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Abstract

The contact invariant is an element in the monopole Floer homology groups of an
oriented closed three manifold canonically associated to a given contact structure. A
non-vanishing contact invariant implies that the original contact structure is tight,
so understanding its behavior under symplectic cobordisms is of interest if one wants
to further exploit this property.

Under a suitable reinterpretation of work by Mrowka and Rollin, we will show that
the contact invariant behaves naturally under a strong symplectic cobordism.

As quick applications of the naturality property, we give alternative proofs for the
vanishing of the contact invariant in the case of an overtwisted contact structure,
its non-vanishing in the case of strongly fillable contact structures and its vanishing
in the reduced part of the monopole Floer homology group in the case of a planar
contact structure. We also prove that a strong filling of a contact manifold which is

an L space must be negative definite.
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1. STATING THE RESULT AND SOME APPLICATIONS

Monopole Floer Homology associates to a closed, oriented, connected 3-manifold
Y three abelian groups HM,.(Y) , ]—7]\\4.(1/), HM,(Y), pronounced HM-to, HM-
from and H M-bar respectively. They admit a direct sum decomposition over spin-c

structures of Y, in the sense that

WQ(Y) — EBF]\?.(KB)
HM.(Y) = @ HM.(Y,s)
HM,(Y) = @ HM.(Y,s)

In fact, the previous decomposition is finite [32, Proposition 3.1.1]. The chain
complexes whose homology are the previous groups are built using solutions of a
perturbed version of the three dimensional Seiberg-Witten equations, which are at
the same time critical points of a perturbed Chern-Simons-Dirac functional [32] sec-
tion 4]. There are three different types of solutions (the boundary stable, boundary
unstable and irreducible solutions) and each group uses two of the three types in
their corresponding construction.

Now suppose that Y is equipped with a co-orientable contact structure £ compat-
ible with the orientation of the manifold. In practice this means that there exists a
globally defined one form 6 on Y for which & = ker # and 6 Ad#f is positive everywhere
[21], lemma 1.1.1]. As we will review momentarily, { determines a spin-c structure s¢
and one can exploit the additional structure provided by & in order to construct an
clement ¢(&) € HM,(-Y, s¢) known as the contact invariant of (Y, §).

[t is important to observe that c(§) belongs to the monopole Floer homology
groups of the manifold —Y, that is, Y with the opposite orientation. This is because
the contact invariant c(£) should actually be regarded as a cohomology element
c(§) € HM .(Y, s¢), and there is a natural isomorphism between HM .(Y, s¢) and
HM.(-Y, s¢) [32), section 22.5]. However, we will work with the homology version
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of the contact invariant since most of the formulas in [32] are given explicitly for the
homology groups.

Monopole Floer homology also has TFQT-like features, which concretely means
that given a cobordism W : Y — Y’ between two three manifolds, there are group

homomorphisms between the corresponding homology groups

HMJW,sw) : HMJ(Y,sy) — HMJ(Y', sy/)

—

HM(W,sw) : HMJ(Y, 5y) — HMJ(Y', 5y7)
HM (W, sy ) : HMJ(Y,5y) — HMJ(Y', sy/)

Here sy denotes a spin-c structure which restricts in an appropriate sense to the given
spin-c structures on Y and Y. Just as in the contact case, if (W,w) : (Y, &) — (Y, &)
is equipped with a symplectic form w, it determines a spin-c structure s, , and so it

makes sense to ask the naturality question, that is, whether or not
(1) HM(W',5,)e() < c(¢)

where WT : =Y’ — —Y denotes the cobordism turned “upside-down”. The main
result of this work is that the answer to the previous question is positive in the case

of a strong symplectic cobordism:

Theorem 1. Let (W,w) : (Y, &) — (Y, &) be a strong symplectic cobordism between
two contact manifolds (Y,€) and (Y',£'). Then

HM (W', 5,)c(€) = c(€)

At this point it is important to specify that our notion of a strong symplectic
cobordism is that of a symplectic cobordism for which the symplectic form is given
in collar neighborhoods of the concave and convex boundaries by symplectizations
of the corresponding contact structures.

To give some context it is important to point out that this theorem appears stated
as Theorem 2.4 in [50], though the reference given is a paper by Mrowka and Rollin
in preparation that was never published. Also, as will be discussed later in this paper

the “special condition” imposed on the cobordism in [50] and [40] can be removed.
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One can also ask what is known in the twin versions of monopole Floer homology,
namely, embedded contact homology and Heegaard Floer homology. It is not by
any means obvious that the corresponding homology groups from Heegaard Floer
and ECH are isomorphic to the ones coming from monopole Floer homology and
the proof can be found in |5 6, [7, 8, O, 61, 62, 60, 55, (6, 57, 58, 59]. Also, the
corresponding contact invariants in each version are isomorphic to each other.

In Heegaard Floer Homology naturality holds (for example) if (Y”,£’) is obtained
from (Y,€) by Legendrian surgery along a Legendrian knot L [35, Theorem 2.3|.
This is an interesting case because a 1-handle surgery, or a 2-handle surgery along a
Legendrian knot K with framing —1 relative to the canonical framing gives rise to
a strong symplectic cobordism. On the ECH side the contact invariant is known to
be natural with respect to weakly exact symplectic cobordisms [27, Remark 1.11].
Moreover, Michael Hutchings has communicated to the author that he can improve
this result to the case of a strong symplectic cobordism, with the additional advantage
that the contact manifolds can be disconnected [24].

Implicitly we have used the coefficient field F = Z/2 so that we can ignore ori-
entations issues. Clearly one can also ask whether or not one there is an analogous
statement in the case of integer coefficients. Unfortunately, Theorem H in [28] shows
that there is no canonical choice of sign in the definition of the contact invariant, so
the best naturality statement one could hope for in this case is one given up to a
sign.

In any case, the contact invariant with mod-2 coefficients is still a useful tool
for understanding contact structures and the naturality result is good enough to
find properties of this invariant, though the properties we discuss in this work were
previously known by other means. Before we discuss these applications, however, we
will give some brief history that puts into perspective the construction of the contact
invariant and why the following applications were natural things to look for.

In [31] Kronheimer and Mrowka used the contact structure of Y to extend the
definition of the Seiberg-Witten invariants to the case of a compact oriented four

manifold X bounding it.
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More precisely, one considers the non-compact four manifold X+ = X Uy ([1, 00) x
Y'), where [1,00) X Y is given the structure of an almost Kéahler cone using a symplec-
tization w of a contact form # defining £. In particular, the symplectic form induced
by 6 determines a canonical spin-c structure s, on [1,00) x Y, which we can think
of as a complex vector bundle S = S* & S~ together with a Clifford multiplication
p:T*([1,00) X Y) — home(S, S) satistying certain conditions.

The canonical spin-c structure s, identifies a canonical section @, of ST together
with a canonical spin-c connection Ay on the spinor bundle. Kronheimer and Mrowka
then study solutions of the Seiberg Witten equations on X+ which are asymptotic
to (Ag,Pp) on the conical end. These solutions end up having uniform exponential
decay with respect to the canonical configuration (Ag, ®y) (Proposition 3.15 in [31] or
Propositions 5.7 and 5.10 in [65] for a similar situation), which means that the Seiberg
Witten equations on X behave very similar to how they would if the manifold were
compact, more specifically, the moduli spaces of gauge equivalence classes of such
solutions are compact. This allows as in the closed manifold case to define a map

SW(X,Q : SpinC(X, f) — 7

where Spin®(X, £) denotes the set of isomorphism classes of relative spin-c structures
on X that restrict to the spin-c structure s on Y determined by the contact structure
&. This map can be used to detect properties of contact structures on three manifolds.
For example, Theorem 1.3 in [3I] shows that for any closed three manifold Y there
are only finitely many homotopy classes of 2-plane fields which are realized as semi-
fillable contact structures. In section 1.3 of the same paper they mention as well that
if (X&) is a 4-manifold with an overtwisted contact structure on its boundary, then
SWx) vanishes identically.

The latter result is Corollary B in a different paper [40] by Mrowka and Rollin,
where they analyzed how the map SW( x¢) behaves under a symplectic cobordism
(W,w) : (Y,€) — (Y, &) which they called a special symplectic cobordism [40),
page 4]. Theorem D in [40] shows that

(2) SWixe) = £SWixuwey 07
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where 7 : Spin®(X, £) — Spin®(X U W, ¢’) is a canonical map that extends the spin-c
structure of X across the cobordism W. With respect to Z/27Z coeflicients, the pre-
vious theorem can be interpreted as saying that the mod 2 Seiberg-Witten invariants
are the same.

In order to detect more properties of the contact structure, we need to use the
machinery of Monopole Floer Homology, whose canonical reference is [32].

As first defined in section 6.3 of [30] , one constructs the contact invariant c(§) €
HM.(-Y, s¢) by studying the Seiberg-Witten equations on (R x =Y )U([1, 00) xY))
which are asymptotic on the symplectic cone to the canonical configuration (Ag, o)
mentioned before and asymptotic on the half-cylinder to a solution of the (perturbed)
three dimensional Seiberg-Witten equations. We will give more details about this
construction in the next section, as well as an interpretation of it as a “relative
invariant” from the TQFT-perspective. However, it should be clear that based on
the analogy with the numerical Seiberg-Witten invariants SWx ¢), one would expect
the naturality property (our main theorem (1)) as well as the vanishing of the contact
invariant for an overtwisted structure. It is the latter which we now indicate how to

prove.

Corollary 2. Let (Y,€) be an overtwisted contact 8 manifold. Then the contact

invariant of § vanishes, that is, c(§) = 0.

Proof. First we show that the 3-sphere S® admits an overtwisted structure &, for
which ¢(§,;) = 0. For this we will use Eliashberg’s theorem [15, Theorem 1.6.1| on
the existence of an overtwisted contact structure in every homotopy class of oriented
plane field and the fact that the Floer groups of any three manifold Y are graded by
the set of homotopy classes of oriented plane fields [32], Section 3.1].

Thanks to Proposition 3.3.1 in [32], which describes the Floer homology groups of
S3, we can find a homotopy class of plane field [€] for which HMg(5%) = 0. Notice
that in this case we are not specifying the spin-c structure because S® has only one up
to isomorphism. By Eliashberg’s theorem we can choose an overtwisted structure &,
in the homotopy class [¢]. Now, c(&,) is supported in EM[@(—SP’) ~ E]\?[Q(S:}) =0
(see for example Theorem in this paper) and so it will automatically vanish, i.e,

c(&t) = 0.
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Now, if (Y,¢) is an arbitrary overtwisted contact 3 manifold, using Theorem 1.2
in [17], we can find a Stein cobordism (W,w) : (Y, &) — (S3,&,). Such cobordisms

are in fact strong cobordisms so we can conclude that
c(€) = AHMJ(W1,s,)c(6r) = HM(WH,5,)(0) = 0
and therefore c(§) vanishes. O

Remark 3. For a proof that does not use the naturality property see Theorem 4.2
in [54]. The vanishing of the contact invariant for overtwisted contact structures is
also known on the Heegaard Floer side [46, Theorem 1.4|. For a proof on the ECH
side see Michael Hutchings’ blog (|25]). In fact, in the case of ECH one can show
that the contact invariant vanishes in the case of planar torsion ([63]). The same is
also true in the monopole Floer homology side thanks to our naturality result and
Theorem 1 in [64].

Corollary 4. Let (X,w) be a strong filling of (Y,&). Then the contact invariant of
¢ is non-vanishing, that is, c¢(§) # 0.

Proof. By Darboux’s theorem we can remove a standard small ball B of X to
obtain a strong cobordism (W,w) : (5% &ugne) — (Y,€). Naturality says that
c(&ignt) = HM. (W', s,)c(€) but the left hand side is non-vanishing (see for ex-
ample the appending in this paper) and so we conclude that c(§) is non-vanishing

as well. O

Remark 5. The Heegaard Floer version of this fact appears as Theorem 2.13 in [22].
That same paper contains an example of a weak filling where the contact invariant

vanishes.

To explain the next corollary we do a quick review of some of the properties of the
monopole Floer homology Groups. Formally they behave like the ordinary homology
groups H,.(Z), H.(Z, A) and H.(A) for a pair of spaces in that they are related by a

long exact sequence [32, section 3.1]
(3) - - HM(Y,s) 2 HM(Y,s) 25 HM,(Y,s) —= HM,(Y,s) 2> - -

An important subgroup of ]?]\\4.(5/, s) is the image of j, : HM,(Y,s) — ﬁ]\\/[.(Y,s)
which is known as the reduced Floer homology group HM,(Y,s), and in general
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it is of great interest to determine whether or not a particular element belongs to it.
For example, if j, = 0 we say that Y is an L space in analogy with the terminology
from Heegaard Floer [32, section 42.6]. To relate this question to the naturality
of the contact invariant, we need to use the fact that for a cobordism (W', sy/) :
(=Y’ sy) — (=Y, sy/) there is a commutative diagram
g | |
HMJ (=Y s5y) 2 HMJ(=Y' 5y) 2 HMJ(=Y' s5y) - HMJ(-Y' 5y

iHM.(Wtsw) *L@.(Wf,sw) im.(wtsw) \LHM.(WT,SW)

OMJ(-Y,sy) 25 HMJ-Y,sy) 25 HM.(-Y,sy) - HM.(-Y,sy)

Corollary 6. Let (X,w) be a strong filling of (Y,§). Assume in addition that Y is

an L space. Then X must be negative definite.

Proof. Suppose by contradiction that b*(X) > 1. Remove a Darboux ball as before
to obtain a cobordism (W,w) : (S®, &ugne) — (Y, €). By proposition 3.5.2 in [32] we
have that HM,(W', s,) = 0. By the commutative diagram and the fact that j,
vanishes for Y we have that c(§) € kerj, = imi,. Hence c(§) = i, ([¥]) for some
W] € HM,(=Y' s¢) and the commutativity together with the naturality says that

0= i, HM(W',s,) ([#]) = HM.(W,5.)c(é) = c(Eight)
which is a contradiction. U
Remark 7. This result appears as Theorem 1.4 in [45].

Corollary 8. Suppose that (Y, &) is a planar contact manifold. Then j.c(§) =0 and

in particular any strong filling of a planar contact manifold must be negative definite.

Proof. Observe that the last statement is exactly the proof of the previous corollary,
which only used the fact that c(§) € kerj,. If (Y,¢) is a planar contact manifold
Theorem 4 in [64] (and the remarks after it) shows that there is a strong symplectic
cobordism (W, w) : (Y,&) — (S?,&ignt). The result follows using the commutative
diagram [4] and the fact that j, vanishes on S® because it admits a metric of positive

scalar curvature [32, Proposition 36.1.3]. O
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Remark 9. Theorem 1.2 in [44] shows that if the contact structure £ on Y is compat-
ible with a planar open book decomposition then its contact invariant vanishes when
regarded as an element of the quotient group HF,.q(—Y,s¢). The second part of our
corollary should be compared with Theorem 1.2 in [16], where it is shown (among
other things) that any symplectic filling of a planar contact manifold is negative
definite.

The proof of the previous corollary can be extended to the case when Y’ admits
a metric with positive scalar curvature. First of all, it should be pointed out that
this class of manifolds is not very large. Thanks to results of Schoen and Yau an
orientable 3-manifold with positive scalar curvature can always be obtained from a

manifold with ; = 0 by making a connected sum of a number of copies of S* x S2.

Corollary 10. Suppose that (W,w) : (Y, &) — (Y',&') is a strong symplectic cobor-
dism with Y (hence —Y"') admitting a metric with positive scalar curvature. Then
a) If c1(s¢r) is not torsion, then the contact invariant c(§') vanishes automatically
and by naturality so will the contact invariant c(§).
b) If ci(ser) is torsion, then j.c(§') = 0 and so by naturality j.c(§) = 0. In
particular, for a strong cobordism (W,w) : (Y,€) — (S, &igne) we must have that
jxc(§) = 0.

Proof. Proposition 36.1.3 in [32] shows that j, vanishes when ¢ (s) is torsion and
that the Floer groups are zero when ¢;(s) is not torsion, from which the corollary

follows immediately. U

In the next section we will sketch the main argument in the proof of Theorem
. It is our hope that this summary captures the essential ideas of the proof of
our main theorem, since the remaining (and more technical) part of the paper will
follow very closely the paper [40], which is “required reading” for someone interested

in understanding why the naturality theorem will be true.
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2. SUMMARY OF THE PROOF

As stated before, we now give a brief summary of the main ideas involved in the
proof of Theorem . In a nutshell, to show that ¢(¢) equals HM,(WT,s,)c(¢'), we
will define an intermediate “hybrid” invariant ¢(¢',Y) € HM.(-Y, s¢) which will
work as bridge between c(&) and m.(WT, s,,)c(&’). Namely, using a “stretching the
neck” argument we will show that

HM (W', 5,)e(€) = c(€,Y)

while adapting the strategy of [40] (which as we will explain momentarily involves a

“dilating the cone” argument) we will show that

c(§Y) =c(§)

giving us the desired naturality result.

First we review the definition of the contact invariant, following section 6.2 in [30]
(in their paper the contact invariant was denoted [1y¢] but we have decided to switch
to the more standard notation used in Heegaard Floer homology). As mentioned in

the introduction, given a contact manifold (Y, ) we construct the manifold
Zfe =R x (=Y))U([l,00) x Y)

and study the Seiberg-Witten equations which are asymptotic to the canonical so-
lution (Ag, @g) on the conical end [1,00) X Y and to a critical point ¢ of the three
dimensional Seiberg Witten equations on the cylindrical end R™ x (=Y'). To write
the Seiberg Witten equations a choice of spin-c structure needs to be made, and in
this case the contact structure £ determines a canonical spin-c structure s on Z;E’ ¢
which we will describe later.

There is a gauge group action on such solutions and we define the moduli space
M(Z5 ¢+ 5, [c]) as the gauge equivalence classes of the solutions to the Seiberg-Witten
equations on Z}f, ¢ As a matter of notation, [-] will represent the gauge-equivalence
class of a configuration so [¢] in this case denotes the gauge equivalence class of the

critical point ¢. The moduli space ./\/l(Z;/rg,s, [c]) is not equidimensional, in fact, it
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admits a partition into components of different topological type
M(Z;g,ﬁ, [C]) = UMZ(Z;;,@ﬁv [C])
z

where z indexes the different connected components of the previous moduli space.
We count points in the zero dimensional moduli spaces (which will be compact, hence
finite) and define

IM.(Zf e s,[c])]  mod 2 if dim M. (Zy,,s,[c]) =0

mZ<Z}Jfr,§757 M) = )
0 otherwise

The contact invariant is then defined at the chain level as
(5) C(£> - (00(5)7 Cs(f)) € é*(_y7 55) = Q:O(_Y7 55) S Q:S(_Yy 55)
by

CE) = Y Y mZfes [a)ew

[a]e€o(~Yise) 2

@)= > mZ s [a))ey
[a]eCs(—Y,s¢) =

In the previous notation C, (=Y, s¢) is the free abelian group generated by the irre-
ducible and boundary stable critical points [a] and efq is a bookkeeping device for
each critical point considered as a generator in the group. Lemma 6.6 in [30] then
shows that ¢(€) is a cycle, that is, it defines an element c(§) of the Monopole Floer
Homology group E]\/L(—Y, S¢).

The previous construction of the contact invariant c¢(£) can be regarded as coming
from the recipe for defining relative invariants in the following sense. When we have
a closed manifold X, we can use the Seiberg-Witten equations together with a choice

of spin-c structure sy to produce numerical invariants
SWx : Spin(X) — Z

Now, what happens if X is not closed, but rather bounds a 3-manifold Y7 The
TFQT-philosophy dictates that in this case we should try to produce an element
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F1GURE 1. Constructing relative invariants.

[¢x] living in the Monopole Floer Homology groups of Y. We should remember that
there are different flavors of Monopole Floer homology, so this philosophy needs to
be implemented somewhat carefully. In any case, the basic idea is that ¢x ,, should
be defined at the chain level as

pxax = mala) = 3 (30 #Mo(X*; [a) [a

[a] [q]
where #M(X*;[a]) denotes the 0-dimensional moduli space of solutions to the

Seiberg-Witten equations asymptotic to the critical point [a].

The contact invariant c(£) should then be regarded as the relative invariant ¢y s
associated to a canonical 4-manifold determined by the contact manifold (Y, §). The
natural choice is to use the symplectization of (Y, €), that is, (X,w) = (R x Y, 2d(t26))
(other choices of symplectic form are usually used). In any case, in order to make
up for the fact that X has no boundary we chop it off somewhere, say, we just work
with X = [1,00) X Y, in this case the natural boundary of X is 0X = —Y, which is
why we think of the contact invariant as an element in the monopole Floer homology
of =Y, rather than Y. The astute reader may just ask in this case why not simply
take X = (—o00,1] X Y so that we get a manifold with boundary Y. The problem is
that once we introduce riemannian metrics compatible with the symplectic structure,
then the first choice will lead to something with bounded geometry, while the second

does not (we will explain what bounded geometry is in the next section).
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FIGURE 2. Manifold W] with two cylindrical ends used to define the
cobordism maps.

Returning to the naturality question, suppose we have a symplectic cobordism
(W,w) : (Y,€) = (Y, ¢) and we want to decide whether or not HM (W1, s,)c(¢) =
c(§). Clearly this is equivalent to showing that at the chain level

me(€') — ¢(€) € imo_y

where 0_y : C\.(—Y, s¢) — C.(—Y, 5¢) is the differential that generates HM,(-Y, S¢).
Here 1 is the chain map (definition 25.3.3 [32])

o . ués o au =5 . .
m — mO B mO 'lL_ Omu_ : O.(—Y,75§/) — O.<_Y, 56)
m? ms—mbos — o'ms

To see what m does, we will explain the meaning of m? and 92, since the action of
the remaining terms can be inferred easily from these two examples. The map m?

counts solutions on W' : —Y’ — —Y with a half-cylinder attached on each end:
Wi=R x-Y)uWlu (R x -Y)

which are asymptotic on R~ x —Y” to an irreducible critical point [a] € €(—Y", s¢)
and asymptotic on Rt x —Y to a boundary stable critical point [b] € €*(=Y s¢).
On the other hand, the map 92 counts solutions on R x (—Y”) which are asymptotic
to a boundary stable critical point [a] € €*(—Y",s¢) as t — —oo and to a boundary
unstable critical point [b] € €%(=Y" s¢) as ¢ — oo (in our context a map like OY
would count solutions on R x —Y instead). The bar indicates that we are only

considering reducible solutions, i.e, solutions where the spinor vanishes identically.
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Again, we obtain a moduli space M ([a], W], 5., [b]) and as before we can define

M. ([a], W, s, [6)]  mod 2 if dim M. ([a], W],s.,[06]) =0

0 otherwise

n.([a], W], s, [b]) =

In the case of a cylinder there is a natural R action and the corresponding moduli
space after we quotient out by this action is denoted M ([a], s/, [b]) (the notation in
[32] for this moduli space is M. ([a], s¢, [b]) ). In this case we define

IM.([a], 8¢, [0])]  mod 2 if dimM.([a], s, [b]) =0

n.([a], s¢, [b]) = .
0 otherwise

Under this notation, mc(¢’) has two terms, and since are working mod 2 we will

write them without the signs to simplify the expression. The term corresponding to
moc®(§') + me0c™ () + ymye’(€)

is equivalent to

Z Z m21 (Z;/_’,g”sl7 [a])nZQ ([Cl], WI, 5w [C])G[c]

l[ale€o(—Y"),[c]e€o(=Y) 21,22

+ > > M2 g8 (), (0], s¢, [0, ([6], W, s, [d])egg

[aJe€s(=Y7),[b]eCu(=Y"),[c]eCo(-Y) 21,22,23
+ Z Z Mz (Zl—/i_’,g”ﬁl7 [a])ﬁm([a]?ijﬁwv [b])n23([b]75§7 [CDG[C]
[a]ees(=Y7),[o]e€(-Y),[]e€?(-Y) 21,22,23

Notice that if we fix a critical point [¢] € €°(—Y,s,¢) we can consider the coefficient

(6) Z me (Z}—t’,ghﬁlv [a])n?«'z([a]ij’sw’ [C])

l[ale€o(—Y") 21,22

+ Z Z mz (Z}J/r’,g’?sla [Cl])T_lZ2<[C(],5§/, [b])nzs([b]v Wjaswu [CD

[aJe€s(=Y"),[b]e€u(-Y") 21,22,23

+ Z Z mz1(Z}4/_/,§'75/’ [a]) 72, ([a], W} s, [b])724([b], 5, [c])

[a]e€s(=Y7),[b]€C%(—Y) 21,22,23
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Similarly, the second term of me(¢'), i.e,
mgco(g ) + msCS(gl) + mggzcs(g ) + au ~ S 8(5/)

is equivalent for each critical point [¢] € €°(=Y,s¢) to

Z Zmzl yr g8 a[])n22([a]awja5w’[c])

[a]e€o(=Y") 21,22

+ 3 S mu(Z 8 (), (o), W s, [€])

[a]e€s(=Y") z1,22
+ Z Z Mz (ZY’,gf’ﬁlv [a])ﬁZQ([aLsf’? [b])n23([b]7 ij‘gw’ [C])
[ale@s(=Y"),[b]eCu(=Y") 21,22,23
(M + > > ma(Zs g, (), ([a), W s, (0], (8], 5¢, [¢])

[a]eCs(=Y"),[b]eC¥(=Y) 21,22,23

Therefore, we want to show that up to a boundary term, y°_m.(Z{,s, [c]) is equal
o (6) (if [¢] is irreducible) or (7)) (if [¢] is boundary stable).

