simply note the following lemma.
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Lemma 3.20. A zero x € Py(H) is a regular zero of oy in the sense of Definition 1.3
if and only if x is a non-degenerate element of Py (H ) in the sense of Definition 2.13.

Proof. Pick an admissible symplectic trivialisation ® : S1 x R?" — 2*TQ of z. Let
U(t) := ;1 o Dl (2(0)) o @

and let
S(t) ==&, o J(V,® — Vo Xp, ().

To prove that S is symmetric we define
Vj(t) := ®yej,

where e; is the jth standard basis vector in R?*". Abbreviate X (¢) := X, (z(t)) and
<'7 > = gJ('a ) = W(J'v ) ItS = [Slj] then

Sij = (Vi J(VeV; = Vi, X) = (Vi, JIX, Vi) = w(Vi, [X, V). (3.5)
ecall that if « is a 1-form and (3 is a 2-form and U, V, W are vector fields then:
da(U,V)=Ua(V) - Va(U) — (U, V]),
and
ap(u, vV, W) =Up(V, W)+VEW, U)+WB(U, V)=B(U, V], W)=B([V, W], U)=B([W, U], X).
Apply these formulae with o = dH and 8 = w to discover that
Vio(V3 X) = Vio(Vi, X) = w([Vi, Vi], X) = 0,
and

0= Viw(Vj, X) = Viw(Vi, X) + Xw(Vi, Vi) —w([Vi, Vil, X) = w([V5, X], Vi) = w([X, Vi), V))
= Xw(Vi, Vj) — w([V}, X], Vi) — w([X, Vi], V}).

Since the basis {V;} is a symplectic basis, w(V;, V}) is constant and hence Xw(V;,V;) = 0.
Thus we have shown that

w(Vj, [X, Vi]) = w([V}, X], Vi) = w(Vi, [X, Vi),

and hence from (3.5) we see that S is symmetric as claimed.
Next we wish to show that ¥ = JySW. To do this one differentiates the equation

®y 0 Uy = Dl (2(0)) o @
with respect to t to conclude that
O, = JV,® — JVeXp,(x)T,,
and then since ®; o Jy = J o ®; we see that
Dy JoWy = JOU;, = =V, @ + Vo Xy, (z) = —B,S(1) V.

Since ®; is an isomorphism the result finally follows. [ |

26



The main result of this section is the following theorem.

Theorem 3.21. (Non-degeneracy is a generic property)
There exists a subset Heeg C C*°(S 1'% Q) of second category with the property that
if H € Hyeg then every zero x of 05y is regular in the sense of Definition 1.3.

In order to prove Theorem 3.21 we will use the following result. Let B and X denote
Banach manifolds and suppose £ — B x X is a Banach bundle. Suppose 0 : Bx X — &
is a section. We write

o(b,x) = op(x) = 04(b)

forbe Band x € X.

Theorem 3.22 (The Transversality Theorem). Suppose o is a section of class C*¥. Assume
that for all v € X and all b € o,1(0), the vertical derivative

D0y (b) : TyB — Ep )
is a Fredholm operator of index [, with
k > max{1,1+[}.
Suppose in addition for all (b,z) € 0=1(0), the vertical derivative
Do (b,x) : TyB x Tp X — Ep)
is surjective. Then the set
Xreg := {2 € X | DY0,(b) is surjective for each b € a;l(O)}
is a residual (and hence dense) subset of X.

In order to prove Theorem 3.22 we begin with the following linear result.

Proposition 3.23. Let X, Y, X denote Banach spaces. SupposeT : X — Y is a Fredholm
linear operator and B : Z — Y is a bounded linear operator. Then the range ranT & B
is a closed subspace of Y which admits a finite dimensional complement. If T & B is
surjective then ker T'® B admits a topological complement: that is, there exists a closed
subspace V. C X x Z such that

XxZ=(kerTeB)aV, (kerT&B)NV ={(0,0)}.
Moreover the projection w onto the second factor:
m:ker T®B — Z
is Fredholm, with ker m = ker T and coker w = cokerT'. In particular,
ind7m =indT.

Proof. Firstly ranT is closed and Y/ranT is finite dimensional. Thusif pr:Y — Y/ranT
denotes the projection operator then the subspace pr—!(pr(ran B)) is closed. This is
precisely ranT @ B. A complement W of ranT' @ B is contained in the finite dimensional
space Y/ranT and hence is closed.

Since ker T is finite dimensional it admits a topological complement X;. Next, ran T is
closed with finite dimensional complement coker T', and thus surjectivity of T'@® B implies
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that coker T' C ran B. Thus there exists a finite subset {z1,...,2;} of Z such that {Bz;}
is a basis of coker 7. Now define

S:Y =ranT @ cokerT —ker T ® X102

by setting
k
S<y17y2> = 07xazajzj s
j=1

where Tz = y; and yy = E?:l a;jBz;. Then S is a right inverse of T'® B, and hence
ker T'@® B admits a topological complement.

For the last statement, set K := ker T'® B, so that 7 : K — Z. One easily checks
that ker m = ker T'&® 0. Finally,

cokerm = Z/ranw
= Z/B Y(ranT))
= ran B/ranT Nran B
=~ Y/ranT = cokerT.

|
Next, we quote the following version of the classical Sard-Smale transversality theorem.

Theorem 3.24 (Sard-Smale transversality). Suppose 1) : M — N is a C*- map between
separable Banach manifolds. Assume that v is Fredholm of index [, and suppose that
k > max{1,1+ l}. Then the set of regular values of 1 is a residual (and hence dense)
subset of N.

We can now prove Theorem 3.22.

Proof. (of Theorem 3.22)
We apply Proposition 3.23 with

T = DY,(b), B = D'oy(x).

Thus Proposition 3.23 implies that for any (b, ) € ¢~!(0) the vertical derivative Do (b, )
has a right inverse. Thus 0 is a regular value of x, and thus the Implicit Function Theorem
1.6 implies that the universal moduli space M := ¢~1(0) admits the structure of a C*-
Banach manifold.

Moreover if 7 : M — X denotes the projection then the last part of Proposition
3.23 tells us that Dn(b,z) is Fredholm for any (b,z) € M and of index equal to that of
T = DV0,(b). This means that we may apply the Sard-Smale Theorem 3.24 to conclude
the regular values of 7 form a residual subset of X'. To complete the proof, we prove that
x € X is a regular value of 7 if and only if DVoy(z) is surjective for all = € o} ' (0).

In other words, we must prove that

Dr(b,z) is surjective < DY0,(b) is surjective for all b € o, 1(0).

Suppose that DV, (b) is surjective for all b € o, 1(0). Fix & € T, X. Since DVo,(b) is

~

surjective there exists b € T8 such that

DY0,(b)[b] = DV03(2)[2] € Epa)-
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Then
D’n(b,z)b,z] =z

and thus DV (b, x) is surjective as required.
Conversely, suppose that D'm(b,x) is surjective. Fix v € &4,). Since DVo(b, z) is
surjective. there exists (b, &) such that DVo (b, &) = v. Thus

DY0,(b)[b] + D op(z)[Z] = v.

Since DV7(b, ) is surjective there exists by such that

D?0,(b)[b1] + D0y (z)[z] = 0.

Thus if 62 =b— (31 then
Do, (b)[b2] = v.

This completes the proof. ]

Remark 3.25. In the setting of Theorem 3.22, since ran Do (b, z) is necessarily closed (as
DVoy(x) is bounded as k > 1 and D"0,(b) is Fredholm, cf. the proof of the first statement
of Proposition 3.23 above), in order to show that Do (b, ) is surjective it is sufficient to
show that annhilator of its image is zero. Thus it suffices to show that

(ran DV (b, x))*" = 0,
where

(ran D0 (b, z))*"" = {(p € Eay | p(v) =0 for all v € ran Do (b, x)} :

Exercise 3.26. Prove this using the Hahn-Banach theorem.
We will now prove Theorem 3.21.

Proof. (of Theorem 3.21)

The proof is an easy application of Theorem 3.22. We take B = £Q and X = CF(S! x
Q), and we take £ — LQ x C*(S' x Q) to be the Banach bundle whose fibre over (z, H)
is simply L?(S',2*TQ). For a given fixed almost complex structure J on Q that is w-
compatible, we define as before

o(x,H) :=oyp(x)=J(x)(2'(t) — Xg,(x(t))) = Viru(z).
We have already shown that the map operator Doy (x) is a Fredholm operator of index
0, and thus by Theorem 3.22 we need only show that DVc(z, H) is surjective for all

(z, H) € 0~1(0). Moreover by Remark 3.25 it is sufficient to show that if § € L?(S!, 2*TQ)
has the property that

/ <D”U(:L',H) [gf;,m,g>J dt =0, forall (&, H) € WH2(S1, 2*TQ) x CF(St x Q)
Sl

then g = 0.
This is proved in two stages. Firstly, taking H = 0 we see that

/S (D% (w)[i], 6} dt = 0 (3.6)
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for all 2 € WH2(S1, 2*T'Q), where we are using the fact that
DY¢(x,H)[&, H] = D0y (x)[#] + D'o,(H)[H].

We claim that the fact that (3.6) holds for all # implies that § € C*(S',2*TQ). To see
this, it is convenient to go back to the local trivialisation picture used in the proof of
Lemma 3.20. First note that x is certainly of class C¥, since 2’ = Xp,(v) with H of
class C*. If we choose a symplectic trivialisation ®; : R?® — Ty)@ then if we define
v € L%(S',R?™) by requiring that

g(t) == @(v(t))

then (3.6) becomes the assertion:
/ (Jow'(t) + S(t) - w(t),v(t))dt =0
Sl

for all w € WH2(S', R?"), where S is a C*-smooth path [0, 1] — Sym(R?"). This equation
says that v is a weak solution to the equation

(Jojt + S) [v] =0,

where we are using the fact that S is symmetric. But clearly any weak solution is neces-
sarily a strong solution, and hence we see that v is of class C*. Thus so is §. Now we know
that ¢ is of class C¥, it is easy to prove that § = 0. Indeed, suppose for contradiction that
there exists to € ST such that §j(tg) # 0. Choose h € C*(Q) such that

dh(z(to))[9(t0)] > 0.

Since ¢ is continuous, there exists € > 0 such that

dh(z(t)[g(t)] >0, forallt e (tg—¢€,to+ €).

Choose a smooth cutoff function 8 € C*°(S,[0,1]) such that 5(ty) = 1 and S(t) = 0 for
t ¢ (to — €, to + €). Finally set )
Hi(z) := B(t)h(x).

Then by construction we have
[ (protemnio.m.g) =~ [ dfna)aol <o,
g1 J S1

which contradicts (3.6).
To finish the proof of the Theorem we need to go from the C*-statement to the C>-
infinity statement: we have shown that for each k£ € N there exists a residual subset

Hlfeg C Ck(S' x Q) such that if H € ’erg then all elements of P;(H) are non-degenerate.
Since P1(H) is finite by the Exercise 3.28 below, it follows that erg is not only a dense

subset but also an open subset. Now by the Baire Category theorem we complete the
proof with

)
k
H"eg = ﬂ Hreg'
k=1
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Exercise 3.27. Suppose H € C*(S! x Q). Let oy = ¢}; denote the time-1 map. Let
z(t) € P1(H) and set ¢ = x(0). Let A C @ x @ denote the diagonal. Prove that z is a
non-degenerate element of P;(H) if and only if (g, q) is a transverse point of intersection
of A and graph(pg).

Exercise 3.28. Prove that if H € C*(S' x Q) has the property that every element of
P1(H) is non-degenerate then Py (H) is a finite set. Hint: Use the previous exercise.
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CHAPTER 4

The Floer equation and elliptic regularity

From now on we will always assume our given Hamiltonian H € C*°(S' x Q) belongs to
Hreg- Fix once and for all an w-compatible almost complex structure J on Q.
Suppose u : R — AQ is a negative gradient flow line of Ag. That is,

%u(s) + Vihg(u(s)) =0, (4.1)

where V jAgy was defined in Definition 3.13. A map u : R — AQ is the same thing as a
map u : R x ST — @, and thought of in this way the equation (4.1), which is an ODE on
the loop space, becomes a PDE on Q:

Osu + J(u)Oyu — J(u) X g, (u) = 0. (4.2)

Now we can explain Floer’s brilliant observation. The point is, that the ODE (4.1) is a
terrible ODE to try and do Morse theory with, as it is not well posed (cf. Remark 3.6).
Nevertheless the PDE (4.2) is a nice equation to work with! Indeed, one can view (4.2)
as a perturbation of the equation

Osu + J(u)dyu = 0,

which is the equation that u should satisfy in order to be a J-holomorphic map, as defined
by Gromov | ]. Gromov proved that J-holomorphic maps have lots of nice properties:
for instance, typically they come in finite-dimensional families. Thus it is reasonable to
hope that the perturbed equation (4.2) should also share most of these nice properties.
This is indeed the case, and this is the key to why Floer homology works.

Definition 4.1. Fix p > 2 and consider the space WP(R x S, Q) of maps u: Rx St — Q
that are locally of class WP, This is the completion of the space C*°(R x S', Q) in the
Sobolev WP-norm. Note we really need p > 2: since R x S! is 2-dimensional, elements
of Sobolev class WP are continuous only when p > 2. Thus the space W'P(R x S1, Q) is
only well defined when p > 2!

Remark 4.2. For p < 2 one can still define this space by choosing an embedding Q < R
for some N and then setting

WP(R x S, Q) := {u e WHP(R x S, RY) | u(s,t) € Q for a.e. (s,t)}.

Nevertheless for p < 2 this space depends on the specific choice of embedding Q — RY.
Let £P denote the Banach bundle over W1P(R x S!, Q) whose fibre over u is the space

EP = IP(R x S*, u*TQ). (4.3)
Definition 4.3. The Floer operator
Dym:WHPRx S, Q) — &

is defined by B
O0sm(u) :=0su+ J(u)Opu — J(u) X, (u).
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The aim in the next few lectures is to prove that the linearization DV0;y(u) at a
zero u is a Fredholm operator, and that (after a small perturbation of H away from the
elements of Py (H)), every zero of 0 is regular. This will allow us to define the moduli
spaces used in Floer homology. As in the definition of the spaces B(x,y) on page 4, in
order to get a nice Fredholm operator we need to restrict 0 J,H to an appropriate path
space.

Fix a ’background’ Riemannian metric g on ). This metric will be used to define the
exponential map exp in the next definition. Since @ is compact, any two Riemannian
metrics on () define the same topology, and hence the choice of g makes no difference to
the spaces BYP(z~, 21) defined below.

Definition 4.4. Fix 27,27 € P1(H). We define the space
BY(z~,zt) c WHP(R x S*, Q)

to be the subset of maps u € WIP(R x S, Q) with the following additional property:
there exists sg > 0 and sections

£ € WHP((—o0, —so] x S*, (¢7)'TQ), &7 € WHP([so, +00) x S, (z7)"TQ)
such that for |s| > s¢ one has
U(S,t) = eXpmi(t)(’Si(svt))' (44)

Exercise 4.5. Convince yourself that the space BY“P(z~,z%) carries the structure of a
Banach manifold, and that

T,BYP (2, 27) = WYP(R x S, u*TQ).

Moreover the bundle £P defined in (4.3) restricts to give a well defined Banach bundle
EP — BYP(z~,x1). Finally, prove that

Oypm:BY(z,2T) — &P
is a smooth section. Hint: Ignore this exercise. It is very boring and tedious.

In order to get any further we will need to recall two elliptic results, which we will
quote without proof. Let Jy denote the standard almost complex structure on R?” defined
in (?7?), and let

0:= Os + JoOs

denote standard Cauchy-Riemann operator on R?",

Theorem 4.6 (The Calderon-Zygmund inequality). Let 1 < p < 4o00. There exists a
constant c¢(p,n) > 0 such that

IVull ey < elp,n) [|0u]| 1o e

for every compactly supported smooth map u : C — R*".

This theorem is highly non-trivial. See for instance [ , Appendix B] for a detailed
proof. A density argument then gives the following result, which we leave as an exercise:

Exercise 4.7. Let 1 < p < +00. There exists a constant ¢(p,n) > 0 such that for every
map u € WHP(R x ST R?") it holds that

||Vu||Lp([R><Sl) < c(p,n) HEUHLP([RXSU ' (4'5)
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Definition 4.8. Suppose © C C is an open domain and u, f € Ll _(9). Recall we say
that v is a weak solution to the equation

ou=f

if for every ¢ € CZ°(C) one has

| twdpydsde = - [ (s dsat,
Q Q

where here

0 :=0s — Jo0.

Theorem 4.9 (Local regularity for weak solutions). Suppose 2 C C is an open domain
and f € WIIZf(Q) Then if u € LY () is a weak solution to the equation du = f then
u € WETEP(Q). Moreover, if U C € is an open domain such that U C € then there exists

loc

a constant ¢ = ¢(p, k,U, Q) > 0 such that

”uHWkJrLP(U) <c (HfHWk,p(Q) + HU’HLP(Q)> : (4.6)
In particular, if f is smooth then so is u.
This is actually a (fairly) easy consequence of Theorem 4.6.

Exercise 4.10. Use Theorem 4.6 to prove Theorem 4.9. Hint: See | , Appendix B]
if you get stuck.

Let us now fix two critical points 2=,z € Py(H), and assume u € BYP(z~,z7T)
satisfies 07 g (u) = 0. We would like to prove the following elliptic regularity result:

Theorem 4.11 (Elliptic regularity). If 9 g (u) =0 then u € C*®°(R x S, Q).
This result will take a long time to prove. We will begin by proving a linear version:
Theorem 4.12. Let 1 < p < co and suppose
S e C°(R x ST, L(R*™)) N L¥(R x S, L(R?™))

is a smooth map such that the limits S*(t) := lim,_,100 S(s,t) exist and such that

Jm 550 =0,

uniformly in t. Let
Dg: W'P(R x S' R*™) — LP(R x S*,R*")
denote the perturbed Cauchy-Riemann operator
Dgu := 0su + JoOwu + Su.
Then:

1. Suppose u € LP(R x S',R?") is a weak solution of Dgu = 0. Then u € W'P(R x
ST R?™) N C>(R x S, R2"M).
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2. Ifu € WYP(R x S, R?") then there exists a constant ¢ = c¢(p) > 0 such that
HUHWLP([RxSl) <c (HDSUHLP([Rxsl) + HUHLP([RXS’l)) : (4.7)

Remark 4.13. Strictly speaking we do not need to prove (4.7) in order to prove Theorem
4.11. However (4.7) will be useful when it comes to showing that D0 g (u) is a Fredholm
operator.

Proof. The proof of (1) is an easy consequence of Theorem 4.9. Indeed, if u € LP(R X
S R?") is a weak solution to the equation Dgu = 0 then u is a weak solution of

ou = —Su,

where 0 = 05 + Jo0;. Note that Su € LP(R x S',R?"). Theorem 4.9 then implies that
u € VVI})’f But then Su € VVli)’f Thus another application of Theorem 4.9 implies that

u € W2P. By induction, we see that u € VVIIZCP for all k € N, and hence u € C*®(Rx S, R??)

loc

by the Sobolev Embedding Theorem.
To prove (2), we first note that the Calderon-Zygmund inequality (Theorem 4.6) im-
plies that if u € C°(R x S',R?") then there exists a constant ¢; > 0 such that

IVl oxsty < 10ull Lo sty
and hence
ullwre®xsty < €1 ([10ull orxsty + ull Loxst))

< e1 (IDsull ogsty + (1 + 1S oo vxcsty) ull Lo(rxsty)
< ¢ ([IDsull Lo ®xsty + llull Lorxsty)

where ¢ = ¢1 (1+ ||S||Loo([R><Sl)). ]
Here is an extension of Theorem 4.9. Note that if du = f then
Au = 00u = 0f.

Lemma 4.14. Suppose 2 C R x S! is an open domain and wu, f,g,h, € LY (Q), and
suppose that u is a weak solution of the equation:

Auzf—i—@sg—l—@th

(where 059 and O;h are interpreted as distributions). Then in fact u € W’lif (Q). Moreover
if U C Q is an open domain with U compact, U C (), then there exists a constant
¢ =c¢(p,U,Q) such that

lllwrogeny < € (17120 + ol + NAllo + Nullogey) -
Exercise 4.15. Prove Lemma 4.14.

We now move onto the proof of the non-linear version, Theorem 4.11. By choosing a
finite atlas of charts on @, we may assume Q = R2".

Remark 4.16. Warning: Do not confuse ‘linear’ and 'working on R?>™". As we shall see, the
non-linear version is much harder, despite the fact that superficially they look the same.
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We start from the assumption that we are given a I/Vlif map u : Rx St — R?" satisfying
Osu + J(u)0ru — J(u) X gy, (u) = 0.
Set
J(s,t) == J(u(s, 1), f(s,t) == J(u(s,t)) Xp(u(s,t)).
Thus J € W"P(R x S!,L(R2")) and f € T/Vlf)’p([R x S1,R?"). The first step is the following

loc C
lemma:

Lemma 4.17. Suppose U C Q C R x S' are open domains with compact closure, with
U C Q. Suppose p > 2 and q,v > 0 with r > 1 are such that
1 1 1
D=, (4.8)
P g r

Suppose J € W1P(Q, L(R?")) satisfies J?> = —1 and
HJHWLP(Q) < ¢o.

Suppose f € LI (Q,R*"). Ifu € L

Toc I (Q,R*™) is a weak solution of the equation

Osu + Joywu = f (4.9)

then in fact u € VVllo’Z(Q, R?"). Moreover there exists a constant ¢ = c(cy, U, Q) > 0 such
that
ey < € (Il + lllzagey) -
Proof. We will use Lemma 4.14. We apply 05 — JO; to (4.9) to obtain
(85 - J@t)((?s + J@t)u == (83 - J@t)f,
which gives

Au=J-0J0u— 0y - Opu+sf —J -0, f
= J 0T (J-Ogu— Jf) — 8sJ - Opu+ Osf — J - Ouf

Y 20,0 (Deu— f) — Ou] - O+ Osf — J - Ouf

= —0sJ - Opu — &gJ(f — Gsu) + 85f —J -0 f

) 0u(0T - u+ f) + (=0T -u— Jf),

where (*) used the fact that 9,J - J = —J-9,J (differentiate J? = 1 with respect to t), and
(%%) used the fact that 9%.J = 92,J (even as weak solutions!). Next, Holder’s inequality
implies that both g := 0;J - u+ f and h := —0sJ - u — J f belong to L (Q):

loc
190l Lr ) S N0 || Loy Nlull Lacay 1 lry s 110l ey < 105l poay 1wl Lagay 19 fll ey »

where we have used the fact that J is continuous as p > 2 (this is where we use (4.8)).
Thus by Lemma 4.14 we conclude that

fallwroy < 1 (1007wl + 1y + 10:T -l + 1 L)
<c (”JHWLP(Q) lull oy + 1 Lm0y + 1T lwe o llull Loy + 111 oo o) Hf”LT(Q))
< c1 (260 [ull oy + (1 + Leo) 1l ey

where L is a constant such that ||-||;ec < L||-|[yy1p (such L exist since p > 2 and hence
WP embeds compactly in L>). This proves the lemma. ]
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Exercise 4.18. Check that Lemma 4.17 still holds if ¢ = 400, with r = p < +o00.

The following result completes the proof of Theorem 4.11. Next we prove the following
result:

Theorem 4.19. Suppose k > 1 and p > 2. Suppose J € VVlﬁf([R x SY L(R?™)) satisfies
J? = —1 and f € WP(R x 8T, R*"). Ifu € L' (R x S',R?") is a weak solution of the
equation

asu + J@tu = f

then u € Wil'P(R x S',R?"). Moreover if U C Q C R x S' are open domains with
compact closure, with U C 2, and

HJHWk,p(Q) < ¢p,

then there exists a constant ¢ = c¢(p,n, k,co,U,Q) > 0 such that for every 0 < j < k —1
one has

lullwsraqey < & (1 lwsaqy + Nelwsaen ) -

Proof. Let us begin with the case k = 1. Our goal therefore is to show that u € T/Vlif([R X
St R?™). As before we apply ds — JO; to discover that

Au+85Ju—J8tJu—8sf+J8tf:0

Our first goal is to show that u € VVlif([R x SY R?"). If we could show that u € L%°(R x
S R?") then we coudl apply Lemma 4.14 with 7 = p and ¢ = 400 (c.f. Exercise 4.18).
Unfortunately we do not yet know this is the case. So we first show that u € VV&DZ([R X

St R2™) for some 7 > 2. Then by the Sobolev Embedding Theorem u € L®(R x St, R*").

