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1 Introduction

This paper is the first part of a program aimed at a better understanding of how the
recently defined Seiberg-Witten-Floer homology for any closed 3-manifold Y with a
Spin® structure s [7], [12], [18], [20], [35] behaves under surgery. The non-equivariant
Seiberg-Witten-Floer homology is constructed from the chain complex generated by the
irreducible critical points of the perturbed Chern-Simons-Dirac functional on the space
of L?-configurations modulo the action of L3-gauge transformations, the differential is
defined by counting the gradient flow lines connecting the critical points of relative



index one. These critical points are the equivalence classes of solutions to the Seiberg-
Witten equations on (Y, s) modulo gauge transformations. The gradient flowlines are
the equivalence classes of solutions to the Seiberg-Witten equations on Y x R with the
pull-back Spin® structure, modulo gauge transformations. For a general introduction
to Seiberg-Witten Floer theory see [20].

Throughout the paper we are considering an oriented, closed homology 3-sphere Y
and a knot K smoothly embedded in Y. We consider two other manifolds obtained
by Dehn surgery on K: a homology 3-sphere Y7, obtained by +1-surgery on K, and a
3-manifold Yy which has the homology of S! x S?, obtained by 0-surgery on K. Our
main goal is to establish the existence of an exact triangle relating the Seiberg-Witten-
Floer homology groups of these manifolds. A similar setup for instanton homology
in Donaldson theory was considered in [2], where Floer’s ideas on the corresponding
construction of the exact triangle for instanton homology are presented.

Because of various technical difficulties intrinsic in this program, we need to sub-
divide the problem into several steps. In this first paper we deal with the “geometric
triangle”, namely we introduce a suitable “surgery perturbation” p for the Seiberg-
Witten equations on Y that simulates the effect of surgery. We use the notation My,
for the moduli space of gauge classes of solutions of the perturbed Seiberg-Witten equa-
tions on Y, My, and My, (s) for the moduli spaces of the perturbed Seiberg-Witten
monopoles on Y7 and (Y1,s), where s is a Spin® structure on Yj.

Our main result in this paper is to prove the following decomposition theorem for

My .

Theorem 1.1. With a careful choice of perturbations and metrics on Y,Y1 and Yy, we
have the following relation between the critical sets of the Chern-Simons-Dirac func-
tional on the manifolds Y, Y1 and Yy:

MY,M = MY1 U UMYo(ﬁk)a (1)

Sk
where s Tuns over the Spin®-structures on Yjy.

In section 2, we will briefly review the perturbation theory we use to define our
moduli spaces. In this paper, we only introduce perturbations sufficient to achieve
transversality of moduli spaces of critical points. Eventually, when dealing with the
full Seiberg-Witten-Floer homology, we shall need a more sophisticated class of pertur-
bations that achieve transversality simultaneously for moduli spaces of critical points
and of flow lines. These will be non-local perturbations of the Chern—-Simons-Dirac
functional, somewhat similar to those proposed in [12]. We shall deal with this more
refined perturbation theory elsewhere.

In section 3, we will study the Seiberg-Witten monopoles on the knot complement
V =Y — K, equipped with a cylindrical end metric modelled on T? x [0, 00). We use the



notation x(72,V) for the moduli space of flat connections on 72 modulo the subgroup
of gauge transformations on 7 which can be extended to V. Notice that x(72,V) is
a Z-covering of the moduli space of flat connections on 72 modulo the gauge group
Map(T?,U(1)) which we denote by x(T?). In x(T?), there is a unique point © such
that the Dirac operator on T coupled with © has non-trivial kernel. The main result
in section 2 is the following structure theorem for the monopole moduli space My, .

Theorem 1.2. For generic metrics and perturbations, the moduli space of Seiberg-
Witten monopoles on V', denoted by My, consists of the union of a circle of reducibles
x(V) and an irreducible piece M3, which is a smooth oriented 1-dimensional manifold,
compact except for finitely many ends limiting to x(V'). Moreover, there is a continuous
boundary value map

My B (T2, V) 5 X(T?). (2)

defined by taking the asymptotic limit of the Seiberg- Witten monopoles on V' over the
end. Under Os, x(V) is mapped to a circle in x(T%, V), and the compactification
M, of M3, is mapped to a collection of compact immersed curves in x(T?%,V) whose
boundary points consist of a finite set of points in © 1 (O) U Oso(x(V')). For generic
perturbations the interior of the curve Os(M5F,) is transverse to any given finite set of
curves in x(T?,V).

For simplicity of notation, in the following we shall not distinguish between x (V)
and its embedded image O (x(V)) C x(T?,V).

In section 4, we will establish a gluing theorem for the moduli spaces of critical
points of the Chern-Simons-Dirac functional when cutting and gluing the 3-manifold
along a torus. In our case, these are the moduli spaces of monopoles on a closed
manifold which is either Y, Y7, or Y. Let v(K) be a tubular neighbourhood of K in
a closed manifold Z, so Z = V Uv(K). We may cut Z along T2 and glue in a long
cylinder [—r,7] x T2, resulting in a new manifold denoted by Z(r). Use the notation
x(T?, Z) for the character variety (or moduli space) of flat connections on a trivial line
bundle over 72 modulo the gauge transformations on 72 which can be extended to Z.
We denote by x(v(K), Z), the moduli space of flat connections on v(K) modulo the
gauge transformations on v(K) which can be extended to Z. there is a natural map
x(W(K),Z) = x(T? Z). We denote by My, , the moduli space of the Seiberg-Witten
monopoles on V modulo the gauge transformations on V' which can be extended to Z.
We have a refinement of the boundary value map of (2):

My — x(T?, Z). (3)

Then we have the following gluing theorem.