If there is any hope of showing the equality between these two quantities we need
to find a geometric interpretation to the sums @, @ In order to do this we
will consider the Seiberg-Witten equations on a slightly more general scenario, one
that combines the construction of the contact invariant with the cobordism. More

precisely, we will study the Seiberg Witten equations on
Wey = ([1,00) x Y)UWT U (RY x —Y)

which are asymptotic on [1,00) X Y’ using the canonical solution coming from the
contact structure ¢ and asymptotic on R* x —Y to a critical point [¢] € C,(—Y, 5¢).
The moduli space of such solutions will naturally be denoted M(Wg ., 5., [c]) .

Thanks to the compactness arguments in [31], 32] and [65] (which guarantee uni-
form exponential decay along the conical end) we can proceed as before and define
|Mz(Wg,iy,5w, [c])] mod 2 if dim M, (W vy S, [€]) =0

m.(Wer v, 50, [¢]) = '
0 otherwise
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FIGURE 4. HM (W', 5,)c(¢) = c(¢,Y) via a “stretching the neck” argument.

These numbers give rise to the hybrid invariant c(¢’,Y) mentioned at the beginning
of this section. In order to show the equality HM (W1, s,)c(¢) = (¢, Y) we must

consider the parametrized moduli space

(8) U AL} x MOV (L), 5., [e])

Le[0,00)
where M(Wiy (L), s, [c]) denotes the moduli space of solutions to the Seiberg-
Witten equations on the manifold

Wiy (L) = ([1,00) x Y)U ([0, L] x =Y )UWTU (R* x —Y)
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The parametrized moduli space is not compact; its compactification will be
denoted

(9) U {L} x ME(W (L), 50, [d])

Le[0,00]
where the definition of MT (W, (c0), 5., [¢]) is given in (34). For now, it suffices to
say that when we count the endpoints of all one dimensional moduli spaces inside
@D we will get 0.

The count coming from the fiber over L = 0 will give the term Y m.(Wg v, 5., [¢])
while the count coming from the fiber over L. = oo will give one of the sums @
or depending on whether [¢] is irreducible or boundary stable. Finally, the
count coming from the other fibers will contribute a boundary term (see Theo-
rem for the precise statement). At the level of homology, this means that
m.(WT,sw)c(ﬁ/ ) = c(£,Y) so the naturality proof has been reduced to showing
that c(&,Y) = ¢(§). Again, from the chain level perspective this means that up to

boundary terms, for each critical point [¢], the numbers Y7 m.(Wg y, 5., [¢]) must

equal Y, m.(Zy,s,[d]).

If one were to replace the half-cylindrical end R* x (=Y') with a compact piece
X so that we could work with numbers instead of homology classes, the previous
quantities would be the same due to Theorem D in [40] (i.e, equation in our
paper). Therefore, it becomes clear at this point that what we need to do is adapt
the Mrowka-Rollin theorem to the case in which we have a half-infinite cylinder.

Two things that change in this new setup are the certain inclusions of Sobolev
spaces are no longer compact and in order to achieve transversality (i.e, obtain un-
obstructed moduli spaces in the terminology of [40]) one must use the “abstract
perturbations” defined by Kronheimer and Mrowka in [32]. In particular, these per-
turbations introduce new terms that do not appear in the usual linearizations of the
Seiberg-Witten equations, so for the gluing argument we will employ one needs to
check that the new contributions do not mess up the desired behavior of the lin-
earized Seiberg Witten equations. Namely, we will see that the contributions have
leading terms which are quadratic in a appropriate sense. Had the leading term been

linear, the gluing argument would not have worked.
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Xy
X, ILxY e

FIGURE 5. Gluing technique for the “stretching the neck” argument.

Our gluing argument and the proof of Theorem D [40] morally follows the same
basic ideas as the other gluing arguments in gauge theory but as expected differs in
the specific details (a few references include [32] [42], [48], 12, 39, 18, 19] ). Perhaps the
most common gluing argument is gauge theory is the one involving the “stretching
the neck” operation on a closed oriented Riemannian 4 manifold X which has a

separating hypersurface Y inside it.

Namely, one writes X as X = X; U Xy and after choosing a metric which is
cylindrical near Y one can stretch the metric along Y in order to have a cylinder
I;, xY of length L inserted between X; and X5 as shown in the picture. The point
is that as L increases, the Seiberg Witten equations on X, = X; U (I, x Y) U X5
start behaving more like the solutions on the manifolds with cylindrical ends X7 and
X3. More precisely, one can start from solutions on X7 and Xj which agree on their
respective ends in order to construct a pre-solution on X, , that is, a configuration
on Xy which is a solution to the Seiberg Witten equations on X, except perhaps
for a region supported on I;, x Y. The main point of the gluing argument, is that
one can find an Ly sufficiently large, so that for all L bigger than Ly we can obtain
an actual solution to the Seiberg Witten equations on X thanks to an application
of the implicit function theorem for Banach spaces. In order for this to work it is
imperative to have estimates that become independent of L.

Likewise, in our situation we want to take advantage of the fact that for a strong

symplectic cobordism the symplectic structure is given near the boundary by the
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[L,00) x ¥ Wi R* x (-Y)

FIGURE 6. “Dilating the cone” argument used to show that c(¢',Y) = c(§).

symplectization of the contact structure, so that in analogy with the cylindrical case
we can perform a “dilating the cone” operation, where now the key parameter is
a dilation parameter 7 , which determines the size of the cone C) determined by
the symplectization of the contact structure near the boundary. As in the cylindrical
case, the main idea is that once 7 is sufficiently large, the moduli space of solutions to
the Seiberg Witten equations on the manifold shown below can be described in terms
of the moduli space used to define the contact invariant of (Y,¢). Again, this will
rely on an application of the implicit function theorem, which requires guaranteeing
that certain estimates become independent of 7 (once it becomes sufficiently large).
As we will explain near the end of the paper this gluing theorem will establish that

c(§,Y) = c(§).
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3. SETTING UpP THE EQUATIONS

3.1 The Seiberg-Witten Equations and the Configuration Space. As ex-
plained in the previous section, we will analyze first the equations on W’f’y. In
particular, we begin by stating some basic geometric properties of the manifolds we
are going to be working with.

Suppose we have a closed oriented three manifold Y with contact structure £&. We
assume that £ = kerf and choose the unique Riemannian metric go such that [31]
Section 2.3|:

e The contact form 6 has unit length.

o dl =2xy 0

e If J is a fixed choice of an almost complex structure on &, then for any v, w € &,
go(v,w) = db(v, Jw).

The contact structure £ determines a canonical spin-c structure s¢ : define the
spinor bundle S as the rank-2 vector bundle S = C @ £ where C is the trivial
vector bundle and we are considering £ as a complex line bundle. Moreover, there
is a Clifford map py : TY — hom(S,S) which identifies 7Y isometrically with the
subbundle su(S) of traceless, skew-adjoint endomorphisms equipped with the inner
product $tr(a*b) [32, Section 1.1]. Using (Y, gg,s¢) we can write the configuration
space on which the Seiberg-Witten equations are defined [32] Section 9.1|: for any
integer or half integer k£ > 0 define

Ci(Y,5¢) = (Byes, 0) + LE(M;iT*Y @ S) = A(Y, 5¢) x L2(Y; S)

where B,.¢ is a reference smooth connection on the spinor bundle S compatible
with the Levi-Civita connection defined on TY and Ai(Y,s¢) denotes the (affine)
space of spin-c connections of S with Sobolev regularity L. We will always assume
whenever needed that k£ > 5, but by elliptic regularity the constructions end up being
independent of k£ because one can always find a smooth representative in each gauge
equivalence class of solutions to the Seiberg-Witten equations so will not dwell a lot
on the actual value of k being used.

The gauge group Gy41(Y) is

Gr1(Y) ={ue L;,,(Y;C) | lu] =1 pointwise}
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It acts on the configuration space via
u-(B,W)=(B—u ‘du,u¥)

The action is not free at the reducible configurations, that is, the configurations
(B, 0) with the spinor component identically zero. The stabilizer at those configura-
tions consists of the constant maps u : Y — S which we can identify with S*. To
handle reducible configurations Kronheimer and Mrowka introduced the blown-up

configuration space [32], Section 6.1]
Co(Y56) = {(B.5.9) | [6lluzr1o1,s = 0} = Au(Y, 5¢) x B x S(LA(Y: )

Here S(L{(Y; S)) denotes those elements ¢ in L2 (Y; S) whose L? norm (not L% norm!)

is equal to 1. In this case the gauge action is
u-(B,s,¢) = (B —u'du,s,udp)

and it is easy to check that the gauge group acts freely on this space. In fact,
Lemma 9.1.1 in [32] shows that the space CJ(Y,s,) is naturally a Hilbert manifold
with boundary and when k£ > 1, the space Gy.1(Y) is a Hilbert Lie group which acts
smoothly and freely on C7 (Y, s¢).

We are interested in triples (B, s,¢) which satisfy a perturbed version of the
Seiberg-Witten equations. At this point the nature of the perturbations is not
that important. For now it suffices to say that we will take them to be strongly
tame perturbations as in definition 3.6 of [65]. As a technical point it is use-
ful to note that the cylindrical functions constructed in section 11.1 of [32] are
strongly tame perturbations so the theorems from [32] which used this class of per-
turbations continue to work in this context. We will denote such a perturbation
by qyg,s.. In general a strongly tame perturbation q can be regarded as a map
q: Ce(Y,8¢) — Li(Y;iT*Y @ S), where one thinks of the codomain as a copy of
the tangent space T(pw)Ci(Y, 5¢) for each configuration (B,¥) € Ci(Y,s¢). Since the
codomain naturally splits one can write q = (g%, q') and in section 10.2 of [32] it
is explained how q gives rise to a perturbation on the blown-up configuration space

q° = (q°,4"9) (notice that only the second component is modified).
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The corresponding equations (B, s, ¢) satisfy are (section 10.3 [32])
L Fpe b 8205 (660 + (B 56) = 0
(10) A B,s,¢)s =0
Dpo — AqY,gg,sg (B’ S, ¢)¢ + El1Y7g9,5§ (Bv S, ¢) =0

qY,gg,sg(

where:

e F'zt denotes the curvature of the connection B on det(.S).

e (¢¢*)o denotes the trace-free part of the hermitian endomorphism ¢¢*: (¢p¢*)y =
do* — 50| 1s.

e Dpg is the Dirac operator corresponding to the connection B.
Aoy (B5:0) = Re (0. D56 48y (B.5.0)) | and @ (B.rv) = J, Disariya'(0.)ds

2
(here D denotes the linearization of the map g'). i

Using the equations we can distinguish three types of solutions (or criti-
cal points) ¢ = (B, s,¢) [30, Definition 4.4|, the irreducible critical point, the
boundary stable reducible critical point and the boundary unstable re-
ducible critical point. What is important about this classification for us is that
solutions of the four dimensional Seiberg Witten equations on R x Y for which the
spinor does not vanish identically can only be asymptotic as ¢ — oo to irreducible
critical points or boundary stable reducible critical points. The gauge equivalence
class of any of these points will be denoted as [¢].

The triple (Y, g, §¢) induces a spin-c structure on (—Y, gg) given by the same spinor
bundle S, and changing the Clifford multiplication from pg to —pe [32, Section 22.5].
We will continue to denote this spin-c structure by s.. Given this structure we can
use the cylindrical metric and the spin-c structure induced by —Y on the cylinder
R x —Y [32, Section 4.3]. We use the perturbation —qy,g, s, on =Y.

Consider now the manifold
Wey = ([1,00) x Y)UWT U (RT x —Y)

We will define the appropriate geometric structures needed on each piece together
with the perturbations we will be using.
e On R™ x —Y, we use the cylindrical metric and the canonical spin-c structure

induced by s on the cylinder. As explained on section 10.1 of [32], we have a four



26 MARIANO ECHEVERRIA

dimensional perturbation —qyg, s, : Ck(RT X =Y, 8¢) = LY(RT x =Y ;iT*(RT x -Y)®
S) on the half-cylinder Rt x —Y, defined by restriction to each slice.

e On W' we choose a metric gy on W1 such that the metric gy is cylindrical in
collar neighborhoods of the boundary components. To define the perturbation on
WT we follow section 24.1 in [32]. Since the Riemannian metric is cylindrical in the
neighborhood of the boundary it contains on each boundary component an isometric
copy of I} x =Y and I, x Y’ where I} = (—C1,0], Iy = (—C5,0]. Since the argument
is the same for both ends we will use generic notation. Let § be a cut-off function,
equal to 1 near t = 0 and equal to 0 near t = —C'. Let 3y be a bump function
with compact support in (—C,0), equal to one on a compact subset inside (—C,0).
Choose another perturbation py of the three dimensional equations and consider the
perturbation

pw = B4 + Bopo
It is useful to note that the reason why we use two perturbations is so that one can
be varied when we use a transversality argument.

e On [1,00) X Y’ we assume that the metric is cylindrical in a collar neighborhood
[1,Ck) x Y’ and on a complement of this neighborhood (like Nx = [Cx +1,00) X Y’

for instance) it is given by the metric
gK.00 = dt ® dt + t299/

with symplectic form
1
Wy = §d(t2¢9,)
Here K stands for Kahler, although in most cases the cone will not be a Kahler
manifold (in fact occurs only when (Y, €) is a Sasakian manifold [3].The form is self
loxcor = V2 pointwise. By Lemma 2.1 in [31], on

the symplectic cone we have a unit length section @, associated to the canonical

dual with respect to gr g and |we

spinor bundle S, ,. For this section @, we have a corresponding connection Ay such
that D4,@y = 0. Choose a smooth extension of (Ag, @) to all of Wi in such a way
that (Ap, @) is translation invariant on the cylindrical end R* x —Y. Define

1
pre = (= o(FR) + (@02)0.0)
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and choose a bump function Sk which is supported on N and identically equal to 1
on [Ck +2,00). Choose also a bump function Sy, which is supported on [1, Ck) x Y’
and identically equal to 1 near the boundary 0 ([1,Ck) x Y’).

Our global perturbation will be
(11)
pW;y = _quevSs + (BEIKQmSg + ﬁ(l)ﬁo) + (5(/)% + BIQY’,gQ,,s§,> + <6NKqY’,g9/75€, + BKPK>

where 3, 5’ are cutoff functions defined analogously for the other cylindrical neigh-
borhood I, x Y.

In words the previous perturbation behaves as follows: if we start on the cylindri-
cal end R* x —Y" we will see the translation invariant perturbation —qy,g, ... As we
enter the cobordism through the boundary —Y C WT (recall that OWT = —Y L Y")
this perturbation is modified into a combined perturbation Sqy,g,.s, + GyPo, which is
supported on a collar neighborhood of this end. After we exit this collar neighbor-
hood we will see no perturbations until we reach again the collar neighborhood of
the end Y’ C WT | where the perturbation is 3)pj + B/qY’,ggusg/- Finally, as we exit

the cobordism we will see a perturbation identically equal to qy- for a small

Gg! S/
time until it becomes zero again and then it will eventually be changedé into the per-
turbation identically equal to px. We will explain the reason why the perturbations
were chosen in this way near the end of this section.

Now we must define the corresponding configuration space that we want to use
in order to analyze the Seiberg-Witten equations. In general one needs to define
the ordinary configuration space and its blow-up (see sections 13 and 24.2 for some
motivation behind this construction). Due to the asymptotic condition we will im-
pose, our solutions will always be irreducible so the gauge group action will be free
without having to blow up the configuration space. Therefore, most of the time we
will simply use the ordinary configuration space. However, if one wants to describe
the compactification of the moduli spaces in terms of the space of broken trajectories
then the blow up model is more convenient so for completeness sake we will write
the equations in the blow up model (but we will switch to the ordinary configuration

space when some computations become more transparent there).
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We are interested in the configurations that solve the following perturbed version

of the Seiberg-Witten equations:

where the unperturbed Seiberg Witten map is |32 eq. 4.12]

1
5(4.8) = (ol4) — (@00, D)

Both the perturbed and unperturbed maps are defined on elements of the following
configuration space (def. 3.5 in [65] and def. 13.1 in [32]):

Definition 11. Define the configuration space (without blow-up) CthC(Wgﬁy,sw)

as follows. It will consist of pairs (A, ®?) such that:
1) A is a locally L? spin-c connection for S and @ is a locally L3 section of S.

2) Tt is L? close to the canonical solution on the conical end, that is,

A— Ay e Li([1,00) x Y, iT*([1,00) x Y"))
b— P € L%’AO([l,oo) XY’ ST)
Remark 12. a) Recall that we chose an extension of Ay to the cylindrical end in such
a way that it was translation invariant so the condition that A is a locally L? spin-c
connection means that A — Ay € L3 1, (W, 5 iT*Wer 3 ).

b) Notice that the second condition implies that ¢ cannot be identically 0, i.e,
Chioe(Wer y, 8) contains no reducible configurations. In the notation of [32], we would
write Crioe(Wery,5) = Cps joe(Wer y1,5).-

c¢) Due to the lack of a norm the space CMOC(WE,L’Y, §) is not a Banach space unless

we impose some asymptotic condition on the cylindrical end.
The blown-up configuration space C,‘;loc(Wg{Y,sw) is defined as follows:

Definition 13. If S denotes the spinor bundle, define the sphere S as the topological
quotient of L7 ;,.(Wg y; ST)\0 by the action of RT [32) section 6.1]. The blown-up

configuration space associated to Chloc(ngy,sw) is

Clg,loc(WgtY?’gW) = {(A7 R+¢7 QS) ‘ S R20¢7 ¢ S S and (A7 @) € Ck,lOC(Wf—i_,Y?sw)}

Just as its blown-down version, Cg}loc(ngy,sw) is not a Banach manifold, much

less a Hilbert manifold, so we will not try to find useful slices on this space. These
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slices would have been “orthogonal” in some suitable sense to the gauge group action,
which begs the question, what is the gauge group in this situation? A provisional

definition for the gauge group is to use

(13) gk+1,loc<Wg7y) ={u: ngr,y —Cllul=1andue Li—ﬁ—l,loc(Wg’_,Y)}

where the action of u € Gi1140c On a triple (A, R* ¢, @) € C7,.(Wery, 5) is given by
(14) u- (A RYp, @) = (A —utdu, R (ug), ud)

The topology we will give to it is the topology of L? 41 convergence on compact
subsets. At this point it is not clear that this is indeed a group nor that [14] defines
an action. We will see that in fact we will need to impose further conditions on our
gauge group. In any case, to check these properties we actually need the help of
the Sobolev multiplication theorems. Since our manifold is not compact this adds
a further complication because the consequences of the Sobolev theorems on open
manifolds are not as powerful as for closed manifolds. However, our situation is not
that terrible given that we are still within the realm of bounded geometry, which we

now proceed to describe.

3.2 Bounded Geometry and the Gauge Group. As we just said, since our
manifold ngr,y is non-compact some care is required when verifying certain properties
of our configuration/moduli spaces. For example, the Fredholm property of elliptic
operators, the closed range property of differential operators with injective symbol,
the Rellich lemma all fail on general open manifolds [I3] . Fortunately, most of what

is needed remains true in the setting of bounded geometry [14, pages 5-14]:

Definition 14. Let (M", g) be a smooth n dimensional Riemannian manifold with
metric g. We say that it has bounded geometry up to order [ if one can find
constants C1, - -+, C; such that conditions (/) and (B;(M, g)) are satisfied:

(B;(M,q): |ViRI <C; Vi=1,2,---1

where is 7ip; the injectivity radius of M, V¢ denotes the Levi-Civita connection and

R the curvature tensor.
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If (E,h,V") — (M",g) is a Riemannian vector bundle we can use the Levi-Civita
connection V¢ and the connection V" to define metric connections V in all tensor
bundles T*(M) @ E = (TM)®" @ (T*M)®" @ E. If p € I'(FE) we can regard it as
a F-valued zero form so we define for k£ a non-negative integer (notice that the case
when k£ is a half-integer is only being used in our context for the case of compact

three manifolds) and p € R the quantity

k 1/p
lellzrary = (/Z IVzwlﬁvolm(g)>
=0

together with the spaces

2(E) ={p € C=(E) | lellrr oy < o0}
O7(E) = {completion of 27 (E) with respect to || - e}
oP
$2,,(E) = {completion of C*(E) with respect to [ - ||z}
p(E) = {¢ | ¢ is a measurable distribution section with |[¢||1ras) < 0o}

Likewise, we can define a pointwise norm

k
Plpp = sup Vipl,
[lox = sup ;| |

with corresponding spaces

Qui(E) = {¢ | ¢ is a C* — section and |p|,x < oo}
21 (E) = {completion of C°(E) with respect to |- |y}

Fortunately our manifold Wy, satisfies the condition (By(M, g)) for all [ and in this
case we do not have to worry about this plethora of spaces thanks to the following
theorem, which actually corresponds to a combination of Proposition 3.1, Proposition
3.2, Theorem 3.3 , Theorem 3.4, Theorem 3.12 and Corollary 3.14 in [14]. Also notice
that unlike the case of a compact manifold, we are not claiming that any of these

inclusions are compact.
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Proposition 15. i) The spaces IOZZ(E) C X(E) C 22(E) are Banach spaces (Hilbert
forp=2) and f)bk(E) C 251 (E) are Banach spaces.

it) If (M",g) satisfies (I) and (B;(M,g)) then f?i(E) = P(E) = P(E) for
0<r<Il+2.

i) If for k > 1 we have (By(E,V")) , (I) and (B;(M,g)) then we have the

continuous inclusions:

(l>r, r=2>s—

< |3

rzs, qzp) = QE) = 2E)

n
P )

(15)
(r==5>s) = (Z(E) = (E)

w) If (E;, hi, V) — (M™, g) are vector bundles with (I), (Bi(M™,g)), (Bi(E;, V;))
fori=1,2 and

a) 0 <r<ryry <l
(16)

< -+

% o p% , then we have a continuous bilinear map

r—2<r —=

p p1

r—=2<ryg— -
p b2

n

n n
r—=<r —_-+rg— -
P — 1 P1+2 p2

or = (B, V) x QP2(E5, V5) — QP(Ey ® By, Vi @ VE)
repsn- g
r—t <, — 0
p p2

n n n
r—2<ri— 2 +rg— -
p 1 p1+2 p2

b) 0 =r <ry,ry <1 then we have a continuous bilinear map
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(17)
_n _n
r <m o1
_n —_n
T p<T2 s
_n —_n —_n
T <nr p1+r2 P
11,1

IN
=
|

(@]
INEIE
o

|

—> 2By, V) x Q2(Ey, V) — (F(Ey @ Ey, Vi @ V})

IN
B!

D =
S |-

Remark 16. a) Because of ii) in the previous theorem, we can safely write L?(E) to
represent 22(E).

b) It is not terribly difficult to see from our the Sobolev Multiplication Theorem
that QHUOC(WJY) will be a group.