Unfortunately one cannot simply apply Lemma 4.14, since 0¢J - u only belongs to Lf 0/ 3,

and so unless p > 4 we cannot use Lemma 4.14 to deduce that u € VVI(IDCT([R x St R
for some r > 2. Instead, the idea is to successively apply Lemma 4.17 for a clever set of
choice of triples (pg, gk, i) satisfying px > 2, rp > 1 and 1/py + 1/qx + 1/r = 1.

Claim: There exists a finite sequence of tuples (pg,qx,7x), for 0 < k < [+ 1, such

that:
® Po=4q0 =D, ,
° 1<T‘0<1”1<"'<7“l<2<’l"l+1<p,

o for 1<k <Il+1,q =L

2—=Tp—1"
To prove the existence of such a sequence one chooses 1 < 19 < p/2 and defines inductively

2pry,

r =
kil 2]) + 27’k — Pri

If r, < 2 then rgqq > ;. If 7 < 2 for all £ then the sequence would converge to a limit
oo < 2, which contradicts the recurrence relation. Thus there exists a finite [ such that
r <2< T141-

Now choose a sequence of open domains

UcUygicUycC---CUycCq,
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such that at each stage one has Uy compact and U1 C Ug. The Sobolev Embedding
Theorem tells us that
Lp(Uk_l) C L (Uk—l),

Whre=1(Uy_1) € L% (Up_1)
2rp—1 !

(this was the reason for requiring g, = 5= —-

that

). Moreover there exists a constant by such
1z sy < Bl o -

So now let us apply Lemma 4.17 with (po, qo, 70, Up). This tells us that u € Whro(Uy),
and moreover that there exists a constant kg such that

el ooy < @0 (11l zncey + Nl oy ) -

Now apply Lemma 4.17 with (p1,q1,71,U1). We see that u € W11 (U;) and obtain

el oy < 01 (112 oty + 1l o iy ) < 0301 (1F oy + Nllignro gy ) -

Now we repeatedly apply Lemma 4.17 another [ times to see that u € W17 +1 (U, 1) and
moreover that

el g,y < @ (I lny + il g,y -

But now we are finally in good shape! Since 77,1 >2, one has W1m+1(U;1) C L®(Uj41),
and hence we now know that v € L*(U;41). Now we apply Lemma 4.17 one more time
with (p, +00,p, U41) to deduce that u € WP(U) and that there exists a constant ¢ > 0
such that

lullwro) < € (1o + el o) -
This game is called elliptic bootstrapping. We are not done yet though! The next step is

to show that actually u € W2P(U). For this one plays exactly the same game again with
v = Osu and w = Jyu. One has

0sv+ Jow — g =0,

where

g = 8sf — (3SJ . 8tu.
Unfortunately we are even worse off than before, since g is only in Lf O/C2([R x St R?"),

Nevertheless by applying Lemma 4.17 with p = ¢ and r = p/2 we see that v € Wli’f/ 2(IR X
S',R?™), and hence in L (R x S',R*), where ¢; = 2r/2 — r. Similarly w € L{ (R x
S',R?"). Thus if 1 is defined by 1/p+1/¢1 = 1/r; then we see that g € L} (R x S*, R*").
Now we can repeat the arguments given above to show that both v and w belong to

WLP(R x ST, R?™).
We have now finally proved the case k = 1 of Theorem 4.19. One now argues induc-
tively, as the following two exercises show. [ |

Exercise 4.20. Prove that if p > 2 and k£ > 1 then if f,g € VVf}f([R x S' R?") then the

product fg also belongs to VVIIZf([R x S1,R?"), and moreover if 2 C R x S! is an open

domain with compact closure then there exists a constant ¢ > 0 such that

HngkaP(Q) <c Hf”wk,p(g) HQHWM(Q) :

Exercise 4.21. Complete the proof of Theorem 4.19. Hint: You will need to use Exercise
4.20. See [ , p430-432] if you get stuck.

We have now completed the proof of Theorem 4.11.

38



CHAPTER 5

Fredholm theory

The aim of this section is to prove that if u € BYP(z~,z7") satisfies 9 (u) = 0 then
the vertical derivative DV0 s.i(u) is a Fredholm operator. The first step is to choose a
symplectic trivialisation of the pullback bundle v*TQ — R x S'. For this we use the
following lemma, which is an extension of the first part of Lemma 3.19.

Lemma 5.1. A symplectic vector bundle E — % over a compact Riemann surface 3 with
non-empty boundary 0% admits a symplectic trivialisation. Moreover the restriction of
the symplectic trivialisation to any of the boundary circles is admissible in the sense of
Definition 3.18.

Exercise 5.2. Prove Lemma 5.1. Hint: Set k(X) := 2¢g(32) 4+ #mp(0%) and preceed by
induction over k(X). See | , Proposition 2.66] if you get stuck.

Strictly speaking we cannot directly apply Lemma 5.1 to the symplectic bundle ©*T'Q) —
R x S, since R x S! is not a compact Riemann surface with non-empty boundary. However
since we already know that u is a smooth map, we can employ the following trick.

Denote by R = [—o0,+00] the compactification of R, equipped with the structure
of a compact bounded manifold by the requirement that s — s(1 4+ s2)~%/2 defines a
diffeomorphism from R to [—1,1].

Exercise 5.3. Suppose u € BYP(z7,27)NC®(R x S, Q). Show that u extends to define
a smooth map % : R x S' — Q satisfying w(+o0,t) = xF(t).

Thus applying Lemma 5.1 to the compactified map @, we obtain a symplectic triviali-
sation
d:RxS'—=wTQ
with the property that ® := ®|g, g defines a symplectic trivialisation of u*TQ, and
ot = @ {00} x5t defines an admissible symplectic trivialisation of the asymptotic bundles
(zF)*TQ — S'. As in the proof of Lemma 3.20 we now consider the smooth family
S : R x S* — L(R?") of matrices defined by and let

S(s,t) =P} o (Vs® + J(Vi® — Vo Xp,(u)). (5.1)
The limit matrices

SE(t) = lim S(s,t) = (3F) ' 0 J(V,F — Vi X, ()

s—too

are symmetric (cf. the proof of Lemma 3.20). Since @, : R*® — Ty(s,4)@ is an isomorphism
for each (s,t) € R x S', we obtain that:

Lemma 5.4. The operator Ddyp(u) : WHP(R x SLu*TQ) — LP(R x SYu*TQ) is
Fredholm if and only if the operator Dg : WYP(R x S1,R?™) — LP(R x S, R?") defined as
usual by

Dgu = 0su + JoOyu + Su

is Fredholm. Moreover B
ind DOy g (u) = ind Dg.

Exercise 5.5. Prove Lemma 5.4.
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The main result of this section is the following result:

Theorem 5.6. Fix 1 < p < 400 and suppose S : R x S1 — L(R?") is a smooth map such
that the limits ST (t) := lims_,+o0 S(s,t) exist and the convergence is uniform in t. Let

Dg: W'P(R x §', R*™) — LP(R x S*,R?")
denote the perturbed Cauchy-Riemann operator
Dgu := 0su + JoOwu + Su.

Suppose that the limit operators S* are symmetric matrices for eacht € S*, and moreover
suppose that they are non-degenerate in the sense that the fundamental solutions U™ :
[0,1] — Sp(R?",wp) of ST (i.e. the solutions of the equation

(TF)'(t) = Jo- ST(1) - TF(t), TF(0) =1,
cf. Lemma 3.16) satisfy det(¥*(1) — 1) # 0. Then the operator Dg is Fredholm.

Later on in Theorem 6.21 we will compute the index of Dg, but for now we will content
ourselves with showing only that Dg is Fredholm. The proof consists of two steps. In the
first step we show that if S(s,t) does not depend on s, then the operator Dg is not only
Fredholm but is in fact an isomorphism.

Theorem 5.7. Fix 1 < p < 400 and suppose S : S — Sym(R?"). Let
Dg : WHP(R x S, R?™) — LP(R x S, R*")
denote the perturbed Cauchy-Riemann operator
Dgsu := dsu + JoOyu + Su.
Assume that S is non-degenerate. Then the operator Dg is invertible.

We will first prove Theorem 5.7 in the case p = 2. The proof will require the following
classical result, which is a special case of the Hille-Yosida theorem (see for instance | ,
Theorem 13.37]).

Theorem 5.8. Let H be a Hilbert space and A an unbounded self-adjoint linear operator.
Assume that spec A C (—oo, k| for some k € R. Then there exists a family of bounded
operators E4(s) : s € [0,+00) such that:

1. limgyo Ea(s)r =« for all v € H,

2. Ex(s+1t) = Ea(s) o Ex(t) for all s,t >0,

3. EA(s)(H) C dom A for every s > 0,

4. the map s — E4(s) belongs to C*°([0,+00),L(H)),
5. LE4(s) = Ao Ea(s),

6. |Ea(s)|li gy < €™ forall s > 0.

One often writes E4(s) = exp(sA).
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In order to prove Theorem 5.7 in the case p = 2, let us set
H = L*((0,1),R*™), W := W3S R*™).
Then
L*(R x S, R?™) = L3(R,H), WD5H(R x S, R?") = WY2(R, ) N L*(R, W),

where the norm of the intersection of two spaces is by definition the sum of the two norms.
Now consider the unbounded linear operator A on ‘H with dense domain W given by

A= Jyos+ S.

(thus A was denoted by og in Lemma 3.16). In fact, as claimed in Lemma 3.16, A
is symmetric. To see this one computes using integration by parts and the fact that
Jg = —Jp that:

1 1
(Au,v), = /0 (Jou' + Su) -v = /0 u- (Jov' + Sv)dt = (u, Av), .

Next, we claim that the assertion that S is non-degenerate implies that A has a bounded
inverse. In other words, given v € ‘H we must find a unique v € W such that Au = v.
Let ¥ denote the fundamental solution S, so that ¥/ = JySW. Then if Au = v then
u' = JoSu— Jov, and hence given £ € R?", the solution ug of Aug = v satisfying ug(0) = ¢
is given by

ug(t) = U(t) (5 - /Ot \I/(s)ngv(s)ds> , for all £ € R*™,

One has ug € W if and only if ug(1) = 1, which is the case if and only if

1
(P(1) —1)¢ = \If(l)/o W(s) L Igw(s)ds.

Thus the inverse A~!: 4 — H is the compact operator

1 t
ALu(t) = (1) <(\p(1)_1)—1\p(1)/0 \I/(s)_lJov(s)ds—/O \I/(s)_ljov(s)ds>.

Since A is symmetric and invertible, A is self adjoint. So its spectrum is real, and by the
spectral theorem we can decompose H = H™@®H ™ in the positive and negative eigenspaces
of A. Thus if

A% = Alyrrw

then A*are self-adjoint unbounded linear operators with domain dom A* = H* N W.
Moreover there exists £ > 0 such that spec AT C [k, +00) and spec A~ C (—o0, —k].
Thus by Theorem 5.8 the operators —A* and A~ generate families E_ 4+ (s), F4—(s) €
L(HF). Let P* : H — H*denote the orthogonal projections onto H* and consider the
discontinuous path of bounded linear operators given by

E Pt >
G(s) := ()P 520,
—FE - (—s)"P~, s<0.

Then
Gl < e, (5.2)
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and we can define the operator

Is: L*(R,H) — WY(R, 1) N L*(R, W)

:/[RG(S—T dT—/G v(s + 7)dT

This is well defined due to the following estimate:

1/2
/HG o(s + 7l et dT_/ (/ 1G(=7)o(s + ) [Zagsn d> dr
1/2
< [ ([ uv<s+r>||%zwl>ds) r
R R

= /[Re_%h| [0l L2 (R 51y dT < +o00.

by

We claim that I'g is the inverse of Dg. Indeed, if v € L?(R,H) and I'sv = w then write

w:w++w_,

where
s +oo
wh(s) = / E_a+(s —1)PTo(r)dr, w (s)=— Ej (1 —s)P v(r)dr.
Then
%w‘”‘(s) = PTy(s) — AT /_S E_4+(s—1)PTou(r)dr = Pto(s) — ATw™(s),

and similarly

d _

s (s)
and hene %’ = v — Aw, so that Dgl'gv = v. Similarly I'sDgu = u for every u €
WY2(R,H) N L?(R,W). Thus Dy is invertible. This proves Theorem 5.7 for the case
p = 2. We now prove the general case.

=P ou(s) — A w (s),

Proof. (of Theorem 5.7).
Suppose p > 2. We first show there exists a constant ¢ > 0 such that

Hunl,p([k,kH]xsl) <c (”DSUHLP([k_1,k+2]xsl) + ||u”L2([k—1,k+2]><Sl)> : (5.3)

=

To prove (5.3) we first note that there exists a constant ¢; > 0 such that

lwll e epsixst) < € (||DSU||LP([k—1/2,k+3/2]><Sl) + ||u”L2([k—1,/2k+3/2}><51))

(see the proof of part (2) of Theorem (4.12)). Since W2 embeds continuously into LP for
every p € [1,400), there exists ¢z > 0 such that

||U||Lp([k—1/2,k+3/2]xsl) < ¢ <HUHW1»2([k—1/2,k+3/2]><51)) :
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Then the first estimate but for p = 2 gives a constant c3 > 0 such that

)

since p > 2. Putting this together we deduce an estimate of the form (5.3).
Next, we claim that there exist constants a,b > 0 such that if v € W2 and Dgu € LP
then u € WP and

HUHW1,2([k71/2,k+3/2]><Sl) <c3 (HHDSUHLQ([k—l,k:JrQ]XSl) + HUHLQ([kfl,k:JrQ]XSl)

< (HHDSU||LP([k—1,k+2]><Sl) + ||u||L2([k—1,k+2]><Sl)

HUHLP([R,’H) <a ||DSU||Lp([Rx51) ) (5.4)

llly sty < b (1Dstloggnsty + 1l oo ) - (5.5)

To see this we first note that by assumption v := Dgu belongs to L?(R,H) and satisfies

1/2 L\ 1/2
oo = ( [ 1ol ds) = ( L[ k) ds) < ol o st

and hence v also belongs to LP(R, H). Since u € W2, from above we know that u = I'gv,
and hence by Young’s inequality and (5.2) we obtain

2
HUHLP([R,H) = ||FSUHLP([R,H) = |G = U”LP([R,’H) < HG”Ll([R,L(’H)) HUHLP([R,’H,) < - HU”LP([R,’H)'

Combined with the previous inequality, this proves (5.4). Now to prove (5.5), since W2
embeds into L{, , both u and du = Dgu — Su belong to L} .. Thus by elliptic regularity,
u € W,oP. Using (5.3) we see that

k+1 k+2 p/2
||u||L1P (lesk-+1] x.S1) <c / / |Dsu|p dtds + </ / |u] d8d8>
k S1 S1
k+2 p/2
< 01/ / |Dsul? dt + (/ |u|2dt) ds.
k—1 St S1

5).

Summing over k we obtain (5
5) together we see that if u € C2° then there exists a constant

Combining (5.4) and (5.
¢ > 0 such that
HUHWLP([Rxsl) <c HDSUHLP([RXSI) )

and by density this actually holds for all u € WYP. Thus the map Ds € L(W'P, LP)
is injective and has closed range. If v € LP N L? then since we already know the result
for p = 2 there exists u € WP such that Dgu = v. But then from the above we know
that this implies u € WP, Thus Dg(W'P) contains the dense subspace LP N L2. Since
Ds(W'P) is closed in LP we see that Dg(W'P) = LP, and thus Dg is also surjective. M

Exercise 5.9. Use a duality argument to complete the proof of Theorem 5.7 in the case
where 1 < p < 2. Hint: See | , Proposition 8.7.15] if you get stuck.

We now move onto proving the main result of this section, Theorem 5.6. In order to
do so we first recall some more standard facts about Fredholm operators.

Let X and Y denote real Banach spaces. Let L(X,Y) denote the set of continuous
linear maps and L.(X,Y’) the subspace of compact operators. We say that 7' € L(X,Y")
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is semi-Fredholm if ranT is a closed subspace of Y and at least one of ker T" and coker T’
are finite dimensional. If T is semi-Fredholm then it still makes sense to define the index
of T to be

ind7T := dim ker T' — dim cokerT' € Z U {+o00}.

Thus a Fredholm operator is precisely a semi-Fredholm with finite Fredholm index. We
will need the following result, which can be found in | , Section IV.5].

Proposition 5.10. The set of semi-Fredholm operators is open in L(X,Y"), and the index
is a continuous function. If T' is semi-Fredholm and K € L.(X,Y) then T + K is semi-
Fredholm of the same index.

We will also need the following simple lemma.

Lemma 5.11. Suppose X,Y, Z are Banach spaces and T' € L(X,Y) and K € L(X,Z). If
there exists a number ¢ > 0 such that

lzllx < c(Tzlly + Kzl ), forallze X, (5.6)

then T has finite dimensional kernel and closed range, and hence is a semi-Fredholm
operator with index indT € Z U {—o0}.

Proof. We show that ker T'N Bx is compact, where B is the ball of radius 1 in X. This
implies ker T is finite dimensional. If (x3) C ker T'N By then since K is compact, up to
a subsequence we may assume (Kzy) is convergent, and hence Cauchy. Feeding this into
(5.6) we see that

lon — zillx < cl|[Kzn — Kagl, — 0.

Thus (xx) is Cauchy in X, and hence converges up to a subsequence.

It remains to show that ranT is closed. Since ker T is finite dimensional, by the
Hahn-Banach theorem there exists a topological complement Xg C X of ker T' (i.e. X
is a closed subspace such that X = X @ ker 7', Xo Nker 7" = (0)). Suppose y € ranT.
Then by definition there exists (x;) C Xo such that Tz, — y. We claim that ||z y is
bounded. If not then passing to a subsequence we may assume that ||zx| y — +00. Set
z), = xy/ ||zl x € Xo N Bx. Then Txz) — 0 and Kz converges in Z (up to another
subsequence). Feeding this into (5.6) again, we see that

loh — 2l < e (|Tah, — Tl + || Kb — Kai ;) — 0.

Thus zj, — 2/ € Xo N Bx (since X is closed). But also 2’ € ker T, contradicting
XoNker T'= (0).

Thus (zx) is bounded. As before, this implies that up to a subsequence (Kxy) is
convergent, and hence feeding this one more time into (5.6) shows that (z) is Cauchy.
Thus zp — x with Tx = y. Thus y € ranT and so ranT is closed as claimed. [ |

Let us now prove Theorem 5.6.
Proof. Given o > 0 define

S(S,t), s > o,
S(o,t), s<oa,

and



Then

| sz = Ds+ | < |I8F = 5% 1 =0

L(whle Lp

and hence as the set of invertible linear operators is open in L(W1P, LP), there exists o > 0
such that Dsgc is invertible. Thus there exists ¢; > 0 such that

lullrsmnsyy < e || Dz, oo

Thus if u € WHP(R x S1) is supported in (R\[—o — 1,0 + 1]) x S! then

Hu”WLP([Rxsl) <a HDSUHLP([Rxsl) : (5.7)

Now select a smooth function 8 : R — [0, 1] such that 8(s) =1 for |s| < o+1and f(s) =0
for |s| > 04+ 2. As in the proof of Theorem 4.12, we write u = fu+ (1 — f)u and estimate:

HUHWLP([RxSl) < H/BUHWLP([RxSl) +[[(1 = B)UHWLP([RxSl) :

We estimate the first term using (4.7) to obtain:

1Bullrarnsty < €2 (IDs(5) | o sty + 18] ooty
<c3 (HDSUHLP(RxSl) + HUHLP([—O——2,0+2]x51)) :
Using (5.7) we estimate the second term by
11— B)UHWLP([Rxsl) < c||Ds(1 - 5)U||LP(R><51)
=a HDSU - ﬁ/uHLI)([Rxsl)
< || Dsull orusty + ca llull o—o—2,012)x51) -

Combining these two estimates we see that there exists a constant ¢y > 0 such that
1 1
”UHWLP([Rxsl) < co (HDSUHLP([RXSl) + Hu||LP([—U—2,cr+2}><Sl)> , forallue WHP(R x 57).

Now we apply Lemma 5.11 with X = WP(R x S!), Y = LP(R x S!) and Z = LP([-0 —
2,0+ 2] x S, with T = Dg and K the restriction operator

WLP(R x S, R?™) — LP([—0 — 2,0 + 2] x St R?™).

By Rellich’s compactness theorem, K is indeed a compact operator. Thus Lemma 5.11
implies that Dg has finite dimensional kernel and closed range. To complete the proof we
must show that the range of Dg has finite codimension in LP. Equivalently, letting ¢ > 1
be such that 1/p+ 1/¢g = 1, we must show that the annhilator

(ran Dg)° := {v € LP(R x SY) | Dgu - vdsdt = 0, for all u € WP(R x Sl)}

Rx St

is finite dimensional. But if v € (ran Dg)° then v is a weak solution to the equation
Ov = S*v, and hence by Theorem 4.12, v is actually a strong solution. Thus

(ran Dg)° C ker D_gs.

But the operator D_g~ is of the same form as Dg (i.e. —S™* has the same properties as
Dg). So from what we already know, ker D_g- is finite dimensional. Thus the same is
true of (ran Dg)°. This completes the proof of Theorem 5.6. [
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Exercise 5.12. Show that actually one has equality
(ran Dg)° = ker D_g-.

The aim now is to compute the Fredholm index of the operator Dg : WI'P(R x
St R?™) — LP(R x S',R?"). This will take some time, and will not be completed un-
til the next section. Firstly, we note that in order to compute the index it suffices to work
with in the case p = 2.

Lemma 5.13. The index of Dg is independent of the choice of 1 < p < +o0.

Proof. We know from elliptic regularity that if u € ker Dg then u is smooth. In particular,
dim ker Dg does not depend on the choice of p. Moreover from Exercise 5.12 we know
that coker Dg = ker D_ g+, and hence dim coker Dg = dim ker D_g+ also does not depend
on p. [

Next, we prove that the index of Dg only depends on the asymptotes S*(t) :=
limg_, 400 S(s,), which are by assumption symmetric matrices such that the fundamental
solutions W* from (??) are such that det(¥*(1) — 1) # 0. Fix two paths S* : S' —
Sym(R?") with the property that if ¥+ : [0, 1] — Sp(R?",wp) are defined by

(T5)'(8) = JoS(H)W(F), ¥H(0) =1,
then
det(TE(1) — 1) # 0.

Let F(S~,S") denote the set of all operators Dg : W2(R x S, R?") — L%(R x S*, R?")
of the form
Dg = 0s + JoO, + S(s,t),

where S € C%®°(Rx S, L(R?"))NL>(Rx S, L(R?")) is a smooth map such that limg_,+ ., S(s,t) =
S*(t), uniformly in t. Thus every Dg € F(S~,S%) is Fredholm.

Proposition 5.14. The space (S, S™) is contractible. Thus the index of Dg is constant
on F(S~,5%):

ind Dg, = ind Dg,, for all Dg,, Dg, € F(S™,S™).
Proof. Fix Dg, € F(S~,S™). Define a map © : [0,1] x F(S~,S") — F(S~,ST) by
O(r,Dg) := 05 + JoOr + 750 + (1 — 1) 5.

Thus ©(0,-) =1 and ©(1, Dg) = Dg, for all Dg € F(S~,S™). To complete the proof we
must show that © is continuous. Let (uz) € WH2(R x S, R?") with luellwrzgysty = 1-
Suppose 1, — r and Dg, — Dg in the space L(W12(R x S, R?"), L?(R x S, R*")). We
must show that

1©(r%, Ds; Jur — O(r, DS)ukHLQ([RXSI) — 0.

Since Dg, — Dg one has [|Sy, — S||” — 0 and thus

1©(rk, D, Jur — O(r, Ds)url 2 (ryesry = (L= 74)Sk + 7650 — (1 = )5Sk + 75) uk|l 2 (mxcs1)

<219 = SI™ llukllwr.2(gxs1) = O-
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The main result of this section is the following result, which is due to Floer and Hofer
[ , Proposition 9] and Schwarz | , Theorem 3.2.12], and states that the Fredholm
index is additive.