Theorem 1.3. For a sufficiently large r, under suitable perturbations and choice of
metrics, there exist the following diffeomorphisms given by the gluing maps on the
fibered products

#y M’{/,y Xyr2,y) X(V(K),Y) — M;ﬁ/(,«)a

s Miys Xz x((E), Y1) — M),

#vo + Miny, Xyr2,vp) X((K), Yo) — | M5, ) (5).
S

Here, M;‘/(r), M’{ﬁ(r) and M;O(r) are the moduli spaces of irreducible monopoles on
Y (r),Yi(r) and Yy(r) respectively, and s runs over all the possible Spin® structures on
Yo. The fiber product is taken with respect to the refined boundary value maps (3) from

vy, My, and My, to x(T?,Y), x(T?,Y1) and x(T?,Yy) respectively.

The proof of Theorem 1.3 is based on balancing the slow decay of certain eigenfunc-
tions of the linearization at the approximate solutions, against the exponential decay of
the finite energy solutions on V' with non-degenerate asymptotic value, thus obtaining
an unobstructed gluing.

Using the gluing Theorem 1.3, together with the construction of the perturbation
1 that “simulates the effect of surgery”, we will be able to derive a corresponding
deformation of the moduli spaces, and the expected relation between the generators of
the Floer groups as in Theorem 1.1.

In the last section, we apply the result of Capell-Lee-Miller on the decomposition
of spectral flow (Theorem C of [4]) to study the relative gradings of monopoles under
the identification of Theorem 1.1. We show that the identification of Theorem 1.1 is
compatible with the relative gradings on the Seiberg-Witten-Floer chain complexes (Cf.
Proposition 6.2 and Proposition 6.4).
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2 Seiberg-Witten equations on 3-manifold

The 3-dimensional Seiberg-Witten monopoles on a compact manifold have been exten-
sively studied in [6] [8] [11] [13] [14] [20] [21] [24]. In this section we will briefly recall
some of the main features of 3-dimensional monopoles. A 3-dimensional monopole, as
noted first in [13], can be viewed as a critical point of the Chern-Simon-Dirac functional



on an infinite dimensional space (the orbit space of Spin® connections and sections of
the spinor bundle under the action of the gauge group). We recall the basic setting of
3—dimensional Seiberg-Witten theory, then we will end this section with the observa-
tion that, under a generic perturbation with compact support in a fixed open set, the
critical points are all non-degenerate.

Let (Y, g) be a closed, oriented Riemannian 3-manifold. A Spin® structure s on (Y, g)
is a pair (W, p) consisting of a rank 2 Hermitian bundle W together with a Clifford
multiplication p : T*Y — End(W). If {e1,e2,e3} are an oriented orthonormal frame
for TY', we choose the Clifford multiplication such that p(e;)p(e2)p(es) = 1.

With the Levi-Civita connection on the frame bundle of Y, a U(1)-connection A on
the determinant bundle det(W) determines a Spin® connection V4 on W such that p is
parallel. Applying Clifford multiplication, we can define a Dirac operator, denoted by
@ 4. Then the Seiberg-Witten equations are the equations for a pair (A,1)) consisting
of a U(1)-connection on det(W) and a section 1 of W (¢ is called a spinor):

{ xFy = o(,) + p
Pa(y) =0.

Here 1 is a co-closed imaginary-valued 1-form on Y, and o(+, ) is a symmetric R-bilinear
form W W — T*Y ® iR given by

(4)

2
W) = o (Wev ) = Wew - L)
= sImlp(eap,v)e’

Note that this R-bilinear form o(-,-) satisfies the following property [7]:
1
(1) Under Clifford multiplication, we have o(¢,9).y = —§|¢|2¢, and

(ap, ) = 2(a, 0(1h, %)) =y, for a € Q1 (Y,iRR).

(2) o(¢p, ¢) = 0 if and only if on Y — 1)~ 1(0) ¢ = ire for a real-valued function r on
Y — 4 10).

(3) For any imaginary valued 1-form «, o(a., ) + o (¢, a.¢p) = —(Re(t), p))av.

(4) If 4 is a nowhere vanishing section of W, then W = Cy @+, and (1), -) defines
a bundle isomorphism between Rt @ ¢+ and T*Y ® iR.

Denote by Ay the configuration space of (Y,s) consisting of pairs (A4,) with the
completion under L?-norm. The gauge group of automorphisms of the Spin°~-bundle W
is Gy = Map(Y,U(1)) with L3-completion. Gy acts on Ay by

and the Seiberg-Witten equations are invariant under this action. Denote by By the
quotient space of Ay by the gauge group action. By is an infinite dimensional Hilbert



manifold except at points where the spinor part is zero, which are called reducible
points. Otherwise, points (A,) with 1) # 0 are called irreducible. As noted in [13],
the Seiberg-Witten equations on (Y, s, g) are the equations for the critical points of the
following Chern-Simons-Dirac functional on Ay-:

€A b) = =5 [[(A=Aa) A(Ea+ Fay = 250) + [ . dawddvoly, )

where Ay is a fixed connection on det(W). Note that C, descends to a circle-valued

function on By. The set of critical points of C, on By is denoted by My, (s), its

irreducible critical point set is denoted by My, (s)*.

For any critical point (A, ) on Ay, the infinitesimal action of Gy and the derivative
of grad(C,) at (A,1) define a complex

G
Q05 (V,iR) 5" Q1 (V,iR) © L (W) 1A 0L, (v,iR) @ LA(W), (6)
where the maps G4 ) and H(4 ) are given by
Gap(f) = (=2df, f9),
1
H(A,w) (O[, ()ZS) = (*da — 20’(‘1/), QZS), aAQS + 50[‘1/))

We say that [A,4)] is a non-degenerate critical point of C, on By if the middle
cohomology of (6) is zero:

KBTH(A7¢)/ImG(A7¢) =0.