Now we return to the question of what is the appropriate definition for the gauge
group. As we mentioned earlier, we clearly want to define an action, which
means that if (4, R*¢,®) € C7,,.(Wg y,5) then it should also be the case that (A —
u™ du, RY (ug), u®) € C7,,.(Wery,5). If we look at the definition of C7,,.(Wery,5),
this means that A — u~'du should be L? close from Ay and u® should be L7 close

from @, on the conical end. As we will see in the next lemma, this imposes the
following condition on wu:

(18) condition on u € G140 : 1 —u € Lj4([1,00) x Y7)
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In other words, we will take the gauge group to be

(19) (]Hl(Wgy) ={u:Ws, —>C"||juy=1land 1 —u¢€ Lk+1([1, o00) x Y}
where (again) the action of u € Giy1 on a triple (A, R, @) € C7,,.( é,y,sw) is
given by

(20) u- (AR ), @) = (A —utdu, R (ug), ud)

We will regard Gi1(W, , y) as a subset of Gy ZOC(WJ ) and correspondingly we
will glve ng(Wg ) the subspace topology. Moreover, observe that for u €

Gry1(Wgy) the condition 1 —u € L, ([1,00) x Y’) can be rewritten as

1 - uH%Q([l,oo)xY’) <00
el 1 00y xyn) < 00

(21) ||VLC(du)||%2([1,oo)><Y’) = “v%CUJH%?([I,oo)XY’) < 00

IV (du)HL2 ([L,o0) xY") Hkarlu”%Q([l,oo)XY’) <00

At the same time, by part iii) in Proposition (15 we can use using the embedding
L (E) — Li(E) (take n = 4, p = 2, q:4, r=k+1, s=kandl = o) to
conclude that 1 —u € L} ([1,00) x Y”), that is,

11 = ul| Ty 0y syny < €
!!du!!‘i4 ([Loo)xy?) < OO

(22) HVLC(dU)HM( [L,00)xY") — ||V CUHL4 ([Loo)xy?) < OO

HV (dU)HLQ ([1,00)xY") HV CUHL4 ([1,00)xY") <00
Another natural thing we might want from our gauge group is that if (4, R*¢, &),
(A,R* ¢, d) both belong to C7,(Wery,5) and v € Gii1ioe(Wery) , then in fact

u € G (W, 5, yv). As we will see in the next lemma, this is indeed possible.

Lemma 17. Suppose that k > 4. Then Gy1 (W, , yv) is a group. Moreover, the action
of Ger1 (W, / y) on Cy lOc(Wg/ v, Sw) s well deﬁned in that:
i) if (A, @) € Ck(ngy,ﬁw) and u € Gy1(W; Ty) thenu- (A @) € Ck(Wg?Y,sw) and

similarly,
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i) if u- (A, &) = (A,®) for two configurations (A,d), (A, d) € Ce(Wery, 50) and u

is a L 1,(Wery) gauge transformation, then 1 —u € L3, ([1,00) x Y7).

Proof. First of all, since & > 4 by part i) in Theorem ([15) an element u €
Gri1(Wgy) can be regarded as a continuous map so that the first condition |u| =1

makes sense. For u,v € Gry1(Wy ) observe that
l—w=1-uw)+(1-v)—(1—-u)(1l—-wv)

Because of the Sobolev Multiplication Theorem, i.e, part iv) in Theorem (namely,
taken =4, py=pyo=p=2, 11 =ro=r=k+ 1,1 =o00in part iv. a) ) (15 , we
have that (1 —u)(1—v) € Li,([1,00) x Y’) and so it is clear that uv € Qk“(Wg,L’Y).
To check that it is closed under the inverse operation we will verify that ! satisfies
the properties in (21)). From

-1

l—utl=wu 't —ult=—1-uwu!

it is clear that
11— w2 = [T —ull2
so the first condition (i.e, 1 —u~! € L? ) has been verified. For the second condition
observe that
ldu™" 7> = I — v dull7> = [|dullz-
which is finite because of . The other inequalities that «~! must satisfy, namely,
the properties in are obtained by similar (recursive) arguments. For example,

IV(du™)Ze = IV(udu)||L2 = | — 20" du + u™*V(du)||7> < |ldul[Z2 + | VZullz

and we already know that both terms are finite. Verifying the smoothness conditions
is essentially the same as what needs to be done on a compact manifold [I8, Appendix
A |. To verify i) observe that if (A,®) = u - (A, &) = (A — u 'du,ud) for some
u € Gr1 (W y) then we know first of all that

A=A € Li([1,00) x YT [1,00) x V') & =g € Lj 4, ([1,00) x Y5 57)
In this case we will show that (A, @) satisfies the same asymptotic conditions, namely

A— Ay e Li([1,00) x Y;iT*[1,00) x Y') & — Py € L 4 ([1,00) x Y'; 57)
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Observe that
(o) A—uldu— Ag=(A— Ag) —uldu

(..) ud — @0 = (U, — 1)@ + (Qp — (p())
To deal with (e) since A — Ay € LZ([1,00) X Y';4T*[1,00) X Y') we just need to
control u~'du to guarantee that A — Ay € L3([1,00) x Y';iT*[1,00) x Y”). Clearly

lu™ dul|Z> = [|dul|z

so we just need to control |V (u=tdu)||zz2, - ||V*(u"tdu)||2. Because of Leibniz’s

rule

V(u tdu)

= (du™) @ du + u 'V (du)
= —u?du ® du + u 'V (du)
=u" [—(u"du) ® du + V(du)]

In particular

IV (w"du)|lz
= || — (v 'du) ® du + V(du)||7.
< [lu™tdu @ dullzz + [V (dw)] 72

= ||du @ dul[7> + ||V (du)|[7»

Because of the second term will bounded. To bound the first term we use the
first version of withr=ri=r,=0,n=4, p=2, py = po = 4 and the bounds
we have for ||dul|+ coming from (22). We conclude that ||V (u=du)|| 2 is finite and
applying a similar procedure we can control the higher derivatives V/(u~'du) which
means that v~ 'du € LZ([1,00) x Y’;iT*[1,00) x Y”).

For (ee) notice that @ — &y € L2([1,00) x Y’';ST) and so we just need to control
[(w = 1)@|[z2. On the other hand,
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1w — 12|17
< [[(u = 1)(@ = Po)|I7> + | (w — 1)(Po)I[7

The first term will be controlled thanks to the Sobolev multiplication theorems,
namely, use n =4, p=p, =ps =2, r =k, ry =k + 1, ro = k in the second version
of . The second term will be controlled since we have control on of u — 1 and
the derivatives of @, (since the covariant derivatives V4, %o are pointwise bounded
given that the ends of our manifold are cylindrical and asymptotically flat). In this
way we have that [|(u — 1)®||2 < 00 s0 u - (A,®) € Cx(Wyy,5) as we wanted to
show.

For ii) suppose that both (4, ®) and (A, ®) are elements in the configuration space,

which means that
—utdu=A— A= (A—- Ay — (A—Ay) € L}([1,00) x Y";iT*([1,00) x Y'))
(u—1)0 = (& — ) = (& — D) — (P — Do) € L}, ([1,00) x Y'; SF)

First of all, observe that for any 7" > 0

11— u||%k+1([1,oo)><Y’) = |1 - U||%k+1([1,ﬂxy') + 11— UH%,CH([T,OO)W)

and the norm in the middle is finite because the submanifold is compact. Therefore,
we just need to show that ||1 — uH%kH([T,oo)xY’) is finite, i.e, that u satisfies the
inequalities in on the conical end [T, 00) x Y’. Observe that by the C°
norm is controlled by the L? norm. In particular, since ® — @, € Li 4, (we can also
write Lj 4 for the second factor if we wish it, e.g [14, Theorem 3.22]) and |P| = 1
on the cone we can find T sufficiently large so that
1
[|2] — 1|co = ||@] — |Pol|co < |@ — Polco < 5 on [T,00) x Y’

that is, |#| > 5 on [T, 00) x Y’. In this way
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11— ul|Z2 (1700) v

_ / (1—u)?
[T,00)xY"

<4 / (1 - w?|of
[T,00)xY"’

=4)|(1 —u)®|)3: < 00

Now we want to show that ||du||%2([T soyxyry < 00, for a potentially different value of
T'. Notice that

du|Z-
= [Ju du|7,

=[lA = All7> < 00

The other norms can be controlled using similar (recursive) arguments. U

Therefore it makes sense to define

Blg,loc(ngr,Ya 5,) = Clg,loc(Wg"_,Y7 5w)/gk+1(ng—,Y)

Again, since the original space C,gvloc(ngy,sw) is not a Banach manifold, we won’t
be interested in studying directly B;;JOC(WJ v»Sw), although this is the space where
the solutions to the Seiberg-Witten equations live.

To define the moduli space to the Seiberg-Witten equations, we need to introduce
the 7 model first. Let

[C] € Q:O(_Ya 99, 8¢, _qY,gg,5£> U Q:S(_Y? 90, 5¢, _qY,gg,ﬁg)

be a critical point [32, Proposition 12.2.5] to the blown -up three dimensional Seiberg
Witten equations on —Y (10). Write [¢] = [(B, s, ¢)] and let ¢ = (B, s, ¢) be a smooth
representative in C7(—Y, s¢). The critical point ¢ gives rise to a translation invariant

configuration 7, on the half-infinite cylinder R* x Y.



38 MARIANO ECHEVERRIA

Definition 18. Define on R* x =Y the 7 model CJ(RT x =Y, 8¢, ¢) associated to ¢
as the space of triples [32], Section 13.3|

Y= (A,T(t), ¢(t>) S Ak,lOC(R+ X _Y7 55) X LZ7lOC(R+;R) X Lz,loc(R+ X _Y? S+)

such that

i) 7 =% € Lo ((T*(RY x =Y)) x L oo (RT;R) x L o o(RT x —Y7;.5%), fe, v is
L3 e close from ..

i1) For all t € R*, we have that r(t) > 0.

iii) For all t € R* , we have that ||¢(t)|12(—y) = 1, i.e, on each slice the L? norm

(not the L7 norm) is one.

There is a natural restriction of the gauge group QkH(Wg,r y) to RT x =Y which
acts on CJ 1, (RT x =Y, 8¢, ¢) via

us (A,r(t), 6(t) = (A —u” du, r(t), ug(t))

The gauge equivalence classes of configurations under this gauge group action will

be denoted as
BZI—,ZOC(R—"_ X _}/’557 [C]) = Cl::—,loc(R+ X _Y7 S¢, c)/gk—i-l,loc(IR-i_ X _Y)

We will also use the unique continuation principle, which will essentially allow
us for the most part to avoid working with the blow-up model. The versions most
convenient to us are Proposition 7.1.4 and Proposition 10.8.1 in [32].

These imply that if a solution of the perturbed Dirac equation vanishes on a slice
{t} x =Y of the cylindrical end R* x —Y", then it would have to vanish on the entire
half-cylinder R x —Y and then on the entire four manifold Wg,r y- However, since we
will be interested in solutions which are asymptotic on the conical end to the spinor
&, (which is non-vanishing), this cannot be the case so we can safely conclude that
no such solutions will exist, that is, our spinor @ will never vanish on an open set
or a cylindrical slice. Thanks to this, the following definition makes sense (compare
with definition 24.2.1 of [32]):

Definition 19. The moduli space M(Wy, 5., [¢]) for a critical point

[C] S Q:O(_Yv go, 8¢, _qY,gg,55> U Q:S<_Y7 9o, 5¢, _qY,gg,Sg)
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consists gauge equivalence classes of triples
+ o +
[A7 R ¢7 @] S Bk,loc(Wg’,Y75w)

such that:

1) (A, R*¢,®) € C71,.(Wer y, 5,) and (A, @) satisfies the perturbed Seiberg-Witten
equations Fy(A,2) =0 on ng’y. Here p refers to the perturbation explained before
equation (|12]).

2) Because of the unique continuation principle, @ can not be identically zero on

each of the cylindrical slices. Therefore we can define for each t |32, Sections 6.2 and
13.1]:
; ()
(r(@), (@) = { 1Ol 2 (v =i
18] L2~y

Also, if we decompose the covariant derivative V4 in the d% direction as

we require that v = (A,r(t),v(t)) be an element of C[,.(R™ x =Y s¢, ¢) and that it
solves the following Seiberg-Witten equations on the cylinder [32] eq 10.9]

1d . 1 — * A
éaAt = —5 *_y FAt + dat - TQ,O I(W/J )O - QO(AJ’W

d .
Er = —A(A,r,)r

; o V
¥ =Dy —an) =G (A r.9) + Ay(A, . 9)y

where A(t) denotes the restriction of A to the t slice. Moreover, we require that
the gauge equivalence class [y] of v be asymptotic as ¢ — oo to [¢] in the sense of
Definition 13.1.1 in [32].

The moduli space M(W ., 5., [¢]) is naturally a subset of By, (W, 5.,). How-
ever, since the latter space is not in any natural way a Hilbert manifold we will use
a fiber product description of M(Wgy,sw, [c]) instead [32, Lemma 24.2.2, Lemma
19.1.1]. The idea is that we can “break” the moduli space M(W y, 54, [¢]) into three

moduli spaces which we will show are Hilbert manifolds. These moduli spaces are
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the moduli space on the cobordism M(WT, s,,), the moduli space on the half cylin-
der M(R*™ x —Y,s¢) and the moduli space on the conical end M([1,00) x Y, ').
The fiber product description will then allow us to show that M(Wg ., s, [¢]) has
a Hilbert manifold structure but in order to explain this we need to introduce some
additional notation and explanations.

First, we need to describe each individual piece in the fiber product: the piece
corresponding to the moduli space M(WT, s,,), is described in [32, Proposition 24.3.1]
where it is shown to be a Hilbert manifold. Likewise, the second moduli space
M(RT x =Y, s¢) is described in [32, Sections 13 and 14] where it is shown that it
is a Hilbert manifold. Strictly speaking, they analyzed an entire cylinder R x YV
rather than a half cylinder RT x —Y but the analysis is essentially the same if one
is only concerned with showing that the moduli space is a Hilbert manifold, the
main difference between the two cases is that for a half-cylinder the moduli space
will be infinite dimensional while for the entire cylinder it will be finite dimensional.
Therefore, we will start the next section showing that M([1,00) x Y’ s') is a Hilbert
manifold, following the arguments in section 24 of [32]. At the end of the day, we

obtain restriction (or trace) maps

Re: M(RT x =Y, s¢, [¢]) — Bi_ 172(Y, 8¢)
Ry, - MW, s,) = By 1/2( , 5¢)
R% . M(W 50_;) — Bk 1/2(Y 55/)
Ri : M([1,00) x Y',8') = By o(=Y", 5¢)
given by restricting the (gauge equivalence class of a) solution to the boundary of each
of the corresponding manifolds. We should point out that there is an identification
between By (—Y, 5) and B} (Y, ) [32 Section 22.5] and we can identify M(W, ., 5, [c])
with the fiber product Fib(R,, Ry, Ry, Rx) given by
(23)
{ (et x—v], ], sy xv]) | Belirex—v] = Ry lyw] and Rfy [yw] = Ri[yp,00)xv7]
Now we can explain how to give M(W 5, [c]) a Hilbert manifold structure (the

precise definitions as well as the domains of the following maps appear in the next
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section). For convenience write R = (R, Ry, Rfy;, Rx) and suppose that [y] =
(s x—v] [w], D100 xy7]) € Fib(Ry, Ry, Ry, Ri) is such that the map R is trans-
verse at ([b],[b']), where [b] = Rr([ye+x-v]) = Ry ([wl]) and [b'] = Ry ([w]) =
R ([Y11,00)xv7]). In other words, we want the linearized map Dp,j R to be Fredholm
and surjective. If this can be achieved, then near M(ngy,ﬁw, [c]) will have the
structure of smooth manifold of dimension dim ker Dj,jR. The Fredholm property is
proven in Lemma [26] of our paper in the next section. The surjectivity of the map
D},jR may not be true for an arbitrary perturbation of the form described in equa-
tion [T1] earlier, however, an application of Sard’s theorem shows that one can choose
generic perturbations such that the surjectivity is achieved as well (this is stated pre-
cisely in Theorem [25| of our paper). In fact, achieving the surjectivity is essentially
the same as the proof Kronheimer and Mrowka gave for the case of a manifold X*
with cylindrical ends [32, Proposition 24.4.7]. By choosing a perturbation from this
generic set, one can then guarantee that Fib(R., Ry, Ry, Rx) = M(Wgy, 5., [c])
has the structure of a smooth manifold (possibly disconnected with components of

different dimensions).
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4. TRANSVERSALITY AND FIBER PRODUCTS

4.1 The moduli space on the cobordism M (W', s,): We will start by describ-
ing each of the individual moduli spaces. The easiest to begin with is M (W s,).
By proposition 24.3.1 in [32], the moduli space M (W7, s,) is a smooth Hilbert man-
ifold regardless of the choice of perturbation. To understand the restriction (trace)
maps we review first some basic ideas and notation involving the construction of
M(WT,s,).

Observe that since our solutions will always be irreducible, we don’t need to worry
about the boundary of the moduli space M (W1, s,,), which corresponds to reducible
solutions. Moreover, since W1 is a compact manifold, we can use the standard model
for the blowup, that is, we can define |32 p. 113]

CEWT,5,) = {(4,5,0) | @]l 2wty = 1,5 > 0}
C A x R= x L2(WT; ST)
Due to the lack of reducible solutions we can also describe the elements of M (W', s,,)
as gauge equivalence classes [A, s¢|. We will use both descriptions depending on
which is more convenient at a given moment.

A tangent vector to CZ(W1,s,) at a configuration v = (4, s, ¢) can be written as
32, p. 136]

Téase = {(a.t.0) € LLWHT W) @ R@ Ly(W'; S7) | Re (¢, 6)yyr = 0}
If <¢>L is the real orthogonal complement of ¢, the linearization of the unperturbed

Seiberg Witten map [32, p. 114|

1

§7(A,s,¢) = <§PW(FX1&) — $*(¢9")o, DA¢)

18

Diass) : LLWHITWH @R @ (¢)" — L7 (Whisu(St) @ 57)
(a,t,¢) = (p(d"a) — 2ts(¢p¢*)o — s*(PV* + V™ )o, Dat) + p(a)9)
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Remark 20. See page 467 of [32]. To compute the linearization we compute the
difference §7(A+at’, s+t't, p+t'1) —F7 (A, s, ¢). Since the corresponding connection
on the determinant line bundle is (A + t'a)’ = A" + 2t’'a the formula on book has an

extra factor of % in the first term which actually gets cancelled.

The derivative of the perturbation can be regarded as an operator
Dasgpw : LiWTHiT W) x R x Ly(W SY) — Li_ (W' isu(ST) & S7)

with formal adjoint
(Diassypw)” = (v1,v2,t3) « LE(Wisu(ST)@S™) — Li_(WHiT*WHxRx L] _ (WT; ST)
Instead of working with the equivalence classes, one can work directly at the level
of the configuration space if one chooses a particular slice, the so called Coulomb
Neumann gauge. Namely, we can define the subspace K , . 0 C 7?( As,p) consisting
of triples (a,t,1) satisfying [32] eq 9.11]

(a,n) =0 at —Y Uy’

—d*a +is*Re (ig, ) =0

Re (16, ¥) 12y =0

where n is the unit outward normal vector and the definition of the derivative of the

gauge group action [32, eq 9.10]

Css) t TGt (W) = Tia s 0 CR (W, 5,)
Then one defines [32, formula 24.8|

A7 Toase — Li oy (WHR)

(a,t, ) — —d*a + is*Re (i¢, V) + i|¢|*Repy+ ((ig, 1))

where py+ is the average value of (ig, 1), i.e, py+ = f%ﬁf‘,@ . Notice that the kernel

of d‘(js 4) captures the last two conditions defining Ky, (Ars,0)" In order to work with
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unconstrained sections of the spinor bundle [32], p.208| define

V=1 +tp
The operator
Qase) = Daso)By © 74

has domain which we identify with L2(WT;iT*WT @& S*) . The book then shows the
surjectivity of Q7 4 [32, p. 467|, thus showing that M (W7, s,) is a manifold.

Moreover, if we use the restriction maps Ry, : M(WT,s,) — BJ_, /o(=Y,5¢) and
Rfy - M(WT,s,) — By, 5(Y',5¢) we can identify the tangent space to By, (=Y, 5¢)
and By, »(Y' s¢) at [b] = Ry[A,s,¢], [b] = R}/ [A, s, ¢] with the linear spaces
K% _1/260 Ki_1/2,r- Therefore, we obtain derivatives [32, p.470]

DRy, : ﬂA,s7¢]M(WT75w) — /Cifl/z,b(—Yaﬁs)
DRy : Tias g MW, 8,) = K7y g (Y, 5¢r)
This review covers the basics that we need to know for now about the moduli space

on the cobordism WT. Now we proceed to analyze the equations on the cylindrical
end.

4.2 The moduli space on the cylindrical end M(R' x —Ys;[c]): Now we
analyze the moduli space M(R™ x =Y s, [¢]) following section 14 in [32] Again, they
analyze the moduli space M ([a],[b]) of trajectories on the cylinders asymptotic to
the critical points [a], [b] on each end but the analysis works just as well in this case.

At a configuration v = (4, 5(t), ¢(t)) € Cf,,.(RT x =Y, s¢) the tangent space is
32, Eq 14.5].

Ti (g = 1@, 1,9) [ Re (6 |1, [1) 2y, = 0 for all t}
C Liy(R* x =Y, iT*(R* x =Y)) ® L{(R;R) & Lj ,(R* x —=Y;57)

The derivative of the action of the gauge group is then [32, p. 248|

Z—A,s,qb) (5) = (_dga 07 £¢)
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In this case the gauge group slice at (A, s, ¢) consists of triples (A+a, t, ) satisfying
32, Eq 14.6]

—d"a +istRe (ip, V) +i|¢[*Rep—y ((i¢,9)) =0
where fi_y is the averaging function on —Y. We denote by S, , C CI(RT x
—Y,s,¢) the subset of triples satisfying this condition and

Coully , 4 : CR(R x =Y, 8,¢) = Li | (R* x —Y,iR)

is the map defined by the left hand side of this equation. We linearize the Coulomb
map Coul(, , ;) to obtain an operator [32] p. 248]

Al T = L (RY x —Y,iR)
(a,t,9) = —d"a +is*Re (ip, ¥) +i[¢[*Reu—y (ip,¥)
and let IC;( Ase) C 7;7( Aus,) be the kernel of d(T}I,s o) The Seiberg-Witten map is in

this case [32, Eq 9.19]

2 dt

Because V;_; is not a trivial vector bundle, the definition of the derivative of §; as

d
§(A, s, ¢) = (1/)(@) — 52(66")o, 5-5 + Re (D, &) 12y 5, Dad — Re (Dad, 6) 12y, ¢>

a bundle map
DS T | = Vi
requires a projection. Let |32, p. 252]

7y . 0 LiRY x =Y,isu(S%)) @ LY(R;R) & L 4(RT x =Y, S7) = V[ 4.4
((1, r, ¢) - (CL, r, Hd)l(t)qu))

H(;Jﬁ_(t)w = w —Re <(5<t)7 w<t)>L2(7y) (b
be defined by applying the L? projection on each slice {t} x —Y. The derivative

is then defined as the derivative in the ambient space, followed by the projection.
The configuration (A, s, ¢) defines a path (t) = (B(t),7(t), ¢(t)) . We decompose

the elements (a,r, 1) on the domain of DF; as a = b+ cdt where b is in temporal



46 MARIANO ECHEVERRIA

gauge and c is a 0 form. In this way the domain 7??4,5, 4) can be written as sections
along (A, s, ¢) of the bundle 77 (—Y)&® L?(—Y,iR). Write the section as (V, ¢), where
V(t) = (b(t),r(t),¥(t)) defines an element of 7.7, (—Y") and ¢(?) is in L*(—Y,iR). Set

D db dr dip

—v=(= ==+t ==

ni” <dt’ dt’ oW dt)
Under this notation, DF7 is given by [32] p. 254]

D
(V,e) — EV + D(gradZ)? (V) + dfc

As in theorem 14.4.2 of [32] one can show that M (R™x —Y s, [¢]) is a Hilbert manifold
by studying the surjectivity of the operator (Theorem 14.4.2 | Proposition 14.4.3 and
Lemma 14.5.4 in [32])

Q(TA,s,qs) = D(as,0) (SD b da,s,qs)
Finally, we also have the restriction map
Re: M(RT x =Y s¢, [¢]) = By 5(Y, 5¢)
with derivative

RT T M(R* x =Y, s¢, [a]) — K712 (Y, 5¢)

['YJR+ x—Y] ['YR+ x—Y]
4.3 The moduli space on the conical end M([1,00) xY”, s"): We want to regard
M([1,00) x Y’ s") as a Hilbert submanifold of a Hilbert manifold By ([1, 00) x Y, s').
Denote for simplicity Ky = [1,00) X Y’ and define
Cr(Ky,8) = {(A,®) | A= Ay € Li(iT*Ky") , & — ®g € L ,,(ST)}
We take the gauge group to be
gk+1(Kyl) = {U . Ky/ — C | |U| = 17 u € L2+17106(Ky/) ,]_ —Uu € Li—&—l(KY’)}

Clearly Cy(Ky+,s") will be a Hilbert manifold because of the L? asymptotic condi-
tions. It is also easy to see that Gy, q1(Ky+) will be a Hilbert Lie group. Therefore,
to show that

By, (Kyr,8') = Co(Ky,8") /Grra (Ky)

we can use Lemma 9.3.2 in [32] which we quote for convenience:
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Lemma 21. Suppose we have a Hilbert Lie group G acting smoothly and freely on
a Hilbert manifold C' with Hausdorff quotient. Suppose that at each ¢ € C, the map
dy : T.G — T.C (obtained from the derivative of the action) has closed range. Then
the quotient C'/G is also a Hilbert manifold.