Theorem 5.15 (Additivity of index). Suppose S~,SY, S+ are three paths S — Sym(R?")
whose fundamental solutions W=, WY ¥+ : [0,1] — Sp(R?",wq) are all non-degenerate.
Suppose D € F(57,5%),Dg € F(S°,S*) and Dy € F(S~,ST). Then

ind Dy = ind Dr + ind Dg.
This will take quite a while to prove.

Definition 5.16. We say that Dg € F(S~,S™) is asymptotically constant if there exists

sg > 0 such that
—(t >
S(s,t) = S(1), s = s,
ST(t), s< —s0.

Given Dg € F(S7,57) and a real number p € R, we define Dg, € F(5~,5T) by
setting
Sy(s,1) i= S(s + p,8).

Note that if Dg is asymptotically constant then so is Dg, for all p € R. We now introduce
a ‘gluing’ operation.

Definition 5.17. Suppose S—,S5% ST are three paths S! — Sym(R?") whose funda-
mental solutions ¥, W0 ¥+ : [0,1] — Sp(R?",wy) are all non-degenerate. Suppose
Dp € F(57,8% and Ds € F(S° S*) are both asymptotically constant. Choose py > 0
large enough so that

Ry (s,t) = S°(t), for all (s,t) € [-1,+00) x S,

S_po(s,t) = S°(t), for all (s,t) € (oo, 1] x S™.

Then for p > po there is a well defined asymptotically constant operator Dz, € F(S~, S 1)
defined by Dr, = 0+T, p» Where

p

T)(s,t) = R,(s,t), (s,t) € (—00,0] x st
; S_p(s,t), (s,t) € ]0,400) x St.

In particular,
T,(s,t) = S(t), forall (s,t) € [—p, p] x S*. (5.8)

Theorem 5.15 follows from the next result and Proposition 5.14

Theorem 5.18. One has
ind DTp =ind Dgr + ind Dg.

The proof will take some time. We now introduce a stabilisation trick which allows us
to reduce to the case of surjective operators.

Definition 5.19. Suppose F : RP — L%(R x S',R?") is a smooth linear map. Define
DE:WB2(R x ST, R*™) x RP — L?(R x S',R*™) by

DE(u,x) := Dgu + F(x).
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Note that if e; : 2 =1,...,p and e;- :7=1,...,q are the standard bases of RP and RY
then F is equivalent to a p-tuple (fi,..., f,) of functions belonging to L*(R x S, R*"):

P P
F(x) :infi, l’ZZl‘iei.
i=1 i=1

In particular, if we choose the f; such that coker Dg is contained in the space of the f; then
the operator Dg is surjective. This can be done whenever dim coker Dg < p. Moreover,
since the set of surjective operators is open, whenever dim coker Dg < p we can always
choose F : RP — L?(R x S',R?") with the property that

supp(F(z)) C [-R,R] x S', for all x € RP. (5.9)
Exercise 5.20. Prove this last assertion.
Definition 5.21. Given u € L?(R x S*,R?"), and p € R, we define
up(s,t) = u(s+ p,t).

We now define an operator

L= D0 WUA(E SR « R o LR x 81, )

given by
LP(“? T, y) = DTpu + F(x)P + F(y)_.[’

Thus

Ou(s,t) + R(s+ p,t)u(s,t) + F(z)(s + p,t) + F(y)(s — p,t), s<0,

Lotz y)(s,t) = {8u(57t) +8(s — p,t)u(s,t) + F(z)(s + p,t) + F(y)(s — p,t)  s>0.

The main step in the forthcoming proof is the following statement:

Proposition 5.22. Suppose DY and DL are both surjective and that F satisfies (5.9).
Then for all p > 0, the operator L, is also surjective. Moreover for all p > 0, if 7, denotes
the L?-projection onto ker L, then the map

¢, : ker DE x ker DE — ker L,,
d)p((u,l’),(’l),y)) = Trp((up—’_v—pax?y)) (510)
is an isomorphism.
Before proving Proposition 5.22, let us see how this result implies Theorem 5.18.

Proof. (Of Theorem 5.18)
Consider the exact sequence of finite dimensional vector spaces:

0 — ker Dp = ker Dg LA VRN coker D — 0,
where a(u) = (u,0), b(u,z) := x and ¢(z) := D5(0,2) + ran Dg. It is clear that a is
injective, ker b = ima and ker ¢ = im b, and finally ¢ is surjective as by assumption Dg is

surjective. Exactness implies that

dim ker D + p = dim ker Dg + dim coker Dpg,
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and hence we deduce that
ind Dg = dim ker D% — p.
Applying the same logic to D, and Dg (since by assumption they are both surjective),
we obtain
ind Dy, = dim ker L, — 2p
® dim ker D% 4 dim ker DE — 2p
=ind Dy + ind Dg,

where (%) used the fact that ¢, is an isomorphism. [

We now move on to proving Proposition 5.22. In fact, we will prove only half of the
result: we will proof that ¢, is surjective for all p > 0.

Proof. (that the map ¢, from (5.10) is surjective for all p > 0)
It suffices to show that there exists a constant p; > po + 1 + R and a constant ¢ > 0
such that for all p > p; one has

1/2
”Lp(u7ZC?y)HLQ(Rxsl)XR?p >c (HUHLQ([RXSl) + ’$|2 + |y’2> (5'11)

for all (u,z,y) € R,, where R, denotes the set of tuples (u,z,y) € WH2(Rx S, R?") x R?P
such that

((u,vp +w—p)) p2 (R 51y + (T @) + (y,b) = 0, for all (v,a) € ker Dp, and (w,b) € ker Ds.

If (5.11) is false then we can find sequences (ug,zy,yx) € WH2(R x St R*™) x R? such
that
el 2 sty + [2al” + lyel* = 1, (5.12)

and a sequence p; — +o0o such that
(uku Tk, yk) S Rpk7

”ka (uka Lk, yk)HLQ([Rxsl)X[RQP — 0.

Define a smooth map ¢ : R — [0, 1] such that J(s) = 1 for |s| < 1/2 and J(s) = 0 for
|s| > 1. Given r > 0 let ¥,(s) := ¥(s/r). Choose r; > 0 such that

%pk <7< %Pk, (5.13)
and set
fr =0 up.

We claim that ka‘Hle?(RxSl) — 0. Here the key point is that since the operator S° is

non-degenerate in the sense that WY(1) does not have 1 as an eigenvalue, Theorem 5.7
implies that Dgo : WH2(R x S1,R?") — L?(R x S, R?") is invertible. Thus it suffices to
show that [|Dgo fill12rxs1) — 0. Using (5.8), (5.12) and (5.13) we see that for k large
enough,

1Dsi il 2oty < 2 19Okl ooy + 19C/m) Dz sy

<o+ ||LPk (uk’xk7yk)||L2(lR><Sl)x[R2p — 0,

= 7
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where the last line used the fact that F(zx)p, |L2((—rgre)x51) = F (Yk)—pr| L2 ((—rri) xs51) = 0
for k large enough due to (5.9). We conclude that

Huk||W1’2((—Pk/4,pk/4)><51) — 0. (514)

Now choose a smooth function 5~ : R — [0,1] such that 7 (s) = 1 for s < —1 and
B~ (s) =0 for s > 0. Abbreviate

vi(s,t) == B (s — pr)ug(s — pr,t).
We claim that (vg, x) converges to some (v, z) € ker D. For this we compute

| D (vr, xk)HLQ([Rxsl)x[RP = || L, (87 ug, i, 0)HL2([R><5’1)><R2P

= H(ﬂ*)/uk + 5" D, ur + F(zk)p,

L2(RxS1)xR2p

< cllullp2(—1yxsmy + ”ka(“kvxhyk)”ﬂ(uaxsl)xuz?v =0,

where the last line used (5.14). Since (vy, ) is bounded in WH2(R x S, R?") x RP we see
that (up to a subsequence) (vg,zx) — (v,z) € ker DL as claimed. Similarly by setting
BT (s) := B~ (—s) and setting

wi(s,t) == BT (s + pr)ur(s + pr.t)
we see that (wg, yx) — (w,y) € ker DE. From (5.12) we see that
2 2
[0l L2 @5y + 1wl p2Rncsty + 217 + |y = 1.
But now we obtain the desired contradiction by observing:

2 2
L= [[vllp2®ysty + [0l 2mxsry + |27 + [yl

= lim (<<B_uk’vpk>>L2([Rx51) + <<5+u1€aw_pk>>L2(RX51) + <$75Uk> + <y>yk>>

k—+o0
— kEToo (<<Uk, Up + Wopp)) 2wy s1) T (T Tk) + (Y, yk>>
= lim 0=0,
k—+o00
since by assumption (ug, k, Yx) € R, [ ]

Exercise 5.23. Complete the proof of Proposition 5.22 by showing that L, is surjective
and ¢, is injective for all p > 0. Hint: This is hard! See | , Section 3.2] for a detailed
proof.
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CHAPTER 6

Index computations

We now recall some properties of the symplectic linear group that we will need later.
Recall that
Sp(R*™,wp) = {W € L(R*™) | W*JoW = Jo} .

This is a Lie subgroup of GL(R?") and the Lie algebra is
sp(R*™, wy) = {Ae L(R?™) | A*Jo + JoA = 0}.

Equivalently, A € sp(R*",wp) if and only if A = JoS for some symmetric matric S €
Sym(R?"). In particular, any continuously differentiable path ¥ : [0,1] — Sp(R?",wp)
satisfying ¥(0) = 1 can be (possibly after reparametrizing) written uniquely as

U(t) = exp <Jo /0 t S(s)ds) (6.1)

for some path S : ST — Sym(R?"), where exp : sp(R?",wp) — Sp(R?"*,wp) is the exponen-
tial map. Note that then ¥ satisfies

W' (t) = JoS(t)U(t).
Elementary linear algebra shows that any W € Sp(R?",wp) can be written as
W = PO, (6.2)

where P is the positive symmetric symplectic matrix P = (WW*)%/2 and O is the orthog-
onal symplectic matrix O = (WW*)~'/2W. This shows that

Sp(R*™, wp) = (Sym+(ﬂ?2n) N Sp(R2",w0)) X (O([Rzn) N Sp(R*™,wp)) .

Exercise 6.1. Show that Sym™(R?") N Sp(R?",wp) is homeomorphic to an n(n + 1) di-
mensional vector space. Show that if O € O(R?") N Sp(R?"”, wy) then

0:<§ ;f) (6.3)

for some pair X,Y € L(R?*"), and that the map
O X +1iY
defines a homeomorphism
O(R*) N Sp(R?", wp) = U(C™).

Recall that 71(U(n)) = Z, and the map det : U(C") — S! induces an isomorphism
det, : 1 (U(C")) — Z.

Definition 6.2. Define det : Sp(R?"™,wp) — St by setting
det(W) := det(X +iY),

where W = PO as in (6.2) and O = ( ;( _X)'/ > as in (6.3).
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We can now define an integer-valued function on the set of loops ® : S* — Sp(R?", wp).

Definition 6.3. Define the Maslov index of a loop ® : S — Sp(R?",w) by setting
p(®) := degree (t > dNet(é(t))) €.
We now move on to defining the Conley-Zehnder index. Firstly let us write
SpH(R*, wo) := {W € Sp(R*",w) | det(1 — ¥(1)) > 0},

Sp?(R*",wp) == {W € Sp(R*",wp) | det(1 — ¥(1)) =0},
Sp™ (R¥,wo) := {W € Sp(R*,w) | det(1 — (1)) < 0},

so that
Sp(R*",wp) = Sp~ (R*", wp) U Sp’(R*", wp) LI Sp~ (R*", wp).

Exercise 6.4. Show that Spi([RQ",wo) are both path connected, and that any closed
loop contained in either Sp™(R?", wy) or Sp~(R?*",wp) is contractible. Hint: Look at
[ , Lemma 3.2] if you get stuck.

Definition 6.5. Let S*(2n) C C°([0,1], Sp(R*",wy)) denote the set of continuous paths
satisfying
\IJ(O) =1, \If(l) ¢ Spo([Ranw())v

endowed with the compact-open topology.

Our goal in what follows is to find a way to classify the connected components of
S*(2n). This is useful because of the following exercise.

Exercise 6.6. Improve Proposition 5.14 to show that the index of an operator Dg €
F(S~,ST) only depends on the connected components of $*(2n) that the paths U+ belong

to, where as usual U+ are uniquely defined by ¥+ = exp (Jo fg S(s)ds> (cf. (6.1)).
The Conley-Zehnder index will be defined as a map
CZ:S8*(2n) — Z.

Before defining it, let us first list its main properties. (the precise definition is for the
moment less important). The Conley-Zehnder index was originally defined by Conley and
Zehnder (surprise!) in | ]. It was futher studied by Salamon-Zehnder [ | and
Robbin-Salamon” [ ) |. The following result comes from | ].

Theorem 6.7 (Properties of the Conley-Zehnder index). The Conley-Zehnder index CZ :
S*(2n) — Z satisfies:

1. CZ(Vy) = CZ(V,) if and only if Uy and ¥, lie in the same connected component of
S§*(2n). Thus m(S*(2n)) = Z, with CZ : S*(2n) — Z furnishing an isomorphism.

2. If ¥ € §*(2n) and ® : St — Sp(R?*,wy) is a loop, then ®V also belongs to S*(2n)
and one has
CZ(®W) = CZ(V) + 20(®).

2Together with many other authors whose names I have omitted; this is purely due to laziness on my
part.
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3. One has
sgn(det(1 — ¥(1)) = (=1)"~ %),

4. Suppose V1 € §*(2n;) and ¥y € §*(2ng). Let ¥ = Uy G Vy € S*(2(n1+n2)). Then

CZ(V) = CZ(¥,) 4+ CZ(Vy).

5. If© : [0,1] — Sp(R?*,wp) is any continuous path then

CZ(eve™') = CZ(V).

6. If U(t) has no eigenvalues of modulus 1 for t € (0,1] then CZ(¥) = 0.
7. For any U € 8*(2n), one has CZ(¥~!) = CZ(¥*) = —CZ(V).

8. Suppose ¥(t) = exp(tJoS) for some symmetric matric S satisfying ||S|| < 2mw: Then

1
CZ(¥) = —5sen S.

In fact, properties (1), (2) and (3) above characterize the Conley-Zehnder index
uniquely. There are several possible ways to define the Conley-Zehnder index. For our
purposes, the most useful one is due to Robbin and Salamon [ ]. This however was

not the original definition. Suppose ¥(¢) = exp (JO fot S (s)ds) is a continuously differen-

tiable path. Let us say a point ¢ € [0,1) is a crossing if det(1 — W(¢)) = 0. Suppose ¢ is a
crossing. Define the crossing form

I(P,t) :ker 1 —¥(1) - R
by settin
' i (P, t)[v] := wo(v, ¥ (t)v).

Using ¥/ = JySV, we can alternatively write
LW, t)[v] := = (S(t)v,v),

since ¥(t)v = v by assumption. We say that a crossing t is regular if the crossing form
['(W,t) is a non-degenerate bilinear form. If ¢ is a regular crossing then there exists £ > 0
such that there are no other crossings in (¢t —e,t+¢) N[0, 1]. The following result is due
to Robbin and Salamon | ].

Theorem 6.8. Suppose ¥ € §*(2n) is continuously differentiable and has only regular
crossings. Then

1
CZ(W) = SsgnT(¥,0) + Zt:sgnr(qz,t),
where the sum is over all the crossings t € (0,1).

Unfortunately to apply Theorem 6.8 one has to know a priori that all the crossings
are regular. Luckily, one has the following result, which is a special case of | , Lemma
2.2].

Lemma 6.9. Any path U € S*(2n) can be uniformly approximated in S*(2n) to a
continuously differentiable one, all of whose crossings are regular.
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We will need the following two computations later.

Exercise 6.10. Take n = 1 and consider the path Wy(t) = exp(tSypJy) , where

-0 0
Sg.——91—<0 _0>.

Show that Wy has only regular crossings, and check that

CZ(Wg) = 2 {;J +1. (6.4)

™

et 0

Similarly show that if ¥(t) = < 0 et

) then CZ(¥) = 0.

Let us now for the sake of completeness give another definition of the Conley-Zehnder
index. This definition is due to Salamon and Zehnder | ], and has the advantage that
one does not need to perturb ¥ in order to compute it. Unfortunately though it is not
very practical for computations.

— 2
Theorem 6.11. Fix any two matrics W+ € SpT(R*™,wy) that satisfy (det(Wi)> = 1.

Given any path ¥ € 8*(2n), extend ¥ to a path }i/ : 10,2] — Sp(R?",wq) such that
U(t) ¢ SpY(R?",wy) for all 1 <t <2, and such that ¥(2) € {W~,W*}. Then one has

CZ(¥) = degree <t - (&(@@)))2) . (6.5)

Exercise 6.12. Show that the right-hand side of (6.5) is independent of the choice of
W+ and of the choice of extension W. Hint: Use Exercise 6.4.

We now compute “by hand” the Fredholm index of a particular operator. Equip C\{0}
with cylindrical polar coordinates

C\{0} = R x S,
e2m(stit) o (s,t).
We can define the operator
Do : WHP(C,R*™) — LP(C,R*™)

in exactly the same way as before:

B, = s + Joo.

Nevertheless in this section we wish to think of C as being obtained from the unit disc D
by gluing on [0, +00) x S

C = D Ugp ([0, +00) x S1).

Thus we continue to use the identification (s,t) = e27(**i) on C\D by on the interior of
D we view D as a compact subset of C, rather than as the non-compact Riemann surface
(—00,0]x S!. In other words, on D we wish to use the measure rdr Ady in polar coordinates
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(r,p) € (0,1) x R\27Z, rather than the measure ds Adt. One way to do this is to introduce
a smooth cut-off function
a: R —[0,400),

1
als) = {W? s < -1,

1, s> 1,
a'(s) <0.
Now equip C\{0} with the measure
1
dp = -ds N\ dt.
K a(s)? y

Thus on the cylindrical end we obtain the standard measure dsAdt, whereas on the interior
of the disc {€?™(*) | s < —1} we obtain the measure rdr A dp. Now define

D{ : C>(C,R*™) — C>(C,R*")
by _
D = a(s)dy,-

Suppose now we are given a matrix valued function S : [0, +00) x S — L(R?") with the
property thatlims_, o, S(s,t) =: ST (¢) is a symmetric loop of matrices whose associated
fundamental solution ¥+ : [0, 1] — Sp(R?",wp) belongs to S*(2n), and such that S(s,t) =
0 for all (s,t) € [0,1] x S*. Then it makes sense to study the operator

D¢ =Dy + a(s)S.

The notation ‘4’ is meant to indicate that we are viewing C here as obtained by obtaining
a positive cylindrical end to D. Now let

Ly, (C,R*™) = {u e LY (C,R*™) | /C|u|p dp < oo} ,

and define

WaP(€,R") i= {u € Wi (C,R™") | u,u' € I}, (C,R*) |,
We now prove:
Theorem 6.13. For any 1 < p < +oo the operator
17
D¢ : Wyr(C,R*™) — L8 (C,R*™)
is a Fredholm operator of index

ind D§ =n — CZ(T™).

Proof. The proof that Dgf is Fredholm can be carried out in a similar fashion to the proof
of Theorem 5.6, and thus may be safely left as an exerise to the reader:

Exercise 6.14. Prove that D;C is indeed Fredholm.

In order to calculate the index we proceed in two steps.
Step 1: We prove the result in the case n = 1 in two special cases: take S(s,t) =

B(s)ST(t), where

B :[0,400) — [0,1]

satsifies 3(1) = 0 and 5(2) = 1, with 8’ > 0. Moroever we take ST (¢) to be the constant
matrix:
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1. Sy = < _09 —06 ) for some 6 € R\27Z,

0 1
0_
2.5_(10>.

By Exercise 6.10, in Case (1) we have CZ(¥*+) = 2| L] + 1, and in Case (2) we have
CZ(¥) = 0, and thus we must show that in Case (1) one has ind D§ = —2 L%J and in
Case (2) we have ind D; = 1. In fact, we will prove only the following statement:

Lemma 6.15. Given 6 € R\27Z, if D] := D& for S = Sy as in Case (1) above, one has

0, 0 >0,

dimkerD;:
2{keZ|0<k<—-0/2r}, 0<0.

Proof. If u € Cg5(C, R?") belongs to the kernel of D then we can expand u in a Fourier
series:

u(s,t) = Zuk(s)e%kit, up : R — C.
kezZ

Then one has

0= Dty = %e%ws(as + lat) Zk uk(s)627rkit’ s < —1,
s (05 + 0 — 01) 3, ug(s)e2™ it s > 1.

which tells us that the functions u; must satisfy the relations

1 .,
> gz (h(s) = 2mkug(s)) @M =0, s <1,
kezZ

Z (up(s) — 2mhkuy(s) — Oug(s)) ™ =0, s> 1.
This tells us that:
ul(s) — 2mkug(s) =0, ,s < —1,
up(s) — 27k + Q)ug(s) =0, s> 1.
In other words, we must have

up(s) = ape®™s, s < 1, (6.6)

up(s) = are®™*r0s g > 1, (6.7)

for some constants ax € R. Let us take p = 2 (cf. Lemma 5.13. The requirement that
u € W;f(@, C) implies that

2,4
oo \Am2esTs

—1 1
/ ((1 + 472K2) Jug|* + yu;f) ds < oo, (6.8)

+oo 9
/ ((1 + 27k) |ug|* + || ) ds < 0. (6.9)
1

Plugging in (6.6) to (6.8) we see that

—1
1
/ <4247rs(1 +4mk?)age' ™ + ai4ﬂ2ke47rks> ds < +o0,
mee

— 00
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which implies that we must have ap =0 for £ <0 k > 0.
Similarly plugging (6.7) into (6.9) we see that

+o0
/ ((1 + 2k )aZ et 20)s o2 (onk 4 9)26(4ﬂk+20)8) ds < 400,
1

which implies we must havea; = 0 unless 47k + 20 < 0. It follows that
dimcker D& =#{keZ|0< k< —0/2r}.
Thus the real dimension is twice this, and the lemma follows. ]

Exercise 6.16. Complete the proof of Step 1. Hint: Use the fact that the adjoint of Sy
is S_p to deal with Case (1). Case (2) is easier.

Step 2: We now complete the proof. Suppose to begin with that n > 2. Then if
CZ(¥*) = k we can choose 01,...,0,, € R\2rZ for some 1 < m < n such that

o= (25 rr) e (5] 1)

Let ¥; € §*(2n) denote the path U;(t) = exp(—tb;Jy) for ¢ = 1,...,m and let ¥;(t) =
t -

< % egt ) fori=m+1,....,n. Let ¥ =¥y &---@ ¥,. Then from Property (4) of

Theorem 6.7 and Exercise 6.10 one has CZ(¥) = k. If we write

Ut —exp(Jg/S )

then it follows from an argument analogous to Exercise 6.6 that

. + _ +
1ndDS = 1ndDﬂ(S)S(t).

Moreover the argument of Step 1 shows that

N -
1ndD Bsm = CZ().
Thus
ind DY _1ndD+( o = — CZ(¥) = n — CZ(TT),
which completes the proof of Theorem 6.7. [ |

We now recall the statement of the Riemann-Roch Theorem. Suppose ¥ is a closed
Riemann surface, and let j denote an (integrable) almost complex structure on 3. Suppose
(E,J) — (X,7) is a smooth complex vector bundle of complex rank m.

Definition 6.17. A real linear Cauchy-Riemann operator D is an operator
D:T(%,E) — Q"(%, E)
which is R-linear and which satisfies the Leibniz rule
D(f-&) =f -DE+0f-¢ (6.10)

for f:¥ = Rand £ € Q%(%, E). Here d : C®(X) — Q%!(X) is the composition of the
of = 7% (df).
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If one asks that D is C-linear and that (6.10) also holds for complex valued f (in which
case we say D is a complex linear Cauchy Riemann operator) then a deep theorem says that
complex linear Cauchy-Riemann operators are in 1-1 correspondence with holomorphic
structures on E.

Theorem 6.18 (The Riemann-Roch Theorem). A Cauchy-Riemann operator extends to
a well defined operator

D:WW(S, E) = LP(2,A"'T*Y @ E)
which is Fredholm of index
ind D = mx(£) + 2 {e1(E), []).

Exercise 6.19. Look up the classical statement of the Riemann-Roch Theorem in an
algebraic geometry textbook. Reconcile the statement there with the one above. Hint:
Every complex vector bundle is isomorphic to a holomorphic one. If D is a complex
linear Cauchy Riemann operator then the index of D can be identified with the dimen-
sion of certain Dolbeault cohomology groups. Look at | , Remark C.1.11] for more
information.