At the smooth points of By, this definition is the same as saying that the derivative of
grad(C,) at a critical point is non-degenerate. The gradient of C,, can be viewed as an
L?-tangent vector field on By, a section of the L?-tangent bundle over By, while the
tangent space of By at [A,] is the L3-completion of

KerG(y ) = {(o, ¢)|d"a+iIm(y,$) = 0.}

The covariant derivative of grad(C,), denoted by H, y, defines a operator on
KerGE‘A ne sending (o, @) € Keer‘A v to

(sdc — 20(ap, 6) — 24f, Pa + e + 1),

where f is the unique solution to the equation

(@d-+ SP)S = iTm(@ab, 9).

Note that Hy4 ) is a closed, unbounded, essentially self-adjoint, Fredholm operator
on the L2-completion of K eer‘ A its eigenvectors form an L?-complete orthonormal
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basis, its L%-spectrum forms a discrete subset of the real line with no accumulation
points. Hence, as in [20], the spectral flow of H [A,4] along a path connecting two critical
points defines a relative index on My, (s) x M3 (). This relative index depends only
on the homotopy class of the connecting path for non-torsion Spin® structure (Cf.
Remark 4.5 in [20] and Definition 3.6 in [7]).

The following properties about the critical points of C,, are now standard (See [20]
8] [11] [14] [16]).

Proposition 2.1. There exists a Baire set of co-closed 1-form p € QE%(Y, iR) such
that all the critical points in My, ,(s) are non-degenerate. Moreover, if b1(Y) > 0,
My, (s) consists of only finitely many irreducible points in By; if Y is a rational
homology 3-sphere, assume that a generic u satisfies Kerdy =0 (where 6 is the unique
reducible point in My, (s), that is, xFy = 1), then My, (s)* = My, (s) — {0} consists

of only finitely many irreducible points.

In this paper and sequel work, it is convenient to use a perturbation with support
contained in a fixed open set, so that Proposition 2.1 still holds for perturbations with
compact support contained in a fixed open set. The first such statement was made in
Proposition 7.1 [32] by Taubes, who kindly communicated the proof to us.

Proposition 2.2. Fiz a non-empty open set U in Y and a Spin® structure s on
Y, if b1(Y) > 0 and ci(det(s)) = 0, we require that U is chosen so that the map
H?(Y,R) — H?(U,R) is non-zero. Then there exists a Baire set of co-closed imaginary
valued 1-forms p with compact support in U such that all the critical points of C,, on
By are non-degenerate.

Proof. We first study the family version of the critical points of C;, on B5., where p
is from a set of imaginary valued co-closed 1-forms on Y with compact support in U.
Denote this set of perturbations as Z(U,iR). Let [x, A, 9] be a critical point of C,. We
need to show that the derivative of the gradient of {C} e z(,ir) is surjective. Namely,

consider
KeTGE‘AM x Z(U,iR) — KeTGE‘AM,
which sends (a, ¢, p1) to
1
(*da - 20—(71/)7 QS) + M1, ‘?’AQS + 50[’(,0)

Suppose that («, ¢) is orthogonal to the image of the above map, then («, ¢) satisfies



the following equations:

1) d*a+iIm(yp,¢) =0,

*do — 20(11[)’ ¢) = 03

)
2)
(7)
)
)

3 ‘2A¢ + %Of@b = 03

4) « is exact when restricted to U.

(
(
(
(

The elliptic regularity implies that («, ¢) is smooth. From (4) and (2) of equations
(7), we know that o(¢),¢) = 0 on U. The following Lemma due to Taubes [33] will
ensure that o(1¢,¢) = 0 on Y. Hence, there is a real-valued smooth function f on Y,
such that ¢ =if1. Using (3) of (7), we obtain

) 1
Palify) + 504-¢ =0
on Y, which leads to a = —2idf on Y. By the equation (1) in (7), we get
2d*df + fly> =0

on Y. Note that 9~ 1(0) does not disconnect any domain in Y (the unique continuation
principle for Dirac operator (see page 57-58 [10])). Therefore, f = 0 which implies that
(r, #) = 0.

From the Sard-Smale theorem, there is a Baire set of p € Z(U,iR) such that all
critical points of C,, in By- are non-degenerate for a generic p.

Now we need to prove that the reducible critical point of C,, is also non-degenerate.
By the assumption, C,, admits reducible critical point if and only if Y is a rational
homology 3-sphere. From the analysis in [20], we know that, in order to achieve the
non-degenerate condition at reducible critical point, p is required to be away from
the codimension one subset Z (U, iR) where the corresponding Dirac operator has non-
trivial kernel. This completes the proof of the Proposition. Now we give the proof of
Taubes’ Lemma.

Lemma 2.3. (Taubes) Let (A 1) and («, ¢) as above, where (A,1) is a solution to
the Seiberg- Witten equation (4) and («, @) satisfies (1)-(3) of the equations (7). Then
q =o(¢,p) obeys an equation of the form

Aq=H -q+ K -Vq

at all points where ¢ # 0. Here A is the Laplacian on differential 1-forms and H and
K are linear maps that depend implicitly on 1. The set of points where 1 # 0 is path
connected open dense set in Y. The unique continuation principle applies to q so that

q cannot vanish on U without vanishing everywhere on Y .