The Hilbert manifold structure is given as follows. If S C C' is any locally closed

submanifold containing c, satisfying
T.C =im(dy) & T.S

then the restriction of the quotient map S — C/G is a diffeomorphism from a
neighborhood of ¢ in S to a neighborhood of Ge in C/G. Therefore, we need to
verify first that By(Ky,s) is a Hausdorff space which is the content of the next

lemma.
Lemma 22. The quotient space By(Ky+,s") is Hausdorff.

Proof. We follow the proof of Proposition 9.3.1 in [32]. Namely, suppose that v, =
(An, @) and 7, = (fln,@n) are two sequences converging to v = (Aw,Poo) and
= (floo, ngo). Suppose that u, € Gry1(Ky) is a sequence of gauge transformations
such that u, - v, = ¥,. For each compact subset C' of Ky, we can use the proof of
Proposition 9.3.1 in [32] to conclude that there is a gauge transformation ug such
that 4% - (Ase, Poo) |0= (Ase; Poo) | , that is

(24)

Ase — (u@)Mdu® = Ay

UFPoo

Notice that because of the condition &, — $y € Lj 4 (ST) there must exist a
compact set C' such that ||Po|| 13 c # 0, where the subscript C' means that we are
taking the norm restricted to the compact subset C' . For k large enough we can use
the Sobolev embedding L, < C” on C' (Theorem 1.2.15 [42]) to assume that our
section @, is continuous on C'. In particular, there must exist a point zo € C for
which @, (zg) # 0. If ¢’ D C is another compact subset containing C' then we obtain
similar relations to . In particular, we must have u (z) = u& (x) Vr e C. To

see why this is true notice than when restricted to C
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d((uF) " ug)

= —(u@) (duF)u + (uF) " du,

= (u@) Mg [~ (uF) " duE + (ug) " dug]
= (%) [A A+ (A- A)]

=0

Since the cone Ky~ is connected we conclude that (u)'ug = ¢ for some constant

c € St. Since both C, C’ contain z( evaluating the spinor at this point we see that
U (20)Poo (0) = Poo(0) = U (0)Poo(0) = cuF (o) Poo (o)

from which we can see that ¢ = 1.

Therefore it makes sense to define u™ : Ky — S! without any reference to
a compact subset. It is also clear that u® - (A, Ps) = (A, P) and that u>® €
L 41 10e(Kyr). To show that 1 —u> € Li,,(Kys) we can now apply condition 44) in
Lemma ([17]). |

As is usually the case for Seiberg Witten or Yang Mills moduli spaces, we do not
want any random slice to the gauge group action. Rather, we want to use the so-
called Coulomb-Neumann slice [32], Section 9.3]. A tangent vector to C(Ky,s') at
v = (A, ®) can be written as

(CL7 W) € Lz(Ky/, ZT*KYI) D [127140(}(3/17 S+)

and the derivative of the gauge group action is

d,y . L%—&—I(KY’; lR) — 77§ = Lz(Ky/, ZT*KY/) D Li,AO (Ky/, S+)
(25) dag) (€)= (=d(, (D)

We use the inner product

((a1,¥), (ag,¥s)) 12 =/<a17a2> + Re (¥, ¥y)
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to define the formal adjoint of d(44) and it is given by [32, Lemma 9.3.3]
(26) d{sg)(a,¥) = —d"a + iRe (i®,¥)

To use Lemma we just need to show that d, has closed range. In order to
this we will rely on Theorem 3.3 in [31] and Proposition 4.1 in [65].

First we need to define another map which will be used soon to show that M([1, 00) x
Y’ s') is a Hilbert manifold. The linearization of the unperturbed Seiberg-Witten
map is [31, Eq. §]

D(A7¢)S : Li(Ky/, ZT*KYI) () Li,AO(KYU S+) — Lifl(KYU z'su(S*)) D szleO(Kyf, Si)
(a,¥) = (p(dTa) — {P¥* + D" }o, DAV + p(a)P)
where

1 1
[BU" + WDy = DU + V" — = (B,0) = 2 (I, 8) = BU" + UP" — Re (8,0)
Define as before (in [65, 40l BI] this is the operator D)

Qae) = Daa)T ® d(44)
(27) (a,¥) = (p(d*a) — {@U* + ¥D*}o, Da¥ + p(a)P, —d*a + iRe (i, ¥))

We also want a formula for the formal adjoint: QZ‘ AP): this is essentially eq. 24.10

in [32]. Modulo notational differences, for we obtain

(28) Qtaay(n,0,9) = ((d)"p*n + p" (WP*) — di), Dyt — n® + IP)
In particular, taking 7 = 0 and 1) = 0 one obtains sees that:

(29) Q{a2)(0,0,0) = (=dV),99) = d(a)(V)

Now we are finally ready to finish showing that By (Ky-,s) is Hausdorff.
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Lemma 23. Define at a configuration v = (A, ®) the subspaces
Kiny={(a,¥) | d{ 4 4)(a,¥) =0, (a ok, ,n) =0 at OKy}

Tk = 1m d,

As v varies over Ci(Ky,s), the subspaces Jy, and Ky, define complementary closed

subbundles of Tr, and we have a smooth decomposition

Proof. First of all, Theorem 3.3 in [31] shows that the operator Qa4 has closed
range whenever it is defined on a manifold without boundary which has a conical
end except on a compact subset. In particular, equation says that d(4,4) has
closed range. Likewise, we know that on a compact manifold with boundary the
operator d(4,¢) has closed range as well (this is implicit in the proof of Proposition
9.3.4 in [32] ). Observe that we are working on a manifold with boundary which has
a conical end so the closed range property follows from a patching argument from
the previous two situations.

In order to show the smooth decomposition T'Cy(Ky,s) = T & Ky we can follow
again the proof of Proposition 9.3.4 in [32] and reduce this to the invertibility of the

“Laplacian”

(30) 9 — A + |29

This property can be proved using a parametrix argument (which is essentially the
same as Lemma [26{and Theorem [40|in this paper): choosing a compact subset large
enough for which |@|? is not identically zero, one knows from Proposition 9.3.4 in
[32] that the operator is invertible. On the other hand, Lemma 2.3.2 in [40] says
that on any four manifold with conical end (like the manifold X we just used), the
operator [30] is invertible. Notice that their lemma requires a solution to the Seiberg
Witten equations but this is only because this section was trying to find uniform
bounds (independent of the solution used). At this stage this is not our concern so
the proof they give near the end of that section can be adapted to any configuration.

Therefore, we can splice these two inverses to get an approximate inverse to [30| on
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our domain of interest Ky . By choosing appropriate cutoff functions one can then
guarantee that [30] will be invertible (again, the proof of Theorem 40| provides more
details). O

Continuing with our analysis of our moduli space M(Ky,s'), to show that it is a
Hilbert submanifold of By(Ky,s") we seek for an analogue of proposition 24.3.1 in
[32]. The main point in that proof was to show that the operator Qa4 introduced
before in (29)) is surjective. To show surjectivity, the idea in the book was to apply
Corollary 17.1.5 in [32]. We will not use directly the corollary but rather its proof.

Namely, using the same argument as in the proof of the previous lemma, we can
see that ()(4,.4) has closed range. Therefore we just need to show that QZ‘ A.) has the
property that every non-zero solution of Q’(* AgV =0 for v = (n,%,¥) has non-zero
restriction to the boundary 0Ky~ .

Using the equation for the adjoint Q’(" Ap) We can see that the equation
Q?‘A@) (n,4,9) = 0 becomes in the coordinates (a,¥) of Qe (compare with eq
24.10 in [32])

(d")p'n+p"(YP*) —dd =0
(31) D) — nd + 9P = 0

As in eq. (24.15) of [32], the equations in the last form have the shape

%v + (Lo + h(t))v =0

where L is a self-adjoint elliptic operator on Y’ and h is a time dependent operator
on Y’ satisfying the conditions of the unique continuation lemma. Since v vanishes
on the boundary, it vanishes on the collar too and therefore on the cone Ky .
Therefore the moduli space M([1,00) xY”,§') is a Hilbert sub-manifold of By (Ky-,s')

. Moreover, as in the other cases we have a restriction map
Ri : M([1,00) x Y',8') = By _; jo(=Y", 5¢1)

4.4 Gluing the Moduli Spaces. Now that we know that each moduli space ap-

pearing in the fiber product description is a Hilbert manifold, we need to show that



52 MARIANO ECHEVERRIA

their fiber product is a finite dimensional manifold, possibly with components of

different dimensions. As mentioned before, we have the restrictions maps

Re: M(RT x =Y. s¢, [¢]) = By (Y, 5¢)
Ry, MW, s,) = By 1/2( , 5¢)

R, - M(W1 s,) — By_ 1Y 5¢r)

Ry : M([1,00) x Y' 5') — By (= Y’ s¢)

If we write as before an element [y] € M(Wg ., 5., [c]) as

Fib(R., Ry, R;‘r,, Ri) 3 7] = ([ x—v], hwl, [7[1,oo)xY/])

and define
By _1/5(=Y,8¢) 2 b= Ry (vw)
B _1p(Y',8¢) 50 = Ry (yw)
then the derivatives of our restriction maps can be written as
R[TVWX_Y] Ty M(RT x =Y, 5¢, [¢]) = KF_y (Y, 5¢)
DRy, (101 TWV]M(WT 5u) = Ki_1)06(=Y, 5¢)
DRJVFV[W ] - Tl MW s,) = K7 12 (Y 5¢1)
)

DRK,[’Y . TM[,Yll,OO)XY/](I:17 OO) X Y ,5) — ICk—l/Q,b/( Y 55/

[l,oo)XY/}

where the right hand side is the corresponding Couloumb slice at each configuration
b,b’. The next definition is the analogue of definition 24.4.2 in [32]:

Definition 24. Let [y] € M(W, y, 5., [¢]) and
p: MWy 80, [c]) = MR x =Y, s5¢,[c]) x M(WT,5,) x M([1,00) x Y, §')
the restriction map. Write

p([7]) = (), [l [n]) = ([WR""XfY]? [Yw], [7[17oo)xY/]) € Fib(R,, Ry, Ry, Ri)
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[0] = B-([yerw—v]) = Ry (w]) € BY_1/o(=Y, 5¢)
6] = Ry (w]) = Ric (oo xv]) € Bi_1/o(Y', 5¢7)
We say that the moduli space M(W/y, 5, [¢]) is regular at [4] if the map
R=((Rs, Byy) , (Ryy, Ric)) : Fib(Ry, Ry, Ry, Ric) = By jp(=Y, 56) X BY_ o (Y, 5¢1)

is transverse at p[y]. That is, (R,, R;;) is transverse at [b] while (R, R) is trans-
verse at [b].

Following the strategy in section 24.4 of [32], to show regularity what we really
need is an analogue of Lemma 24.4.1 (which is our next lemma). The other pieces
used by [32] do not change so we can conclude the following transversality result
(compare with Proposition 24.4.7 [32]):

Theorem 25. Let q_y, qy: be fixed perturbations for =Y., Y respectively such that for
all critical points [a], [b] € BY_, (=Y, 8¢) and [oa'],[b] € By, (Y',8¢), the moduli
spaces M([a],R x =Y, s¢,[b]) and M([a'],R X Y,s¢,[b']) are cut out transversely.
Then there is a residual subset Py of the large space of perturbations P(—Y,s¢) X
P(Y' s¢) defined in section 11.6 of [32] for which the following holds: if for any
(Po,py) € Po C P(=Y,s¢) X P(Y',8¢) one forms perturbation

pr’_,Y - _EIY,gg,5§ + (6@Y,g9,55 + /8(,)‘}30) + </86ﬁ6 + /B/qyl,gel,ﬁgl) + <6NKE|Y’,g9/,5§/ + BKPK)

described in equation , then the moduli space M(Wiy, 5., M’prﬁy) defined
using the perturbation pWQ,y is reqular, in other words, we have transversality at p|7]
for all (1) € MW 50, (e, by ).

In particular, for any perturbation belonging to this residual set, the moduli space

M(Wg,ry,sw, [c], py+ ) will be a manifold whose components have dimensions equal
I 5/ Y

to Z'ndeMR = dim ker D,y R.
Again, the proof of this theorem is a consequence of the following lemma:

Lemma 26. Let [y] € M(Wy, 5., [c]) . Then the sum of the derivatives
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Dy R = (D) Rr + Dpny Ryy) © (Dpo) il + Dpag Ric)
T[’YﬂM(R+ x =Y, s¢,[¢]) & Th’z]M(WT’BM) @ T[%.]./\/l([l, 00) X Ylvs)
= Ki_1)2,6(=Y) © Ky—1/20 (Y)

18 a Fredholm map.

Proof. We will begin showing that the following maps are Fredholm and compact:

(32)
T 0 Dy R~ is compact (1) (1 —m) o Dy, Ry, is compact  (5)
(1 —my) 0o Dy R, is Fredholm (2) Tp © Dy Ry is Fredholm (6)
(1 — my) © Dy Ryl is compact (3) Ty © Dy R is compact  (7)
Ty © Dpyy By is Fredholm (4) (1 — my) o Dy, Rk is Fredholm (8)

Here m,, my are defined as follows [32, Sections 12.4, 17.3]. We have a Hessian
operator Hessy : KJ — K7_; obtained by projecting D(grad£)° onto the subspace
Kf%_1- The spectrum of Hessy is real, discrete and with finite dimensional generalized
eigenspaces. If the operator is hyperbolic (that is, zero is not an eigenvalue) we have
a spectral decomposition
Icg—l/Q,b - K: Sy

where K| is the closure of the span of the positive eigenspaces and K, of the negative
eigenspaces. In the non-hyperbolic case, we choose € sufficiently small that there are
no eigenvalues in (0, €) and then define IC?;l /2.6 using the spectral decomposition of
the operator Hessg, — €. The effect is that the generalized 0 eigenspace belongs to
Ky -

Also, notice that the roles of the different operators are sometimes opposite because

of the different orientations on the manifolds, namely

Ky (Y) = K£ (V)
Ky (—Y') = K (Y')
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eBy Proposition 24.3.2 in [32], (3),(4),(5),(6) are true (remember that in this
section of the book the boundary is the compact four manifold is allowed to be
disconnected. In our case the boundary is simply —Y UY”).

eBy the discussion in Lemma 24.4.1 in [32], (1) and (2) are true. So really the
only thing left to verify are (7) and (8). To explain what we need to do we will chase
through some theorems of [32] (and Proposition 2.18 , Lemma 3.17 in [34]).

eAssertions (7) and (8) are the “conical” versions of Proposition 24.3.2 in the
book. The proof of this theorem in turn refers to Theorem 17.3.2, which at the same
time requires Proposition 17.2.6, which depends at the same time on Proposition
17.2.5. The latter uses essentially Theorem 17.1.3 and the only part that is not
proven explicitly is part a) , which depends on a parametrix argument (modeled on
Proposition 14.2.1) of Theorem 17.1.4.

In a nutshell, we must do the following. Decompose Q(4,4) as

Que) = Do+ K
DO(aa W) = (p(d+a)7 DA0W7 _d*a)
K(a,0) = (—{@W* + W&o, p(A — Ag)W + p(a)® + iRe (id, ¥))

On the collar of 0Ky, Dy can be written in the form

d

a
where Ly : C®(=Y"; Ey) — C°(=Y"; Ey) is a first order, self-adjoint elliptic differ-
ential operator. We will not write the exact formula for the domain and codomain
since they would rather cumbersome. Rather we will denote the bundles involved by
the letter Ey when referring to the three manifolds and by E for the four manifolds
just as the book does.

It Hy and Hy are the closures in L, (Y; Ey) of the spans of the eigenvectors

belonging to positive and non-positive eigenvalues of Ly and

Iy : L35 (Y; Eo) = L3 )5(Y'5 Ey)
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is the projection with image H, and kernel H, , we need to show that the operator
Quae) ® (oo r—yr) : Li(Kyr; E) = Li_(Ky; E) @ (Hy N Li_y )

is Fredholm. First, for notational purposes take the collar neighborhood of 0Ky to
be (=5,0] x —Y”, where 0Ky has now been identified with {0} x —Y”. Also denote
for simplicity

QKY, = Q) : Li(KY'; E) — Li_l(Kw; E)

To see this we will give a parametrix argument, which is essentially the same as the
one used in Proposition 14.2.1 of [32]. Namely, we modify the manifold Ky in two
different ways. For the first modification we close up Ky~ first by extending the collar
neighborhood a little bit (to the left in our figure) and then finding a four manifold
X (dots on the left side of the figure) bounding Y’. For the second modification,
we forget about the part of the cone Ky which does not have a product structure,
in other words, we take the collar neighborhood of Ky and extend it into a half-
infinite cylinder which extends indefinitely to the right in our figure (see next page).
In particular, notice that we superimposed both modifications in our image to save
some space but they do not interact with each other. Each modification provides a
parametrix as follows.

Regarding the first modification, we can define the manifold X+ = X U cylinder U

Ky and extend Qg to an operator

Qx+: Li(XTE)— L (XT,E)
and by theorem Theorem 3.3 in [32] there is a parametrix (that is, Q x+Px+ — I and

Px+Qx+ — I are compact operators) which we denote
P+ L} (X1 E) = Ly(XT E)

Similarly, we define the half-cylinder Z = (—o0, 0] x —Y’. By Theorem 17.1.4 in [32],

the operator

Qz @ (yor_y:): LY(Z: E) = Li_1(Z; E) @ (Hy N Li_y5(=Y"; Ey))
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FiGURE 7. Closing up the cone Ky into the manifold X U Ky-. Si-
multaneously, we extend the product neighborhood (—5,0] x =Y’ of
Ky into a half-infinite cylinder Z = (—o0,0] x =Y.

has a parametrix
Py L3 (2 B) @ (Hy OV L2y (Y Bo)) — LH(Z; B)

Finally, to define the parametrix corresponding to Qx.,., ® (IlIpor_y) , let 1 =11 +n2
be a partition of unity subordinate to a covering of Ky by the open sets U; =
Ky \([—2,0] x =Y’) and Uy = (—3,0] x —Y". Let 7, be a function which is 1 on the
support of 7; and vanishes on (—1,0] x —Y’. Similarly, let 75 be 1 on the support of
ne and vanishing outside [—4, 0] x Y. Define

Py, : L (Kys B) & (Hy N Lz—1/2) — L (Ky; E)
e = 11 Px+(me) + v Pz(ne)

Notice that thanks to how the supports of the functions where chosen, the function
is actually well defined. A similar computation to Proposition 14.2.1 in [32] shows
that Pg, is a parametrix for Qg.., ® (IIy o r_y).

Returning back to the proof of the lemma, thanks to the eight identities we

can see that
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Dpftr + Dy Ry
=(1—m)o Diy,) 17 + 7o © Dy Ry + Ty © Dy 1 + (1 —m)o Dpa By

N N

TV TV TV
Fredholm Fredholm compact compact

Likewise,

Diyg R + Do) Ry
= (1 — 7Th/) o 'D[.‘B]RK/—I—ZT[;/ o 'DHQ]R—FW ‘f‘sz/ o D['Ys]RK/+ (1 — 7T[,/) o ’D[,YQ]R{;/

N (.

Fredholm Fredholm compact compact

Therefore,
(Dp R + Dpyo Riy) @ (Do) iy + Dy i)
differs by the compact operator
(76 © Dpyy Rr + (1 = 7) © Dpyyy Ryy) @ (i © Dpyyy Ric + (1 = ) © Dy Ry )
from the direct sum of the Fredholm operators

((1 =) © Dpyy Ry ® my 0 D) Ryy) © ((1 — 7) © Dy Ric © T © Dy Ry )

and so the result follows.
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5. STRETCHING THE NECK

As promised when we explained our strategy for proving naturality, we will consider
a parametrized moduli space following the ideas used in sections 4.9, 4.10, 6.3 of [30]
and sections 24.6, 26.1 and 27.4 of [32]. Thanks to the computations done in sections
5.5 and 6 of [65], formally our situation cylinder+-compact-+cone behaves in the same
way as if we were working in the context of cylinder-+compact, which is where the
theorems just mentioned strictly speaking apply.

Recall that we want to show that HM,(WT, s,)c(¢) = ¢(£,Y), in other words,

at the chain-level we must have
me(€) —e(€,Y) € imd_y

The strategy we spelled out consisted in attaching a cylinder of length L to WJ,iY
and studying the Seiberg-Witten equations on

Wy (L) = ([1,00) x Y) U ([0,L] x =Y")UWT U (RT x =Y)

Equivalently, as explained in section 24.6 of [32], we can consider a family of metrics
g1, and perturbations on WT, all of which are equal near Y. For example, we can
choose a fraction of the collar neighborhood near Y’ and instead of using the product
metric dt @ dt+ gy, we use a smoothed out version of the metric g; = L2dt @dt + gy,
which agrees with the old metric outside this region. In any case, we obtain a

parametrized configuration space

M (Wehy s [d) = [ {1} x MWy (L), 50, [€))
Le[0,00)
which we can identify with a subset of [0,00) x Bf,.(Wg y,5.) as follows (see the
remark before definition 24.4.9 in [32] and section 2.3 in [41]):
For any t € [0,00) there is a unique automorphism b; : TWE,L’Y — TWJZY that
is positive, symmetric with respect to go and has the property that go(u,v) =
9¢(bi(u), by(v)). The map induced by b; on orthonormal frames gives rise to a map of

spinor bundles b, : S5 — Si associated to the metrics gy and g, . This map is an
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isomorphism preserving the fiberwise length of spinors. The identification

[07 OO) X BZ,lOC(Wg’_,Y75w) - U {L} X BZ,IOC<W§—£—,Y(L)’SW>

Le[0,00)

is then given by
(33) (L, A,RT¢,®) — (L, A,RTb.(¢),br(P))

Just as in proposition 26.1.3 in [32], the moduli space M. (W ., 5., [¢]) is a smooth
manifold with boundary. The boundary is the fiber over L = 0, that is, the original
moduli space M. (W, s,[c]). Each individual moduli space M. (W7 (L), 5, [c])
can be compactified into M} (W7 (L), 5., [¢]) by adding broken trajectories as in
definition 24.6.1 of [32]] and to compactify

U (L} x ME(WS (L), 5, [6))

Le[0,00)

we add a fiber over L = oo, which is denoted M} (W y (00), s, [c]) , where
(34)  Wgy(o0) = (Ky U R x =Y']) U ([R™ x =Y'JUWTU [R* x —Y])

An element in this space consists (at most) of a quadruple ([vx/], [Fy], [Yw+]s [Yy])
where :

o [vr'] € M(ZY, 1,8, [ayr]) is a solution on [R* x —Y]U Ky-.

o [¥y/] € M*([ay/],s¢,[bys]) is an unparametrized trajectory on the cylinder
R x =Y.

e [vwi] € M([by], W], s,, [by]) is a solution on W], that is, WT with two cylin-
drical ends attached to it.

o [¥y] € M*([by],s¢, [¢]) is an unparametrized trajectory on the cylinder R x —Y.