Later on we will need more to use the full statement of Theorem 6.18, but for now we
need only the following corollary.

Corollary 6.20. Consider the operator
0:C™(S% R*™) — Q¥ (S* R*),
Ou:=du+joduoj.
Then 0 is Fredholm of index 2n.
We can now finally prove our main result:

Theorem 6.21. Fix 1 < p < +00 and suppose S : R x S' — L(R?") is a smooth map
such that the limits ST (t) := lims ,4 S(s,t) exist and the convergence is uniform in t.
Suppose that S* are symmetric, and that the assocaited symplectic matrices Ut (t) =

exp (Jo fot S(s)ds) belong to S*(2n). Then the operator

Ds: WU(R x ', R*™) — LP(R x S',R*™)

is Fredholm of index

ind Dg = CZ(¥~) — CZ(¥™).
Proof. Consider an operator D{_ = Diisys—t) ° W;f(@, R*") — Ly, (C,R*") as in The-
orem 6.13. Then ind D;L =n — CZ(¥~). Similarly we can form another operator D
defined on C, this time thought of attaching a negative cylindrical end to D. Arguments

entirely similar to those of Theorem 6.13 show that D¢, is Fredholm of index n+CZ(¥™).
Next, if we glue all three operators together we obtain an operator

D =D #Ds#Dg, : W'P(S* R*) — LP(S% R*"),

whose index satisfies
ind D = ind Df_ + ind Dg + ind D, ,
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by Theorem 5.15. This operator agrees with the operator @ from Corollary 6.20 away
from a compact subset of S?, and hence the Fredholm index of D is the same as that of
0. Thus

ind Dg = 2n — (n — CZ(¥7)) — (n+ CZ(¥")) = CZ(¥~) — CZ(¥™)
as required. m

We now define the index CZ(z) of a solution x € Py (H).

Definition 6.22. Fix = € P1(H) and choose an admissible symplectic trivialisation @ :
St x R?™ — 2*T'Q (in the sense of Definition 3.18). Define the symplectic path ¥ € S*(2n)
by

U(t) := ;' o Dp'y 0 . (6.11)

Then define the Conley-Zehnder index of z, written CZ(x), by
CZ(x) := CZ(D).

Exercise 6.23. Show that the definition of CZ(x) is well defined (i.e. independent of the
choice of admissible symplectic trivialisation). Hint: Use Lemma 3.19.

We can now summarise our work in Section 5 and Section 6.

Theorem 6.24. Let H € Hyeg and choose J € J(Q,w). Fix a pair z—, ™ of elements
of P1(H). Then if u € M(xz~,2") is a zero of the Floer operator 9y from Definition 1.3
then the vertical derivative D 0 i (u) is a Fredholm operator of index CZ(z~) — CZ(z™).
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CHAPTER 7

Transversality for the moduli spaces

In this section we show that, after a further perturbation of the Hamiltonian H away from
the set of points in M lying on the image of an element of P;(H), the section d; g is onto
at every solution u € M(x~,2%), for every pair x¥ of elements of P;(H).

Definition 7.1. Let Hy € Heg denote a Hamiltonian with the property that all of the
elements of P; (Hy) are non-degenerate. Denote by H(Hjy) denote the subset of C*° (S x Q)
of functions H such that H agrees with Hy up to second order on the set {z(S!) | = €
Pi(H)} C Q.

Here is the main result of this section.

Theorem 7.2. Let Hy € Hyee and fix J € J(Q,w). Let HO(Hy, J) denote the subset of
functions H € H(Hy) with the property that for every pair =, T of elements in Py (Hy),
and every solution uw € M(x~,x™), the operatore D"y y(u) is surjective and admits a
right inverse. Then the set H?(Hy,J) is of second category in H(Hy).

Note that by the Implicit Function Theorem 1.6 and Theorem 6.24, if H € H?(Hy, J)
then for any two orbits 2= and z in P;(Hp), the moduli spaces M(z~,z") are all
manifolds of dimension CZ(z~) — CZ(z™).

Remark 7.3. Note that if H € H(Ho) is such that ||H — Hol|c2(s1x¢) is sufficiently small
then P (H) = P1(Hp) and thus in particular H € H,es. For the purposes of defining the
Floer groups associated to the Hamiltonian system determined by Hy € Hyeg (i.e. the
Floer groups whose generators are the elements of Py (Hy)), it is sufficient to work with
any element H in the set

iy (Ho) 1= { H € HO(Ho, J) | Pr(H) =Py (Ho) }

The proof of Theorem 7.2 is similar to the proof of Theorem 3.21, and involves an
application of the Transversality Theorem 3.22. However this result is considerably more
difficult: this should be compared to case of Morse theory, where it is much harder to
show that a generic pair (f,g) is Morse-Smale (Theorem 1.18) than it is to show that a
generic function f is Morse. The proof we will give is due to Salmon and Zehnder | .
However the main step in the proof was not rigourously proved until a few years later, by
Floer, Hofer, and Salamon | ]. This step is the following result on the existence of
regular points of solutions of the Floer equation.

Definition 7.4. Fix a pair 2% of elements of P;(H) and an element u € M(x~,z%). A
point (s,t) € R x St is called a regular point of u if:

Osu(s,t) # 0, u(s,t) # (1), u(s,t) # u(s',t) for some s’ # s.

We denote by R(u) the set of regukar points of u. Note that if (s,t) is a regular point of
u then the curve o — u(o,t) is an immersion for o near s and meets the point u(s,t) only
once.

The reason why we require more than just dsu(s,t) # 0 in the definition of regular
points is provided by the following exercise.
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Exercise 7.5. Suppose (sg,t9) € R(u). Prove that there exists a neighborhood Uy C
St x M of (tg,u(so,to)) such that

Vo= {(s,t) € Rx S" | (t,u(s,t)) € Up}

is a neighborhood of (sg,to) in R x S'. Similarly prove that for any smooth function
k: R x S' — R which is supported in a sufficiently small neighborhood of (sg, %), there
exists a smooth cutoff function v : S* x Q — R such that

v(t,u(s,t)) = k(s,t), for all (s,t) € R x S*. (7.1)

Here is the key result of Floer, Hofer and Salamon | | mentioned above that we
will use to prove Theorem 7.2.

Theorem 7.6. If v~ # x+ then the set R(u) is always an open, dense subset of R x S'.

For now let us assume Theorem 7.6 and show it can be used with the Tranversality
Theorem 3.22 to prove Theorem 7.2.

Proof of Theorem 7.2. Fix p > 2 and k > 2, and consider the section
o BY(z7, 2t x HF(Hy) — &P
defined by
J(U,H) = 8J7H(u),

where BYP(x~,27) was defined in Definition 4.4 and £P was defined in equation (4.3),
and H¥(Hp) is defined in the same way as H(Hp), only working with functions of class
C* instead of C™. Note that the tangent space to H*(Hy) is simply the set of function
H e C*(S' x Q) that vanish to second order over points in @ lying over elements of
P1(Hp). The vertical derivative of this section at a zero (u, H) is the operator

D0 (u, H) := WP (u*TQ) x TyH(Hy) — LP(u*TQ),
DVo(u, H)[it, H] = D' 5 (u)[a] — V Hy(u).

Here
D”&LH(u) [4] = Vst + J(u) Vit + Vg J (u)Opu — Vi VHy(u). (7.2)

Here we warn the reader not to be misled: the symbol “V” refers to both the Levi-Civita
connection of the metric w(J-,-), as well as the gradient with respect to this metric (so
that VH;(u) = J(u)Xg, (u).)

Exercise 7.7. Verify (7.2) by arguing as in the proof of Lemma 3.15.

By the Transversality Theorem 3.22, it is sufficient to show that Do (u, H) is surjec-
tive, or equivalently, that the annhilator of its image vanishes. In other words, we must
show that if w € LY(u*TQ), where 1/p + 1/q = 1, satisfies

/ / <D”a(u,H) [a,ﬁ],w>Jdtds =0, forall (4, H) € WP(0*TQ) x TyH*(Hy),
R J St

then w = 0. Note that any such  is in particular a weak solution of the equation
(D"0,1(u))"[w] = 0,

and hence by elliptic regularity (Theorem 4.19), any such w0 is neccesarily a strong solution,
and is smooth.
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Remark 7.8. In the proof of Theorem 7.6 below we shall show that any such solution w
satisfies the “principle of analytic continuation” property enjoyed by holomorphic maps:
namely that if & vanishes on an open subset of R x S' then % vanishes everywhere (see
Proposition 7.14). In fact, we will show that @ vanishes on the open subset R(u); since this
set is also dense by Theorem 7.6 we do not actually need to use the principle of analytic
continuation here in order to conclude. Nevertheless it is perhaps helpful to remark that
in theory we need only show that w vanishes on an open set.

We will now prove that any smooth map w € L4(uv*T'Q) that satisfies
/ / AL, (u)[@)dtds = 0, for all F x TuH*(Ho), (7.3)
RJ St

is in fact, identically zero. The strategy of the proof is thus:

1. We first show that if C'(u) := {(s,t) € Rx S' | dsu(s,t) =0} then there exists a
unique C*-function « : (R x SY)\C(u) — R such that

w(s,t) = a(s,t)0su(s,t).

2. We then show that Jsa(s,t) = 0, and hence as C(u) is discrete (cf. Lemma ?7), o
extends to a unique C*-function @ : S — R\ {0} such that

w(s,t) = a(t)dsu(s,t). (7.4)

3. We show that (7.4) contradicts the assertion that @ € LY(u*T'Q), thus completing
the proof.

In order to prove (1) it suffices to obtain a contradiction from the hypothesis that there
exists a point (sg,t9) € R(u) such that w(so, o) and dsu(so,to) are linearly independent.
Since (so,tp) € R(u), by Exercise 7.5, there exists a neighborhood Uy C S' x M of
(to,u(so,t0)) such that

Vo= {(s,t) € R x S' | (t,u(s,t)) € Uy}

is a neighborhood of (sg, ) in R x S*. Consider now function f; : B((0,s0);€) — Up (here
B((0, s0); ) denotes the disc of radius ¢ > 0 in R? about the point (0, s¢)) defined by

ft(T, 3) = EXPuys,t) (TUA}(S, t))

By choice of Uy the function f; is an embedding satsifying
f1(0,8) = Osu(s,t), Or f1(0,8) = w(s,t).
Conisder now a cutoff function 5 : R — [0, 1] which is equal to 1 on a small neighborhood
of 0 and zero elsewhere. Since f; is an embedding and (so,tp) € R(u), we can find
H € TyH*(Hp) such that H is supported in Uy and such that H; satisfies
Hy(fi(r,)) = rB(r)B(s — s0)B(t — to).

Differentiating with respect to r at r = 0 we see that

dI:It(u(S? t))[’ﬁ)(s, t)} = 5(5 - SO)B(t - tO)?
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and hence

/ AFT, (u(s, 1)) i (s, )| dsdt = / AFT, (u(s, 1)) i (s, )] dsdt > 0,
RJ ST Uo

thus contradicting (7.3). This finishes the proof of (1). The proof of (2) is similar: if
dsa # 0 then there exists a point (so,%p) € R(u) and a smooth function k : R x St — R
with support in a neighborhood Vj of (sg, ) as above such that

// adskdsdt —/ Osakdsdt #£ 0.
Vo Vo

Now by Exercise 7.5 we can choose a function v : S' x @ — R such that equation (7.1)
holds:
v(t,u(s,t)) = k(s,t).

Set H; := v(t,-). Then we have

// dH,(u(s, t))[i(s, t)]dsdt > 0,
RJS1

which again contradicts (7.3). Finally to prove (3) we may assume without loss of gener-
ality that a(t) > 0 for all ¢. We claim that

d 1

o | (Ouuls,t).ib(s. 1))y dt = 0. (7.5)
0

Indeed, since

DY8,u(w)[0su] =0, (DD (w)) ] =0,

we have that in a suitable symplectic trivialisation of u*T'Q, if 01(s,t) corresponds to
Osu(s,t) and v2(s,t) corresponds to w(s,t), then

0501 + JoOo + S11 = 0, Os09 — JgOrg — S*@Q =0
for some matrix valued function S (see equation (5.1)). Then

d

1 1
4 / (00, Do) dt = / By, Do) + (01, Dun) dit
dS 0 0

1
= / <—J08t@2 — S@l,f}2> -+ <@1, JoOy09 + S*@2> dt
0
1
_ _/ 0, (Jobn, ba) dt = 0.
0

But (7.5) implies that
/ (Osu, W) ; dsdt = +00,
RJ ST

since
/ (Dsu, ), dt :/ a(t) |9su(s, t))3 dt > 0.
S1 S1
This contradicts the fact that dsu € LP(u*TQ) and w € L% (u*TQ), and thus finally
completes the proof of Theorem 7.2. ]
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We will now work towards proving the so-called principle of analytic continuation.
The material in this section is taken from [ ]. In what follows we denote by B. =
B(0;e) C C the disc of radius e. We write z = s + it. We denote by Lr(C") the set of
R-linear maps C" — C™.

Proposition 7.9 (The Carleman Similarity Principle). Let J € W'P(B., Lg(C")) with
J(2)? = —1 for each z € Be, and let S € LP(B.,Lg(C")), and suppose u € W1P(B., C")
solves the equation

Osu(z) + J(2)0wu(z) + S(z)u(z) = 0, u(0) = 0.

Then there exists 0 < § < € and a map ® € W1P(Bs, GLg(C™)) such that

Exercise 7.10. Prove such a W exists.

We now define v € WHP(Bs,,C") by requiring that u(z) = ¥(2)v(z). We would be
done if v was holomorphic, but sadly this is unlikely to be the case. Indeed, we compute
that

0 = 0su + JOru + Su = V(0sv + i0yv + Tv), (7.6)

where

T := V19,V + Jo, W + SV) € LP(B;s,, Lg(C™)).

Our aim is thus to modify ¥ so that the T" term disappears. Let us split 7" into its complex
linear and anti-linear parts:

T%(2) = %(T(z) T iT(2)i).

We multiply T~ by a new map B such that if A := T" + 7T~ B then A is complex linear
and satsifies T'(z)v(z) = A(z)v(z) for all z € B;. For instance, we could take

#UZ‘UZT.*’ o(z ’
B(Z)[C]:—{Ov<z>|2 (2)-0()T - Eig

Given 0 < § < 41, let As denote the operator that coincides with A on Bs and vanishes
outside of Bs. We regard A; as a map defined on S?; note that A; € LP(S?, Lg(C")).Now
consider the Cauchy-Riemann operator

Ds : WHP(S2 Lg(C)) — LP(S?, AM1T*S? @ Lg(CM)).

defined by
DsU = 9U + AsUdz, U € WH(S% Lg(C")).

By Corollary 6.20 , we see that Dy is a Fredholm operator of index 2 dimg Lg(C").
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Exercise 7.11. Prove that the map
Qs : WIP(S? Lg(C™)) — LP(S?, A»'T*S% @ Lgr(C™)) x Lg(C™)

defined by
05(U) := (0U,U(0))

is a bijective. Hint: Use Corollary 6.20, together with the analgoue of Liouville’s Theorem
from complex analysis.

Since the operator As satisfies lims_o || As]| 1» (82,Lp(C)) = 0, it follows that for § suffi-
ciently the map U — (DsU,U(0)) is also bijective. Thus for 6 > 0 sufficiently small there
exists a function Es € WHP(S?, Lg(C™)) such that

DsEs =0,  Es(0)=1.

Moreover since Es converges to the constant map as 6 — 0 in the W1 P-norm, we see that
for § > 0 sufficiently small that complex linear map FEjs is invertible. Fix such a § and
set ®(2) := U(2)Es(2) and w(z) := Es(z)"'v(z). Then clearly ® € W'P(Bs, Lr(C")) and
J(2)®(z) = ®(2)i for all z € Bs. Moreover we certainly have u(z) = ®(z)w(z) in Bs. It
remains to show that w is holomorphic. Since

0sEs + 10 Es + AsEs = 0,
we see from (7.6) that
0 = 0sv + 10w + Tv = Es(0sw + i0yw).
Thus w is holomorphic. [ |
Corollary 7.12. Let k > 2 and p > 2 and suppose J € WFP(B,,Lg(C")) satisfies
J(2)2 = —1 for each z € B.. Let S € W*1P(B,,Lg(C")) and suppose u € W*P(B,, C")
solves the equation
Osu(z) + J(2)0wu(z) + S(z)u(z) =0, u(0) = 0.

There exists a constant 0 < 0 < ¢ such that u(z) # 0 for all z € Bs\{0}. Moreover if
S =0 then there exists a constant 0 < § < € such that Du(z) # 0 for each z € Bs\{0}.

Proof. The first statement is immediate from Proposition 7.9. The second statement is
obvious if Du(0) # 0, so assume that Du(0) = 0. Set v := Jsu. Then

0sv + J(2)0w + (0sJ)(2)J(z)v = 0.
Now apply the first statement to v, noting that Du(z) = 0 if and only if dsv(z) =0. =

Definition 7.13. A function u € WHP(C, C") is said to vanish to infinite order at a point
zp € Cif

. SUD:eB(z;r) ’u(z)|
sup lim

=0.
kez ™0 Tk

If u is smooth then the set of points that u vanishes to infinite order is closed. Moreover
if u is holomorphic then the set of such points is both open and closed.
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Proposition 7.14 (The Principle of Analytic Continuation). Suppose J : C x C" —
Lg(C™) is of class W'P with p > 2, and suppose that J(z,w)?> = —1. Suppose that
S :C x C" — Lg(C") is of class W'P. Suppose u and v are two solutions of the equation

Osu + J(z,u)0u + S(z,u(z)) =0,

defined on open subset ) C C. Then the set of points in ) such that v — v vanishes to
infinite order is both open and closed.

Proof. Set w := u — v and define

T(z) := (/01 d%(S(z,u +r(v— u)dr) O + /01 d%S(z,u—i-T(v —u),

and hence w satisfes .
Osw + J(2)0w + T (z)w = 0,

where J(z) := J(z,u(2)). The result now follows from the Carleman Similarity Principle,
combined with the analogous statement about holomorphic maps. [ |

We now prove that the set C(u) of points where dsu vanishes of a solution of Floer’s
equations is discrete.

Lemma 7.15. Suppose J : C* — Lg(C") is of class C* with p > 2, and suppose that
J(2)? = —1. Suppose that X : R x C* — C" is a vector field of class C*. is of class WP,
Suppose u : B. — C is a W'P-solution (and hence a C*-solution by elliptic regularity) of
the equation

Osu + J(u)Opu — J(u) X (t,u(z)) = 0.

Then the set C(u) of points z = s + it in B for which Osu(s,t) = 0 is discrete.

Proof. Let ¢ : 4 — C™ denote the local flow of X (¢,-). The assertion of the lemma is
local, so it sufficies to consider the case u(s,t) € ¢+(€:) for each z € B.. We wish to
reduce the lemma to the case X(t,-) = 0. Set v(s,t) := (¢) *(u(s,t)). Then

Osu = Dopy(v) 050, Opu — X (t,u) = Dy (v)0yv,

and hence if )
J(t,2) = (Dgy(2)) " I (¢1(2)) 0 Depy(2)
then
Osv + j(t, z)0w = 0.

Moreover Dv(z) = 0 if and only if Jsu(z) = 0. Finally Corollary 7.12 tells us that the
critical points of v are discrete. ]

We will need one more preliminary result before embarking on the proof of Theorem
7.6.

Lemma 7.16. Suppose J : R x C" — Lg(C") is of class WP with p > 2, and suppose
that J(t,2z)* = —1. Suppose u,v € C*(B.,C") satsify

Osu + J(t,u)0u = 0, 0sv + J(t,v)0w = 0,
u(0) = v(0), Du(0) # 0, Dv(0) # 0.

Suppose moreover that there exists a constant 0 < § < e such that for all (s,t) € Bs there
exists another point (s',t) € B such that u(s,t) = v(s’,t). Then u and v coincide on B..
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Proof. Up to shrinking &, we may assume that N := v(B;) is a submanifold of C™. The
implicit function theorem implies that the map v=! : N — B. extends to a C* map defined
on a neighborhood of N. Moreover by assumption u(Bs) C N, and the composition
v~ owu: Bs — B¢ is of the form

vl ou(s,t) = (P(s,t),1).
Differentiating the equation u(s,t) = v(¢(s,t),t) we obtain

0 = Osu(s,t) + J(t,u)0u(s,t)
- asv<w7 t)asw + J<t7 Q}(wa t))@s“(% t)ati/f + atv(d}? t))
== (3s¢ - 1)88’0(1/}7 t) + aﬂ/’&f“&bv t)'

Since Osv(¢,t) and Oyv(1),t) are linearly independent, we see that 951 = 1 and 9yp =
0.Thus v¢(s,t) = s + sp for some sy € R. Since both u and v fix the origin, we see that
so = 0. Thus on a small neighborhood fo 0, u and v coincide. By the principle of analytic
continuation, in fact they coincide everywhere. This completes the proof. [ |

We can now finally complete the proof of Theorem 7.6

Proof of Theorem 7.6. We first reduce the proof to the case Xz = 0. This is done via the
same trick as the one employed in the proof of Lemma 7.15: consider the flow ¢}, of Xy
and replace u with v(s,t) := (%)~ (u(s,t)). Then v satisfies the equation

dsv + J(t,v)0v = 0,

where
Ji(x) := (Dgly) " 0 J(¢1(w)) 0 Dpy(w).

Moreover s
sl}gloov(svt) -9

where z7(0) := ¢*. By definition R(u) = R(v), and thus it suffices to show that R(v)
is open and dense. Suppose R(v) is not open: then there exists (s,t) € R(v) such that
there exists (sg,tx) — (s,t) with (s, t,) € R*\R(v). I have a sneaking suspicion that
no one is reading these notes (apart from me). So as a test: the first person to tell me
in class that the moon is made of cheese gets 100% in the exam®. Since (s,t) € R(v),
we see that for k sufficiently large we have dsv(sy,tx) # 0 and v(sp, 1) # ¢=. Thus the
third condition in the definition of regular points must fail: there exists s) # s such
that v(sk,t;) = v(s}, tx) for each k € Z. If s} is unbounded, passing to subsequence we
may assume s, — +oo. This implies that v(s,t) = g*, which contradicts the assertion
that (s,t) € R(v). Thus s} is bounded, and hence we may assume s, — s’. Then
v(s,t) = v(s',t), and since (s,t) € R(v), this implies that s = s’. Since both s; — s and
sy, — s, with v(sy, t) = v(s}, tx) for each k, it follows that dsv(s,t) = 0, which contradicts
the fact that (s,t) € R(v).

The argument that R(v) is dense is more involved, and we refer the reader to [ ,
p261-262]. Here we only outline the details:

1. If there exists (sg,tp) € (R x SY)\C(v) and & > 0 such that B((so,t0);€) N R(v) = 0
then there exists s € R and 0 < § < € such that on B((so,%);0) the conditions of
Lemma 7.16 are satisfied by v(s,t) and v(s + s1,1).

3Well done to C. Antony for passing the test. Everyone else FAILED.
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2. Lemma 7.16 thus implies that v(s,t) = v(s+s1,t) on B((so0,%0); ), and the principle
of analytic continuation (Proposition 7.14) implies that v(s,t) = v(s + s1,t) for all
(s,t) € R x St

3. This implies that v is constant: indeed for each (s,t) € R x S,

v(s,t) = lim w(s+ ksy,t) = ¢+

k—+oo

But this implies that u(s,t) = 7 (t) = 27 (¢), which contradicts the assertion that
- #axt.

Obviously the hard work is in verifying (1). This we omit". ]

4Since I am really tired...
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CHAPTER 8

Compactness and gluing

Let us now fix once and for all an almost complex structure J € J(Q,w) and a Hamil-
tonian H € C*(S! x Q) such that every element of P{(H) is non-degenerate, and such
that for any two orbits ~, " belonging to Py(H) and any u € M(z~,z"), the vertical
derivative D0 7.1 (u) is surjective. In other words, from now on we will always assume that
all the moduli spaces are manifolds. The aim of this section is to discuss the compactness
properties of the spaces M(z~,z"). Of course, as we have seen the space M(z~,z") can
never be compact if = # x", since it carries a free translation R-action. However as we
will see the space M(z~,z") := M(z~,z")/R is sometimes compact.