Proof of Taubes’ Lemma: Apply the Laplacian to ¢ = o(v, ¢), we have the following

expression of Agq:

Ag=o(AyY,¢) +o(y, A¢) +20({Vah,Vad}r-v), (8)

here A acting on spinors is V4V 4, and {V 49, V 4¢} -y is the pairing using the metric
on T*Y. Now invoke the Weitzenbock formula for the Dirac operator,

N Kk 1
Pada=—-A+ 1 59(*FA),

where k is the scalar curvature on Y. Thus, from the Dirac equations for ¢ and ¢, we
obtain

(#Fa)-¢ + 5(d* )y — 3(xda)p — Vep,
here V%% = {a,Vay}r-y. Plug these two equations into (8), and note that
o(¢, 3(d*@)yp) = 0 and o (¢, —5(xda).9p) = |¢|*q. We get
Aq (5 +[¥1P)g + o(=5(+Fa)4h, ¢) + 0 (s, =5 (xFa).¢)
+20({V 4,V ad}r+y) + o (1, —V50)
(& + [92)q + «Fa(Re(%, ¢))
+20({Vat), Vadtry) + o4, Vi)

Write ¢ = iry + X where r is a real-valued function on Y and Re(\, i) = 0, then

Re(y), ¢) = Re(ip, ),
o({Vah,Vadtr-y) = o({Vah, Var}r-y) + o ({Vay,idr @ ¢}r-y).

Hence the equation (9) can be written as

Ag = (5+[¢P)a++Fa(Re(yh, )

' (10)
+20({Va), Var}r=y) + o(2, _v%—l—?zdrd}).

To complete the proof, we only need to show that A,V 4\ and « + 2idr can be
written as combinations of linear maps on ¢ and Vq. On the set of points where
P #0, Q=Y — 1 1(0), we write ¢ = 1|7y where 71 is a unit-length spinor. Choose
a local basis {7, 79} for the Spin® bundle, so that Clifford multiplication in the local
orthonormal coframe {e!,e?,e3} for T*Y is given by

p(61)=<g _2)4)(62)2(2 _é>,p(63)=<? é)

9



where {e!,e?, e?} can be expressed as

el = —2io(my, 1), €? = 2io(ry,im), 3 = —2io(1y, 7).
Write A = ur; + vy for a real-valued function v and a complex-valued function v,
then

a=0(,¢) = 5[pl(ue’ — Im(v)e? + Re(v)e?).
On Q, oy, = 0(1), ) defines a bundle isomorphism between
R4y & (Cp)t — T*Y @ iR.

Thus, we obtain that \ = qul(q), and

VA= (V(o,))(a) + o, (Va).
Let b = a + 2idr, then from (3) of the equations (7), we have

bap = —20\,

as A can be written in terms of ¢ and Vg, so is b. This completes the proof of Taubes’
Lemma. O

3 Monopoles on a 3-manifold with a cylindrical end

In this section we use techniques developed in [23] to study the moduli space of Seiberg-
Witten monopoles on the knot complement V' endowed with an infinite cylindrical end
T? x [0,00). Our main aim is to present the proof of Theorem 1.1. Before we give
details, we present an overview of the section introducing notation.

Consider the three-manifolds V' and v(K), respectively the knot complement and
the tubular neighbourhood of the knot K in the homology sphere Y. Both are 3-
manifolds with boundary a torus T?. Equip V with a cylindrical end metric and a
Spin®-structure with trivial determinant along the half cylinder 72 x [0,00). On T? we
use the standard flat metric induced from R?.

The perturbed Seiberg-Witten equations on (V,s) are the equations

{ *FA = U(¢7¢) + H, (11)

aAw = 03

for a pair (4,%) consisting of a L2, U(1) connection on det(W) and a L?

1,loc 1,loc
section 1 of W. the perturbation term p is a co-closed and imaginary value 1-form

spinor
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with compact support contained in a fixed open set U C V — (T2 x [0,00)). We denote
the corresponding class of perturbations by Z(U,iR)
We define the energy of any Seiberg-Witten monopole (A, 1)) to be

/V |F4|2dvoly < oo, (12)

Let My denote the Seiberg-Witten moduli space of solutions of the equations (11) with
finite energy condition modulo the gauge transformations Gy = Mapyz (V,U(1)).

The flat connections on the determinant bundle, modulo the even gauge group
Gr2 = Map(T?,U(1)), form a torus

X(1%) = H'(T*,R) /2H (T, Z,),

which is a Zg x Zy cover of the standard torus Hom(mi(T?),U(1)) = R?/Z2. Let
x(T?,V) be the moduli space of flat connections modulo the subgroup of the gauge
transformations on 72 which can be extended to V. Let m denote the quotient map
7 :x(T?%, V) — x(T?), which is a Z-covering map.

Suppose we are given a smooth solution (A,1)) of the Seiberg-Witten equations,
satisfying the finite energy condition (12). Then we will see that there is a choice of a
connection A in the gauge class of A that approaches a flat connection on 72, while the
spinor 1 vanishes in the limit on the cylindrical end. That is, if s is the coordinate on
[0,00), we will show that lim_,00(A, %) = (as0,0) in the appropriate topology, for each
finite energy solution (A, 1) to the Seiberg-Witten equations (11). Thus the asymptotic
limit of the Seiberg-Witten monopoles on the manifold V' with a cylindrical end defines
a boundary value map

My 58 (T2, V) 5 x(T?). (13)

We will show that, in a suitable topology, this boundary value map is well-defined and
continuous. Then, we will describe the structure of the moduli space My .

3.1 Monopoles on T2 x [0, o)

We begin with the investigation of the behaviour of the solutions of the Seiberg-Witten
equations on the cylindrical end 72 x [0, 00). Fix a flat background connection Ay on
the determinant bundle det(W) with asymptotic limit ag.

Lemma 3.1. Choose the coordinate s € [0,00) on the cylindrical end T? x [0, 00).
Choose the Spin® structure over T? x [0,00) to be the pull-back of the Spin® structure
on T? with trivial determinant, induced by the complex structure. We can write (A, 1))
as

{ A=Ay +a(s) + h(s)ds,
P = (afs),B(s)) € A% @ A% =T (W).