Just as in proposition 26.1.4 in [32], the space

MEWiys o) = (J {L} x MEW (L), s, [c])

Le[0,00]

More precisely, for us a broken trajectory asymptotic to [c] consists of an element [vy] in a mod-
uli space MZU(WJY(L),EUJ, [c]) and an unparametrized broken trajectory [¥] in a moduli space

Mz([co]vsf’ [C])
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is compact and when it is of dimension 1 the 0 dimensional strata over L = oo are
of the following forms (compare with proposition 26.1.6 [32]):

i) MZ;/’E/ X MWI

ii) MZ;;/,ff X MWI X M_y

iil) Mz % Moyr x My

Here M denotes an unparametrized moduli space. Also, in the last two cases the
middle space denotes a boundary-obstructed moduli space, i.e, it denotes trajectories
which connect a boundary stable point (as t — —o0) with a boundary unstable point
(as t — 00).

The following theorem shows that up to a boundary term, > m.(Wg y, 5., [c])
equals either of the sums (@, . It can be seen as the analogue of Lemma 4.15 in
[30] and Proposition 24.6.10 in [32] (in fact, it was implicitly used in the proof of the
pairing formula in Proposition 6.8 of [30] and Theorem 6.2 in [65]):

Proposition 27. If . (W, s, [c]) is zero-dimensional, it is compact. IfIM.(Wg ., 5., [c])
1s one-dimensional and contains irreducible trajectories, then the compactification
‘,mj(ngvy,sw, c]) is a I-dimensional manifold whose boundary points are of the fol-
lowing types:

1) The fiber over L = 0, namely the space MZ(Wgy,sw, [c]).

2) The fiber over L = oo, namely the three products described previously.

3) Products of the form MW y, 5., [b]) x M([b], s¢, [¢]) or MWy, 50, [a]) X
M([a], s¢, [b]) x M([b], 8¢, [¢]) where the middle one is boundary obstructed.

In order to apply the proposition define P = [0, 00) and the numbers

M. (WS, 5., [a mod 2 if dim M, (W ,,s,[a]) =0
W = {0 (Wy-5. o)

0 otherwise

Recall also that the differential on Co(—Y,s¢) = €°(=Y,s¢) ® €5(-Y,5¢) is [32,

Definition 22.1.3|
é _ ao B _ao au_
9 85— ouds
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Suppose now that WIZ(Wg,iy,sw, c]) is one dimensional. We use the previous propo-

sition to count the endpoints of M (W, 5., [c]) by making cases on [c].

Case [¢] € €°(=Y,s¢) [irreducible critical point].
(1) The fiber over L = 0, gives the contributions

(35) Y ma(Wey 50, [c])

These numbers were used in the chain-level definition of ¢(¢',Y').
(2) The fiber over L = co gives the contributions ()
(36)
D leeo (Y1) Dam e Mt (Z; 5/75,7 [a])n, ([a], W, 5, [€])
+ D aees (v lees (1) 2oz T (D Ve ® s, [a])n, ([a], ser, (b)), ([6], W, 50, [e])
+ 2 e <y foleen (<) 2o ooz M (Zyr g 85 [a]) 7z, ([a], W, s, [B] ) ([ ] [c])

These numbers were used in the chain-level definition of rmc(¢’).

[S el R i

(3) We obtain contributions of the form
(37)
D laeeo(—y) 2awrwn Ms Wty 8, [0]) P, ([0, 8¢, [c])
D e () et (—v7) Dwnavmaws Moot (Wer ys 5, [a]) P, ([a], 8¢, [0])700, ([6], ¢, [€])
These numbers will be used momentarily to define the boundary term.
The proposition tells us that the sum of , and equals 0.

Case [¢] € €*(—Y,s¢) |[boundary stable critical point].
(1) The fiber over L = 0, gives the contributions

(38) > ma(Wyy, 50, )

These numbers were used in the chain-level definition of ¢(£',Y").
(2) The fiber over L = oo gives the contributions ()
(39)
Z[a]ECO(—Y’) Zzl,zg m., (Zy. 5'7 s', [a])n., ([a), W, 5wa [])
+ Ve (v 2omrz M4y v s, [a])nz, ([a], W, 50, [c])
+ 2 (alees -y foleen(y7) Doy .z M (D v s, [a])nz, ([a], 5¢ [ Dnz, ([6], W1, s, [¢])
+ Z[a Jees(=Y"),[b]eCu(-Y) Zzl 22,23 m21( Y’ 5'7 ) [a]) 22([5‘] 5wv [ ])n23([ ] 5¢, [C])
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These numbers were used in the chain-level definition of ().
(3) We obtain contributions of the form
(40)
Z[a]eCO(—Y) Zwl,wQ My, (Wg’—,Yﬂﬁwa [a]) P, ([a], 8¢, [c])
+ e (-y) 2w Muor (Werys 8o, [a]) Py ([0, s¢, [¢])
+ z[a]eQ‘S(—Y),[b]ecu(—Y) Zwl,wg,u)g, My, (WJY,%, [a]) pTws, ([a], 5¢, [B]) 720, ([b], 8¢, [€])
These numbers will be used momentarily to define the boundary term.
The proposition tells us that the sum of , and equals 0.
Define the chain element ¢ € €°(=Y,s¢) & €°(—Y, s,) via the formula

v={ Y Ymn Wesafarew, Do DD mu (Wyse. o)) pey

[aleCo(-Y) w1 [aJe€s(-Y) w1

It is not hard to see that

é¢ = Z C oC[¢]» Z O €c]

[cleee(=Y) [cJees(-Y)
where C, equals and Cy equals . In other words, we have the chain-level
identity

e(') — e(€,Y) = 9y
which gives us the desired identity

HMJ (W', s,)c(€) = c(€,Y)

concluding the first phase in the proof for the naturality of the contact invariant
under strong symplectic cobordisms. Now we proceed to address the second part of
the proof (as explained at the beginning of the paper). Namely, we will show that
c(¢,Y) equals c(§) by adapting Mrowka and Rollin’s “dilating the cone” technique

to the case of a manifold with cylindrical end.
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6. GENERALIZED GLUING-EXCISION THEOREM

6.1 Gluing and Identifying Spin-c Structures. Our next objective in this sec-
tion is to modify the arguments in [40] to the case where there is a cylindrical end
instead of a compact manifold. The results in that paper apply only under the as-
sumption that we are working with a special symplectic cobordism W : Y — Y.

This appears near formula (1.1) of [40], and it was defined as follows:

Definition 28. A cobordism (W,w) : (Y,§) — (Y, &) is said to be a special
symplectic cobordism if:

1) With the symplectic orientation, OW = =Y LI Y" and w is strictly positive on &
and ¢ with their induced orientations.

2) The symplectic form is given in a collar neighborhood of the concave boundary
by a symplectization of (Y, ¢).

3) The map induced by the inclusion i* : H'(W,Y";Z) — H*(Y;Z) is the zero

map.

Notice that it is the last condition the one that makes the symplectic cobordism
“special”. We want to work with strong cobordisms, which in particular means that
the convex end is also given by a symplectization of (Y,¢) and that the special
condition does not appear. To explain why we can ultimately drop this condition,
we will now say a quick words on how to identify (relative) spin-c structures, since
this is the place where Mrowka and Rollin used it. It is useful to think of the special
condition in the following way [40, Remark 1.2.2]: if u € Map(W, S') is homotopic to
the identity along Y (so [u] € H'(W,Y”) ), then v must be homotopic to the identity
along Y (so [u |y] = 0 € H'(Y)). We will explain how the special assumption is
related to the uniqueness of certain gluing operations involving spin-c¢ structures.

It is well known that there are several different ways to think about spin-c struc-
tures, but from the perspective of monopole Floer homology, it is very convenient
to think of it as being realized concretely by a spinor bundle. Therefore, we will
start by discussing what is meant by a spinor bundle. The following is based on the

exposition by Salamon in [49)].

Definition 29. Suppose (M, g) is an oriented Riemannian manifold of dimension

2n or 2n + 1. A spin-c structure on the vector bundle TM — M is a pair (S, p)
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where S — M is a Hermitian vector bundle of rank 2" and a Clifford multiplication
map

p: TM — home(S, S)

which is a homomorphism satisfying for all v € T M

(a1) p(v) 0 plv) = —[o1ds
and for all &, € I'(S)
(42) (p(v)®, ) = — (P, p(v)?')

where (-, -) is the hermitian inner product on S.
If (S1, p1) and (S, p2) are two spin-c structures associated to TM, a spin-c iso-

morphism from (51, p1) to (Sa, p2) is a unitary bundle morphism
(43) &: 8 =5

such that for all v € TM, &, € S; we have

(44) S(p1(v)P1) = p2(v)S(Py)

In the case that (51, p1) = (52, p2) we will call & an automorphism of the spinor
bundle (5, p).

The definition of spin-c¢ isomorphism basically says that & intertwines the two
Clifford actions. Recall that using the metric duality p can be defined on the cotan-
gent bundle T* M and every three or four manifold admits a spin-c structure. We will
denote by Spin®(M) the isomorphism classes of spin-c structures under the previous
relation and s = [(S, p)] € Spin(M) will denote an isomorphism class of a spin-c
structure. We will sometimes say that s is an abstract spin-c structure and the
pair (5, p) is an instantiation of the abstract spin-c structure.

Observe that given a particular instantiation (S, p) it is quite easy to produce

automorphisms associated to it. For example, choose a map u : M — S* and define
Su(P) = ud

where just as in the case of a gauge transformation the right hand side means fiberwise

multiplication of the spinor by a complex number. Since all automorphisms of an
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instantiation (S, p) arise in this way, we can think of the gauge group as the group
of automorphisms of an abstract spin-c structure s [32, Section 1.1].

In general it is useful to think of a spin-c structure s as being independent of the
Riemannian metric g used on the manifold M. Therefore, we need to generalize
our definition of isomorphic spin-c structures to include the case in which the spinor
bundles are built from different metrics on the manifold.

Suppose that gg, g1 are two metrics on M and that x € M. Since the metrics are

symmetric and positive definite bilinear forms, there is a a unique automorphismﬂ

b :TM —TM

90,91

that is positive, symmetric with respect to gy and satisfies for all v,w € T M

90(% w) = gl(bgo,gl (U), bgo,gl (w))

If we have an abstract spin-c structure sy with respect to (M, go) instantiated by the
spinor bundle (S, po), using by, 4, we will define a canonical spinor bundle (51, p1) as-
sociated to (M, g1) and we will define s; as its corresponding abstract spin-c structure.

Under this construction we would say that sg is equivalent to s;. More concretely:

(1) As a vector bundle, we define S; = Sp.
(2) To define py, observe that it must satisfy condition (41)), namely, we want for
veTM, py(v)opi(v) =—|v|2 Ids, . Since

2

|U|£271 =5 (U’ U) - go(b;igl(v), bg_olhth(l))) - |b£;)1791 (U>‘go

we can see that the natural definition for p; should be

p1(v) = po (b, (v))

(3) If (-, ), represents the hermitian inner product on Sy with respect to g then
we can also define (-,-); = (-,-), as the hermitian inner product on S; = S
with respect to g, that is, the inner product remains unchanged. It is not
difficult to see that p, satisfies property .

2This construction can be done fiberwise so it is a consequence of linear algebra [37, Section 2|.
Namely, if V' is an m dimensional real vector space and gg, g1 € Sym(V* ® V*) are two metrics
then there is a unique positive endomorphism H of V' such that g;(-,-) = go(H-,-) . One then takes
bgo.gr = H™Y2 .

90,91



NATURALITY OF THE CONTACT INVARIANT 67
(4) We denote this construction as the map bs,.s, : (So, po) — (S1, p1)-

Definition 30. Identification of abstract spin-c structures: suppose that M
is an oriented manifold with metric gy and abstract spin-c structure s, associated to
go- If ¢1 is another metric and s; is an abstract spin-c structure we will say that the
abstract spin-c structures s, and s; are equivalent if the following happens:
one can find an instantiation (Sp, pg) of s such that the spinor bundle (S, p1) as

described before is an instantiation of s;.

Remark 31. i) Observe that if (S7,p}) is another instantiation of (S, p1) then by
definition we have a unitary isomorphism & : (Sy, p1) — (57, p}) which intertwines

p1 and p| . If we define

ESO,S{ =G6o 550,51 : (SO7P0) — ( 17p/1>

we obtain a map of spinor bundles which preserves the pointwise norms of spinors.
It is not difficult to check that 1351750 o BSO,Sg = Idg,.

i1) Thanks to the previous definition we can talk of an abstract spin-c structure s
in a way that is metric independent. For example, it is well known the isomorphism
classes of spin-c structures Spin®(M) on M is a H?(M;Z) torsor, i.e, if we fix a spin-c
structure sy as the “basepoint”, any other spin-c structure s; differs from sy, by an
element of H*(M;Z) [32, Proposition 1.1.1].

We briefly repeat the proof this fact to show how it fits in our current framework.
Let (Sp, po) be an instantiation of 6y and start with an element é € H?(M;Z). Choose
a hermitian line bundle L; such that ¢;(Lz) = € where ¢ (e) denotes the first Chern
class. Define s; = 59 + € as the abstract spin-c¢ structure which has a particular
instantiation the spinor bundle Sz = Sy ® L¢ , pe = po ® 1.. The inner product on

Sz is the usual inner product on the tensor product of two vector spaces:
(@@ 0s,d @0y) = (P, (0s,0%)

Conversely, if we start with instantiations (Sy, pg) and (S1, p1) of 5o, 51 respectively,
then we can define the difference line bundle Lg, s, as the subbundle of hom(Sy, S1)
consisting of homomorphisms & : Sy — S; that intertwine pg, p; in the sense of
equation . This subbundle has rank 1 because the only endomorphisms of Sy

that commute with the image of py are the scalar endomorphisms (Schur’s Lemma).
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Define ¢ = ¢(Lg,5,) € H*(M;Z). Tt can be checked that (S, pz) and (Si,p1)
represent the same abstract spin-c structure s; via the “tautological” map G; : S; —
S1, (,6) — &(P) (which is clearly unitary) and that if € = 0, i.e, the line bundle

Lg, s, admits a global section, then sy = s;.

Our main objective is to analyze the spin-c structure associated to a symplectic
form on a compact four manifold and to a contact structure on a three manifold.
More generally, we want to see to what extent are these different spin-c structures
related. To make this precise, we first need to address how a spin-c¢ structure on
manifold X with boundary 0.X induces a spin-c structure on its boundary and how

a spin-c structure on a three manifold Y induces a spin-c structure on the cylinder
R x Y [32], Sections 4.3 and 4.5].

Definition 32. 1) Suppose that Y is a closed 3 manifold with abstract spin-c struc-
ture sy. It induces an abstract spin-c structure sy on Z = R x Y as follows. Let
(Sy, py) be an instantiation of sy. Use the product metric on Z and define the spinor
bundle

Sz =Sy @Sy

and the Clifford multiplication to be

p2(8)) = ( N )

_ 0 —py(v)”
pz(v) = ( oy () 0 ) veTY

Define s as the abstract spin-c structure whose instantiation is Sy.

2) Suppose that X is a compact, oriented Riemannian 4 manifold X with boundary
Y = 0X and abstract spin-c structure sy. It induces an abstract spin-c structure
sy on Y as follows. Let (Sxy = ST @& S™,px) be an instantiation of sx Here the
splitting comes from the eigenspaces of p(voly) as described in Section 1.1 in [32].

Use an outward normal n (which we take to be of unit norm and orthogonal to T'Y)
to identify ST and S~ at the boundary px(n) : ST |y~ S~ |y , i.e, (?,,0) € ST |y
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is identified with px(n)(®4,0) € S~ |y. Define the spinor bundle as
Sy =St |y~ S|y
and the Clifford multiplication is

py(v) = px(n) " px(v)

Define sy as the abstract spin-c structure whose instantiation is (Sy, py).

3) Suppose that Y is a closed oriented three manifold with abstract spin-c structure
sy. It induces an abstract spin-c structure s_y as follows. Let (Sy,py) be an
instantiation of sy. Define

S_y =85y
P-y = —Py
We reversed the sign of the Clifford map to continue to have p(vol) = id. Define s_y

as the abstract spin-c structure whose instantiation is (S_y, p_y).

Now we will define abstract spin-c structures canonically associated to a symplectic
form on a symplectic manifold and on a contact manifold. Some references for the
symplectic case can be found in Lemma 4.3 of [26] or 3.1.4 [20]. For the contact case

see section 2 in [47] and section 2.1 in [53].

Definition 33. 1) Suppose that (W,w) is a symplectic four manifold. We construct
an abstract spin-c structure s, as follows. Choose a metric g and an almost complex
structure so that (g, J,w) is a compatible triple. That is, for all v;,vy € TW,
w(v, Jv) > 0, w(Jvy, Jug) = w(vy, v2) and g(vy, va) = w(vy, Jve). See section 12.3 in
[10] for more information.

There is an induced almost complex structure J° : T*W — T*W on T*W via the
rule (J°n)(v) = —n(Jv). This is an awkward convention but agrees with the one
used by [36], 20].

We can extend J” to all the exterior algebra of W so we can define /13’0 as the
—i eigenbundle of .J° (when acting of 0 forms) and /1{0,’2 for the 44 eigenbundle of J°

when acting on two-forms. We define the spinor bundle
0,0 0,2
So =4 ® Ay

and the Clifford multiplication
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po : 24 (M) ® C — home(S, S)
(45) o)y = V2 (™" Ay —1(no1)y)

Here 7 is a one form and we are decomposing it into types = n*° + %! Under
the C linear metric duality 79, represents the corresponding (0, 1) vector field. The
abstract spin-c structure s, is the one whose instantiation is (.S, p.,)-

2) Suppose that (Y,&) is a contact 3 manifold. We construct an abstract spin-c
structure s¢ as follows. Choose a one form 6 such that £ = ker# and 6 A df > 0.
Choose the metric g on Y for which |0, =1, df = 2%y,,6 and J is an isometry with
respect to &, where J is a choice of an almost complex structure on £ such that for

any v € £, (v, Jv) is a positively oriented basis for . Define the spinor bundle
Se=Cao Kk

where K~! denotes the complex line bundle ((§)*,J°). Any form n € I'(K™!) can
be decomposed according to type as n = n*° + n%! and a generic one form can be
written as

n=n(R)0 +n"" +n*
where R is the Reeb vector field of 6, i.e, the metric dual of #. The corresponding

Clifford multiplication map is

(46) Pe - ™Y & C— hOIIl(c(S, S)
pe(n)(a, B) = (in(R)a, —in(R)B) — V2(n™' A D —1(no1)®)

where we use the C linear metric duality. The abstract spin-c structure s;¢ is the one

whose instantiation is (S, pe).

Remark 34. As a small digression (which will be useful in the next section) we can
decompose St as ST = CPy @ (Py)" where denotes the orthogonal complex line
bundle. The canonical connection Ay is then the unique spin-c connection for which
D 4,99 = 0 |26, Section 4.3]. The Seiberg-Witten equations (with respect to Taubes’
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perturbations from [52]) can then be written as

3P(FF) = (2P%)o = 3p(FJ) — jp(w)
Dad =0

SWTaubes :

Since ip(w) = (PoPf)o then (Ao, Py) is tautologically a solution of the previous
equations. Now suppose that we dilate the metric, that is, for 7 > 0 a constant we
define g, = 7%g. Since 7 is constant then w, = 72w will continue to be a symplectic
form compatible with the metric g, (in the sense that it has pointwise norm \/5)
Also, because of our recipe for identifying spin-c¢ structures for different metrics on
the same manifolds, we take S, . = S, and p, = f , where we are assuming that
the Clifford map is defined on one forms. When we extend p, to the rest of the
exterior algebra we have that on two forms p. = % so in particular p,(w,) = p(w).
Moreover, a dilation is a very trivial case of a conformal change of metric so using
the formula for how the Dirac operator changes with respect to it [I1, eq. D.1] it
is not difficult to see that Dy, ® = 7 'D4,P so in particular being a harmonic
spinor is independent of the metric g, and moreover the canonical connection Ay is
preserved under dilations, that is, Ay, = Ap. Since the notion of self duality is also

conformally invariant the system of equations

%pT(FX) — (PP7) = %pT(FXO7T) - %,OT(CUT)

SW%aubes :
Dy ®=0
can be rewritten as [recall that p,(F{) =~ (ZX )]
e 3ED = @89 = JolFL) — 7 6(0)
Taubes *

Day® =0

setting 7 = /r this suggests how one could find the class of perturbations used by
Taubes [51), eq. 1.20].

Back to our main topic of gluing and identifying spin-c structures, suppose that
(W,w) : (Y, &) — (Y, &) is a strong symplectic cobordism between (Y, £) and (Y, £).

The next lemma addresses how is s, related to s¢ and s¢.
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Lemma 35. If (W,w) : (Y,&) — (Y, &) is a strong symplectic cobordism then

S, |y'= 8¢ and s, |_y=s_y as abstract spin-c structures where sy = s¢.

Proof. We start with the convex end. Choose a contact form ¢ and metric gy as
explained before. We choose the canonical spinor bundle (Syr, ppr) constructed above.
Being a convex end, we can choose a collar neighborhood (0,1] x Y’ C W such that
the symplectic form w on this collar neighborhood looks like the symplectization
Ld(t%0').

Choose the conical metric dt ® dt + t?gy on this collar neighborhood. Then 9, is
the outward normal vector and if e}, €2, 5, is a coframe of Y’ then (e°, !, e?, €?) =
(dt, ey, €., e¥,) is a coframe of W at the boundary 9[(0,1] x Y] = {1} x Y/ ~ Y.
For the canonical spinor bundle (S, p,) we have that a section ® € I'(S} |y/) can
locally be written as

® = ay + Pyt AP
where €'l = \/ii(eo —iel) and €2 = %(62 — ie®). Likewise, a section ¥ € I'(Sp) can
be written as
¥ = ay: + By

The isomorphism between (S, |y, p, |y+) and (Sy, pe) is given by

S (Sw |Y’,pw |Y/) — (59/7p9')
D=y + et NP - U = ay + Byes

Clearly & will be a unitary isomorphism. The only thing that needs to be checked
is that & intertwines the Clifford multiplication, that is, for all v € TY’ we have

&(pyw (0)pw (v)®) = po(v)S(P)

This can be verified using the definition given for p, and p¢ in formulas , 6]
and also that py (9;) = —pw(0;). The concave case can be dealt with in a similar

manner.

O

Now we return to the problem of gluing spin-c structures. Following [31], suppose

that X is a compact four manifold with boundary Y = 0X (potentially disconnected)
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which will ultimately be equipped with a contact structure &, though for the moment

we won'’t use this.
A relative spinor bundle is a triple (Sx, px, ©y) where (Sx, px) is the instan-

tiation of some abstract spin-c structure sx € Spin®(X) and

Sy : (Sx, px) lax— (Sy, py)

is an isomorphism to some instantiation (Sy, py) of some abstract spin-c structure
sy € Spin“(Y). In other words,

Yo e TY VP € St |y Sy [px(nx) ' px(v)®] = py (v)Sy(P)
Observe that if (S, py) is a different instantiation of sx we have a map
S : (Sk,px) = (Sx, px)
which satisfies
Ve TXVE € S S (0)F) = px(0)Sy (@)

In particular, if we define &} = Sy o (& |y) : (5%, Px) lax— (Sy, py) it is easy to
see that Yo € TY, V' € SV |y

In other words, the triple (S%, p’x, 8y = Gy o (&' |y)) is also a relative spinor
bundle. Similarly, if (S5, %) is another instantiation of the same abstract spin-c

structure sy then we have a map

S : (Sy,py) = (Sy,py)
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which satisfies
Yo e TY, YU € Sy  S(py(v)¥) = py(v)S(¥)

and if we define &) = & o0 &y : (Sx, px) lox— (Sy, py) it is not hard to see that
Yo € TY, VO € ST |y

= py Sy (2)
In other words, the definition of relative spinor bundle (Sx,px, &) depends on
(Sy, py) only in terms of the abstract spin-c structure sy. Therefore, it makes sense

to talk about a relative spinor bundle (S, px, Sy ) associated to an abstract

spin-c structure sy and we can now define a relative spin-c structure as follows:

Definition 36. Let X be a four compact with boundary Y and choose an abstract
spin-c structure sy. A relative spin-c structure (sx, [Gy]) associated to sy is
an equivalence class of triples (S, px, Sy) where (Sx, px,Sy) ~ (Sx, ply, &) if
the following are satisfied:

i) (Sx, px,©y) is a relative spinor bundle associated to sy.

i1) (Sx, px) and (S%, p'y) are instantiations of the same abstract spin-c structure
Sx.

i11) The isomorphisms &} and Gy are related by &) = Gy o (&% |y) where
S’ : (S%, px) = (Sx, px) is the usual inter-twiner map.