Let us denote by M* the space of all gradient flow lines:
M= {ue C®(R x SLQ) | u(s,) € LQ, Vs €R, Oyp(u) = 0}. (8.1)

Definition 8.1. We define the energy E : M* — [0, +o0] by

+oo
E(u) := —/ d Ap(u(s,-))ds.

——AH
—oo ds

Note that

+oo
Flu) = — / g (u(s, ) [Deu(s, )]ds

—00

+oo
_ _/ (Vg (u(s, ), su)) sds

—0o0

_ / " (Ou, D) s

1 [t
- 2/ /Sl (\8Su]3 + [0 — XHt(u)\?]) ds.

In particular, this proves:
Lemma 8.2. The energy E: M* — [0, +oc] satisfies:

1. One has E(u) > 0, with equality if and only if u is a constant gradient flow line, that
is, u(s,t) = x(t) for some x € P{(H).

2. Ifu € M(xz~,z") then
E(u) = Ay (z7) — Ay (a). (8.2)

Corollary 8.3. If M(z~,z%) # () then Ay(z~) > Ag(xt) and CZ(xz~) > CZ(z™). If in
addition x~ # x* then Ag(z~) > Ag(xt) and CZ(z~) > CZ(z™).

Proof. We need only prove the last statement, and this is simply the observation that if
x~ # xt then the space M(x~,z") is at least one-dimensional if non-empty, since it is
invariant under the translation R-action. ]

The next result is the analogue of Theorem 1.20, in the Floer setting. We shall prove
a more general version of Theorem 8.4 in Theorem 8.23 below.
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Theorem 8.4 (Baby compactness). Suppose CZ(z~) = CZ(x%) + 1. Then the moduli
space M(z~,z") is compact, and hence a finite set.

It follows from Theorem 8.4 that the following definition makes sense.

Definition 8.5. Suppose CZ(z~) = CZ(z") + 1. Then we define
n(z”, ") == #FM(x™,2T).

We can then mimic the Morse-theoretic definition (cf. Definition def:the boundary
operator). We define the Floer chain group to be We then have a well defined operator

CF(H) := &y Z5 (z),
x€PS(H), CZ(x)=k
and we define the boundary operator
0=0;5:CFy(H) — CFr_1(H)
by requiring that

0(a”) = > n(z,2%) (a*),

YEPS(H), CZ(x+)=CZ(z~)—1

and then extending by linearity. However just as in the Morse case, Theorem 8.4 is not
sufficient to prove that 0 o @ = 0, and hence (CF.(H),0) is a chain complex. For this
we will need a more sophisticated compactness theorem, which we will state and prove
later in this chapter (see Theorem ?7?). To begin with, we will study the space of all finite
energy gradient flow lines, and show that this space is compact.

Definition 8.6. We define
M= {ueMﬁ|[E(u)<+oo}.

Our first result about the space M is the following, which is a consequence of the
elliptic regularity results from Chapter 4.

Proposition 8.7. On M the C? _ and the C°-topologies coincide.

loc loc

Proof. Suppose (ux) € M converges in C’IOOC to some u. We already know that all the uy
and u are of class C°, but what we don’t yet know is whether wu; converges to u in the
Oy topology. By working in a chart, we may assume that ) = R?". Fix p > 2. Let us
abbreviate

Jk(87t) = J(uk(sat))> fk(svt) = J(uk(s7t))XHt(uk(Svt))'

Thus J; converges to J(u) and fy, converges to J(u)Xpg(u) in CP _, and hence also in L
Note that

p
loc*

0= 0s(ur — u) + Jp(O(ur, — w)) + fr. — f + (J(u) — Jx)Ou. (8.3)

Fix open domains U C Q C R x S! with compact closure, such that U C €. Since J;, — J

in L} , there exists a constant ¢y > 0 such that |kl r (@) < co- We now apply Theorem

4.19 to uy — u, using (8.3), to obtain a constant ¢ > 0 such that

Jug — ullwro@y < e (1fe = fllr) + llur — ull o) + 1Tk — J(w)Opull o)) - (8.4)

Since we already know that wj converges to w in L} , the right-hand side of (8.4) is
infinitesimal, and thus we see that uj converges to u in VVI}DS But now we can iterate this

to see that uy converges to u in I/Vlloé for all [ € N. By Rellich’s Compactness Theorem it
follows that wuy converges to u in C}. as required. [ |
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The next result is the first key property of the space M.
Theorem 8.8. [No bubbling] The space M is compact in the Cy.-topology.

Remark 8.9. Theorem 8.8 is known as the "No bubbling Theorem" because, as we will see,
the main content is the assertion that "bubbles" cannot form. In general the existence of
bubbles are the obstruction to compactness in Floer theory. The main reason we assumed
that the map I, : m2(Q) — R from Definition 2.18 vanished was to exclude bubbling.

Remark 8.10. In fact, a slightly stronger result is true. If H is degenerate but the the
set Py (H) is finite then the space M is still compact (although in this case the spaces
M(xz~,2") do not necessarily carry a manifold structure!). We will leave the verification
of this additional statement to the reader; one simply needs to note that the proof only
ever uses the fact that Py (H) is finite.

For now we will assume Theorem 8.8 and proceed. The proof will be given later in
this chapter. Observe that (8.2) implies that M(x~,z") C M for each pair z—, z* in
Py (H). In fact, the converse holds.

Theorem 8.11. The space M is precisely the union of the spaces M(x~,x™):

M= |J M@zt

z~,xtePY(H)

Remark 8.12. Recall from Definition 4.4, the spaces M(x~,z") were defined as subsets
of a space BYP(x~,x") of maps that satisfies a certain asymptotic decay condition (see
(4.4)). Thus one consequence of Theorem 8.11 is that all finite energy gradient flow lines
exhibit this asymptotic behaviour.

Remark 8.13. In fact, as with Remark 8.10, Theorem 8.11 only needs us to assume that
the set Py (H) is finite. Again, we leave this to the conscientious reader to check.

We will now prove Theorem 8.11, assuming Theorem 8.8. The first step is the following
cute little lemma.

Lemma 8.14. Let (X, d) be a complete metric space and h : X — (0,400) a continuous
function. For every xo € X and €g > 0 there exists x1 € B(x;2¢¢) and 0 < g1 < g9 such
that

h(xl)sl > h(xo)é‘o,

and such that
h(y) < 2h(x1), for all y € B(z1;¢e1).

Proof. If h(z) < 2h(xg) for all € B(zp;e0) we are done with 1 := zg and &; := &o.
Otherwise there exists y; € B(zo;e0) such that h(y;) > 2h(zp). Set §; := %50, so that
01h(y1) > eoh(xp). Again, if h(xz) < 2h(y1) for all © € B(y1;d1) we are done with x1 := y
and €1 := 1. If not then we continue: select yo € B(yi;91) such that h(y2) > 2h(y1), and
set 09 1= %51, and argue as before. We claim that we must be done at some finite stage.
Indeed, if not then since the sequence 6, = 2 %¢y — 0 and X is complete, the sequence
yr converges to some y. Since dixh(yr) — 0 we obtain h(y) = 0, which contradicts the
assertion that A > 0. [ |

The next step is the following lemma.

Lemma 8.15. Suppose u € M. Then there exists a constant C = C(u) such that

sup  |Vu(s,t)|; < C. (8.5)
(s,t)ERx ST
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Remark 8.16. In fact, later on we will improve Lemma 8.15 to show that the assumption
that I, vanishes implies that one can even choose the constant C' appearing in (8.9) to be
independent of u. See Lemma 8.18 below.

Proof of Lemma 8.15. Assume for contradiction there exists a sequence (sg,t;) € R x S*
such that Ry := |Vu(sg,tx)|ls — +oo. Let ex be a sequence such that ¢, — 0 and
€rRr — +00. By Lemma 8.14, we may assume that

|Vu(s,t)|; < 2Ry, forall |(s,t) — (sk, tr)| < ek-
For (s,t) € R? 22 C, define
vE(s,t) := uk(sk + s/ Rk, tr +t/Ry).
Thus ||vg(0,0)]|; = 1 and
|Vog(s,t)]; <2, forall (s,t) € B(0;exRy). (8.6)

Note that .
88vk + J(Uk)atvk = EJ(vk)XHtk+t/Rk (Uk)

From (8.6) we see that (vg) is equicontinuous. Compactness of () implies that (vg) is
totally bounded, and hence by Arzela-Ascoli theorem, after passing to a subsequence we
may assume that vy converges in CI%C to some v : C — (). Moreover v satisfies

0sv + J(v)ow = 0, (8.7)

and hence elliptic regularity implies that v is smooth. Moreover the argument from Propo-
sition 8.7 shows that v;, converges to v in C2. In particular, |[Vv(0,0)||; = 1. However
we also have

/lﬁsvﬁdsdt: lim |05v|3dsdt
C l=00 JB(0;e,Ry)

= lim lim |05k |2 dsdt
l— 00 k—o0 B(O;EZRZ)

— lim lim 9suljdsdt
=00 k=00 J B((sy,t;);:6,Ri/ Ryy)

=0,

since |Vu|s is bounded. This implies that d;v = 0, and thus from (8.7), 9o = 0. This
contradicts |Vv(0,0)|; = 1. ]

Next, we prove:

Lemma 8.17. Suppose u € M and (s;) C R converges to +oc. Then there exists
x € PY(H) such that (u(sg,-)) converges in C*®(S!, Q) to z.

Proof. Lemma &.15 implies that the sequence (u(-+ s, -)) is equicontinuous. Compactness

of @) implies it is totally bounded, and hence the Arzela-Ascoli implies, up to passing to
a subsequence, that (u(-+ sy, ")) converges in C__ to some v. Moreover elliptic regularity
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implies that v € C*°(R x S',Q) and 9, (v) = 0. Then Proposition 8.7 implies that the
convergence is in Cpy, and hence

E(v) = / 050 |3dsdt
Rx St

= lim 050 |3 dsdt
R—+4oc0 [-R,R]xS1

= lim lim |05u(s + sp, t)|4dsdt
R—+00 k=00 J_R R]xS!

pu— O7

since |Vul| s is square integrable. Thus by Lemma 8.2, v(s,t) = z(t) for some z € Py (H),
which is what we wanted to prove. ]

We can now complete the proof of Theorem 8.11.

Proof of Theorem 8.11. 1t suffices to show that if u € M and (s;) and (o}) are two
sequences that both converge to +oo, such that u(sg,-) — 1 and u(og, ) — x2, for two
orbits z, y in Py (H), then z1 = x2. Let d denote the metric on £ defined by

) = sup dla(t) (1), 5)
test

where d is some compatible metric on M. Since P7(H) is finite, there exists € > 0 such
that the sets B(z;e) are mutually disjoint for x € Py(H). If z; # x2 then using the
sequences (si) and (o), we can find sequences (ay) and (bg) such that ag, by — 400
and such that ay < by < ags1, with u(ag, ) — =1 and u(bg,-) — z2. For all large k we
may assume that u(ag,-) € B(z1;¢) and u(bg,-) € B(x2;¢). Since these sets are pairwise
disjoint, it follows that we can find a sequence ay < ¢ < by such that

ug(ck, ) ¢ U B(z;¢), for all k € N.
z€P?(H)
Since ¢, — +00, this contradicts Lemma 8.17. [ ]
This completes the proof of Theorem 8.11. We will now prove the No bubbling Theo-

rem, Theorem 8.8. The argument is an elaboration of the one from Lemma 8.15. Namely,
let us first show:

Lemma 8.18. Then there exists a constant C' > 0 such that for all u € M, one has

sup  |Vu(s,t)|; < C. (8.9)
(s,t)eRx ST

Proof. We apply exactly the same argument as in the proof of Lemma 8.15, only starting
with a sequence (s, tx) such that Ry := |Vug (s, tx)|s — +00. Again we obtain a non-
constant map v € C*®(C, Q) satisfying dsv + J(v)0,v = 0; the only difference is that
this time we cannot conclude that E(v) = 0. However we certainly have E(v) < +oo; for
instance we have
E(v) <supE(ug) < max  Ag(x”) — Ag(zT
( )_keg ( k)_ziaﬁePf(H) (x™) —Ap(z™),

where the second inequality uses Lemma 8.2. The proof of Lemma 8.18, and hence of
Theorem 8.8, is thus completed by the following corollary. [ |
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Lemma 8.19 (No bubbling). Let (Q,w) be a closed symplectic manifold such that 1, :
m2(Q) — R is zero. Fix J € J(Q,w). Then there exist no non-constant J-holomorphic
maps v : C — @ with finite energy.

Proof. Suppose v is such a map. We build a new map w : S — Q such that I,([w]) # 0.
First define a new map u : R x S* — @Q by

u(s,t) := v(ezﬂ(SJrit)).
Then w is J-holomorphic and E(u) < 4+00. The argument from Lemma 8.17 (applied with
H = 0) tells us that there exists two points ¢q_, ¢+ € @ such that

lim wu(s,t) = ¢*©

s—+oo

since P{(H = 0) is the set of constant maps). Thus if we consider a smooth map
1
(x : D — @Q such that ((e*™) = u(k,t) then

lim /C,:w =0. (8.10)
D

k—+o0

We can glue v|g(g,c2rx and (i together to obtain a map wy, : 5% = CU {+o0} — @ which
is smooth away from dB(0;e*™*) and has one-sided derivative in the direction normal to
this circle. Then

0= I,[wg]

:/ v*w—/C;w
B(0;e27k) D

Thus from (8.10), we see that in fact fC v*w = 0. To complete the proof one uses the
following simple exercise.

Exercise 8.20. Suppose v € C*°(C, Q) is J-holomorphic for some J € J(Q,w). Then

/v*w—/ |05v]3.
C C

Let us now move to studying the quotient spaces M(x~,z") in more detail. We equip
M(x~,x") with quotient topology. Let us denote by u an element of M(z~,z"). Thus
given a sequence u;, € M(z~,z"), we have

Jug € u, and v € u, I (sk) CR,

—u€e M ,at g
w, —u€ M, zT) {Uk('+8k7')_>u7 anI%OC([RXSI,Q).

Proposition 8.21. Suppose = and z" are two distinct elements of Py(H). Suppose
(u) € M(x~,x") has two subsequences which converge to elements u € M(x~,y) and
v € M(x~,2). Then u =wv. In particular, y = z.

Proof. Up to passing to a subsequence, there exists a sequence (ug) C M(z~,z") and
two sequences (sg), (o) C R such that

Hm wg(-+ sg, ) =u € Mz, y), lim wug(-+ ok, ) =v e M(z™, 2).

k——+o0 k——+oo
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Select a,e > 0 such that
Ap(z™) —e>a>max {Ap(z"),Au(y), Au(z)} .

Suppose that the sequence |s; — 0| is not bounded. Then without loss of generality we
may assume that s = 0 and o — +oo. Since v € M(x™, z), there exists sy € R such
that

s < 50 = Ag(v(s, ) > Ag(x™) —e.

Since ug(so + o, -) converges to v(sg, -), for all k sufficiently large, one also has
Apr(ug(so + ok, ) > A (x™). (8.11)
However since u € M(z7,y), there exists s; € R such that
5> 51 = Ag(u(s,-)) < a.
Since s = 0 by assumption, we have that for all k& sufficiently large,
A (ug(s1,+)) <a+e. (8.12)

Since o — 400, for k sufficiently large one has sy + o > s1, and for such k, (8.11)
and (8.12) are mutually incompatible. Thus |sp — 0| is necessarily a bounded sequence,
and hence after passing to a subsequence we may assume o} — s — So. Since for any
fixed s € R the sequence s + o — s is contained in a compact subset of R, we see that
uk (s + og, ) converges to both v(s,-) and u(s + sg, ). This completes the proof. ]

With these preparations complete, we can now mimic the construction from Definition
1.24 in the Floer setting.

Definition 8.22. A sequence (ug)ren C M(z~,27) is said to converge up to breaking if
there exist

1. elements x = 2%, 2!, ... 2™ = 2" in PY(H),

2. flow lines v/ € M(2971, 27) for 1 < j < m,
3. sequences (Si)ken\l for 1 < 7 < m with s{cfl < si and with si — si’fl — +o0o for each
k€ Nandeach 1 <35 <m,

with the following property: For any compact interval I C R, after passing to a subse-
quence, the sequence ug(- + s7,,-) converges in C7% to v/ (-). In this case we say that (uy)
converges to the broken gradient flow line (u',...,u™) and we write

ug ~ (ul, ... u™).
Similarly we say that a sequence (u;) C M(x~,x") converges to the broken gradient
fow line (u',...,u™), written
Up, ~ (ﬂla te 7Qm)7

if there exist representatives uy, € u;, and w/ € u/ such that uy ~ (ul,... u™).

Note that if there exists a sequence (u;) C M(xz~,zT) that converges to a broken
flow line (u!,...,u™) then necessarily CZ(x~) — CZ(2") > m + 1. Indeed, one has u/ €
M(2971, 27) for some critical points z = 2°,..., 2™ =y, and then CZ(2/~1) — CZ(27) > 1
for each 1 < j < m (cf. Corollary 8.3). We now state the full compactness result for Floer
flow lines; contrast this to Theorem 1.26.
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Theorem 8.23 (Compactness). Suppose x~,x " are elements of Py(H) which satisfy
CZ(z7)=CZ(zT)+m+1

for some m > 0. Then M(z~,z") is compact up to m-fold breaking in the following sense:
suppose (u,) C M(x~,2") has no convergent subsequence. Then there exists a broken
gradient trajectory (ul,..., gl) for some | < m such that after passing to a subsequence,
w, ~ (u',...,u!). In particular, if m = 0 then every sequence in M(xz~,z%) has a
convergent subsequence.

Proof. Recall from the proof of Theorem 8.11 that we can choose £ > 0 such that the balls
B(z;¢e) for x € Py(H) are all disjoint, where the balls are taken with respect to the metric
(8.8). Suppose (ur) C M(z~,z"). Since the hypotheses imply that = # x™, there exists
a well defined finite number

s} := inf {s € R| d(ug(s,-),z") >¢e}. (8.13)

Since M is compact, up to passing to a subsequence we may assume that ug(- + s,lf, )
converges to some u! € M. It follows from (8.13) that u'(s,-) € B(z~;¢) for all s < 0,
and u!(0,-) € B(x~;¢). Thus u! € M(z~,2!) for some 2! € PL(H). If 2! = 2+, we are
done (with [ =1). '

Let us now assume for some 1 < p < m we have found sequence (Si) for 1 < j < pand
flow lines w/ € M(27~!,27) for 1 < j < p such that 2P # x* and such that uy(- + si, )
converges to u/ in Chy. for each 1 < 7 < p. Since u? € M(xP~1 2P), there exists 5§ € R
such that for all s > 3, one has u”(s,-) € B(aP;¢). Thus for all k sufficiently large, we
have uy(s) 4+ 5,-) € B(azP;¢). But since by assumption a? # z7 and u, € M(z™,27),
there exists a well-defined finite number

siﬂ :=sup {s > s} + 5| ug(o,-) € B(aP;e) for all o € s}, +5, 5]} . (8.14)

Compactness of M implies that, up to passing to a subsequence, uy(- + sﬁ“, -) converges

to some uPTt € M. Note that necessarily sﬁﬂ — si — +o00. Indeed, if not then there
exists a compact subset of R containing the interval [s, siﬂ — st] for all k. For each
s € (5,507 — sP] we have uy (s + s, -) € B(zP;¢), and since we have C29-convergence, this

implies Uk(siﬂ, -) € B(xP;¢), which contradicts (8.14).

To complete the proof we must show there exists an orbit 2P*t! # 2P such that u?*! €
M(2P, 2Pt1). Fix s < 0. Then for k sufficiently large, we have

sh+5< si“ +s< szﬂ,
and thus uk(sﬁ+1 + s,) € B(aP;¢e) by (8.14). Thus we have

uPTl(s,-) € B(aF;e), for all s < 0.

Moreover uP*1(0, ) € OB(aP;¢), and hence uP*! exits the ball B(zP;¢). The result follows.
|

We now move onto the converse of this result. The reader should contrast the next

result with Theorem 1.27. Whilst essentially the complete analogue of that result is true,
we will content ourselves with only stating what we need in order to deduce that dod = 0.
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Theorem 8.24 (Gluing). Suppose x~,z°, x% are elements of P§(H) such that
CZ(z") = CZ(z°) + 1 = CZ(z ") + 2.

Suppose that (u,v) € M (x~,2%)x M(2?, 27). Then there exists py > 0 and a differentiable
map
b [po, +00) = M(a™,z7)

such that the induced map
U : [pg, +00) = M(z ™, 2™)
is an embedding with the following two properties:
1. W(p) converges to the broken flow line (u,v) as p — +0o0,

2. if wy, € M(x~,2") converges to the broken flow line (u,v) as k — 4oo then for all
k sufficiently large there exists py such that w;, = V(pg).

We conclude this section with two simple exercises.

Exercise 8.25. Prove Theorem 8.24. Hint: In the unlikely event that you find this
challenging, consult [ , 280324 and p433468]. NB: The fact that I am setting this
as an exercise has got absolutely nothing” to do with the fact that I really don’t want to
have to lecture this proof.

Exercise 8.26. Use Theorem 8.24 to prove that 0 o @ = 0 in Floer homology. Hint: The
proof is identical to Corollary 1.31.

5This is a lie.
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CHAPTER 9

Invariance of Floer homology

In this chapter we will show that the Floer homology groups HF(H, J) := H.(CF.(H), ;)
are independent of both the choice of non-degenerate Hamiltonian H and the almost
complex structure J. We then discuss briefly how to construct the Floer complex in the
Morse-Bott setting. This allows us to define HF,(H, J) for Hamiltonians such that the
action functional Ay is Morse-Bott (cf. Definition 1.42) rather than Morse, and again the
Floer homology is independent of such H. It is easy to see that H = 0 is Morse-Bott,
and moreover it follows essentially from the definition that HF, (0, J) = H,,1.(Q;Z2). In
conclusion we obtain that HF,(H, J) = H,,1.(Q; Z2) for all non-degenerate Hamiltonians,
which completes the proof of Theorem 2.25.

Definition 9.1. Let us denote by HJeg C C®(S? x Q) x J(Q,w) the set of pairs (H, J)
such that every element of Py (H) is non-degenerate, and such that for any two orbits
x~, 2t belonging to P{(H) and any u € M(x~,2"), the vertical derivative D0y (u) is
surjective. We call such a pair (H,J) a regular pair.

So far we have constructed the Floer complex HF,(H, J) for any regular pair. Since
both C*°(S! x Q) and J(Q,w) are path connected, if (H~,J~) and (HT,J") are two
regular pairs then we can find a path in C®(S' x Q) x J(Q,w) connecting them. In
general however such a path will not belong to H 7. We will be interested in paths of
a certain form.

Definition 9.2. Suppose (H*, J*) are two regular pairs. An aymptotically constant path
connecting (H~,J~) to (H",J") is a smooth path

X:R—= OX(STx Q) x T(Quw),  x(s) = (H*, J%)

such that there exists T' > 0 such that

o= { o<

<
"= (9.1)
(Ht,J%), s>T.

In Definition 9.10 below we will introduce the notion of a regular asymptotically con-
stant path. Here is the first main result of this chapter.

Theorem 9.3 (Continuation maps). Suppose (H*,J%) € HJ g are two regular pairs,
and suppose X is a regular asymptotically constant path connecting (H—,J~) to (H*,JT).
Then there is a well defined chain map

O, : CF.(H™) = CF.(H"),  ®y00;- =0;+ 0®y,
inducing a map
¢y HF(H™,J7) = HF (HT,J7).

Moreover if (H®, JY) is another regular pair, and x° and x' are regular asymptotically
constant paths connecting (H—,J~) to (H°,J°) and (H°, J°) to (H*,JT) respectively,
then the induced maps satisfy

by = Py0 0 Py1. (9.2)
Finally, if (H—,J~) = (H",J") and x is a constant path then this path is regular and
the chain map ®, is the identity.
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The next corollary is immediate from Theorem 9.3.

Corollary 9.4 (Invariance of Floer homology). Suppose (H*,J%) € HJ g are two
regular pairs.

1. For any regular asymptotically constant path x connecting (H—,J~) to (H*,J7),
the induced map ¢, : HF.(H,J~) — HF.(H",J*") depends only on the pair
(H*,J*) and not on the path .