11



where a(s) = a'°(s)+a%!(s) € AL (T?,iR), h(s) € A°(T?,iR). Then the Seiberg- Witten
equations (11) can be written in the form

Fagra = 5(jaf* = 181w,
0a%(s) =

where w is the area 2-form on T? with / w=1.
T2

Proof. We may choose a trivialization of the cotangent bundle to T2 x [0, 00) so
that, using a full-stop to denote Clifford multiplication by a one form, we can make the
identifications:

ds.z(f) _2), dac.:((l) _é>, dy-=(?é>, (15)

Letting the Hodge * on forms on T2 x [0, 00) be denoted by *3, then under the preceding
identifications we have

vs(0,4)) = Sl ~ 18P )w — i(af + ap) Ads
FA = FA0+a + (deh - 35a) AN dS,

hence we get

Fagra = 5(l0)* = 181w,
0,1 -

90 (8) _iap+ an
0s

The form a(s) € A'(T?,iR) is uniquely determined, as an iR-valued 1-form, by its (0, 1)-
part a%! € A®'(T?). Similarly, the Dirac operator on T2 x [0,00) can be expressed

as
? _ i(0s + h) 3:;(5)
a(s)+his)ds al(s) —i(0s + h) .
Thus gives the Dirac equation as in the Lemma. O
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Let (A,4) be an irreducible solution of the Seiberg-Witten equations on the man-
ifold V. Along the cylindrical end 7?2 x [0,00) we can use Lemma 3.1 to write the
Seiberg-Witten equations in the form

05a%" = iaf + Oh,
850[ — ié;k(s)ﬁ - hO[,
0, = iy — hB.

1
with the constraint F, = —(|a|? —|f]?)w. These equations are gauge-equivalent, through
a gauge transformation in Gy, to the following equations:

05a’! = iap,
050 = —iga(s)a,

on the configuration space A= of triples (a,«, ), where a is a U(1)-connection on
det(W) and (a, B) is a section of Spin® bundle W over T*. The following Lemma shows
that (16) can be interpreted as a gradient flow equation.

Lemma 3.2. The equations (16) are the downward gradient flow equations of the

Gr» = Map(T?,U(1))-invariant functional

flaap) == [ (iBipw a7)

on the space Arz, where the product (,) denotes the natural inner product using the
Hodge star operator.

Proof. Direct calculation shows that we have
\Y% f(a‘a «, /6) = (—’idﬁ - iaB? _iéz:/ﬁa iéaa)‘
O

Critical points of the functional (17) with the condition F, = %(|a|2 — |B]*)w are
all the elements (a~,0,0), with a a flat connection. This critical point set is denoted
by x(T?), the quotient space of the flat connection by the even gauge transformation.
If (A(s),(s)) is a solution to the Seiberg-Witten equation on [0,00) x T2 in temporal
gauge, then

(A(s),%(s)) = (Ao +a"* +a®!, (e, B))

satisfies the gradient flow equation of f as given by (16).
The next few lemmata describe some fundamental properties about the solution to
the Seiberg-Witten equation on the cylinder over T2 in temporal gauge.
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Lemma 3.3. Let v(s) = (A(s),%(s)) be a solution to the Seiberg- Witten equation on
[s1,82] X T? in temporal gauge, then

$2
/ 194 (5 oy s = / (Va2 + | FaP)dvol.
S1 [sl,sz]XT2

Proof. Since (A(s),(s)) satisfies the Seiberg-Witten equation on [s1, s9] x T?:

a/ﬂﬁ =0,
*Fy = U(¢7 ¢)

The Weitzenbock formula for the Dirac operator on [sq, so] x T? with flat metric then
gives

Padap = ViVah — %(*FA).zp =0.

Take the inner product of both sides with v, use the Seiberg-Witten equation, and note
that ((— * Fa).4p,9) = 2(xFa,0(¢,1)) = 2|F4|>. We obtain

1 %
SA Al + [V agpl? + [Faf” = 0.
Integrating the above identity over [s1, s3] X T2, we can write the result as

(IV a9 + | Fa|?)dvol

—

1752]><T2
1
— 5[ dsayp
2 [81,82 ><T2
1
- (@000
8 51,52 ><T2)

= [ o005 e = [ (a2, i Bl

Here we write 9(s) = (a(s), 3(s)) as a spinor on T and use the equation (16) for 9,).
Note that y(s) = (A(s), a(s), 3(s)) solves the gradient flow equation of f, hence

/ 19 (1)) 22 g2 ds
= ? a(s1), i, )5(81)>w—/T2<04(82)a735§1(52)5(32)>w

(IVa®|? + |Fa|?)dvol.

[.51,52}><T
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Lemma 3.4. Let y(s) = (A(s),%(s)) be a solution to the Seiberg- Witten equation on
N = [t — 1,t + 1] x T? in temporal gauge for any t € [0, 00). If/ |Fa|2dvol = El,

then there exists a constant Cy such that the following estimates hold

/[t . T2|VA¢|2dvozgom/EN;
—olTalX

t+5
| IV Gs)lads < Cov/Ew + B
2

Moreover, if (A(s),4(s)) is a solution to the Seiberg- Witten equation on [—1,00) x T2
in temporal gauge with finite energy, then the corresponding flowline on A2 of f has
finite variation of f along [0,00) x T2.

Proof. From the L2-bound on |F4|, we immediately obtain a L*-bound on % from
the Seiberg-Witten equation,

1
HT/’||%4(N) = / || dvol = Z/ |F4|2dvol.
N N
By the Cauchy-Schwartz inequality, we get

V2
||¢||%2(N) <V VOl(N)HlPH%‘l(N) = THFA“L?(N)-
Here we use that Vol(N) = 2. In the proof the previous lemma, we found that 1
satisfies

1
5d*d|¢|2 +[Vap|? + |Fa> = 0.