In the case that Y is equipped with a contact structure £ we define

Spin®(X, €) = {relative spin-c structures (sx, [Sy]) associated to s¢)}

In practice, we will think of an element (sx, [Sy]) € Spin®(X, ) as being repre-
sented by an instantiation (Sx, px,Sy) where Sy : (Sx,px) lox— (59, pe) is an
isomorphism between the spinor bundle (Sx, px) induces on the boundary and the
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instantiation (Sp, py) associated to s¢ which is determined by the choice of a contact

form 6 for £&. The following lemma clarifies the structure of Spin®(X &).

Lemma 37. The set Spin°(X,€) is a principal homogeneous space for the relative
cohomology H*(X,0X;7Z).

Proof. We follow a similar strategy to the one used in determining Spin®(X). Let
(Sx, px,Sy) be a relative spinor bundle associated to (sx,[Sy]) and choose e €
H?(X;0X;Z). In particular we can choose a line bundle L. over X such that L. is
trivial over 0.X, i.e, there is a trivialization 71, : L, — 0X x C which we can take to
be unitary.

Using the long-exact sequence in cohomology for the pair (X, 90X ) we have (section
3.1 [23)

oo HYX) — HY(0X) S HA(X;0X)5 HX(X)S H20X)— -
e e 0
where we take ¢ = j*(e).

Therefore we define (s., [&,.]) as the equivalence class of the relative spinor bundle
(Se, pe, ©¢) where S, = Sx ® Le, pe = px @ 11, and S, : (Se, pe) lox— (Sy, py) is
given for all

PRo,€(S)=T1(St|y)®T(Le |y)
by
G (P®o.) =T.(0.)Sy(P)
where we are using the trivialization 7. so that the previous multiplication makes

sense globally on 0.X. We need to verify that
WETY, 6. [pulnx) " pu(0)( 0 0)] = py (1) 6. (6 0 )

For this we simply start with the left hand side
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Se [pe(nx) pel ¢®06]
= S [pe(nx) (px (V)P ® oc)]
=6, (PX(”X) @@ae)

=71.(0.)8y (px(nx)” 0)P)

=Te(oe)py (v ) v (P)
—pY( ) (45@‘76)

which is what we wanted to show.

Conversely, suppose that we start with two relative spinor bundles (Sx, px, Gy)
and (S, p'y, ®}) associated to sy, which is instantiated by (Sy, py), so that we
regard Gy and &} as maps Sy : (Sx,px) lax— (Sy,py), 6% : (S, ) lox—
(Sy,py). Consider the subbundle Lg, s of hom(Sx,S%) of homomorphisms & :
Sx — S% which intertwine px, p'y. Our construction is set up in such a way that
Lgs, s is trivializable along the boundary. Therefore we obtain a well defined element
e= cl(LSX,S%) € H*(X,0X;7Z) and it is not difficult to see that (S,, p., S.) will be
in the same equivalence class as (S, py, &% ). O

If (W,w): (Y,§) = (Y, &) is a strong cobordism we can define a map
7 : Spin“(X, &) — Spin“(X UW, )

as follows [40, Section 1.2| : if (Sx, px, Gy) is a relative spinor bundle associated to
(sx,[Sy]) € Spin(X, £) there is an isomorphism

Sy : (Sx, px) [y— (Se; o)
as explained previously. It satisfies in particular that
Vo e TYVP € St |y Gy [px(nx) 'px(v)®] = po(v)Sy (D)

The spinor bundle (Sy, pp) on Y induces the natural spinor bundle (Sp, —pg) on —Y

which we now we can identify with (S,, p,) |-y via a map

69 . (597 —,09) — (Swapw) |—Y
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which satisfies (here we are identifying 7Y with T'(—Y) for notational convenience):
Yo e TY, VD € Sy &g [—pp(v)@] = pw (nw) " pw (v)Sp(P)

Define the relative spinor bundle (Sxuw, pxuw,Sys) as the one obtained from Sy

and S, using the transition map

Spo By : (Sx,px) ly— (Sw, pu) |-y

We take j(sx,[Sy]) as the equivalence class defined by the relative spinor bundle
(Sxuw, pxuw, Gy).

To consider the injectivity of the map j, suppose that j (sx, [Sy]) = (s, [6}]) €
Spin®(X U W, &) . According to our definition this means that if we choose relative
spinor bundles (Sxuw, pxuw, Sy+) and (Sk w, Pxuws ©y+) then

e (Sxuw, pxuw) and (S w, Pxuw) are instantiations of the same abstract spin-c
structure sx_w. Restricting the inter-twining map to X this means that sx = s’
as abstract spin-c structures over X. Notice we still can’t conclude that they define
the same relative spin-c structure because it is not clear that condition 4i7) in our
definition is already satisfied.

e However, we still do have that &, = &y o(&y |v/) where & iy : (Skuw Pxow) —
(Sxuw, pxuw) is the inter-twining map. Since the restrictions (Sxuw, pxow) |w=
(Sws pw) and (S uws Pxow) lw= (Sw,po) differ by an automorphism of the same
concrete spinor bundle S,, we obtain a map u : W — St . Along Y, if v € TY and
nx is the outward normal vector we the trivialization provided by w is such that we

may regard S¥ |y= S¥ |y and px |y , px |y as related by

px(nx) " px (V)@ = px(nx) ™ px (v) (ud)

If it could extend w |y to the rest of X then we could take Sx and S’ as representing
the same concrete spinor bundle and in this way, (Sx,px,Sy) and (S%, py, &%)
would give rise to the same relative spin-c structure, i.e, (sx, [Sy]) = (8%, [6%]).

From the long exact sequence

sk

s HY(X) S H'(W) DS B2 YY)D B S (YY) - -

[ [y]
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we see that it suffices for §([u |y]) to vanish. Notice that in general this does need to
happen. However, for the proof of naturality we will take X = R x —Y and since
H?(RTx—Y;Y) = 0 in particular this means that 6([u |y]) vanishes automatically so
the problem of extending u |y disappears, hence the map 7 is automatically injective.
In particular, all the arguments in [40] where the injectivity of j was invoked can be
used for our case without any concerns and this explains why the “special” condition

can be dropped.

6.2 Connected Sum Along Y. We will now adapt the gluing/ excision theorem
in [40] to our situation. More precisely we want an analogue of their corollary 3.2.2.
The following construction is based on sections 4.1 and 2.1.5 from that paper. There
they proved a gluing result for a class of manifolds with a so called AFAK end Z,
that is, an asymptotically flat almost Kahler end, the idea being that this class of
manifolds behave sufficiently nice near the symplectic end that all the analysis goes
through. Their definition of an AFAK end is given in Definition 2.1.2 of [40]. The
important things that we need to point out regarding this definition is that:

e Their last condition regarding the vanishing of map between de Rham coho-
mologies mimics the special condition for a symplectic cobordism that we already
discussed before. Therefore, in our context this condition is not needed.

e To our cobordism (W, w) one can associated an AFAK end (Z,wy) as explained
in section 4.1 of [40] . We can simplify their construction in our case because our
cobordism is strong so in fact we can exploit the fact that near the convex end w is
also determined by a symplectization of the contact structure. We can use a collar
neighborhood [Ty, 71) X Y of Y C OW (with Ty > 1) and a contact form 6 such that
the symplectic form w near the concave end of that neighborhood is given by %d(tQQ).
Glue a sharp cone on the boundary Y by extending the collar neighborhood into
(0,77) x Y with its symplectic form. Likewise, we have a similar collar neighborhood
near the convex end and we can therefore glue (after some reparameterizations) the
half-infinite cone [1,00) X Y” with the symplectic form 3d(¢?6') where ¢’ denotes the

time coordinate on [1,00) x Y’. Therefore

Z = ((0,Ty) x Y)UW U ([L,00) x Y)
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and we can find a “time coordinate” oz on Z as they described in that section of
[40] (in fact, after reparametrization in can be taken to agree with the natural time
coordinate on the third factor [1,00) x Y’ of Z). Among other properties:

e On (0,7y) x Y, 0z agrees with the time coordinate.

e For all € > 0, the function e™“’# is integrable on Z.

e There is a constant x > 0 such that the injectivity radius satisfies kinj(x) > oz(x)
forall z € Z.

e For each x € Z, if e, is the map e, : v — exp,(0z(z)v/k) and v, the metric
on the unit ball in T,Z defined as e’v,/oz(x)? , then these metrics have bounded
geometry in the sense that all covariant derivatives of the curvature are bounded by
some constants independent of x.

e For each x € Z, if 0, denotes the symplectic form eXwy/o(x)? on the unit ball,
then o, similarly approximates the translation invariant symplectic form, with all its
derivatives.

Notice in particular that our symplectic form w; has the property that it is exact
except for a compact set (which is contained in W). Hence the class of manifolds we
are using could be called AFAKAE ends (where AFE stands for almost exact) but for
convenience we will keep calling this manifold an AFAK end. After choosing a metric
gz and almost complex structure Jz on Z so that wy is self-dual and of pointwise
norm /2 the data (Z,wz,Jz,97,07) will represent an AFAK end with the caveats
mentioned above.

This is the class of manifolds to which the generalized excision/gluing theorem
will apply, though the theorem will only be used for this particular Z. The idea will
be to glue Z to the cylindrical end RT x —Y using an operation that Mrowka and
Rollin named connected sum along Y.

To be more precise, consider as before the symplectic cone [1,00) x Y for the
contact form 6 with metric

gre = dt @ dt +t°gy
and symplectic form
wp = %d(tQG)
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FIGURE 8. Using the “connected sum along Y” operation to obtain
the family of manifolds M..

Choose a number 7 > 1[]and identify an annulus (1,7) x ¥ in [1,00) x Y with
an annulus (1/7,1) x Y C Z using the dilation map

(1, 7)) xY 25 (1/7,1) x Y
(t,y) = (t/7,y)
Define M, as the union of (RT x —Y)U[1,7) x Y and Z N {0, > 1/7}
M, =(R*x =Y)U[l,7) xY))U(ZNn{oz > 1/7})

glued along the previous annuli via the dilation map v;,.

In the figure, the gray regions represent the annuli that are identified and the
dashed regions are the parts of the cone and Z that are taken off in the construction.
We need to say how to redefine the geometric structures we had in place (metric,
symplectic form, etc) so that they agree under the identification operation (this is
why we discussed the effect of a dilation on the canonical spin-c¢ structure in the

31t goes without saying that the 7 is completely unrelated to the 7 used in the 7-model of the
configuration space.
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previous section). The symplectic form can be taken as
)
Wzr =T Wz
and the new “time coordinate” becomes
Orz =T0z
The metric is a dilation of the original metric, that is,
)
gT,Z =T gz

In this way, with respect to g, z, wz, is self-dual with norm V2. As usual, g and
wyz determine a compatible almost complex structure Jz, which in fact can be taken
to be independent of 7, i.e,

Jpr= s

The natural Clifford multiplication is

1 a one form

prz(n) = pz()

while the spinor bundle remains the same, i.e
ST,Z = SZ

We will specify the abstract spin-c structure s, on M, as the equivalence class of
the following spinor bundle (S;, p;):

e On R™ x —Y we use the spinor bundle (Sg+x_y, pr+x_y) that the canonical
spinor bundle (Sp, pp) on Y induces on RT x —Y.

e Along the boundary, we identify (Swr+x_v,0, pr+x-v,0) |y With (Sky, pKy) [113xy
where (Sk,, Pk, ) denotes the canonical spinor bundle associated to the symplectic
cone Ky = [1,00) X Y.

e Over M, N{o,z <7} =M.N{oz <1} =M, N{(1,7) x Y} we use the spinor
bundle (Sky, pry ) -

e Over M. N{o,z > 1} = M,N{oz > 1/7} we use the spinor bundle (S; z, pr.z) =
(5.2.22).

To write the transition map from (Sk,,px,) to (Srz, prz) over M. N{l/7 <

oz < 1} observe that if el el e} is a coframe at the slice {1} x Y ~ Y then
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dt,tei  te2 tey is a coframe on (1,7) x Y C Ky while 7dt, ttel rted rtel is a
coframe on {1/7 < 07 < 1} C Z. Therefore we can define as before &)! = \%(dt —

itey,), € = \/ii(ef, —ie3) and the identification map

(to SKy — S-,-’Z

01 , =23 2 01 , =23
agy + By € N€° — ak, + T Bk, € N§

Remark 38. In the case of [40] , their construction required (in their notation) the
choice of an element (s, h) € Spin®(M,w) (see section 2.1.7). As we explained before,
by using a half infinite cylinder instead of a compact piece, all of our constructions
can be done in a canonical way, which is why our construction is more simple in a

sense and we can drop the explicit reference to h.

Our (unperturbed) Seiberg Witten map continues to be

5(4.) = (30(FD) - (@070 Da)

To define the perturbations, write the half-infinite cylinder as
R x =Y = ([0,1] x =Y) U ([1,00) x =Y

where [0, 1] x —Y is going to play the role of a trivial cobordism. By that we simply
mean that the perturbations we use on [0,1] x —Y are of the form p = q + Sopo
where p coincides near {1} x —Y with a strongly tame perturbation —0y,gg,se ON
[1,00) x =Y and near {0} x —Y it vanishes. On

Z.=[L,T)xYU(ZN{oz>1/7})

consider the perturbation
1 *
Pz, = _§IOT(F;4%T> + (@+0950)o
where (Ajf ,Pr0) denotes the canonical solution. Again, similar to the perturbation

py+ defined in equation 1} we can produce a perturbation
¢y

(47) Pr, = —Avigpse + (BAvggs + Bobo) + Brpz,



NATURALITY OF THE CONTACT INVARIANT 83

It is also useful to think of the manifold Zy, [where the contact invariant c(§) of
(Y, €) is defined] as the manifold M, obtained by taking 't = co’. In other words, we
will write My, = Z;}’ ¢~ Notice that on this manifold we can also define a perturbation
Pu.. in exactly the same way as for pys, (so it agrees with —qy,g, s, on half-cylinder
[1,00) x =Y, it agrees with px on the cone [1,00) X Y and it is interpolated between
these two perturbations on the finite cylinder [0,1] x —Y through a perturbation
ﬁaerﬁg + ﬁ(l)ﬁo )

Our previous transversality Theorem now reads as follows: for all critical
points [¢] € €°(=Y,s¢) & €5(—Y,s,) and for each 0 < 7 < oo there is a residual
subset P, of the large space of perturbations P(Y,s,) such that for any p, € P,
the corresponding perturbation p,, satisfies the property that all the moduli spaces
M(M;, 8., [c], par,) are cut out transversely.

When we study the properties of the gluing map it will become clear that we
want to be able to choose a single perturbation p,; such that when we plug it
in the formula for p,, it guarantees transversality simultaneously for all moduli
spaces M(M,,s,,[c],parr, ). In other words, we would like to be able to choose a
perturbation p,; € ﬂo <r<oo Pr. Since we are ultimately interested in the case when
7 is sufficiently large we can choose an increasing sequence 7, with 7, — oo and then
use the fact that the countable intersection of residual sets is residual [43, Theorem
1.4] so that (N, P, ) N Py is residual as well. In particular this means that we can
take oy € (M, Pr,) N Ps , which we will assume from now on.

Strictly speaking, since we will work with an additional family M’ obtained by
using another connected operation with another AFAK end Z’ we should really take
Pa € (M Pr, )N PoN (ﬂnP;n), where P;n denotes the residual space of perturbations
for the manifold M’. However, for the proof of the gluing theorem we will end up
taking Z' = (0,00) x Y (as in section 4.1 of [40]), in which case one can check that
all the M! end up coinciding with Z;g = M. Hence, this subtle points does not
make much a difference. Also, for notational convenience, we will keep writing the
moduli spaces typically as M(M,,s.,[c]) instead of M(M,, s, ,[c]).

6.3 Gluing Map. Our main objective in this section is to adapt Theorem 3.1.9
in [40] to our situation. First we need to define a pregluing map that allows us

to compare solutions in the moduli spaces corresponding to the manifolds M, and
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M. This will then be promoted to an actual gluing map which basically says that
once T becomes sufficiently large the Seiberg-Witten solutions on M, are in bijective
correspondence with the Seiberg-Witten solutions on M/ (the precise statement is
Theorem .

As can be seen from Figure (8) and the definition of the manifold Z, one should
think of the manifolds M, as being diffeomorphic versions of the manifold WgJ'F,Y
described in Figure (2). The moduli space of Seiberg-Witten equations over each of
the M, gives rise to a “7-hybrid” invariant c(¢',Y,7) € C,(—Y,s¢), but a standard
deformation of metrics and perturbations argument which is explained at the end of
the paper tells us that in fact they all define the same homology class c(¢',Y, 1) =
c(¢',Y), where the right hand side denotes our original “hybrid” invariant. On the
other hand, when we take Z' = (0,00) x Y, the resulting manifolds M agree with
Z;,i ¢ as mentioned at the end of the previous section. Therefore, from the moduli
space of Seiberg-Witten equations over M. we obtain the ordinary contact invariant
c(¢) and then the our gluing argument will imply that these two invariants agree.

We write (M, g, w-, Jr,0,) and (M., g. ., J. o.) to make explicit the data re-
quired in our construction. Notice that on the domains {0, < 7} C M, and
{0l < 7} C M. all the previous structures agree (including the spinor bundles
and the canonical solutions). In fact, we can regard these regions as subsets of Z;/L, ¢

Let (A,®) be a solution of the Seiberg-Witten equations on M,. We want to
transport (A, ®) into an approximate solution on M.

First we need to construct a spinor bundle Si4 ¢y associated to (A,®) on M. To
be more precise, as an abstract spin-c structure the construction that we provide is
independent of the solution (A, ®) that we use, but the particular instantiation will
depend on the solution since it will be used to define a transition function.

Using Lemma 2.2.8 in [40] we can find a compact set C' with the following signifi-
cance: for every 7 large enough and for every solution to the Seiberg-Witten equations
on M, we have o] > 1 on M \[(R* x —Y) U C] (recall that & = («,3) and that
the paper [40] writes it instead as (3,7)). We may write C as C' = [1,T] x Y C Z{,
where T is large enough and independent of 7 and the solution (A, ®). From now

on we will assume that 7 is chosen so that it is larger than 7.
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For 7 > T, we construct the spinor bundle 57, 4 on M as follows ([40] named

this spinor bundle Si4 ¢)):

(1) Over the region M/N{o} < 7} C Zy, we use the spinor bundle S¢ determined
by &. Over the region M’ N {o. > T}, we use the spinor bundle determined

by the almost complex structure J7, i.e, S’ . In other words

Se  over M. N{o, <7}

S/Aqs =
(4.2 Sy over M. N{o. > T}

(2) To specify what happens over the annulus {T" < ¢/ < 7} define the map
(gauge transformation) []
h(A@) : MT\[(R+ X —Y) U C] — St

haw =15

If & € I'(Sejmrnfor<ry), then over the annulus {7 < o/ < 7} we can write with
respect to a coframe

b =a+ et NP

and if we write h(4 ) - ¢ = (%‘) @ as
h(A@) P = Qg + 645601 A Ee®

then we will consider h(4 ) as the transition map from S¢ to S over the annulus.
That is, the section @ over Se |ir<or <+ is identified with the section h(ag) - @ over
Sy |{r<or<+} as the next image indicates.
Notice that if u € G(M,) then hy,.(ae) = u 'has) and so we can easily build an
isomorphism
u# : S(A@) — Su.(A@)
Our next job is to construct a configuration on the spinor bundle SE Ag) OVer M.

For this we recall a family of cut-off functions described in section 2.2.1 of [40] . Let

“Here we do not use the notation h{ 4.5 that can be found in [40] , since our isomorphism 7 is
already canonical and so there is no need to distinguish h’( A.5) from h(a ).
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b =y A (ALLT-:@O.T}

FIGURE 9. Defining the spinor bundle SEA@) over M! .

X(t) be a smooth decreasing function such that

and define

t—r 0 t>r7
) 1 t<7—Ny
where Ny is a number that is fixed later to control the derivatives of y,.. With the
help of this function define SE Ap) 88 follows:
e On the region M N{o. < 7} we can identify the structures on M, with M’ and

50 (A, D) a1, {0, <ry defines a configuration on S, 4y [mzn{or<ry-
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e On the region M/ N{o, > T'} we can write ¢ as a pair («, ) and Aas A = Ay, +a
so if we regard h(4,4) as a gauge transformation then

Notice that & is a real function with & > % Therefore we define on M. N{o. > T}
(A, )% = (Ah, + (xr 0 07)a, (8277, (xr 0 07) )
e On the end {0, > 7} we set
(A, )" = (A5, D)
Since the construction is compatible with the gauge group action in the sense that
u? - (A, D)% = (u- (A, D))"
we have constructed our pregluing map
#: M(M-, s, [c]) — (C/G)(M)

It is easy to see that Lemma 2.5.4 in [40)] still holds. That is, there is a 6 > 0 and
T large enough such that for every Ny > 1,k € N | 7 satisfying 7 > T+ Ny and
every solution (A, ®) of the Seiberg-Witten equations on M., we have that (A, ®)#
satisfies the Seiberg-Witten equations on {0, < T} C M/ and

(48) |3pM4 (4, @)#|Ck(g;,A#) < cpe "

on{o. >T} C M.
Our objective now is to modify the pre-gluing map # : M (M., s, [c]) — (C/G)(M])
to obtain a gluing map (Theorem 3.1.9 [40] )

&, : M(M,,s,,[c]) = M(M., s [c])

TI>T)?
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We want to define &, at the level of configuration spaces in such a way that is gauge

equivariant. Our proposal is that this map should decompose as
(49) 6. (4,0) = (A0 + (DiaaeBy,, ) (.0

where (0',¢') € L 4(isu(S;") @ S.7) . Here Dy g)#8,,, denotes the linearization of
the perturbed Seiberg-Witten map §y,, . In the old dzxys of Seiberg-Witten theory
where only the curvature equation was I;erturbed by some imaginary-valued self dual
two form, this linearized map D4 ¢)#3p,,, would coincide with the linearization of
the unperturbed Seiberg-Witten map D, A;)#S, since the perturbations where inde-
pendent of the configuration (A, ®)# being used. In fact, analyzing the formula ,
we can see that the discrepancy between these two maps is due to the (abstract) per-
turbations used on the cylindrical end, so to emphasize this point we may sometimes
write Dy (4,4)#38 instead of the more precise notation D A@)#SPM; )

Recall that the perturbed Seiberg-Witten equation is
oy (A, @) = F(A, @) + par (A, @) = 0
By definition, we want &, (A, ®) to solve the previous equation which means that
3O (A.P) + pa 6, (A,8) = 0

and we want to think of the previous equation as depending on (',4’) when we
write &, (A, ®) in an explicit way as in . At this point one needs to write this
expression in a very explicit way to see many cancellations occur. There is nothing
particularly difficult with this, so the reader may prefer to skip to the statement of
Theorem [391

We start by computing §&,(A,P). First we need some notation. The derivative

of the perturbation can be regarded as an operator
Diag)d: Li(RT x =Y iT* (R x —Y) @ ST) — Li_ (RT x —Y;isu(ST) & S7)
and so the formal adjoint is simply
(Dagd)” = (Q1,Q2) : LR x=Y3isu(ST)®S™) — Li_ (R x—Y;iT* (Rt x—Y)®S™))

Therefore we will define
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e = Qa(V, )
Observe that
Gq(A,®) = &(A,P) + (Diagd) ¥, ¢)
= (4, @># (Dm#%)* (', ') + (ag, )
= (A* P+ 0" (W (PF)), D7 + Dl — VD¥) + (ag, )
= (4, ) (aq, q)
= (4g, 2;)
By definition

1
§64(A,B) = F(A, 8 = (—

#(Fiy) = (@0, D

The spinor term is

D@,
= DA’+aq (Q, + 1/’(1)
=Da? + D grpy + p(aq)@' + p(aq)@z)q

while the curvature term is

1
§P(F,&2t)

1
= §p(FZ,t + 2d"a,)
1
=57 (F,It) + p(d*ag)

The quadratic term (&, 0r)g = &, P — £ (P, D) equals

89
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(@ +0,) (2 +95) = 5 (@ + 4, + 0

— @/@/* + @/w; + 1/}(]@/* + wq¢;