2. The map ¢ : HF (H~,J~) — HF,(H™", J*1) is an isomorphism.
Exercise 9.5. Prove Corollary 9.4 (assuming Theorem 9.3!).

Remark 9.6. In fact, a slightly stronger result is true. If H~ = H™ = H and x(s) = (H, J°)
only changes the almost complex structure J then the chain map @, : CF.(H) — CF.(H)
is an isomorphism of chain complexes. Explicitly this means that the matrix representing
the chain map ®, is upper triangular with 1’s on the diagonal. In other words. More
precisely, the map has the form

o (z) = > (2, ) (y),

yEPL(H),CZ(x)=CZ(y)

where
ny(z,z) =1, ny(z,y) =0 if Ag(x) <Ag(y) and z #vy. (9.3)

Thus whilst at the level of homology the Floer complex is independent of both the Hamil-
tonian and the almost complex structure, the Floer complex is independent (up to an
isomorphism of chain complexes) of the almost complex structure at the chain level. This
explains why in our notation we will often write HF,(H) and omit the J, despite the fact
that HF.(H, J) is independent of both H and J. This will be particular important in the
non-compact setting below. For instance, as we will see, in the case Q = T*B, it is no
longer true that HF,(H,J) is independent of H, but it is still that true that HF,(H, J)
is independent of J.

Suppose now that (H*,J*) € HT reg are two regular pairs, and suppose X is an
asymptotically constant path connecting (H~,J~) to (H*,J*). Fix 2~ € PY(H ) and
vt € PY(H™). We define the Banach bundle &P — B'P(z~,27) in exactly the same way
as before (cf. Definition 4.4.)

Definition 9.7. We define a section
Oy: BYP(z7 xT) — &P

by setting B
Oy (u) := Osu+ J*(u)(Oru) — J*(u) X (u).
We write Ny (z~,27) for the zero set of 0.

The next two results are the key to defining the chain map ®,.

Theorem 9.8. Suppose that (H*, J*) € HT reg are two regular pairs, and suppose x is an
asymptotically constant path connecting (H~,J~) to (H*,J*%). Then vertical derivative
DV, (u) at a zero u € Ny (x~,z") is a Fredholm operator of index CZ(z~) — CZ(z™).

The proof of Theorem 9.8 is essentially identical to the proof in the s-independent
case (cf. Theorem 6.24). Thus we will say no more about it. The conscientious reader is
however invited to:
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Exercise 9.9. Prove Theorem 9.8.

Definition 9.10. Let us say that an asymptotically constant path y is an asymptotically
constant path connecting (H~,J~) to (H*,J*) is regular if for all = € P{(H¥), and all
u € Ny (z7,z"), the vertical derivative DV0, (u) is surjective.

It follows from Theorem 9.8 that if y is a regular asymptotically constant path connect-
ing (H-,J7) to (H",J") then the moduli space Ng(z~,2") are manifolds of dimension
CZ(z~) — CZ(z™). Note that the moduli spaces Ny (z~,2") are not invariant under a
translation R-action, and hence it doesn’t make sense to try and form the quotient spaces
Ny (z~,27)/R. This explains why the chain map @, has degree 0, whereas the boundary
operator had degree —1.

Theorem 9.11. Suppose now that (Hj[7 Ji) € HJ reg are two regular pairs, and suppose
X is an asymptotically constant path connecting (H~,J~) to (H*,J%). For any € > 0
there exists a regular asymptotically constant path x(s) = (H®,.J®) connecting (H~,.J")
to (H*,JT) such that ||H® — H®||goe(s1xq) < € for all s € R.

Remark 9.12. The proof of Theorem 9.11 is actually much easier than the proof oin the s-
independent case (cf. Theorem 7.2). Why is this? The strategy of the proof if exactly the
same as before, and just as in (7.3), one is led to needing to prove that if w € LY(u*T'Q)

satisfies
/ / dH? (u)[w]dtds = 0
RJ St

for all Hamiltonians H} then 1 is identically zero. But this time we are allowed to take
H to depend on s! Specifically, H is required to be a tangent vector to an asymptotically
constant path H® connecting H~ and H'. This makes the argument much easier: if
w(s0,t0) # 0 then we may assume that @(s,¢) > 0 for all (s,t) near (so,?o) (since elliptic

regularity tells us that w is continuous). One can then choose a function H supported in
a neighborhood of (sg, tg) such that

/[R /S dH; (u)[@]dtds > 0,

thus obtaining a contradiction immediately.

Exercise 9.13. Convince yourselves that I am not lying when I say Theorem 9.11 is much
easier by supplying a full proof.

Whilst transversality is easier, conversely compactness is slightly more subtle in the
s-dependent case than it was in the s-independent case. Let us first examine how the

energy behaves in this situation. As before we denote by N>§ the space of all solutions of

Oy (u) = 0.
NE={ueC®RxS" Q)| u(s,”) € LQ, Vs €R, Oy(u) =0}. (9.4)

Definition 9.14. This time we define the energy [ : ./\/;% — [0, +0o0] by:

“+oo
E(u) := / ((Osu, Osu))ds.

—0o0
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Suppose that T > 0 is such that (9.1) holds. Then this time we have

F(u) = /mcmm(( )[Oeu(s, )ds

—0o0

*d o0 o0H?
= — —Aprs ( — t
/ Is H ds / o O (s, t))dtds

—0o0

+oo 8Ht5
:/_oo <(OSU,(95U>>dS—/_T/SI oo (u(s, 1))dtds
<Ay (x7) — A+ (2) + A(H?)

where SH?
A(H®)= sup supsup ‘ ¢ (q)‘ )
se|-T.T)test qeQ | O

As before we denote by N, the subset of Nﬁ with finite energy, and then we have the
following analogue of Theorem 8.8.

Theorem 9.15. The space Ny, is compact in C{2 (R x S*, Q).

The reader should have no difficulty in checking that the proof of Theorem 8.8 goes
through without change:

Exercise 9.16. Prove Theorem 9.15.
Let us now state and prove the analogue of Theorem 8.23.

Theorem 9.17. Suppose (H*, J%) € HJ ey are two regular pairs, and suppose X is a
regular asymptotically constant path connecting (H~,J~) to (H*,J*). Fixa* € P{(H™)
and suppose that
CZ(z™) — CZ(z™) = m.

Suppose (uy) C Ny(x~,z") has no convergent subsequence. Then necessarily m > 1, and
there exist:

1. integers q,p € NUOQ such that 1 < g+p<m,

2. ifqg>1:

e clements = =y°, ..., y% of P{(H™),

e sequences si of real numbers, for 1 < j < g such that si — —oo and such that
Jj+1 J
5, — 8 — —00,

e flow lines v/ € M(H—J—)(yj,yjﬂ) for 1 <j <gq,

3. ifp>1:
e clements 2°,... 2P = aT of P{(H™),
e sequences O'i of real numbers, for 1 < j < p such that Ji — 400 and such that
?_1 O'i — +o00,

e flow lines v/ € M(H+’J+)(Zj,zj+1) for1 <j<p,
such that after passing to a subsequence, one has

lim uk(-—l—si,-):uj in CR(RxSHQ), for 1<j<q,

k—+o00
lm (- +cr,i,-) =v/ in CX(RxSY,Q), for 1<j<p,
k—+o00
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We begin with a lemma. As was implicit in the statement of Theorem 9.17, in what
follows we denote by Mg+ j+) the space M (as defined in Definition 8.6) for the regular
pair (H*, J%).

Lemma 9.18. Suppose (u) C Ny(z~,2") and (s;) C R is a sequence such that s, —
+00. Then after passing to a subsequence, there exists v € Mg+ j+) such that ug (- +
sk,) converges to v in the CX -topology. If instead s, — —oo then after passing to
a subsequence there exists v € My j-) such that uy(- + si,-) converges to v in the
Oy -topology.

Proof. Recall from Exercise 9.16° that there exists a constant C' > 0 such that |Vug(s,t)|ss <
C for all (s,t) € R and all £ € N. Thus the sequence (uy) is equicontinuous, and since
@ is compact, we can again apply the Arzela-Ascoli theorem to deduce that the sequence
ug (- + sk, ) has a subsequence which converges in C'I%C to some map v € CY(R x St, Q).
The usual elliptic regularity results imply that v is of class C'*°. It remains to check
that v € Mg+ j+). Since x is asymptotically constant, there exists T' > 0 such that
x(s) = (H*,J*) for all s > T. Fix a compact subset I C R. There exists ko > 0 such
that if k > ko and s € I then s+ s, > T. Thus for all k > kg the curve vy := ug(- + sg, )
satisfies

OsVg + J+(Uk)8tvk — J+(Uk)XHt+ (Uk) =0, on I xSt

It follows that the limit v satisfies 9+ g+ (v) = 0 on I x S'. Since I was arbitrary, we
see that v € ./\/l% HA Finally since E(ug) < 400 for each k, it easily follows that
E(v) < 400, and hence v € Mg+ j+y. ]

Here is an easy exercise.

Exercise 9.19. Suppose u € N,. Show there exists x* € PY(H?) such that

. N — ot
SEI:BX;U(S’ ) v

in C>°(SY,Q). Hint: Since x is asymptotically constant, the proof is exactly the same as
the proof of Lemma 8.17.

We can now complete the proof of Theorem 9.17.

Proof of Theorem 9.17. Recall from the proof of Theorem 8.11 that we can choose ¢ > 0
such that the balls B(y;e) for y € Py(H ™) are all disjoint, where the balls are taken with
respect to the metric (8.8). Up to shrinking ¢ we can also assume that all the balls B(z;¢)
for z € PY(H™) are also all disjoint. Since Theorem 9.15 tells us that the space N, is
compact, there exists w € N, such that uy — w. By Exercise 9.19 there exists two orbits
y € P{(H™) and z € PY(H™) such that w € Ny(y, z). Then there exists § € R such that
w(s, ) € B(z;¢) for all s > 5. Thus for all k sufficiently large, we have uk(s,-) € B(z;¢).
If z # 2 then since uy € Ny (x,2™"), there is a well defined finite number

o :=sup{s > 5| ug(o, ) € B(z;¢) for all o € [3, 5]}

(compare (8.14)). Suppose that oy is bounded. Then we may assume that o — o for

some op € R. Since the convergence of uy to w is in C, it would then follow that

limg, 4 oo ug(ok, ) = w(op, -). Since necessarily oy > 5, this would imply that

li . B(z:¢e).
k—HiI—IOOUk(O-k’)G (25¢)

50r more realistically, given that you clearly didn’t do the exercise, from the proof of Lemma 8.18.
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But this contradicts the definition of oj: by definition ug(og, ) € 0B(z;¢). Thus o —
+00. Then we can apply Lemma 9.18 to see that there exists v € M g+ j+) such that
. 0

kggloo up(- + og, ) = v°.
If s < 0 then for k large enough we have 5§ < s+ 0, < oy, and hence ug(s+ oy, ) € B(z;¢€).
Thus v%(s, ) € B(z;¢) for all s < 0. By Theorem 8.11, we have that v° € Mg+ g+ (2, 2Y)
for some critical point 2! € P{(H™). Now arguing exactly as in the proof of Theorem
8.23 we see that we can continue this finitely many times, finding new flow lines v o€
Mg+ g+) (27, 27%1) and sequences o, such that uy(-+o7, -) converges to v/, until eventually
we obtain zP = z* for some p. Next we examine the other limit. Since w € N, (y, 2),
there exists s € R such that w(s,-) € B(y;e for all s < s. Thus for all k sufficiently large
we have ui(s,-) € B(y;e). If y # 2~ then since u, € N, (27, z7), there is a well defined
finite number

sk =inf {s < s | up(s,-) € B(y;e)}

Then as above one shows that s — —oo, and then applying Lemma 9.18 again tells
us that ug(- + sg,-) converges to some u € My~ j-). Then as above we see that u €
M- -y, y) for some orbit ¢, and finally the argument from Theorem 8.23 supplies
the required broken flow line whose final limit 4° = . This completes the proof. [ |

Now let us state the corresponding gluing result.

Theorem 9.20 (Gluing). Suppose z~ € P{(H~) and 2°,27 are elements of Py(H™)
such that

CZ(z™) = CZ(z%) = CZ(z™) + 1.

Suppose u € Ny (z~,2%) and v € M(Htﬁ)(xo,mﬂ. Then there exists pg > 0 and a
differentiable an embedding

¥ = [po, +o0) = Ny (2™, 27™)
such that:

1. ¥(p) converges (in the sense described by Theorem 9.17) to the broken flow line
(u,v) as p — +o00, where v € v.

2. ifwy € Ny(a™,2T) converges to a pair (u,v) as k — +oo for some v € v then for all
k sufficiently large there exists py such that wi = ¥ (p).

Following in the tradition of Exercise 8.25, we leave the proof of Theorem 9.20 as an
exercise for the masochistic reader:

Exercise 9.21. Prove Theorem 9.20. Then do it again, this time with your eyes closed.

We are now in a position to define the map ®,, : CF,(H~) — CF,(H™), and to prove
that it is a chain map, that is,

@XO(?J_ :8J+O(PX.

The reader should compare this to Theorem 1.28 in Morse theory.
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Theorem 9.22. Suppose x~ € P{(H~) and x+ € P{(H™") with CZ(z~) = CZ(z™) +
1. Then the boundary ON,(z—,z%) of the compactification N, (z~=,z%) of the one-
dimensional manifold N, (z~,z") can be identified as:

8W = U M(H—,J—)(SE*,?J*) < Ny(y ™, )
y~€PP(H™), CZ(y~)=CZ(x~)-1

U U Ni(@™, ™) x Mg+ gy (y™,27)
ytePY(HT),CZ(yt)=CZ(z™)
Exercise 9.23. Use Theorem 9.17 and Theorem 9.20 to prove Theorem 9.22.
We now define for 2= € P{(H ™) and 2™ € P{(H™) satisfying CZ(z~) = CZ(z™) the
number
ny(z7,27) == #aNy (27, 2),
and then define
®, : CFp(H ™) — CFx(H™T)
by setting
Py (z7) = Z ny(z”,2") (z1), (9.5)
atePo(H+), CL(at)=k
and then extending by linearity.
Exercise 9.24. Use Theorem 9.22 to prove that the map ®, defined in (9.5) really is a
chain map.
Lemma 9.25. Suppose (H~,J~) = (H",J") = (H,J) and x(s) = (H,J) for all s € R.
Then the chain map ®, is the identity (on the chain level).
Proof. In this case one has N, (z~ %) = My 5 (z~,2"). By Corollary 8.3, if CZ(z~) =
CZ(x™") then the moduli space My ;)(z~,2") can be non-empty only when 2~ =z, in

which case it contains precisely one element: the constant solution u(s,t) = ™ (). [

Exercise 9.26. Use a similar argument to prove the claim made in Remark 9.6: if x(s) =
(H,J?) then the map ®, is upper triangular with 1’s on the diagonal, that is, (9.3) holds.

To complete the proof of Theorem 9.3 we need to prove that the induced map ¢, :
HF.(H~,J") — HF.(H",J") is independent of the asymptotically constant path x and
satisfies the functoriality property (9.2). This requires us to build a homotopy of homo-
topies, as we now describe.

Suppose that X := {x; }o<r<1 is a path of asymptotically constant paths whose asymp-
totes are independent of r, say from (H~,J~) to (H", J*). Thus we have two chain maps

®,, : CF.(H") — CF.(H"),
®,, : CF.(H") — CF.(H"),
We would like to prove that these two maps are chain homotopic, that is, there exists a

map
Py :CF,(H™) = CFy 1 (HT) (9.6)

such that
@X1—<I>XO:PX08J7+8J+OPX. (97)

Let us write x,(s) = (H™*,J™*). Assume T > 0 is such that x,(s) is independent of both
r and s (and equal to (H*, JF)) for |s| > T.
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Definition 9.27. Fix orbits 2+ € P{(H*) and consider the space Oy (z~,z%) of pairs
Ox(z™,2"):={(u,r) [ue Ny (z7,2")}. (9.8)

Thus if 7 : Ox(z7,27) — [0,1] denotes the projection m(u,7) = r then 7~ 1(r) is the
moduli space N, (z7,z").

Our aim is to show that Ox (27, z1) is a cobordism between the manifolds N, (z~, ™)
and Ny, (z~,27). For this, the first step is to show that Ox (2™, 27) is indeed a manifold
of dimension one more than that of N, (z~,2") and N, (z~,2™") (so that the notion of
cobordism makes sense). The proof of this assertion is similar to the proof of Theorem
9.8 and Theorem 9.11, and we content ourselves here with stating the result.

Theorem 9.28. Suppose that (H*,J¥) € HT reg are two regular pairs, and suppose X
and x1 are two asymptotically constant regular paths connecting (H~,J~) to (H*,JT).
Suppose moreover that X = {x,}o<r<1 Is a path of asmyptotically constant paths con-
necting xo to x1. Write x, = (H™*,J"*). Then for any ¢ > 0 there exists a new path
X = {x,} such that:

1. Xo = xo and X1 = X1,
2. X, is of the form (H™*, J"*) (i.e. we are only perturbing the Hamiltonian),
3. ”Hr,s _ f{r,s

oo (s1xq) < € for all (r,s) € [0,1] x R.

4. For every pair of orbits x* € P{(HT), the spaces Ox(z~,xT) are manifolds with
boundary of dimension CZ(z~) — CZ(z™") + 1, whose boundary is precisely

OOx(z~,2") = (Nyo (2™, 21) x {0}) U (Ny, (=7, 2™) x {1}). (9.9)

Exercise 9.29. Prove Theorem 9.28. Hint: See for instance [ , Section 11.3.b] if you
get stuck. However you should not get stuck, since this is easy. By now we have proved
so many similar results I'm sure you can all do this in your sleep. It should be a bit like
rereading a familiar old book, or perhaps like dating an old ex again. Everything should
be comfortably familiar, with no nasty surprises.

Unsurprisingly, we say that a path X which satisfies the conclusions of Theorem 9.28
is a regular path of asymptotically constant paths. Next we discuss compactness. Let us
denote by Oy the space of all finite energy flow lines:

Ox=J Wy x{h= | NG ,zh).

ref0,1] wteP)(H*)

Since the interval [0, 1] is compact, the proof of the next result is no harder than that of
Theorem 9.15.

Theorem 9.30. There exists a constant C' > 0 such that E(u) < C for all (u,r) € Ox.
The space Oy is compact in the Cy, -topology.

Similarly we have the following analogue of Lemma 9.18.

Lemma 9.31. Fix 2% € P{(H*) and suppose we are given a sequence (ug, 7)) C Ox.
Let (si) C R denote a sequence of real numbers such that sy — +oo. Then, after possibly
passing to a subsequence, there exists (v,7*) € Ny, x [0,1] such that rp — r* and such
that ug(- + si,-) converges in C{(R x S, Q) to v. Similarly if o, — —oc then (up to a
subsequence) there exists (w, ) € Ny, %[0, 1] such that ry — 7, and such that uy(-+oy, -)
converges in C{2(R x S1,Q) to w.
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Exercise 9.32. Prove Lemma (9.31), by arguing in the same way as the proof of Lemma
9.18, and using the fact that [0, 1] is compact.

Next we present the analogue of Theorem 9.17.

Theorem 9.33. Suppose (H®,J%) € HJ e are two regular pairs, and suppose X =
{xr}o<r<1 is a regular path of asymptotically constant paths connecting (H—,J~) to
(HT,J*%). Fix x* € P{(H*) and suppose that

CZ(zx~) —CZ(zT) +1=m.

Suppose (ug, 1) C Ox(x~,x") has no convergent subsequence. Then necessarily m > 1,
and there exist:

1. integers q¢,p € NUO such that 1 < g+p<m,
2. ifqg>1:

o clements = =y° ..., y% of P{(H ™),
e sequences s{c of real numbers, for 1 < j < ¢q such that si, — —oo and such that
sfjl — 5, — —00,

o flow lines u? € M g- ;- (y’, 31 for 1 < j <q,

3. ifp>1:
o clements 2°,..., 2P = xT of P{(H™),
e sequences ai of real numbers, for 1 < j < p such that O'i — 400 and such that
O'i+1 — ai — +00,

o flow lines v/ € Mp+ j+)(27, 211 for 1 < j < p,
4. an element (w,r,) € Ox(y4, %),
such that after passing to a subsequence, one has

lm (- + si, J=u in CX(RxS,Q), for 1<j<gq,

k—+o0
lm  ug(- + Ji, J=v in CZ(RxS',Q), for 1<j<p,
k—4o00

and finally such that
lim (ug, %) = (w,ry).
k—4o00

Exercise 9.34. Prove Theorem 9.33, and then (you know you want to) state and prove
a suitable gluing theorem.

The previous results imply the following statement:

Theorem 9.35. Suppose ©~ € PY(H ™) and 2™ € PY(H™"). Suppose X = {x; }o<r<1 Is a
regular path of asymptotically constant paths. Then:

1. If CZ(xz~) = CZ(z™) — 1 then the space Ox(x~,z") is a compact manifold of
dimension zero. Thus we can define its parity

nx(z”,27) == #20x (™, ™). (9.10)
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2. If instead one has CZ(x~) = CZ(z™") then the boundary 0Oy (z—,x*) of the com-
pactification Ox(x~,xt) of the one-dimensional manifold Ox(xz~,z") can be iden-
tified as:

IO0x(z=,2t) = (Ny(z7,2") x {0}) U (Ny, (z7,2%) x {1})

. U Mg gy (@7,y7) x Ox(y~,z7)
y~€PY(H™),CZ(y~)=CZ(x~)-1

o U ot
yteP(HT), CZ(y+)=CZ(at)+1

Exercise 9.36. Use Theorem 9.33 and the gluing theorem you formulated in Exercise
9.34 to prove Theorem 9.35.

We can now define the so-called prism operator from (9.6). Namely, we set

Py (z™) = Z nx(z”,z%) (z7), (9.11)

e+ eP(H+), CZ(z+)=k+1
where the numbers ny(z~, 1) were defined in (9.10), and then extending by linearity.

Exercise 9.37. Use Theorem 9.35 to prove that the map Py defined in (9.11) satisfies

9.7).

We have now nearly completed the proof of Theorem 9.3: it follows from (9.7) that
if x is a regular asymptotically constant path connecting (H~,J~) to (H',J") then the
induced map ¢, : HF,(H~) — HF,(H") depends only on the asymptotes (H*, J%). It
remains to verify the functoriality property. This states that if (H", J°) is another regular
pair, and x° and x! are regular asymptotically constant paths connecting (H~,J~) to
(H°,J% and (H?,J°) to (H",J*) respectively, then the induced maps satisfy

by = by0 0 b1 (9.12)

This does not follow from what we have already proved, but it is only a short step away.
Indeed, given such a pair x° and x!, write x°(s) = (H%*,J%%) and similarly x'(s) =
(HY# J1%), and suppose that both x” and x! are independent of s for |s| > 7. Then for
7 > T we define
HO,S—}—T’JO,S-‘,-T ’ <0,
S(OESR P
(H>577,J>57 ), s>0.

Note that x7(s) is independent of s for |s| > T+ 7. Thus x” is an asymptotically constant
path from x° to x'. One can show that, after possibly a small perturbation of x" and x?,
there exists a sequence 7, — o0 such that this x7* is a regular asymptotically constant
path for each k£ € N. See | , Lemma 11.5.1]. Since we already know that the induced
map between the Floer homology groups only depends on the asymptotes, we know that
our original map ¢, from the left-hand side of 9.12 agrees with ¢, :

Ox = Oy, as maps HF.(H™) — HF,.(H™T).

Thus to complete the proof of (9.12), and hence of Theorem 9.3, it suffices to prove:
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Proposition 9.38. For all k sufficiently large, and for all z* € P{(H®) such that
CZ(x™) = CZ(x™"), there is a bijection between the zero-dimensional spaces:

U Nyo(z™,2%) x N (20, 2™) and  Nym(z7,2h).

20ePP(HO),CZ(2°)=CZ(z™)

Exercise 9.39. Use Proposition 9.38 to show that for all £ sufficiently large, the chain
maps ®,1 0 ®,0 and &7, (as defined in (9.5)) coincide.

Remark 9.40. Thus Proposition 9.38 and Exercise 9.39 show that for the "special' path
X"*, the maps ®,1 0 ®,0 and @, coincide even on the chain level. In general however we
can only expect 9.12 to hold on the level of homology.