Multiplying both sides of the above equation with a cut-off function p which equals 1
on [t — %,t + %] x T? and vanishes near the boundary of N, and then integrating by
parts, we obtain

1 . V2
HVA"’[)H%?([t—%,t-i-%}XT?) < 9 /Nd d|¢|2l)d”01 < Cl||¢||%2(1v) < TCIHFA“Lz(N)a

where C] is a constant depending only on the cut-off function p. Putting the above
2

i

The finite variation of f along [0,00) x T? for a solution on [~1,00) x T? is the

inequalities together we get the estimates as claimed with Cy =

direct consequence of adding up over a sequence of middle tubes of length 2, namely,
{[i —1,4+1] x T?i =0,1,2,--- }, hence

IV s

o0 o0
< 2/ 1FAll7 272y ds + 200\// 1FAlI72 72y ds < oo
-1 -1

15



Lemma 3.5. Let (a(s), a(s), B(s)) be a monopole on T? x [0,00) with finite energy

/ |F|2dvol < oo.
T2 x[0,00)

Then there exists a sequence {sp} such that lims, o0(a(sp),a(sn),B(sn)) exists and
represents a point in x(T?).

Proof. Write the curvature of a(s) on T2 x [0,00) as Fy(s) — 9s(a(s)) Ads, where Fy)
is the curvature on 7. Then we have the following calculation:

/ |F|2dvol
T2 x[0,00)

— / (Fuis)? + 194 (a(s)[2)dvol.
T2 [0,00)
which implies that as s — oo,
|Fa(s)| —0, |8s(a(5))| — 0.

By Uhlenbeck’s weak compactness result and the compactness of x(7?), we know that
a(s) weakly converges to a flat connection.
By the monopole equation on T2 x [0, 00), we also obtain

la(s)|* = 1B(s)? =0, a(s)B(s) = 0.
This implies that [a(s), a(s), B(s)] converges weakly to a point in x(7?). O

To establish strong convergence to a point in x(7?) for any finite energy monopole
on [0, 00) x T?, we need to apply L. Simon’s type result of ”small energy implying small
length” as in [23]. We will address this issue at the end of this subsection.

Let g%z be the based gauge group on det(WW), that is, those gauge transformations
which equal the identity at a fixed based point. Denote by B%Q the quotient space of
Ar2 by the free action of 9%2. Note that the gradient flow of f preserves the constraint
F, = %(|a|* — |B?|)w, hence we can consider gradient flow lines of f restricted to

Cr2 = {(a,0, B) Fu = 5 (ol = 82w} /G5

as a subset of 8%2.

The space Cr2 is a singular space, the singular set consisting of [a, a, ] where a
is a flat connection and («,3) is a spinor section satisfying the pointwise condition
|a| = |B]. We want to study the asymptotic behavior of the finite energy monopole on
T2 x [0, 00), that is, the asymptotic behavior of the gradient flow of f restricted to Cpe.

16



If we consider a neighborhood of Cp2 in the whole configuration space 8%2, this

introduces new critical points which consist of the [, a, 8], with © € x(T?) and (a, 8)
satisfying

ap = do () = 35(8) = 0.

Note that there is a unique point © € x(T?) with ker(Je + 95) non-trivial, which
satisfies

Kerde = Kerdg = C.

Since we are only interested in the behavior of the monopoles on T x [0, 00), among
flowlines of f on B, we only study those that flow to the critical manifold x(72). The

T2
Hessian operator of f at the critical point [as, 0, 0] in x(7?) is given by
Qlace0,0)(a1, 1, 81) = (0, —i0; _P1,i0q., a1)- (18)

where (a1, a1, 1) is a L2-tangent vector of Bg,z at [aso, 0,0], that is, (a1, a1, f1) satisfies
the condition d*a; = 0, and we view (0, —i(i’;oo B1,i0,, 1) as a L2-tangent vector of
B%Q at [@o0,0,0]. Then the following lemma is obtained by a direct calculation.

Lemma 3.6. For as, # © in x(T?), f is non-degenerate at as in the sense of Morse-
Bott, that is, the Hessian operator @ at [ax,0,0] is non-degenerate in the normal
direction to the critical manifold in the tangent space of Bg,z at [ax0,0,0]. At the point
O, the kernel of the Hessian operator is given by

HY(T?,iR) ® Kerde ® Kerdg = C3.

Let Ug be a small open neighbourhood of © in x(7?). For any point
a0 € X(T?)\Uo, the spectrum of Q. = Qlas,0,0] (as a first order elliptic operator
(18)) is discrete, real and without accumulation points. Let p, . > 0 be the smallest
absolute value of the non-zero eigenvalues of the Hessian operator ), . Now we can
establish the decay estimate for the Seiberg-Witten monopoles along the cylindrical
end of V. The first exponential decay estimate is for a solution to the Seiberg-Witten
equation on [0, R] x T? (R > 1) which is near a critical point in x(7?).

Lemma 3.7. Suppose that x(s) = [a(s),1(s)] is a flow line of f, corresponding to an
irreducible finite energy monopole on T? x [0, R] in temporal gauge. There is a repre-
sentative (A(s),1(s)) which is gauge equivalent to (ax,0) + (b,n), where [ax,0] # O.
There exist positive constants €,,Cy such that, if (b,n) has L? -norm less than € on

any s-slice, then

1(6(s), n(s)l| 1212y < C1(ewp(—8s) + ewp(~3(R — 3)))

on any constant s-slice (s € [0, R]).
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Proof. Write A = (b,7), then X satisfies the following equation:
OsA = Qo A+ n(N),

Here n()) is second order in A with [[n(A)||z2(r2) < €l|Mz2(r2) and Qa.y = Qlan 0,0)-
Note that the flowline of f on x(T?) is static, hence we can establish the analogous
result as Lemma 5.4.1 in [23] as follows.