1 1
_% <@17@I> - 5 <@/awq> - 5 <wq7@/> - (%;%)
= (P'D")o + (gt )o + {PVy + L@ }o

Therefore, the equation §&4(A, @) + par (A, ) = 0 is equivalent to
(50)
30 (Fae) + p(d¥ag) — (P'P)o — ($gty)o — {9V + 1P }o

/ / =F 46 4@
DA/QE + DA”#q + p(aq)dj + p(aq)wq > " q( )

Now we define the “perturbed Seiberg-Witten Laplacian”

Dy qam# = (DaaSa) © (Diaw#Sq)

We can relate this operator to the “unperturbed Seiberg-Witten Laplacian”

Dy aw# = (DaasS) © (Dasy#3)

as follows:

(Diaay#Sa) © (DagysSa)”
= (Dae#S + Diaa) © (Dae+3) + (Dawid)’)
= Do agy# + (Diae#S) © (Daand)’
+(Damd) © (PagS) + (Diawd) © (Diawd)”
To continue analyzing the gluing equation we will write A’ and @’ in terms of A#
and 7.
A= AF 4 (d) p*t + p* (¢ (9%)")
P = P# + D' — ks

Therefore we can write the left hand side of B0 as follows:
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1
50 (Fin)

= L) b (0 (@0 + 0 0P))

(@l@l*)o
= (@ 0#), + (Dt — Vo) (Djuy’ - V0#)")

+{ 0% (D! — VB*) 1 (D! — va?) (@7)°)

0

0

{@l¢; +¢q¢/*}0
= {(@# 4 Dyt 08#) g 4 y (0F + D! —H¥)' )
Therefore the first row on the left hand side of b0 is the same as

1p(F,:&é) +p (dF ((d) "V + p* (W (8%))) + p(dTay) — (V¥

9 0

= (@#0%), = ((Diet! = VOF) (Dot = ¥#)")

2)
)
—{qs# (Dt — VO#) 4 (DYt — VDF) (07) }0
)}

_ {(qs# + Dyt — HO#) 0 + oy (D + Dyt — )
0
For the spinor part we have

Dy @'
= D4 + Dau (Dt — b7
+[p ()08 + p" (¥ (27)7) 7] + [p ((d7)" 0"V + p* (' (@7)") (Dl — V'D7)]
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DA’¢q
= Dawtbg + p [(d)p V] g+ p [p" (W' (@7)")] ¥4

plaq)?'
= P(aq)dj# + plag) Dyt — p(%)(b/@#)

Therefore the second row on the left hand side of B0l is the same as

Dy#D% + Dax (Dl — V%) + [p ((d)*p"V + p* (¢ (7)) D]
+ [ (%) b + p* (' (@%)) (Dt — V)]
+Dastbg + p [(d7) V] g + p [p" (@' (@%))] ¥y

+p(aqg)P™ + plag) Dist) — plag)(H'P™) + plag)i,

We compute first

Do g agyx ()
= Dy aay# (U, 0) + (Deady#F) o (Diaayd) (V.0
+(Daw)) © (Daay#S)” (1, 0") + (Daad) © (Diasd)” (', 4)

The first term 1is

*

A2,(14,4’5')# (b/a 77Z)/)

= [p(d* [(d*)p b +p" (0 (@*))] = {@F (Dt = b0*) "+ (Do’ —00#) (0%) ]

Dy# (Dt = VD7) + p ((d7)"p'V + p* (¢ (27)")) &7
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(Dia2#3) © (Dagyd)” (¥, ¢)
= (Diaa#F) © (ag, %)
= (p(d@*ag) = {@*0; + vy (@%)"} . Dawtsy + pla,)o%)

We won’t simplify the remaining two terms since we haven’t used any special notation

for D(sad. For the map
Qa, ¢) = (—(¢¢")o, p(a)o)
we also compute
Qo [(DagysF)" + (Dawid)’] (¥, ¢')

o[ @ @) 5
Dip = V7 + 4,

_ — (Dt = V¥ +4y) (Diypt) = V'D* +45,)7),
p [(dH) pb + p* (W (D%)7) + ag] (Dt — VO* + 1)

The first term can be simplified as

— (Dht! = VD +4p,) (Dhutd — VD +4p,)"

+% (Dt = VD" ), (D) = VD7 +1),))

= — (D! — YF) (D! —08¥) — (D — o)
~tq (Dt = V%) = gy

+- (D)) = VO*, DY) — 0 07) + % (DY) — VD% )

N —

1 1
g (i Dyt = V) 45 ()
= (D — 1 0%) (Dt —V8#)) — (005),
(Dt ¥ 8#) 0+ 0y (D’ — 19%))

The second term can be written as

0
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p [(d7) 0] (Dt = b0%) + p [(d%)" p7H] &g
0 |0 (v (@))] (Diw = 00%) 0 [0 (v (0%)7) | v,
+o(ag) (Dist — V') + plag)iy,

Therefore, the first row of Ay (4 g)%(V,¢') + Qo [(D(A@)#S)* + (D(A@)E])*] (o',

is equal to

[p(d* [(d") "t + p" (' (27)")]
—{ &% (Dot —V0F)" + (Dt — yo¥) (@%)"}
p(dtag) — {07 + v, (@%)')
(D)) © (Diagy#F)” (', 4") + (Diawyd) © (Paawy)” (0, ¢)]
— ((Daev! = ¥0%) (Diev’ —00%)") = (y5),
—{ (Dt = 00*) 0y + 0y (D! —b'qs#)*}o

while the second row is equal to

Daw (Dl = VO%) + p ((d*)pt + p* (¥ (9%)")) o#]
+D axtby + plag)®*

+ [(Paa) © (DaaysF)” (0, 8") + (Diaayd) © (Daay)” (v, 9')]”
p[(d7) pV] (Dhut —VD*) + p [(d7)" pV] ¢
0 |p* (v (@))] (D’ = 00%) + p [0 (¢ (2%)")] v,
+p(ag) (Diut)’ — V'D%) + plag)iy

A simple comparison shows that
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364(4,9)]'

= Nagaare (¥, 0) + Q0 [(Diaayed)” + (Diam)’] (,0)

= DAL — (BFBF), — {(@F + Diyt! — By + (8% + D! — Ha#)' ),
(@0 + (@) + { (Dl = V0F) 0 + 45, (D! — V%) |
~[(Diamd) o (Daad) (¥,0) + (Diami) o (Diaayd)” (¥, 4]’

To simplify this further notice that

(0% 05+ 0y(@#)° ), + { (Dhe’ = V@) 05 + 0 (D —1@#)
—{(@% + Dt = VDF )iy + 0y (D7 + Dl — V'#)*}

= P + 1y (PF)* — Re (D7 1))

+ (Dt — VOF) Pt + 1y (Dt — VD) — Re (Diut) — V' O#, 4,)
— (&% + Diypt) — VO# )t — (D% + D7) — ' d#)*

+Re (D% + D)) — VD7 ¢,)

=0

In other words, we have that

[36,(A, D))
= AQ,q,(A,@)# (b/7 W) + Q © [(D(A,¢)#S)* + (D(A@)ED*] (b/a ¢/)

1 *
+§P(FX#) — (@7 07*),

— [(Diagyd) © (DiagyeT)” (0, ¢) + (Diaayd) o (Diaayd) (¥, ¢)]

At the same time

1



96 MARIANO ECHEVERRIA

[§64(A, D))
— Dy ®* — [(Diaad) © (Daayd) (0, 0) + (Diawi) o (Paamd)” (¢, 0]’
Therefore, we just found the following: solving
§B4(A, D) + par, &4(A, ) = 0

is equivalent to solving

Ny (U, ¢) + Qo [(Daa#S) + (Dawd)] (', ¢)
— [(Piand) o (DiaaysF)" (¥, 8) + (Diaad) o (Diawyd)” (¥,
= —F(A4, )" = par (A, D) + par (A, D)7 — par &4(A, D)
To make this even more compact define
PV, 9') = par (&(A, D)) — par (A, D)% — (Daad) © (DiawyeSa)”
and we have found the following (this should be compared with equation 3.2 in [40]):

Theorem 39. The configuration B4(A, ) = (A, )* + (DyasSq) (V,¢) is a
solution to the perturbed Seiberg-Witten equations §,, , 4(A, @) = 0 if and only if

(51) A2,q,(14,d5)# (b/a w/) + Q o (D(A,QS)#Sq)* (b/7 W) + P(b/7 w/) = _SpM_;_ <A7 @)#

Notice that the term P(b',1’) is a new term that does not appear in the usual
linearization of the Seiberg Witten equations. This appears solely due to the presence
of the abstract perturbations used in [32]. To solve this equation we will need a sharp
version of the contraction mapping theorem.

Namely, the basic idea is to define

V:q = A27q,(A7<15)# (blv 77[/)

Our intention is to show that A, 44 is invertible so that if we define

Sq,(A@)# (Vq) as

Saaar (V) = =Q0 [(Diaada) ] (858 Ve) = P (233 1o V%)
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the gluing equation that we need to solve can be written as

Ve = Sy amy# (Ve) = o, (A, 0)*

The solution of this equation will be guaranteed once we shows the hypothesis of
Proposition 2.3.5 in [40] are satisfied. Therefore, we will show first that Ay g (4 ¢)# is
indeed invertible.

6.4 Invertibility of A, 4 ¢)#. In this section we seek a version of Proposition

3.1.2 and Corollary 3.1.6 in [40] , namely, we want to show that:

Theorem 40. For each k > 0 there exists a constant ¢, > 0 such that for every T
large enough, every No > 1 and every solution (A, ®) of the Seiberg- Witten equations
on M, belonging to the zero dimensional strata of M(M,,s,,[c]), the operator

AQ,q,(A@)# : LIQH—Z,A# (M/>gf> — Lk A#(M/,QT)
(', ¢") = (Dg,a.0)#8) © (Dya,e)#5)"(V',4")
» satisfies for all (b',v)

1S an Zsomorphzsm and moTeover, 1ts 1nverse AQq (A,®)

)z, o) 2 185 e O 1)

Before proceeding we make a few clarifications:

(1) The norms used for the gluing arguments are gauge equivariant norms, which
depend on the configuration (A, ®)# being used, as can be seen from our use
of subscript in the formulas for the Sobolev spaces.

(2) Our hypothesis regarding the fact that the solution [(A, ®)] belongs to the 0
dimensional strata of the moduli space M (M., s,, [¢]) has to do with the fact
that we will need to find uniform bounds which we will depend (partly) on
the norms of these solutions. Since we are using gauge equivariant norms and
the zero dimensional moduli spaces Mo(M,, 5., [¢]) are compact, for a fixed 7
there can only be finitely many terms to worry about. Clearly, the a priori the
bounds that we get still depend on the value of 7 chosen, but we will see that
a transversality argument will help us control these quantities in a way that

is 7-independent. It should be pointed out that this assumption regarding



98 MARIANO ECHEVERRIA

the zero dimensional strata is not that different from the hypothesis used in
other gluing arguments. See for example Theorem 4.17 in [12] (which uses a
compactness assumption as well) or Theorem 18.3.5 in [32] (which describes
all small solutions of a moduli space).

(3) The strategy that we will use to prove the invertibility of Ay g 4 4)# differs
from the one employed by [40] mainly because of the following reasons. The
way [40] controlled the norm A, g 4 4)# was by first controlling the norm a
different operator U 4 ¢)# = Qq,(4,.0) © Q;( Ad) (defined in the proof of Propo-
sition 3.1.2) and then relating the norms of these two operators through
equation (3.6) in their paper. However, these norms were only comparable
because their equation (3.7), which uses the fact that D 4+®# is almost zero.
This was true in their case because the usual Seiberg-Witten equations do not
perturb the Dirac equation and since (A, ®)# is very close to being a solution
this means that @# is very close to being a harmonic spinor with respect to
D 4#. However, the abstract perturbations q used in [32] do modify the Dirac
equation, so any clear relationship between U4 )# and D4# is lost. Despite
this, we will see momentarily that part of their strategy can be salvaged and

turns out being useful for our purposes.

The proof of this theorem will follow a splicing argument similar to the one used in
section 4.2.2 of [38] (or section 4.4 in [12]). Namely, we can separate the manifold
M’ into two pieces (see figure (9)):

e The unperturbed region: this refers to the region where (A, ®)# = (A, ®),
that is, the solution (A, ®) was not modified. Notice that this includes the cylinder
R* x —Y and the section of the cone [1,T]xY and we can use the fact that the moduli
space on (M-, g-) is regular to conclude that Qg (as) is surjective on M, [32, Def
14.5.6]. Using that Qg a,6) = D(4,4)84 @d’{A@) and the fact dE‘A@) has trivial cokernel
[32, Proposition 14.4.3] we conclude that D4 4T, must be surjective as well. Now,
since (Qq,(4,¢) is a Fredholm operator we can easily see that Q;y( A,p) Must be injective.
Moreover Q;’(A@) = (D(A@)Sq)* ® d(a,6) where as before da e (f) = (—df, fP) .
The fact that @ is irreducible implies that d(4,¢) is injective and so (D( A7¢)Sq)* must
be injective as well since ker Q:’(A@) = ker <(D(A7¢)Sq)* |ker(d(A,¢)> 29, Eq. 3.4]. In
particular, it is not difficult to check that because of this Ay g (4 Will be invertible
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as an operator on M,. To emphasize that we care about this operator when applied
to sections supported on the unperturbed region (which contains the cylinder) we

will write the inverse as a map

—1
B a(Ad) eyl

P L5(M;) = Ly o(M;)

e The perturbed region: this refers to the region where (A, ®)# and (A, ®) do
not necessarily agree. Notice that this includes the region [1,7] X Y together with
remaining piece of the AFAK end Z'. Moreover A, 44)# = Dy (a¢)# on this part
of the manifold. In particular, as long as we work with sections (¥',1') supported
on the perturbed region (vanishing for example on [1,7/2] x Y1), we can follow the
strategy used by Mrowka and Rollin described in point 3. of the previous Remark.
Namely, in this case we can indeed bound the norm of [[Ay 4 g% (b, 7 )H%Q(QT“ZT)
using the norm of [ 4 ¢)#(0,0',%") where the domain of this operator is triples and
we set the first entry equal to 0. We would then get the analogue of equation 3.8
in [40] to obtain the following: there is a constant c¢q such that for all 7 sufficiently
large, for all solutions (A, ®) on M, and all sections (b',v’) on M. supported on the
perturbed region and vanishing on [1,7/2] X Y, we have that

[ D amy# (Vs V) L2029 = coll (Vs W) L3 (g1, a% 2,
Notice that because of the support condition we can write this as:
180, a0y (Vs W) L2, 2172y v) = Coll(V V) L3(gr, 4% 2 \[17/2) )

Also, similar inequalities hold for the Li 4» norms with a constant ¢, instead of co.
This means that A, 44y is an operator bounded from below on this domain and

hence it is injective with closed range [1, Theorem 2.5|. In particular

U =imAy aay# |z\[1,1/2)xy

will be a closed subspace and as a consequence of the open mapping theorem for
Banach spaces [4, Corollary 2.7| it follows that

Do awyt = L3 g (9, Z\1,T/2) X Y) = U
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is bijective with continuous inverse [the bounds for higher regularity in the Sobolev
spaces are essentially the same|. Therefore we have an inverse which for convenience
we will denote
1
By, (A

wtena ' U= L3 4w (97, Z\[1,T/2) X Y)

Now we will introduce some cutoff functions that will allow us to splice these two
operators: these will be denoted 7,; and 7,q4. They satisfy the following properties:

® 0 < eyt Mena < 1 and m2y + 12,4 = 1.

® 7)., is supported on the unperturbed region. Moreover, 7., = 1 on a small
neighborhood of the region R* x =Y U [1,7/2] x Y . In particular, the gradient
of 7., is supported on the fixed region [1,7] x Y.

® 7enq 18 supported on the perturbed region. Moreover, 7.,q = 1 on a small
neighborhood of ([T, 7] x Y)U{Z'N{oz > 1/7}. In particular, the gradient of
Nena 1S supported on the fixed region [1,7] x Y.

e For 1) = 1)y, Nena We have |V'n| < (%)n

Our proto-inverse will be the operator

A5 1(,445) L2(Mlag;-) — L%(M;,g;_)

0, ¢") — ncylAQj;,(A@),cy[ ey (' 4] + nendAQ (AP)# end[nend(b', V)]

First of all, notice that this operator provides a parametrix for A, (4 gy#: this is

because

Dogiams | Byh s 050)]

= Dogamrs [T 58 1y ellen w+nendA;jA@)#,m[nendw,w’ﬂ}
= {Dlasyents B34 4.0y e V0] |+ 72 (0, 0)

{ (A0 Tend> Dy | 2.(A0y# endlMend(V' wl)]} + 12,4V, )

= {Dlasents B ayellen @ 8N |+ {Piaoyends 55 4 gy enalena¥ )] | + ()
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Here the notation {-,-} is used to indicate a bilinear pointwise multiplication be-
tween some (higher order) derivatives of the cutoff functions and the elements in the
domain. Also, the notation D(4 )7, means that this expression involves (higher or-
der) derivatives of the perturbation (and a priori the configuration (A, @), but whose
precise form is not important to use. Notice that the first two terms are supported
on the compact subset [1,7] x Y, where (A4,)# = (A, ). Also, we dropped the
dependence on q for the derivatives D4 ¢)7e since this perturbation affects only the
cylindrical region. To analyze if there is any dependence of D4 s)ne on (A,P), we

will study D4,4)7. since the other case is exactly the same. We need to compute

(52) A2,q,(A,<15)# (ncyl(bcyla @Dcyl))

where we defined
(beyt, Yeyt) = A;;,(A,qs),cyl eyt (V' 4")]

Notice that we may write

DNpgam = (DaaSa) © (Diaw#Sa) = (DaarS) © (Dag#S) = Do (asy#

since we are only interested in computing on the region [1,7T] x Y, where 7, is
not constant. The advantage of using this unperturbed Seiberg-Witten "Laplacian’
is that we can give an explicit formula for it based on the equations and .
We find that for arbitrary (V/,v)

Do amyr (V1)
= (DiaaB) (@)Y + p" (0 (8#)7), Dyt — V0¥
= [p(d* [(d")"pV + p" (W (@%))] = {@F (D’ —00?)" + (D! = Vo) (@7)"}

Dax (Dist)! —0D%) + p ((d7)pV + p" (@' (@7)*)) &)

therefore Ay (4 ¢)# [(Neyibeyt, Neyiteyt)] becomes
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[p(d+ [(d+)*p* (ncylbcyl) +p (ncyl¢cyl( )*)}

*

- {45# (DZ# (ncylwcyl) - (ﬁcylbcyl)@#) + (D (ncylwcyl) (ncylbcyl dj# Qj# 0
+[p(d* [(d+)* *(Meyibeyt) + p*((ncyl@bcyl *)}
- {@# (DZ# (ncylwcyl) - (ncylbcyl)gp#)* + (DZ# (ncylwcyl> - (ncylbcyl }0

Since the Dirac operator D satisfies the Leibniz Rule |2, Prop. 3.38]

D(ny) = p(dn)y +nDy

it is not difficult to see from the previous expression that 7., is being differentiate
only through quantities which depend on the Riemannian metric and other struc-
tures of the manifold of [1,7] x Y, which are fixed, i.e, independent of 7, but not
on the specific cofigurations (A, ®)#. A similar story will be true for 7.,4. Since
Ay L a(Ad) eyt et (U, 0)] and A lqu 4 enalNena(V', 1)) are elements of Lg A (M]), our
prev1ous discussion in fact tells us that the operator

Kae : L*([1,T] xY) = L*([1,T] x Y)
(bl7 ¢,) — {Dncylu AQ; A,D),cyl [onl(bl, QW)]} + {,Dnend, AQ_jA@)#,end[nend(blv ¢,)]}
can in fact be regarded as an operator
Koae) : L*([1,T) xY) — L3([1,T] x Y)

and using the compact inclusion L3([1,7] x Y) < L*([1,T] X Y) on a compact
manifold we conclude that K44y is a compact operator. This provides the de-
sired parametrix and considering the composition of the operators A, 4 4)# and
A; a(AD)# in the opposite order it is not difficult to see we just proved the following:
Lemma 41. For any solution (A, ®) to the Seiberg Witten equations on the manifold

M, the operator NNy g ae# is a Fredholm operator on M.

It is possible to show that the norms of the parametrices are uniform, that is, that
there exist a constant Cr so that for all solutions (A, @) we have that || Kae)|| < <.
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In fact, we will show something better, which is that one could have chosen a constant
Coo Which is independent of 7', in other words, ||K(44)|| < %=.

Notice that a priori the only term that may not seem controllable in terms of T is

{Pens 534 40 calmen (0, 00}

However, if we take a sequence of solutions (A,,®,) on M, then on [1,77] it will
converge strongly to a solution (A, @o) on Zy, [this is because of the compactness
theorem 2.2.11 in [40]] and hence for all (¥, ")

{Dncyz, DG ey eyt et (U w'n}
converges to
{Dncyb A£;7(Aw’@w)7cyl [ncyl(bla wl)]}
It is clear then that it would be enough to have a uniform bound on the operator
norms

|45 ama)

27q>(AOO 74500)

LA(ZF )= L3 4 (ZF )
As we will make more explicitly in the next proof, since we are taking a sequence of
solutions (A, ®,) which belong to the zero dimensional strata of the moduli spaces
M(M;, 5., ,[c]), the limiting solution (A, P~ ) must belong to the zero dimensional
strata of M(Z;F ¢+ 9, [c]), and since we are using gauge equivariant norms, there are
only finitely many values the previous operator norm can take (this is related to the
second point in the remarks we made after stating the invertibility of the Laplacian).
Therefore, we will have the uniform bound for the operator K4 ¢, that is, || K(a.4)|| <
%" where C., is independent of 7,7 and the solutions (A, ?) used.

Therefore, there is no loss of generality in assuming that 7" was chosen from the

beginning so that it would also satisfy the condition

1
HK(A@)||L2([1,T]xY)—>L2([1,T]xY) < —=<3
2 T 2

n

for all the solutions of the Seiberg Witten equations on M,. In particular, from the
identity

Dogaart [ D31 s V0] = Kiaa(0,01) + (¥, )
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we see that the operator norms satisfy

| 22aamr Dogaae —1dlzz , ourgn-r200,) <

N | —

In particular we conclude that A, ; (4 )% AQ_ (A D) is invertible and they (and their

inverses) are uniformly bounded since

1 A1
5 S Bog e By aamwlez ,oug)sr2ome.) <

DN o

-1
Therefore the inverse of Ay (4 ¢y# 18 A a(AB)H (AQ 0,(A, @)#AQ 0 (AD)# > .

-1
Returning to our proof of Theorem since (qu (A @)#AQq (A ) ) is uni-

formly bounded we just need to check that A 4 1s uniformly bounded to con-

2,q,(A,P)
clude that A,y (4¢)# is uniformly bounded [a similar argument would work to give
uniform bounds on A 71’(A¢ +] . Looking at the definition of A 2.0, (AD)

clear that it suffices to show that 7., A, ! 0.(A®) eyt [Meyt (U, ¥)] s uniformly bounded.

» 1t becomes

Here we will use again the assumption we mentioned at the end of the previous
proof. Namely, we are now assuming that the gauge equivalence classes of our
solutions (A, @) € M(M,,s,,|c]) all belong to the zero dimensional strata of the

moduli spaces. Since the Laplacians are gauge equivariant in the sense that

Do guady |t (0,0)] = u- Do g a6 (b,1)

and we are using the gauge equivariant norms || - HL%A , then for each 7 there are
only finitely gauge equivalence classes we need to worry about, which immediately
implies that for each 7 we have a control on the Laplacians (and their inverses).
Clearly we still need to see what happens if as we change 7. Let K be a subset of
(Rt x =Y) U ([1,00) x Y) and use ||Aggqa)lax or HA;; (aa 4k to denote the
operator norms of Ay 4 (4.4) and A 1 (A when restricted to sections supported on
K. Clearly if K C K’ then HAM’ Ad) HA,K < HAQ,q’ Ak

Now, recall that we are actually working with a sequence 7,, increasing to oo so for
each 7, let [(A,, P,)] € Mo(M,,,s:,[c]) be a (gauge equivalence class of) solution
belonging to the zero dimensional strata. Notice that each compact subset K C
(RTx =Y)U([1, 00) xY") eventually belongs to all M, (once 7, is sufficiently large) so

the compactness theorem in this case says that we can choose representatives (A,,, ®,,)
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which converge to a solution (A, $s) which solves the equations on Z/y and this
convergence is strong when restricted to the compact subset K. In partlcular, it is
clear from this that

(53) 1258 (Ao |4 = 1858 (4 [l 4.