The proof of Proposition 9.38 is a gluing argument, and thus sadly we will omit this.
The interested reader is referred to | , Section 11.5] for a complete proof. We have
now completed the proof of Theorem 9.3, and hence also of Corollary 9.4. We therefore
know that the Floer homology groups HF,(H) are canonically independent of the choice
of non-degenerate H. Thus all that remains to prove the main result, Theorem 2.25 is to
actually sit down and compute these groups.

Although we shall not persue this method, the original argument (which is due to Salamon
and Zehnder [ ]) used to compute the Floer homology groups HF, (H) was to show that
if Hy(q) = h(q) is an autonomous Hamiltonian on ¢ which is a Morse function satisfying
the C?-smallness assumption:

|dXp 2 < 27 (9.13)

then the Floer homology groups HF . (h) agree with the Morse homology groups HM, ., (h) &
H.iyn(Q;Z2). To see why this might be reasonable, we observe that (9.13) implies that h
is non-degenerate: in fact in this case every element = of Py (h) is constant, z(t) = ¢ for
some ¢ € crit(h). Thus in particular h is non-degenerate (as h is assumed to be Morse).
To prove this we may assume that h is a function on R?". If z(¢) is a 1-periodic solution,
we can represent x by its Fourier expansion:

z(t) = Zak(aj)e%ikt.
kez

Thus A
z(t) = Z omikay(x)e?m .
kez

Using Parseval’s inequality we obtain
127251y = > ar?kP|ag (@) > 47 Y ar(d]® = 4| &)1 72 g1y,
kez k0

since necessarily ag(2) = 0. Thus we obtain

. 1.
2] L2(s1y < %||$||L2(Sl)-

But the assumption (9.13) implies that if x € Pi(h) is non-constant, then since & =
dXp(x)(&), one has

12| 251y < 27| &l £2(51).-
Comparing the last two equations we see that every = € Pj(h) is necessarily constant.
Suppose now that v : R x S — @ solves the Floer equation

Osu + J(u)0ru — J(u) Xp(u) = 0.
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If we could show that d,u = 0, then since J X} = Vh (using the metric g; := w(J-,-)), it
would follow that u is a positive gradient flow line of Vh (and hence a negative gradient
flow line of V(—h)). This is not such an unreasonable hope, since we have just shown that
all critical points of the Floer equation are independent of ¢t under the assumption (9.13),
and hence it is not too much to hope that the same is true for all flow lines too. This would
immediately imply that Floer complex agrees with the Morse complex for (—h, g) (since
we have positive gradient flow lines). Modulo identifying the grading shift, this would
show that the Floer homology agrees with the Morse homology, and hence the singular
homology.

Unfortunately showing that all the gradient flow lines are independent of ¢ is very difficult,
and we refer the reader to | , Chapter 10] for a complete exposition. In particular we
emphasise that whilse (9.13) is enough to ensure that all critical points are constant, in
order to prove all flow lines are independent of ¢ one needs to strengthen (9.13). Namely,
one can prove that there exists 2r > ¢ > 0 such that if ||dX)h| ;2 < € then all gradient
flow lines are independent of ¢.

Instead we will argue somewhat differently, by making use of the Morse-Bott theory de-
veloped at the end of Section 1. Let us begin by defining the notion of a weakly non-
degenerate’” Hamiltonian.

Definition 9.41. Fix H € C*°(S! x Q), but do not assume that H is non-degenerate. Let
us write A : PY(H) — @ for the map A(x) := z(0). A connected component K C Py(H)
is called a Morse-Bott component if A(K) is a closed submanifold of @ such that

TyA(K) = ker(Dopn(q) — 1) for all q € MK). (9.14)

Thus if K = {x} consists of a single loop then K is a Morse-Bott component if and only
if x is a non-degenerate element of Py(H) in the sense of Definition 2.13. A Hamiltonian
H € C®(S' x Q) is called weakly non-degenerate if every component of P{(H) is a
Morse-Bott component.

Remark 9.42. Note that we are not insisting that every component K C P{(H) is a
manifold of the same dimension.

The Morse-Bott condition can be reformulated as follows. First, a subset K C Py (H)
is a compact submanifold of the loop space AQ if and only if the set A\(K) is a compact
submanifold of . Now recall from Lemma 3.15 that the Hessian D"V jAp(z) of the
Hamiltonian action functional Ay at a critical point € Py(H) is given by

DV jhu (2)[E] i= J(2)(Vi€ = VX, (2)).

Next, recall from Lemma 3.16 that for every 2 € K the kernel of the linear map Dy (2(0))
on T,y @ is isomorphic to the kernel of the Hessian of Ay at x: namely if DV Ay (7)[¢] =
0 then &(t) = Dyl (2(0)[£(0)]. Thus the Morse-Bott condition asserts that the kernel of
the Hessian agrees with the tangent space of the critical manifold K. This proves:

Lemma 9.43. A Hamiltonian H € C*®(S' x Q) is weakly non-degenerate if and only if
the action functional Ap is a Morse-Bott function on AQ in the sense of Definition 1.42.

We will now explain how to construct the Morse-Bott Floer complex. If H is weakly
non-degenerate then the space crit(Ag) is a closed finite-dimensional submanifold of AQ.
Let us fix a Morse function

h:crit(Ag) — R.

"Warning: This is not standard terminology. I just made it up!
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As in Section 1, what we really mean by this is that for each component K C P}y (H),
we select a Morse function hg : K — R, and then we denote by h : crit(Ag) — R the
function defined by h|x := hx. We then choose a Riemannian metric p on crit(Ag), such
that the negative gradient flow ¢° of h with respect to p is Morse-Smale. We denote by
W*(x; =V ,h) the unstable manifold of x with respect to the flow ¢°:

W*(z; =V ,h) := {y € crit(Ag) | lim ¢*(y) = x} _

Similarly the stable manifold W*(x; =V ,h) is the set

W#(x; =V ,h) == {y €crit(Ag) | lim ¢°(y) = x} :

S——+00

Definition 9.44. Fix critical points 2% € P{(H). An element of M§(z~,z7") is a tuple
(2k — 1)-tuple
(w=(ug,...,ux),t = (t1,...,tk—1)),

where uj € C®°(R x S, Q) and t; > 0 are such that:

1. Each u; is a non-constant gradient flow line of Apy:

Osu; + J(u)(Opu — X, (uj)) = 0.

2. The first flow line w; satisfies

lim ui(s) € W*(z; =V,h),

S§—>—00

and the last flow line u; satisfies

lim ug(s) € W*(zT; =V ,h).

s§—400

3. For 1 < j < k — 1 there are critical submanifolds K;; and gradient flow lines v; €
C'OO(IR,KZ-J.) of h:
Osvj + V,h(v;) =0,

such that
sggloo Uj (S) =y (0)7

li ; =v;(t;).
(. ujt1(s) = vj(t;)

The ’c’ in M€ stands for 'cascades’ There is a free R-action on each flow line u;,
and hence My (z~,z%) admits a free RF-action. As before we denote by M¢(x~,2) the
quotient space

Mi(x™,27) = M (27, 1:+)/|Rk.

If | = m then we let Mo(z~,z") denote the set of normal gradient flow lines of h running
from z~ to 21, and as usual M§(x~,x™) is then the quotient space M§(z~,z7)/R. If 2~
and 1 do not belong to the same component then we set Mo(z~,z") := (). Finally we
set

Mz~ ") = U MG (2, 27T,
k=0
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and

Mz, 27 = U M (z7, 2T
k=0

In other words, the space M®(x~,z") is the space of gradient flow lines with arbitrarily
many cascades. Recall we defined the Conley-Zehnder index CZ(z) for non-degenerate
elements of Py(H). In fact, it is possible to extend the definition of CZ to deal with
Morse-Bott components. However in this case CZ(x) is only a half-integer in general. The
precise definition of this extension would take too long to explain properly in these notes
however. Thus for now the reader is invited to simply pretend that we have also defined
CZ(x) in this more general case. See [ ) | for the proper definition.

Definition 9.45. Given a component K C Py (H), we define
1
w(K) = CZ(x) — 3 dim K,

where x € K (one can show that CZ is constant on K, and moreover that p(K) is always
an integer). Given x € crit(h) C Py (H) we define

pun(z) = p(K) + indy(z),
where as usual indp(x) denotes the index of = as a critical point of h.

The following result is an extension of the index theory we discussed earlier:

Theorem 9.46. Fix two components K~ and Kt of P{(H) and let M(K~,K™) denote
the space of all gradient flow lines u of Ay running from some point t— € K~ to some
point zT € K+:
MK, K') = U Mz, x™)
rreK*
(note we are not dividing out by the R -action). Then M(K~, K™) has virtual dimension
virdim M(K—, K1) = p(K™) — pu(K ™) + dim K.

We won’t prove Theorem 9.46. The proof is not particular difficult, but it is not
possible to give without first giving the definition of CZ in this more general setting.
Having proved Theorem 9.46 one can then deduce the following result.

Theorem 9.47. The space M®(z~,x") has virtual dimension
virdim M(x~,27) = pp(x”) — pp(z™) — 1.

Skipping lightly over numerous difficulties, as in Section 1 one can then proceed with
the construction of the Morse-Bott Floer groups. First we define the chain complex

CFB.(H,h):= P Za(x),

zecrit(h)
where the grading is given by pp, and then one defines the boundary operator
01, : CFBy(H,h) — CFB,(H,h)

by setting

0(z) = Z n(z,y) (y),

y€erit(h), pp (y)=pn(x)—1
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and then extending by linearity. Here n®(x,y) denotes the parity of the moduli space
ME(z,y). This is well defined, since one can prove that these moduli spaces are compact
in dimension zero. By studying the compactness properties of the one-dimensional moduli
spaces one proves that 0 o d = 0, and thus we again obtain a homology theory. Moreover
the theory of continuation maps developed above also goes through, and so as before we
see that this homology is independent of all the auxilliary data (H,h,J,p). Moreover
since a non-degenerate Hamiltonian is also a weakly non-degenerate Hamiltonian, this
new Floer homology also contains the one considered previously as a special case. We
summarize this in the following theorem.

Theorem 9.48. The Floer homology groups HF .(H) are also well defined if H is assumed
only to be weakly non-degenerate, and moreover they are independent of the weakly non-
degenerate Hamiltonian H.

The reader may question why there was any point in introducing the Morse-Bott
theory. The following exercise explains this:

Exercise 9.49. Show that the zero Hamiltonian H = 0 is weakly non-degenerate.

In this case one has Py (H) = @ consisting exactly of the constant loops. Thus choosing
a Morse function h : P{(H) — R is the same thing as choosing a Morse function h on
Q. For g a constant loop one has CZ(q) = 0, and hence the grading up(q) is given by
indj(q) — n. Next, since all critical points are constant, and Ay (q) = 0 for any constant
q, we see that there are no non-constant gradient flows lines of Ay (recall that Ap strictly
decreases along non-constant gradient flow lines). Thus the Morse-Bott Floer complex
reduces to the Morse complex of h, and we obtain:

Theorem 9.50. One has
HF.(H =0,h) 2 HM,yy(h) = Hiyn(Q; Zo).

Combining the last two theorems we see that we have finally completed the proof of
Theorem 2.25. Thus we have also proved the non-degenerate Arnold Conjecture 2.16 for
symplectically aspherical symplectic manifolds.
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CHAPTER 10

Floer homology of cotangent bundles

10.1 Hamiltonian dynamical systems on cotangent bundles

Let B be a connected closed orientable smooth manifold of dimension n. Points in the
cotangent bundle 7" B will be denoted by (¢,p), with ¢ € B, p € Ty B, and 7 : T*B — B
will denote the foot point map. Similarly points in the tangent bundle T'B are denoted by
(¢,v), and by a slight abuse of notation we denote also by 7 the foot point map T'B — B.
The cotangent bundle T* B carries the following canonical structures: the Liouville 1-form
A and the Liouville vector field Z, which are defined by

A§) = p(D7(2)[€]) = dN(Z,§) VE € T,T*B, v = (¢,p) € T"B,

and the symplectic structure w = d\. In local coordinates (qi,...,qn,p1,...pn) of T*B
we have

n n n
0
>\10cal = ij dea Zlocal = ijaia Wiocal = dej A de'
j=1 =1 9P j=1

The vertical space
T,T°B =ker Dr*(z) 2T;B, z=(q,p) €T*B,

is a Lagrangian subspace of (T,7* B, w;).

A 1-periodic Hamiltonian H, i.e. a smooth function H : S' x T*B — R, determines
as usual a 1-periodic vector field Xy, and in local coordinates the Hamiltonian equations
are familiar from classical mechanics:

z(t) = Xu(t,z(t)), (10.1)
writing x(t) = (¢(t), p(t)) becomes:

4= 0pH(t,q,p),
. 10.2
10.2 The geometry of the (co)tangent bundle

Let us now fix an auxilliary Riemannian metric g on B. Let V denote the Levi-Civita
connection of g.

Definition 10.1. We define the connection map k4 of g as follows. Fix § € T,,7B and
choose a curve w : (—¢,e) = TB , w(t) = (¢q(t),v(t)) adapted to {. This means that
w(0) = w and w(0) = &. Then define

rg(€) = (V0)(0) = (V10)(0).

The connection map k4 defines a horizontal-vertical splitting of T'(T'B): given w =
(q,v) € T(T'B) we write

T,TB=T!TB& T TB=T,B&T,B, (10.3)

where T'TB = ker(k, : Tiq0)TB — TyB), where kg is the connection map of the Levi-
Civita connection V of g.
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Given ¢ € T(TB) we denote by " and £V the horizontal and vertical components, and
given £ € T(y ,»T'B and u,v € T; B, we will often write

§ = (u,v) (10.4)

to indicate that under the splitting (10.3) one has £ = u and £ = v.
Note that it if w(t) = (q(t),v(t)) is a curve in T'B then by definition one has

wh = g, W’ = Vo, (10.5)

and hence w = (¢, Viv. The Sasaki metric grp on T'B is defined by

gra(€, ¢) = (€",¢") + (€°,¢").

Warning: We warn the reader now that we will consistently use the "musical” isomorphism
v +— (v,-) to identify T'B with T*B. Thus we will frequently refer to the above splitting
also as a splitting of T(T*B) = T"T*B @ TVT*B. In particular, we will talk about the
Sasaki metric gr«p on T*B. Moreover, unless specified otherwise, the norm | - | should
always be thought as being with respect to g if the (co)vector belongs to T'B or T* B, and
with respect to grp or gr«p if the vector belongs to T(T'B) or T(T*B).

The horizontal-vertical splitting also determines an almost complex structure J, called
the metric almost complex structure via

Jg:<1 ‘]1).

The metric almost complex structure Jj is w-compatible. Indeed, w(Jy-,-) is precisely the
Sasaki metric gr+p.

10.3 The functional setting

As we will see, for cotangent bundles there is no need to restrict to just the contractible
loops. Thus let us be slightly naughty and redefine the space AT* B as the space C*°(S!, T* B)
of all smooth loops, rather than just the contractible ones. Similarly we will denote by
AB the space of all smooth maps from S! into B. Unfortunately as we have already
noted the spaces AB and AT*B do not admit the structure of a Hilbert manifold (they
are only Fréchet manifolds, which is not sufficient for Morse theory), and hence we will
often work with their Sobolev completions. Although we have already dealt with these
spaces, the treatment now needs to be more thorough, and so we define them properly.
For our purposes it is most convenient to define these spaces in the following manner.

By Nash’s embedding theorem, we may view (B, g) as being embedded isometrically
in some (RY, g.), where g, denotes the Euclidean metric on RY.
Let W12([0,1],RY) denote the Hilbert manifold

1
wt2([0,1],RY) := {q : [0,1] — RN absolutely continuous | / G(t)|* dt < oo} ,
0
equipped with the Hilbert product from Definition 3.3.
1 1,
(& O1a = /O (6.C)dt + /O (&) at. (10.6)
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Now consider the submanifold
wt2([0,1],B) := {qe W2([0,1],RY) | q(t) € B for almost every ¢ € [0, 1]}.

These spaces are defined independently of the embedding and of the metric ¢ on B.
Moreover if £,¢ € C®(g*W) for ¢ € W12([0,1], B) then the Hilbert product ((n,7')); ,
coincides with the Hilbert product from Definition 3.3, where we use the Levi-Civita
connection of g.
Let
LRY .= {qg € W2(]0,1],RY) | ¢ is closed}.

and let £B denote the submanifold of W12([0,1], B) defined by
LB :=Wh%([0,1],B) N LRY.

We can identify T,£LB with W2(¢*T B), and the space LB is homotopy equivalent to
AB . The embedding (M, g) < (R, g.) induces an embedding (T*B, gr+5) < (R?V, g.).
We define W12(]0, 1], 7* B) using this embedding, and from that the spaces LT*B. The
nice thing about these choices of embeddings is that they mean that all norms we work
with (i.e. coming from the metric g or the Sasaki metric gr«p) coincide with the Euclidean
norms. Thus in all of what follows, one can happily interpret all norm signs | - | as being
the Euclidean norm. In particular, since we are now in a Euclidean setting we can work
with Sobolev spaces that are in general not defined, such as W12(R x [0,1],7*B). Note
however that this latter space is not invariantly defined (and thus depends on our specific
choice of embedding).

Exercise 10.2. Prove that under this embedding if Jy denotes the canonical almost
complex structure on R?V from (3.3) then Jy|7+p5 = J,.
10.4 Lagrangians and Hamiltonians

Suppose L € C*°(S! x TB,R) is a smooth function. For historical reasons, just as smooth
functions on cotangent bundles are called "Hamiltonians", smooth functions on the tangent
bundle are known as "Lagrangians” (not to be confused with Lagrangian submanifolds!).

As usual we will often write L; : TB — R for the function L(t,-,-). We denote by
VL; = VgL the gradient of L; with respect to the Sasaki metric grg. Thus given a
point w = (¢q,v) € T'B, the vector VL;(w) belongs to T,,7B. As a result we can take its
horizontal and vertical components, which we denote by

VLi(g,v) := (VLi(q,v))" € T, B, VYLi(g,v) == (VLi(q,v))" € T,B. (10.7)

But now we can play this game again. For instance, think of V*L; as a map TB — TB.
Then we can consider its differential

D(V"Ly) : T(TB) — T(TB).
The fun doesn’t stop here: we use D(V"L;) to define for each (¢,v) € TB a map
V" Li(q,v) : T,B — T,B,
by setting

V' Ly(g,v)ul = (ID(V" L) (a.v)E])
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where ¢ is the unique vector such that & ~ (u, 0) (using the notation from (10.4)). Similarly
we define a map V" L(q,v) : TyB — Ty B by setting

v
V" Lilg, v)u] = ([D(V*Le)(a.v)[c])
where now ( is the unique vector such that ¢ ~ (0, ). Finally we define maps V*"L; and

VP L; in exactly the same way, starting with VYL, instead.

Exercise 10.3. Despite the fact I have cleverly managed to make this look very com-
plicated, in fact it is really easy. Convince yourself of this by showing that V' L.(q,v)
coincides with the second derivative of the map v — L(g, v) in the vector space T, B. Then
answer the following question: does one still have “equality of mixed partial derivatives”
in this setting? That is, does it hold that VL, = V" L,?

In exactly the same way given a Hamiltonian H € C°°(S! x T*B,R) we can speak of
the operators V"H,, VVH;, V" H, V" H,, V'"H, and V" H,.

Definition 10.4. A Lagrangian L € C*°(S! x TB,R) is called a Tonelli Lagrangian if
the following three conditions are satisfied:

(T1) L is fibrewise strictly convex: that is, the operator VYL, is positive definite. Thus
for any (¢,v) € T'B, one has

V" Li(q,v)(u) >0 for all 0 # v € T;,B.

(T2) L; is fibrewise superlinear: that is, for any constant C' > 0 there exists a finite
constant A(C') > 0 such that

L(t,q,v) > C|v| — A(C), for all (t,q,v) € S* x TB.

Here | - | denotes some Riemannian metric on B, but due to compactness of B the
condition (T2) does not depend on the choice of metric (up to changing the finite
constant A(C)).

(T3) The Hamiltonian flow %, : T*B — T™* B of the Fenchel dual Hamiltonian H (defined
in Definition 10.5 immediately below) exists for all (¢,q,p) € Rx T*B .

Note that the assumption (T1) and (T2) imply that the Legendre transformation
S'xTB — S' x T*B, (t,q,v) — (t,q, V'L(q,v)), . (10.8)
is a diffeomorphism. Thus we can make the following definition:

Definition 10.5. The Fenchel dual Hamiltonian H € C*°(S! x T*B,R) is defined by
Hi(g,p) = p(v) = Le(g,v),  where V'Lig,v) = p. (10.9)

The assumption ( T3) above is that the flow exists for all (¢,q,p) € R x T*B. Note
that since T*B is non-compact, this is not automatically true. However if say, L (and
hence H) are autonomous then this is automatically satisfied. More generally, we have:

Lemma 10.6. Suppose the Fenchel dual Hamiltonian H satisfies

OH 1 *

S (tap) S (U Hitq.p),  forall (tg,p) € S x T"B. (10.10)
Then the flow %, exists for all (t,q,p) € R x T*B.
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Proof. Since dHy[Xg,] =0, (10.10) implies that

d

ZH (b Ghi(a.9) < L+ H(t. ¢l (a.))-

Thus by Gronwall’s lemma, H is bounded along the flow. Then coercivity of H implies
that the flow exists for all time. ]

Exercise 10.7. Show that one has

Hi(q,p) = Jnax, {p(v) — Li(q,v)}.

Similarly a Hamiltonian H € C*°(S* x T*B,R) is called Tonelli if the following two
conditions are satisfied:

(T1’) H,is fibrewise strictly convex: that is, the operator V'Y H; is positive definite. Thus
for any (q,p) € T* B, one has

V" H(q,p)(z) >0 for all 0 # z € T B.

(T2’) Hy is fibrewise superlinear: that is, for any constant C' > 0 there exists a finite
constant A(C') > 0 such that

L(t.q,p) > Clp| — A(C),  forall (t,q,p) € S' x T*B.

(T3) The Hamiltonian flow %, : T*B — T™* B exists for all (t,¢q,p) e R x T*B .

As before, the assumption (T1’) and (T2’) imply that Legendre transformation
S xT*B — S' x TB, (t,q,p) — (t,q, V' H(q,p)), . (10.11)
is a diffeomorphism, and so we can define the Fenchel dual Lagrangian L by
Li(q,v) := p(v) — H(q,p), where VVH,(q,p) = v.

Exercise 10.8. Show that the Fenchel dual Lagrangian is itself a Tonelli Lagrangian. In
fact, show that the two operations L — H and H +— L invert each other - that is, if L
is a Tonelli Lagrangian then the Fenchel dual of the Fenchel dual of L is L again, and
similarly with H.

The class of Tonelli Hamiltonians and Lagrangians is the "natural" one to study when
working with cotangent bundles. Nevertheless from the point of view of Floer theory it is
too difficult to work with all Tonelli Hamiltonians. Roughly speaking, this is due to the
fact that Tonelli Hamiltonians in general may be too "wild" at infinity. In this course we
will work with a slightly different class of Hamiltonians, which I will call Hamiltonians of
"quadratic" type. They were introduced by Abbondandolo and Schwarz in their seminal
paper | |. Roughly speaking, a Hamiltonian will be of quadratic type if H behances
like a quadratic form in the p-variables for |p| large. On the one hand, this is a stronger
restriction than the Tonelli assumption at infinity. On the other hand, the conditions
(Q1) and (Q2) defined involve only the behaviour of H for |p| large, and they impose no
assumptions on compact subsets of T*B.

Recall that Z denotes the Liouville vector field on T*B
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Definition 10.9. A Hamiltonian H € C*°(S! x T*B,R) is said to be of quadratic type
if the following two conditions are satisfied.

(Q1) There exist ¢; > 0 and co > 0 such that

dH(q,p)[Z] = Hi(q:p) > e1lp|* — e2,
for every (t,q,p) € S x T*B.

(Q2) There exists ¢3 > 0 such that
V" H(q.p)| < es(1+[pl*),  [V'He(q,p)| < e3(1+ |p]),
for every (t,q,p) € S x T*B.
Exercise 10.10. Show that condition (Q1) and (Q2) imply the existence of constants
c4,cb > 0 such that
ca(1+ |p|)* > Hi(g,p) > %q Ipl? — e, (10.12)

and hence conditions (Q1) and (Q2) really do force H to grow exactly quadratically at
infinity.