Let A+ denote the projection of A onto the eigenspaces of (),, with positive and
negative eigenvalues. Let |A+|| be the functions on [0, R] given by the L?(T?)-norm on
the s-slice of [0, R] x T%. Then we have

Ol Atll = (ase — E)IA4 ] + €l Al = 0;

Os A1l + (oo — E)IA-N — €l Ap ]l <O

When € << pq,,, from the above inequalities together with the comparison principle
(Cf. Lemma 9.4 [32]), we obtain that the L?-norm of A on the s-slice is decaying
exponentially with decay rate § < pq. /2. Then the claim of the lemma follows from
the standard bootstrapping argument. O

Proposition 3.8. Suppose that y(s) = [a(s),(s)] is an irreducible flow line of f, cor-
responding to an irreducible finite energy monopole on T? x [0, 00), with asymptotic limit
(@50, 0,0] where [as] # © € x(T?). Then, there exist gauge representatives (a(s),1(s))
for v(s) and aso for [as0,0,0] such that (a(s) — aeo,(s)) decays exponentially along
with its first derivative as s — 00.

Proof. From Lemma 3.4, we know that the variation of f is finite, that is,

[ IV oy

is finite. Then we have the following estimate, whose proof is analogous to the proof of
Lemma 6.14 of [24]. We sketch the proof here.

Claim: There exist constants FEy and C such that for any R > 1, and for
v(s) = (A(s),9(s)) any solution to the Seiberg-Witten equation in temporal gauge
on [0, R + 1] x T? satisfies

R+1 )
| IV sy < B,

then we have the estimate
R R+1
[ IV 0N Byngts < € [ IV By,

18



Proof of the Claim Let y(s) = ((A(s),%(s)) be a solution to the Seiberg-Witten
equation on N = [sq, s3] X T? in temporal gauge, then from Lemma 3.3, we have

| I s = [ (Tl + Ea)dvol.

S1 [.51,52}><T

Denote by

E - / IV £ (7 (5)112 2 ds

S1

- /(|a.jA|2 T (05 ?)dvol.
N
Then we have the following estimates
[Fallzzvy < VE; “7/J||%4(N) = 2[|Fallz2(n) < 2VE.

We proceed as in Lemma 6.14 of [24] and differentiate the Seiberg-Witten equations
to get

ddsA = x0 (059, 1))

aAas"/) + (8514) -~ =0.
The gauge fixing condition implies that
d*(0sA) + iIm(0s1, 1) = 0.

Introduce a cutoff function p identically equal to 1 on the middle third piece of N and

vanishes near the boundary such that |dp| is at most 5;—5; Where M is a universal

constant. Set (V,A) = (p0dsA, pds1)). Then we can estimate the quantity

SW(V,A) = (dV —*0(X\9),da(N) + V -, d"V +iIm (X, ¢))

C
2 2 2
ISW (VM) < ooy (106AN ) + 108020 -

Here C' is a universal constant depending only on p.
On the other hand, we can estimate

ISWVNZawy > 5 18V Iy + 12AOZ2 ) + 14V [220)
=2 (Il )2y + IV - 120 1T 9 2 ) -
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Assume that [ = s9 — 51 < 1, then the Sobolev multiplication theorem and Sobolev
embedding theorem imply that there are constants Cy and C; such that

lo )2y < CollAZaguy 8123 v,
< CWVEIN sy,

N

Similarly, by choosing C) appropriately, we have

IV - lIZ2(v) < CVEIVIZs (3

||Im<>\a1/’)“%2(zv) < 01\/EH>\“%§(N)-
These inequalities imply that
1AV 1120y + 12402y + 147V 122
< SOWVE (V120 + M2y ) + 20SW (V0 25,

Standard estimate for the elliptic operator (d + d*,@4) can be employed to show that
there is a constant C such that

IV Iy + Moy < Co (14V 12200y + 19402y + 147V 1122 ) )
+C (V1B iy + 1My ) -

The Cauchy-Schwartz inequality and the Sobolev embedding theorem imply that there
exists a constant C5 such that

(V2 + 1INy ) < Cav/sz =1 (IV 122, + N2 ) -

Put all these inequalities together, we have

200,

VI + [Ny < ooy (||85A||%2(N) + 8s¢||%z(m>
+8C1CoVE (HV”%%(N) + HAH%?(M)
+C5C34/s9 — s1 (||V||ig(]v) + “)‘“%%(N)>

Then there is a constant Ey and a constant [y satisfying

1 — 8C1Co\/Ey — CoC3:/1y > %

such that if £ < Fy and sy — s1 = lg, there is a constant Cy with the following estimate
VI3 + My < S (100AN ) + 19526 )
L3(N) LY(N) = 12 sHIL2(N) sYIL2(N) ) -
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Since on the middle third piece N, V|n» = 0sA|y» and Ay = Os1b|n7, this implies that
for any tube N = [s1, s3] x T of length [y and any solution (A(s),(s)) on N of energy
at most Ey, we have

C
“asAHi%(N/) + “as"/)Hi%(N/) S l_él (HasAH%?(N) + Has"/)H%?(N)) .

Then the estimate in the claim follows by adding up a sequence of middle third pieces
of tubes (length lo) with the constant C' = 3Cy/I2 and Ej as above.

With this claim and Lemma 3.7, we can prove Proposition 3.8 using the method
of the proof of Proposition 6.16 [24] and the fact that f is a Morse-Bott function
on B%Q and satisfies the Palais-Smale condition on paths coming from monopoles on
[0,00) x T2 O

Since x(T?%)\Us is compact, we can set § = $min{uqs. as € x(T?)\Us}. Then,
when restricted to the cylindrical end, any Seiberg-Witten monopole on V with finite
energy and with asymptotic limit in x(72)\Ue has an exponential decay at a rate at
least 4.