00,Poo)

In fact, we must also have that the limiting solution (A, ®.,) belongs to the zero
dimensional strata because the different strata are labeled by the index of the op-
erator (q,4,4) and this index can only decrease (this is how the broken trajectories
appear). However, since the index of each element in the sequence was already zero
then the index of the limiting configuration would need to be negative if it were to
decrease but transversality rules this out, since we do not have negative dimensional
moduli spaces. Therefore the convergence is without broken trajectories, that is,
[(Aso; Poc)] € Mo(Zy¢,8,[c]) - In particular, the fact that no energy is lost along
the half-cylinder allows us to improve the convergence in to (we will say more

about this in a moment)

(54) “A2 ,0,(An,Pn) HAmKt - HA2 ,0,(A HAocnKt

00,Poo)

where now K; = (Rt x —Y) U ([1,¢] xY) (t > 1 is arbitrary). In particular,

where

C = max {1853 (4o llazs | (A, 20)] € Mo(Zi o5, [6)) }

Since t and the sequence was arbitrary this clearly gives us the uniform bound that
we were after so we have proven Theorem ({40]).

We will now say more about why the convergence is true. For this we need
to recall that thanks to the fiber product description of our moduli spaces, we can
restrict each solution [(A4,,®,)] to a solution on the cylindrical end moduli space
M(RT x =Y, 8¢, [¢]) , which we will denote as [(An, @p)]eyr € M(RT x =Y, s¢, [c]).
Likewise, the limiting solution [(Aw, @ )] can also be restricted to this moduli space
so we have as well that [(As, Poo)]eyr € M(RT x =Y, 5¢, [¢]). When we described the

configuration spaces at the beginning of the paper we used the topology of strong
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convergence on compact subsets Lj ;. to define the moduli spaces. However, as
explained in Theorem 13.3.5 of [32], the same moduli space M(R* x =Y, s¢, [¢]) can
also be obtained if we had used the stronger topology of L% convergence along the
entire half-cylinder R™ x —Y [they really did this for the moduli space on the cylinder
R x Y but it does not affect our claim|. Therefore, the convergence of [(A,, @)y
towards [(Aso, Poo)]ey can be regarded as a strong convergence with respect to the
Li A, norm, where A, represents the translation invariant connection associated to
a smooth representative ¢ of the critical point [¢]. In other words, we can choose
representatives of [(A,,, @)]e and [(Aso, Poo)]ey SO that

'An:Ac—i-an
Ay = A+ as
b, =D+ P
(Do = Pe + Poo

where @, is a translation invariant representative of ¢ and we have that

nh_{l;o [ An — AOOHLﬁ(RJFXfY) = nh_fgo lan — GOOHLi(RJFXfY) =0

nh_{{)lo [ ¢<>OHL%AC(R+><—Y) = nll_g)lo I — ¢00||L%7AC(R+><—Y) =0

The norms || - HL;An and || - ”Li,Ac can now be compared thanks to the Sobolev
multiplication theorems (since for example V, 0 = V4 _ o +(a, — ax) ® o with
similar formulas for the higher derivatives| and the previous limits make it clear that
the operator norm convergence (H3)) on compact subsets K can be improved to the
operator norm convergence (54) on sets of the form “half-cylinder +compact”.

Our next step is to explain the properties of the gluing map one obtains using the

invertibility of the Laplacian.

Remark 42. Many of the following arguments will have a similar structure to the one
before. Namely, because we are taking solutions belonging to the zero dimensional
strata for an individual 7 we will find a bound, but a priori this may depend on

7. However, as we take 7, sufficiently large the bounds end up being controlled
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by limiting case '7 = o0’, since we can invoke the strong convergence on the half-
cylindrical end. Since the arguments are essentially the same in each case we will

not repeat the strategy so we will just say that it “follows by similar arguments”.

6.5 Definition and some Properties of the Gluing Map: As explained before,
if we write Vg = Ay g (a.0)#(b', 1)) then the gluing equation 51{is equivalent to solving
the equation
Va = Syaae (Vi) = oy, (A, B
The solution of this equation requires an application of the contraction mapping
theorem, which requires us to first show that the map S, is a uniform contraction in

the following sense (this is analogue of lemma 3.1.8 in [40]):

Theorem 43. For every k large enough there exist constants oy, > 0, ky € (0,1/2)
such that for every t large enough, every No > 1 and every approximate solution of
the Seiberg Witten equations (A, D)# on M’

., which comes from an actual solution

(A, @) on M, whose gauge equivalence class [A, @] belongs to the zero dimensional
strata of the moduli space Mo(M;;s,;[c]) ,we have for all Vi, Vy € L2(M.;isu(ST) @
S7. g5 A7)

IVill 2 (g, a9y, 1Vall 22 (gray < o == || Sq a0y (Vo) — Sq,(A,@)#(VvﬁHL%(g/ﬂA#) < Rl [Va=Vill 2(gp %)
Proof. Recall that

Sq,(A@)#(Vq) =—Qo [(D(A@)#Sq)*} (A;;,(A,di)#vq> - P (A;,;,(A,gﬁ)#vq)

We will mention the main differences compared with the proof given in [40]. First of
all, we need the bounds in proposition 11.4.1 in [32], which say that for k > 2

(55) HD@\,@)EIH <O+ HaHLg(Z))%(Hl)(l + HQBH)L;A(Z))’“

Here C' is a constant independent of the configuration and in this theorem Z
denotes a finite cylinder, while A = Ay + a ® 1 for some reference configuration.
First of all these bounds can be used on the half-cylinder R* x (—=Y") as well. Simply

decompose it as

R* x (=Y) = [ [p.n+1] x (=Y)

o
n>0

If e denotes an element in the domain of Dé A,@)EI then we have
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ID{a 2 d(®) ][+ x-y

= Z ID{a w0l

< O3+ lallagea MO0+ 12D @)l D

where in the last step we used the bounds coming from the operator norm . If
we define

Crawy = (14 llall p2z,)) 0 (1 + H@H)Li,A(Zn))l—H
then it is not too difficult to see that

Cmax,(A,@) - mTELLX On,(A,@) < o0

One way to see this is the the previous quantities C), (4,4) do not differ too much
from those for the translation invariant solution C), (4. 4.), Which are independent of

n. In any case we end up with

||D(A<15 q(®)[lr+x—y < CC’max,(A,qs) Z ez, = CCmax,(A,¢)|| o ||lrtx—y

n=0
Since e was arbitrary this says that each Df A’@)d is a bounded operator on the half-
cylinder. For each 7 , we are only dealing with finitely many gauge equivalence
classes of solutions because of our assumption on the strata so the bounds are once
again controlled for a fixed 7. By analogous arguments, one can find bounds which
actually become independent of 7 so that ||D€ Al < Cp for some constant C; on
the half-infinite cylinder.

The other ingredient is that the leading term of P (A !

2,0,(4, qs)#v) is quadratic in

the following sense. To emphasize its dependence on V', we will write P <A ! (A)# V)

as

f(V)=q ((A, D)% + (Dlag#8a)" D, 511 (4, @)#V)—q(A,@)#—(D(A@)#q)O(D(A,@)#Sq) A, cll (A, qs)#v
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We want to compute f'(V') and f”(V) , that is, the Banach spaces derivatives with
respect to V' . For this define the functions

f1<v> a (A, @)% + (DsaysBe) D 2q eV ) — al4, @)
2(V) = (Diagy#a) © (Diasy#Sa) Dyg aaysV
so that
fV) = fi(V) = f2(V)
Since fo(V) is linear in V' it is easy to determine that
J2(V) = (Daayra) © (DasysSa) Ly g a.a (V)

Clearly f; is independent as a linear transformation of the “basepoint” (which is
hidden in our notation) so we will have that fQ(n) = 0 for n > 2. To compute the
derivative of f1(V) think of the Taylor expansion of q about (A, ®)# (which plays the
role of 0 in our affine space interpretation for the domain of ¢ so we can use corollary
4.4 in Chapter 1 from [33]). In this way

HiV) = (Puaa#a) o ((D(A@)#Sq) A, 1(A<15 > Vi+s (D(A @)#CI> V4
where V() = (V, V). Notice that the first term is exactly fo(V)! Therefore
fiV) = fa(V)
5 = (D?A@)#CO

This means that the leading term for the Taylor expansion of f(V') will be quadratic,
that is

(56) F(V) = % (D) VO o

. To see why this is important notice that in the case of —Qo [(D(A@)#Sq) *} <A2 c1| Ay V)

Mrowka and Rollin found a bound (after eq. 3.14 [40]) which can be adapted to our
case to read
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HQO [(D(A,cb)#gq)*} (Azcll(Aqs)#V> - Qo [(D(A,é)#gq)*} (A . A@)#Vl> 12 (g1, A%)
(57) < CpllVa + V1||L§(gT,A#)||V2 - V1||L§(g;,A#)

where C}, is a constant which is independent of 7 (once it is large enough) , the approx-
imate solution (A, ®) and the constant Ny > 1 used in the perturbations defining the
connected sum along Y operation. Since we are assuming that [[Vi]|2, [[Va[[r2 < au,

we can use the triangle inequality to obtain that
V2 + Villzz(g, %) < [Vallz2g,,a%) + Vil 22 (g, a) < 20
so the inequality reads
* 1 * 1
|20 [(PLaasd) ] (A5hame"2) = Q0 [(PuawBa) T (253 aa¥i) |,

<204, Cp Vo = Vil L2 g2, a%)

L3 (g7, A%)

Hence to make this contribution less than %(|Va — Vi|[12(y a#) we just need to take
ap < 40, .
L1kew1se, since
1 1
P (A2 0,(A, @)#‘6) o <A2 q,(A,P)# Vl)
is the same as

f(V2) = f(W1)

and each has quadratic leading terms according to equation , the norm

[P (228 ame¥2) =P (L2haoe Vi),

can now be bounded by and expression of the form

L2 (gh,A%)

f (o, CI/cI)HVQ - V1||L§(g; A#

where f(ay, C}) will be some expression in oy, whose particular details do not interest
us and C} denotes constants that do not depend on 7 or the solution used. In any
case, the important thing is that we can again choose oy, so that f(ay, C}) < % and

so combining both inequalities the result follows. 0
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At this point we can use the Contraction Mapping Theorem (proposition 2.3.5
[40]) to obtain our definition of the gluing map (Theorem 3.1.9 [40]):

Theorem 44. There exists constants oy, cp > 0 such that for every T large enough,
every solution (A, @) of the Seiberg- Witten equations on M, whose gauge equivalence
class belongs to the zero dimensional strata of the moduli space M(M,;s,;[c]) and

every constant Ny > 1, there is a unique section (b',¢") on M. such that
Q5T<AJ @) = (A7 dj)# + (Dq,(A,QP)#Sq)*a)/a W)

is a solution of the Seiberg- Witten equations with ||(b', )| 2

2. o(gp,A%) < «y,. Further-

more, the map is gauge equivariant and induces a map
&, Mo(M;; 5,5 [c]) = Mo(M; 5.5 [¢])

where My(M.;s;;[c]) denotes the zero dimensional strata of M(M;;s.;[c]). More-
over both H(b/vw/)||Li+2(g’T,A#) and |8, (A, ) — (A’gp)#”LiH(g;,A#) are bounded by
(58)

10 4" | 2

k42

(g%, A%)>s H®T(A7@) - (A7 @)#HLQ (g%, A#) < CkHS’qu/_ (Avé)#HLi(g’ A)

k41 T
Furthermore, this map s an injection and since the construction is reversible it is
a bijection. Hence the mod 2 cardinality of My(M;s:;[c]) and Mo(ML;s.;[c]) is

the same.

Proof. We need to verify that the gluing map preserves the dimensionality of the
zero dimensional strata. For this recall that if [(A, @)] belongs to Mo (M;;s.;[c]),

then the index of the operator

qu(Av(p) = dzAué) EB D(Aﬁp)gpl\/fr

is precisely the dimension of the strata to which [(A,,®,)] belongs. Since the
transversality condition already implied that (g 4¢) Was surjective we conclude that
in fact (q,4,4) is an invertible operator.

Now we use the same splicing procedure as in the case of finding the inverse for
the Seiberg Witten Laplacians AQ,qV( A)#- Namely, the operator 1,0 AL, )(nend-)
associated to the canonical solution (Ag ./, ;) on the AFAK end Z’ will be invertible

on a suitable domain using Lemma 3.1.4 in [40]. Therefore, we can patch together
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ncle;(l A) (Neyr-) and nendQ(_jOJ“@,T )(nemr) to show that Qg (4,4 will become invert-
ible.

To compare Qg (4,5)# and Qg e,(ae) notice that inequality and the bound in
(58)) allow us to conclude that the operator norms of Q, 4¢)# and Qqe, . (1e) are
very close to each other. Since being an invertible operator is an open condition it
follows that Qg e, ,(a.¢) Will have to be invertible as well.

Now we must address the injectivity of our map. It is essentially the same as
the proof of Corollary 3.2.2 in [40]. If the injectivity of the map is not true for
7 large enough then we obtain a sequence 7; — oo and solutions to the Seiberg
Witten equations (A;, ®;) and (A;, ®;) on M, such that for all j, [A;, ®;] # (A, ®,]
while [&,,(4;,9;)] = [&,,(4;,®;)]. Moreover, after taking gauge transformation
we can assume that they have exponential decay and converge on every compact
subset of Zy . to some solutions (As, o) and (A, Do) . Moreover, for all j we
have [A;,®;] # [A;,P;] as gauge equivalence classes . We want to show that if
(A, Poo) = (Ang, Do) then

(59) (A, ®;) — (Aj@j)HLgH(gT,Aj) —0

First of all, from and we already know that have that
(60) ||®Tj<Aj7¢j) - (Ajv‘pj)#HLiH(g;,A#) —0

hence &, (A;,P;) converges on every compact towards (A, Pu) since (A4;, P;) does.
Similarly @Tj([lj, ®;) converges to (Ay, Poo). The fact that B(A;, ¢;) and B(A;, P;)
are gauge equivalent for each j implies that the limits are also gauge equivalent.
Hence the limits of (A;, ;) and (A, ®;) are gauge equivalent. After making further
gauge transformations, we can then assume that (A;, ®;) and (A;, ®;) converge to-
ward the same limit (A, Po) On Z;,f ¢ In principle, this would be weak convergence
along the cylindrical end R* xY. However, by the discussion from before when we an-
alyzed the restriction of a solution to the cylindrical moduli space M(RT x =Y s¢, [¢])
, we can actually assume that the convergence is strong along the entire cylindrical
end, in other words, (A;, ®;) and (A;, ®;) are converging strongly towards (A, Do)
on the cylindrical end as well. This allows us to conclude that is true.
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Since we now have strong convergence along the cylinder then the estimates in [40]
continue to hold in that we can find a “radius” r small enough [independent of 7| for
Which~wh?never there is j such that ||(A;,®;) — (4, @j)HLgH(gT,Aj) < r then (A;, P;)
and (A;, ®;) are gauge equivalent [this is a much weaker version of their proposition
3.2.1]. From (p9) it is clear that such j will exist and hence we are done. [l

We have reached the proof of the naturality property for the contact invariant
under strong symplectic cobordisms, that is, Theorem . To see why this is the
case recall that in the first part of this paper (section 5 to be more specific) we
showed that

HM, (W', s,)e(¢) = e(¢.Y)

The gluing theorem we just proved was aimed at showing that
(61) c(¢.Y) =c()

To see why this the case we want to apply Theorem to the case in which the
second AFAK end is Z' = (0,00) x Y. It is not difficult to see that in this case the
corresponding manifolds M in fact all agree with each other in the sense that their
metrics, spinor bundles, symplectic forms, etc are the same, and in fact coincide with
the manifold Z; ¢ used to define the contact invariant of (Y, €). In particular, we have
that for all 7 > 0 that

|IMo(ML, s, [¢])] mod 2= |M0(Z;g£,5, [c])] mod 2
Now choose 74, such that
|M0(MT;5TWQG; [c])] mod 2= |My(ML.,s' [c])] mod2= |M0(Z;“7£,5, [c])] mod 2

If we think of using the numbers |Mo(M;; 55, .;[¢c])] mod 2 in order to define a
chain-level element c¢(§,Y, Tjarge) € C.(-Y, s¢) as in formula , then the previous
identity says that at the chain level

0(5,7 Y7 Tlarge) = C(S)

which in particular gives the identity of homology classes

(62) c(€,Y, Tiarge) = c(£)
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Now, ¢(&,Y, Tiarge) is not the same chain-level element as the element ¢(¢',Y) we
used during the initial sections of this paper. However, it is not difficult to see that
(which

is diffeomorphic to Wg, y) to go from one element to the other. Therefore, one can

use a one parameter family of metrics ¢g(¢) and perturbations po(t) on M

Tlarge

consider a parameterized moduli space and use the same argument as in section 5
to conclude that ¢(£',Y, Tigrge) and ¢(&',Y) do define the same homology element in
F]V[.(—Y, S¢), in other words

(63) C(fl’ Y, Tlarge) - C<§,7 Y)

Combining the identities , and the naturality result follows, i.e, we have
shown that for a strong symplectic cobordism (W, w) : (Y, &) — (Y’,{’) one has

HM (W' s,)c(¢) =c(€,Y)
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7. APPENDIX

7.1 The Grading of the Contact Invariant. For sake of completeness we will
show in this section that the contact invariant c({) is supported in the homotopy
class of the plane field £&. The proof follows from a simple application of the exci-
sion theorem, and since we used this property to show the vanishing of the contact
invariant for overtwisted structures we felt it should at least be explained why it is
true.

As we mentioned at the beginning of the paper, the Floer homology groups are
graded by the homotopy classes of oriented 2-plane fields. Now we will give a more
precise statement [32), section 28.2].

Let Y be a closed oriented 3 manifold with a spin-c structure s. After making a
choice of metric and suitable perturbations, we can assign to each critical point [a]
a homotopy class of non-vanishing sections @, as follows.

Fix a compact manifold X with oriented boundary Y carrying a spin-c structure
sx extending s. Consider the solutions on X* which are asymptotic to [a]. Pick a
component z and consider gr, (X, sy, [a]), which is the dimension of M,(X* sy, [a])
if the moduli space is non-empty and regular. Choose a section @y of S = St |y

such that the relative Euler class satisfies
6(5+7 @0)[X, aX] = gl"Z(X,ﬁx; [Cl])

Proposition 28.2.2 in [32] shows that the isomorphism class of (S, @) is, up to homo-
topy of @ , independent of X and depends only on Y, s, [a]. Using Lemma 28.1.1 in
[32] such isomorphism class gives an oriented plane plane field £. Moreover, such an
element can be regarded by Lemma 28.2.1 as defining an element in Z/(dZ) , where
d is the divisibilityof ci(s). Recall that if s is torsion then the divisibility is 0 by
definition. If it is not torsion, d(s) = g.c.d{(c1(s),0) | 0 € Hy(Y,Z)}.

In order to show that the grading of the contact invariant [zﬂxg] is represented by
the homotopy class of £ we need the following version of the excision theorem [41],

section 5.3]:

Proposition 45. Let Ay, By, As, By be (not necessarily compact) oriented 4 mani-
folds such that 0A; = 0Ay =Y and 0B; = 0By = —Y where Y is a compact oriented
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3 manifold. Let operators

Dl . L2<A1 U Bl) — LQ(Al U Bl)
D2 : L2<A2 U BQ) — L2(A2 U BQ)

be (unbounded) Fredholm differential operators such that Dy = Dy on Y. Suppose

that -
D1 : L2<A1 U BQ) — Lz(Al U BQ)

D2 : L2<A2 U Bl) — LQ(AQ U Bl)
be defined as

_ D1 on Al
D1 —
D2 on B2
_ Dy on A
Dg _ 2 2
D1 on Al

are (unbounded) Fredholm differential operators. Then
indDy + indDs = indD; + indD-

Theorem 46. Suppose that'Y is a closed oriented 3 manifold with contact structure
€. Let d = div(ci(se)). If the critical point [a] makes a non-trivial contribution to
the contact invariant c(§), that is, for some z we have m.(Z{,s, [a]) # 0, then the
element in Z/dZ determined by the homotopy class of oriented plane field £y defined
by [a] is the same as the element in Z/dZ determined by the homotopy class of the
oriented plane field defined by &.

Proof. Recall that if m.(Zy, s, [a]) # 0 then the moduli space M.(Zy, s, [a]) must
be 0 dimensional. At the same time, this is the index of a certain operator D; defined

on the manifold
(R* x =Y)U([1,00) x Y)

O . J
-~

~
A1 Bl

On the other hand, ) is determined by choosing a pair (X,sx) together with a
section Pjq of S = ST |y satisfying

€(S+,¢[a})[X, 8X] = ng(X,SX; [Cl])
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where gr,(X,sx; [a]) is the index of an operator Dy defined on

X _U(R* xY)
=~

A ~
2 Bo
By the excision principle,
(64) indD; + indDy = indD; + ind D,

where D;,D5 are defined on the manifolds

Di: R*x-Y)UR"xY)~RxY

Dy: XUJ[l,00)xY
By hypothesis
indD; = dim M. (Zy,,s,[a]) =0
Also, by theorem 3.3 in [31]
indDy = e(ST, ®,)[X,0X]
where @, is the section defined by the contact structure £. By lemma 14.4.6 in [32],
indDy = gr,, ([a], s¢, [a]) = ([u] U es(5))[Y]

where [u] denotes the homotopy class of u : Y — S* corresponding to the loop z,.
Therefore [64] becomes

e(ST, ) [X, 0X] = ([u] U 1 (5))[Y] + e(ST, D) [X, 0]
The statement now follows once we reduce the last equation mod div(cy(s¢)). O

7.2 Non vanishing of the Contact Invariant for (S®, ;). We also quickly
mention a proof that c(&,gn) # 0, that is, the contact invariant of the 3-sphere for
the unique tight contact structure is non-zero. One basically copies the idea behind
the proof of Proposition 6.8 in [30], so we will just remind the reader what this
consisted of. Clearly there is an exact filling of (S, &;4n:), which is the four ball with
the standard symplectic structure (B*, wq).

We can equip B* with a metric with positive scalar curvature containing a collar

region [0,1] x S? in which the metric is cylindrical and Y = S? is given the round
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metric, we let [By,0] € B(S3,50) be the unique critical point for the unperturbed
three dimensional Seiberg-Witten equations [32, eq 4.4]. We can choose a perturba-
tion so that there is still a unique critical point [5] = [B, 0] and the perturbed Dirac
operator has simple spectrum. We can label the eigenvalues in increasing order as \;,
with )¢ the first positive eigenvalue and the corresponding critical point in B (S, s¢)
as [b;]. Then from lemma 27.4.2 in [32] we conclude that

n.((BY, [6,]) = 0 unless [6;] = [b_,]

Moreover, since B* has only one spin-c structure and M(B* [b_;]) has only one

component [32, section 24.4] we deduce that

1 if [b] = [b_4]

n(B*,[b]) =
0 otherwise

In the case of the sphere S® the Floer groups are isomorphic to the chain groups [32,

section 22.7| so it makes sense to define the relative invariant [pp4] € HM o(S?) as

[ppa] = [b-1]

Now, we can also have considered attaching a conical end to B* which produces the

numerical Seiberg-Witten invariants SWpae, ) : Spin®(B*, &ugne) — Z explained
at the beginning of the paper. In fact, there is only one relative spin-c structure in
the domain of the previous map and since we are dealing with a filling of (53, Etight)
Theorem 1.1 in [31] says that this invariant is identically one.

At the same time, we can consider insering a neck of length L between the four

ball and the cone
B (L) = B*U ([0, L] x S%) U ([1,00) x S°)

and considering the parameterized moduli space (Jy ¢ o {L} % M (B ¢(L)) [here
B, (00) = (B*URT x S3)U(RT x —S3U[1, 00) x S3)] the usual count tells us that

S3.¢
Z SW(B4’£tight)(5) = <@C(€tight), [@34]>

5€Spinc (B4 9£tight)
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where @ : HM,(—5%) — }7]\\4.(53) is the map described in section 3.1 of [32]. The

left hand side is identically one, which means that c¢(&;gn:) had to be non-vanishing.
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