Exercise 10.11. Show also that condition (Q1) does not depend on the choice of the
metric on B (up to choosing new constants c1, ¢2).

A slightly more challenging exercise is to show that the condition (Q2) also does not
depend on the metric:

Exercise 10.12. Show that condition (Q2) is equivalent to the following condition:

(Q2’) For any set (q1,...,qn) of local coordinates on B, if (q1,...,qn,p1,-..,Pn) denote
the corresponding local coordinates on 7% B, then there exists a constant C' > 0
(depending on the choice of coordinates) such that

OH, OH )
'?<q,p>‘ <+ 1pP), ?<q,p>‘ <CU+lp),  forallj—1,....n,
0q; Op;
(10.13)

Hint: This isn’t difficult, but it requires you to go back and carefully examine how V*H
was defined. If you get stuck, see | , p273-274]. Finally, use (10.13) to show that
condition (Q2) is also independent of the choice of metric on B.

Let us also note that condition (Q2) implies that there exists a constant co > 0 such
that

| X1,(q,p)| = |VHi(q,p)| < co(L+[p|?),  forall (t,q,p) € S* x T*B. (10.14)

where here V H; denotes the gradient of H with respect to the Sasaki metric gr«p.

Remark 10.13. In fact, in all of the arguments that follow, we shall only ever use (10.14),
rather than the full strength of condition (Q2). The condition (10.14) is strictly weaker
than (Q2), however it is a somewhat less aesthetically pleasing condition since (10.14)
does depend on the choice of metric on B. Thus we prefer to stick with the condition

(Q2).
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Lemma 10.14. Assume that H € C*®(S! x T*B) is non-degenerate (i.e. all elements
x € P1(H) are non-degenerate), and assume that H satisfies both (Q1) and (Q2). Then
for every a € R, the set of solutions x € P1(H) such that Ay (z) < a is finite.

Proof. Let x = (q,p) € P1(H) be such that Ag(xz) < a. Then by (Q1),

0> Ap(z) = /S (\#) — Hy(a) dt = / (@(Z, X, () — Hy(x)) dt

Sl
~ [ e Z(a.0)) - Hulaup) di > calplfe = o

so P1(H) N {Ag < a} is bounded in L2. By (10.14) we also have
& = [ Xu(t,2)| < oL+ |p),

and thus we see that Pi(H) N {Ay < a} is also bounded in Wh!. By the Sobolev
embedding theorem, one also has Pi(H) N {Ag < a} bounded in L*°. In particular, the
set {x(0) | x € Pi(H), Au(x) < a} is pre-compact in T*B. Since H is non-degenerate,
this set is also discrete (cf. Exercise 3.28), and thus must be finite. [ |

10.5 Grading

As we have already mentioned, when working with cotangent bundles it is convenient to
work with all one-periodic orbits, rather than just the contractible ones. In Definition
6.22 we explained how to unambiguously associate a Conley-Zehnder index CZ(z) to any
contractible orbit, under the assumption that the map I., : m2(Q) — Z from Definition
2.22 vanishes. For cotangent bundles, the first Chern class actually zero: ¢ (TB) = 0
(and thus in particular I., also vanishes). We will prove this shortly. Thus we can still
use the recipe from Definition 6.22 to define the Conley-Zehnder index for contractible
solutions. This will not work for the non-contractible ones though, and hence we need
another method. There are various different approaches that one can use; we shall favour
the Abbondandolo-Schwarz method of working with vertical-preserving trivialisations.

Definition 10.15. Suppose (Q*",w) is a symplectic manifold. A polarisation of Q is
a involutive Lagrangian distribution £ C TQEquivalently, a polarisation of @) is a La-
grangian foliation, that is an n-dimensional foliation all of whose leaves are Lagrangian
submanifolds of ().

Lemma 10.16. Suppose (Q?",w) admits a polarisation. Then all the odd Chern classes
cok+1(T'Q) are zero.

Proof. The polarisation allows one to reduce the structure group of 7'Q from U(n) to
O(n). ]

Cotangent bundles always admits polarizations: namely the vertical distribution 7T B.
Thus in particular, we see that ¢;(TT*B) = 0.

Exercise 10.17. When (if ever) does the horizontal distribution 7"T B define a polari-
sation?

We will be interested in trivialisations that preserve the vertical distribution.

Definition 10.18. Suppose x : S — T*B is a smooth loop. A symplectic trivialisation
P : St x R?*™ — 2*T(T*B) is called vertical-preserving if

O(t)({0} x R") = T3y T*B  taforallt € S'. (10.15)
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The following lemma, which is taken from | , Lemma 1.2] shows that such trivial-
isations always exist. Here it is important that our base manifold B is orientable.

Lemma 10.19. Assume that B is orientable, and let © € P1(H). Then the symplectic
vector bundle x*T'(T*B) admits a vertical-preserving symplectic trivialisation.

Proof. Write x(t) = (q(t),p(t)). Since B is orientable, the vector bundle z*(TVT*B) is
orientable, and hence trivial. Let

TS xR — 2*(T°T*M)
be a trivialisation, and let J be a w-compatible complex structure on x*(77*M). Then
Ty»T"B = J(t)T;’(t)T*B ® T;’(t)T*B,
and the trivialisation
d:S'xR"@R" — 2*T(T*B), O(t) = (=J()¥(t)Jo) ® V(t),
is symplectic and maps {0} x R™ into the vertical subbundle. ]

Denote by Sp¥(2n,wy) the subgroup of the symplectic group consisting of those auto-
morphisms which preserve the vertical Lagrangian subspace {0} x R™:

Sp¥(2n, wo) := {W € Sp(2n,wo) | W ({0} x R") = {0} x R"}.

The subgroup Sp”(2n,wp) retracts onto its closed subgroup

SpY(2n, wo) N U(n) = {( Y ) R O(n)}.

The determinant map det : U(n) — S takes the values {1}. It follows that Sp¥(2n,wp)
and Sp”(2n,wp) N U(n) have two connected components, and that the inclusions

Sp*(2n,wo) = Sp(2n,wo),  Sp"(2n,wo) N U(n) — U(n),
induce the zero homomorphism between fundamental groups.

Lemma 10.20. If z € P1(H) and ®; and $ are two vertical-preserving trivialisations,
and we define symplectic paths ¥; : [0,1] — Sp(2n, wo)

U;(t) := @,/ o Dyl ((0)) o o, j=1,2,
then the two Conley-Zehnder indices agree:
CZ(V1) = CZ(Ty).

Proof. We can write
Uy (t) = W(t)Wa(t)W(0) ",
for some
WSt — Sp”(2n,wp).

Since the inclusion Sp”(2n,wy) < Sp¥(2n,wp) induces the zero homomorphism between
fundamental groups, W (0)¥2(#)W (0)~! and ¥; are homotopic by a homotopy which fixes
the end-points. The homotopy and the naturality property of the Conley-Zehnder index
(see Theorem 6.7) index imply that CZ(V;) = CZ(Vs). ]
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Thus for cotangent bundles we can given the following definition.

Definition 10.21. The Conley-Zehnder index of a periodic solution = € P;(H) is the
integer CZ(z) := CZ(V), where U is a the symplectic path (as in (6.11)) associated to
some (and hence any) vertical-preserving trivialisation ® of of 2*T(T*B).

Exercise 10.22. Suppose that = € Py (H) is a contractible periodic orbit. Then we now
have two different ways to define a Conley-Zehnder index: either by choosing a trivial-
isation that comes from a admissible trivialisation in the sense of Definition 3.18, or by
choosing a vertical-preserving trivialisation, as in Definition 10.21. Show that these always
give the same answer, that is, the Conley-Zehnder index associated to an admissible trivi-
alisation always agrees with the Conley-Zehnder index associated to a vertical-preserving
trivialisation.

We also need to trivialise pullback bundles coming from flow lines. For this it is
important to know that if w is a flow line running from z~ to zt, and ®* are two
vertical-preserving trivialisations of (z*)*T'(T*B) then we can find a vertical-preserving
trivialisation ® of w*T(T*B) that restricts to ®* over the ends. The next lemma, which
is taken from | , Lemma 1.7] makes this precise. Recall that given a flow line u €
M(z~,2") we denote by T the compactified map R x S! — T*B (cf. Exercise 5.3).

Lemma 10.23. Let u € M(z~,z™"), and let
ot St x R*™ — o T(T*B)

be two vertical-preserving symplectic trivialisations. Then there exists a vertical-preserving
symplectic trivialisation

®:Rx S xR*™ = w*T(T*B)
such that ®(+o0,t) = ®*(t) for every t € S'.

Proof. By the same construction used in the proof of Lemma 10.20, we can find a certainly
find some vertical-preserving trivialisation

®o: R x St x R — w*T(T*B).
However this @y will no have the correct asymptotics. Consider the loops in Sp”(2n,wy) N
U(n)
WE(t) == ®g(do0, ) Ld(t).

Since the inclusion Sp’(2n,wp) N U(n) < U(n) induces the zero homomorphism between
fundamental groups, and since U(n) is connected, we can find a homotopy

W:RxS'— Un)
such that W (+oo,t) = W*(t) for every t € S'. Then the unitary trivialisation
D(s,t) := Po(s, t)W (s, 1), (s,t) € R x S,
has the required asymptotics. ]
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10.6 The L*°-estimates

Since T* B is non-compact, there is an extra difficulty in proving the compactness argu-
ments needed to define the boundary operator. In this case the space of all finite energy
gradient flow lines of Ay is not compact, that is, the analogue of Theorem 8.8 is false.
Nevertheless if we restrict to a finite action window we do have bounds. This is the content
of the following result, which in the form we present, is due to Abbondandolo and Schwarz
[ , Theorem 1.14].

Theorem 10.24 (The L*-estimates). Assume H satisfies (Q1) and (Q2). Fix a, 5 € R,
and let M, g denote the space of all gradient flow lines of Ay that satisfy

a < Ag(u(s,-)) <8, for all s € R,
Then M, 5 is bounded in L®(R x S, T*B).

The proof of Theorem 10.24 has two distinct parts. The first part uses crucially the
fact that H satisfies (Q1) and (Q2), and obtains W!2-bounds on compact intervals. The
second stage makes use of the fact that we have embedded T*B into R?Y in such a way
that the almost complex structure J, is the restriction of the canonical one Jp.

Theorem 10.25. There exists a constant ¢ = c¢(a, 3, H) such that if u = (¢,p) € Mqag
and I C R is a compact interval then one has

Pl 2151y < eV, (10.16)
VDl 2151y < e(\/IT] +1). (10.17)

Proof. We will prove (10.16), and indicate how the argument extends to establish (10.17),
referring the reader to | , Lemma 1.12] for the rest of the details. We will prove the
claim in seven stages.

Step 1 Let us first show note that for every u € M, g one has

[0sullL2®x51) < @1 (10.18)

To show this take sy < s1 and compute

51
ol ey = [ [ 100uPdtds < ba(u(s0.) = brr(usr. ).
S0

Thus (10.18) follows with a; := 8 — a.
Step 2 Now let us show that there exists a constant as > 0 such that

Ip(s. )2ty < az(@ + 1su(s, )l zasn) (10.19)
To see this we first observe that

A(Opu) = M JgOsu + Xp, (u))
=w(Z(u), Jy0su + Xp, (u))
— dH, ()| Z(u)] - gr-p(Z(u), D),

and hence using the fact that |Z (g, p)| = |p| and condition (Q1), we see that

A(Oyw) — Hy(u) > c1lp|? — ea — [pl|8sul. (10.20)
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Integrating this equation over S we obtain

B> Ag(u(s,-)) = /51 A Owu(s,t)) — Hy(u(s,t))dt

> crllp(s,)Zaqsty — c2 — 1p(5, )l 2qsm) 1 0sull (s,
which implies (10.19).
Step 3 Next we show there exists ag such that
Ip(s, )l Loo(s1) < as(l + [|Osu(s, -)H%Q(sl), for every s € R. (10.21)
Indeed, by (10.14),

0w (s, )l csn) < 1Bruts, Mo esny
<X a (s, ) sy + [ TgDsuls, Ml gsny
< co(L+ [Ip(s, ) 22gsny) + 10, i gsnys

where we have used the fact that the almost complex structure J; has norm 1 (with respect
to the Sasaki metric gr-p). Then by (10.19), have

10ep(s, I p1(s1y < co(1 + a3(1 + [|0suls, )l r2(s1))?) + 10su(s, )l r2(s1)-

Thus the W1 norm of p(s, -) on S! is bounded by a quadratic function of ||dsu(s, -) [ 22(s1)-
The Sobolev embedding theorem implies the same for the L* norm, which completes the
proof of (10.21).

Step 4 We show that for every ¢ > 0 there exists a number R(g) > 0 such that if u € M, 3
and

S(use) = {s € R [[p(s, )l ro=(s1) }
then if I is any interval of R with |I| > ¢ then S(u;e) NI # 0. To see this fix sy € R and
observe that

9 1 so+e )
min 8 , < = a - d
i 10 sy < 2 [ 10w, )
1 2
- g”aSuHLQ([SO,So—&-s}XSl)
<9
=

Thus Step 3 implies the result with

PR )

Step 4.5 We insert a random meaningless line of text to see whether anyone notices.
Step 5 We show there exists a constant asg > 0 such that [|p(s,-)||pe(s1) < ag for all
s € R. Indeed, fix s € R and take sg € S(u;1) such that |s — sg| < 1. Let us assume for
simplicity that so < s. Then we have

5d
Ip(s, MZagsy = Ip(so, llzzsn) + / S o, ) sy

S0

= InGso. o +2 [ [ plr0).00p(r)arar
S0

1/2

< R(1)*+2 10spl L2 ([s0,5) % 51)-

[ Iy
S0
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Since [|0spll £2([so,s5)x51) < 105wl L2([s0,5]x 51) < a1 by Step 1, we see that

1/2
Ip(s, )72y < R(1)* +2a1

[ B+ orutr ) Bagsnydr
S0

S R(1)2 + 2&1@2(2|S - 50| + 2”85’&”%2([50’8]Xsl))l/Q
< R(1)% + 2aya(2 + 2a2)V/2.

Step 6 Given u = (¢,p) € My 3 and I C R a compact interval, we have by Step 5 that

P12ty = [ s sy < ail.
Step 7 We now briefly indicate how to prove (10.17). Note that by (10.14) we have

Vp|? < |Vul?
= |0su)? + |Opul?
= [0su|? + |Jy(u)Osu + Xp, (u)|?
< 3|05ul? + 2c§(1 + [p[*).

Thus we see that in order to deal with |[Vpl|z2(7xs1), we need to be able to cope with the
L*norm of p, ||p|| r4(rxst)- This requires an interpolation estimate:

Lemma 10.26. There exists a C > 0 such that for every f € W12(R x S!) one has
Hf”%/l([}?xsl) < CHfH%Q([Rxsl)HfHIQ/VLQ(Rxsl)'

A proof of the lemma can be found in [ , Lemma 1.11]. The rest of the proof can
be found in [ , p278-279]. ]

We now use Theorem 10.25 to prove Theorem 10.24.

Proof of Theorem 10.24. Fix a smooth cutoff function /3 : Rto[0, 1] such that 3(s) = 1 for
s € ]0,1], and B(s) = 0 for s outside of [—1,2], and such that ||5'(s)]| < 2 for all s € R.
Given k € Z, let

vp : Rx St — T*B, vi(s,t) == B(s — k)u(s,t).
Then with 0 := 9, + Jy0; as usual, we have
v = B'(s)u + BJo X, (u)

Fix r > 2 (for instance, » = 3 works). Since vy is compactly supported, we can use the
Calderon-Zygmund inequality (Exercise 4.7) to estimate

IVor| Lr sty < e(r)|0vk]l Lrrx st

<4-3Y7¢(r)d + 20l r (k=142 x51) + X e (W 2r (e—1,542)x51) 5
(10.22)

where d is the diameter of B inside RY, and c(r) is the constant provided by the Calderon-
Zygmund inequality. Let K (r) denote the norm of the continuous embedding

Wt2(]o,3] x S*) < L"([0,3] x S1).
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Using Theorem 10.25, we see that

1Pl 2r (k=102 51) < Krllpllwre(e—1,5421%51)
< Kpe(3+ (14 3)%)1/2 (10.23)
<4K,c.

Similarly using (10.14) and (10.23), we see that
1 X, (W] Lr (g1 k421 51) < co(3" + Hp”%%([k—l,k—f—Q]XSl))

00(31/r + K22'rHp||12/1/1a2([k717k+2]><51)) (10.24)
< co(3Y7 + 16K2.¢?).

IN

Combining (10.22), (10.23) and (10.24), we obtain a uniform bound on Vuy in L"(R x S1).
Thus u is uniformly bounded in W17 ([k, k + 1] x S1), and since r > 2, also in L>®([k, k +
1] x S'). Finally, since k was arbitrary, we obtain a uniform bound for u in L>®(R x S*).
This completes the proof. ]

There is one more thing to say about compactness before we can move on to define the
Floer complex for cotangent bundles. Namely, when it comes to proving invariance, we
will need an analogous L*°-estimate for solutions of an appropriate s-dependent problem.
This is the content of the following result, which is taken from [ , Lemma 1.21].

Let ¢ : R — [0, 1] denote a smooth function such that ((s) =0 for s <0 and ((s) =1
for s > 1, with 0 < (/(s) < 2 for all s € R. Suppose Hy and H; are two Hamiltonians
satisfying (Q1) and (Q2), and define

H:RxS'xT*B—R,  H(st,x):=C((s)Hi(t,z) + (1 —((s))Ho(t, ).
Given a < f3, let NV, g denote the space of all smooth maps u € C*°(R x S, T*B) solving
Osu + Jg(u)(Opu — Xg, ,(u)) =0
and such that
Amy(u(s,-)) < B, VsleO, Am, (u(s,-)) >a, Vs>1.

Theorem 10.27. There exists a constant §(c1,ca,c3) > 0 such that if Hy and H; are
two Hamiltonians of quadratic type that satisfy (Q1) and (Q2) with the same constants
c1,co,c3 and in addition satisfy

|Ho(t,q,p) — Hi(t,q,p)| < b+ d[p|% for all (t,q,p) € S* x T*B (10.25)

for some constants b > 0 and some 0 < § < d(c1), then: given any o < 3, the space N g
is bounded in L™ (R x S1).

Proof. We prove the result in three steps.
Step 1 We first show that for any v € N, g, one has

A, (u(5,)) < B+ 26+ 20[pl2a 0.1 1) (10.26)

and
E(u) = ||85uH%2([RX51) S ﬁ —a+ 2b + 25||pH%2((071)><51). (10.27)
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Indeed, to prove (10.26), it is sufficient to prove the result for s € [0, 1], since

A (u(s,-)) = Mg, (u(s,-)) < B, for all s <0,
AH.S(U(S’ )) - AHl( ( 7)) < AHl( ( 7'))7 for all s > 1.

For s € [0, 1], we estimate
b (a5 ) = b (0(0,) + [ 5 o Cutr )
=p— / / |0s u|Jdth+/ "(r )/ (Ho(t,u) — Hi(t,w))dtdr

< B+2 bs+5/ Ip(ry Dz dr
< B+ 20+ 28]plF2 0.1y 51)-

The proof of (10.27) is similar.
Step 2 We show that for all u € N, g, one has

%Hp(s, Wiz — (2 + B+ 2b) < 26]pll72((0.1)xs1) + ;quasu(s, Miagery)-  (10.28)
To see this we first argue as in the proof of (10.20) to see that
MOpu) — H(s,t,u) > eilp|* — ca — |pl|sul,
and hence by (10.26) we see

B+ 2b+ 28|plIF 2 (0,1)x.51) = A (uls, )
> c1llp(s, M F2gs1) — 2 = [Ip(s, M L2 gsn) |0suls, )l 2 sy

\Y

C1 1
Dot By = 2 = o 9uu(s, gy
which implies (10.28).

Step 3 We now integrate (10.28) over (0,1) and use (10.27) to see that
€Ly 2 2 1 2
EHpHLQ((O,l)XSI) — (c2+ B +2b) < 26]|pl[72((0,1)x51) T+ 2761||as“||L2((0,1)x51)

1
< 25Hp\|%2((071)xsl) + 2 (5 —a+20+ 25”17‘|%2((0,1)><5’1)) :

In other words,
o5 (14 2 < 2% 4 — 2
5 +271 12120,y 51y S €2+ B+ +271(/3—04+ ).
This tells us that if

1\ -!
0<5<5(61,62): 2(14‘201)

then pllz2¢(0,1)xs1) is uniformly bounded for v = (¢,p) € Ng,g. Thus we can improve
(10.26) and (10.27) to the claim that there exist constants a}, a, > 0 such that

10sull L2(rx 51y < a4,
(s, ) r2(sry < ay(1+ |0su(s, )|l r2(s1)-
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These two equations were exactly the conclusions of Steps 1 and 2 of the proof of Theorem
10.25. The reader may now easily check that the rest of the proof of Theorem 10.25 goes
through without change. Moreover the proof of Theorem 10.24 goes through without any
changes. This completes the proof. ]

We can now define the Floer homology HF, (H) and prove that it is independent of the
choice of Hamiltonian H satisfying (Q1) and (Q2). Since we know that solutions to the
Floer equation with bounded action remain in a compact subset of T* B, the transversality
and compactness analysis we performed earlier go through without any changes. Thus
from now on let us assume that H is a Hamiltonian satisfying (Q1) and (Q2), such that
additionally:

1. Every element of P;(H) is non-degenerate.

2. The linearization D9, r(u) at every solution u of the Floer equation for (Jg, H)
admits a left inverse, and hence the moduli spaces M(z~,xT) for 2 € Py (H) are
all manifolds.

Definition 10.28. We define CF,(H) to be the graded Zs-vector space generated by all

formal sums
> (x),

TeEX

where X C P1(H) is a subset such that

sup Ag(x) < 4o0.
reX

The grading is given by the Conley-Zehnder index. Note that such a set X is necessarily
finite, thanks to Lemma 10.14.

The boundary operator is defined in the standard way:

0(x) = » n(z,y) (y)
yeP1(H)
CZ(y)=CZ(z)—1

n(x,y) = #2M(x,y).

The fact that O (r) is a well defined element of CF.(H) follows from the fact that
n(z,y) =0 if Ag(y) > Ag(x), together with Lemma 10.14.

Now we explain how Theorem 10.27 can be used to show that the resulting homology
HF.(H) is independent of the choice of Hamiltonian H satisfying (Q1) and (Q2). Indeed,
suppose Hy and Hj are two such Hamiltonians. We may assume that they both satisfy
(Q1) and (Q2) with the same constants cj,co,c3. By (10.12), there exists a constant
¢4 > 0 such that

|Ho(t,q,p)| < ca(L+[p*),  |Hi(t,q,p)| < ca(1+ [p]?). (10.29)

Let o € [0,1], and define H, := 0 H1+ (1 —0)Hy. Given og, 01 € [0, 1], we see from (10.29)
that

|Hy, (t,q,p) — Hoy(t, q,p)| < 2¢4|o1 — 0o|(1+ |p|?).
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In particular, if |01 — 0g| < d(c1)/2cq, where §(c1) was specified in Theorem 10.27, then
we have L*°-estimates for the s-dependent problem interpolating between H,, and H,,.
Then the analogue of Theorem 9.3 tells us that there exists a well-defined chain map

Dy, 0, : CFu(Hy, ) = CFL(Hy,)

inducing an isomorphism ¢4, s, on homology, which moreover is suitably functorial (in
the sense specified by Theorem 9.3). We now choose a sequence

O=o0p<o1<---<ony=1, (10.30)

such that 0 < 0; — 01 < 6(c1)/2¢4 for each j = 1,..., N, and such that each H,; is
non-degenerate in the sense described above.

Exercise 10.29. Show that such a sequence (10.30) exists.

One finally defines the map

¢ : HF*(HO) — HF*(H1)7 gb = d)UNflyUN oc--+0 ¢O’0,0’1'

We emphasise that in general there is no chain map between CF,(Hp) and CF.(H;). The
idea of breaking an homotopy down into many little pieces and then concatenating the
corresponding maps is called the adiabatic method.
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CHAPTER 11

Infinite dimensional Morse homology

At this point I ran out of time. ..
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CHAPTER 12

The Abbondandolo-Schwarz isomorphism
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