In order to prove that the boundary value map (13) is well-defined and continuous,
we need to resort to the “finite energy implies finite length” principle of L. Simon([30]
(see Corollary 4.2.5 in [23]).

Remark 3.9. Given that f is a real analytic function, the work of L. Simon as ex-
plained in [23] can be employed to prove a more general Lojasiewicz inequality for f at
any critical point in x(T?). Let y(s) be a flow line of f, corresponding to an irreducible
finite energy solution of the Seiberg- Witten equations on T? x [0,00). Then, there exist

1
constants 0 <b <1 and 0 <c< 3 such that, when s > R >> 1, we have

inf,ex(r) 17(s) = acollr2 < (IVf (2 (s))ll2)",
[F )= <NV F(r(8)) 2

At the smooth critical points in x(T?), the Lojasiewicz inequalities have the best expo-

nents b=1 and c = % The direct consequence of these Lojasiewicz inequalities is the

following finite length result for flow lines:

[ 1 s < 21560 - S

(19)

Os

Now we have a setting analogous to the key results in [23] (pages 60-70) in our
situation. The arguments in [23], adapt to the present context, hence imply that the
boundary value map (13) is well-defined and continuous as a map

Ot M — x(T?),
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In the next subsection, we will study the local properties of the map 0y around the
singular point © and the structure of Mj,. We remind the reader that we have estab-
lished the exponential decay property of the monopoles in Mj, with asymptotic limits
away from ©.

3.2 Local structure of moduli space of irreducible monopoles

Let Ug be a small neighbourhood of © in x(7?). In this section, we will study the
local structure of the moduli spaces M3,\(9) ' (Us) and (9s) ' (Ug). Here O is
the composition of s and 7 in (13).

For the structure of the moduli space M3 \(9x) '(Us), the exponential decay
property implies that we can introduce weighted Sobolev norms in order to study
the Fredholm theory of the linearization of the equations. With ¢ as in the previous
subsection, we define the space

Ay = {(A,zp) ‘ (1) A is an extended L%yé—connection on det(W) } ’ (20)

(2) 9 is an Lgﬁ—spinor on W

where extended L%, s-connection means that there exists an imaginary-valued harmonic
1-form A, in H'(T?,iR) such that A— A is an Lg,a—connection on det(W'), where L;,a
denotes the Sobolev norm with weight as in [17]. To be precise, we choose the weight
function es(t) = e® /2 where § (t) is a smooth function with bounded derivatives, such
that 0(¢) = —6t for t < —1 and 6(¢) = 6t for ¢ > 1, and for some fixed positive number
0 defined as

1
0 = gmin{Has|aco € X(T*)\Ue}.

The L%’(S norm is defined as || f|2,x,6 = ||esf||2,x- The weight es imposes an exponential
decay as an asymptotic condition along the cylinder. We define the gauge group Gy r»
to be the Lg,l o~ gauge transformations such that there exists go, € U(1) with g3 )lg — 1
an Lg, s-gauge transformation.

Assume that z = (A4,9) € Ay 2 is an irreducible (¢ # 0) perturbed Seiberg-Witten
monopole on V with finite energy, where the perturbation is in the form of Section 2
with compact support. Then from the results of previous subsection, we can assume
further that A, represents a flat connection as, in x(7?)\Ue. Then the irreducible
part of the fiber (0 ) '(as) has a deformation complex

e ) I .
0= Aps (V2iR) = ALz (V,iR) @ L35(W) = Aiié (V,iR) & L3 5(W) (21)
where G is the map which gives the infinitesimal gauge transformations:
G l(aw) (f) = (=df, f)
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and L is the linearization

*do — O'(‘l/), QS)
Lay(on ) = { (22)
e Iad + Lo,

of the perturbed Seiberg-Witten equations (11) on V. We can assemble the deformation
complex (22) into the following operator:

(G5, L): Ap (ViR) & L3 5(W) — Ap, (V.iR) ® Ap, (ViR) & L 5(W)  (23)

where (G5, L)(c, ¢) is given by

(e5 ' d*(e50) + iTm(y, ), wdc — o (4, 6), Pad + g,

With the choice of es as in the previous section, (G, L) is a Fredholm operator of index
0.
The deformation complex for the moduli space My \(0s) ! (Ug) is given by

0= TGy < Todyr 5 Aps (Vi) & L7 5(W). (24)

These two complexes are related by the fact that (21) is a sub-complex of (24) with
the quotient complex

0 — Lie(Stab(ass)) — H (T?,iR) — 0.
Therefore, the virtual dimension of My \(0s) ! (Ue) at z = (A,4) is
dim(Oso) " (a0o) + dim H'(T?,iR) — dim Stab(as) = 1,
where dim(0s) ' (aso) is the virtual dimension of the fiber.

Theorem 3.10. Fiz an open set U in V — (T? x [0,00)). There exists a Baire set Py
of perturbations p on V. with compact supports in U, such that the perturbed Seiberg-
Witten moduli space M3\ (0) ™' (Uo) is a smooth, oriented manifold of dimension 1.
Moreover,

Do : M\ (0s0) H(Ug) — x(T?)

is an immersion and transversal to any given immersed curves in x(T?)

Proof. The transversality argument is the same as in the closed case, see the
proof of Proposition 2.2, namely, we look at the deformation complex (24) for the
parametrized moduli space My, 77 ir) to get the transversality for the parametrized

23



moduli space My, zr)- We then apply the infinite dimensional version of Morse-
Smale theory to the projection My, 7 r) — Z(U,iR), we obtain that, for x4 in a Baire
space Py C Z(U,:R), the moduli space My, \(8 )~} (Ue) is a smooth manifold of
dimension given by virtual dimension calculated as above.

We first show that for a generic perturbation p (a co-closed imaginary valued 1-
form with compact support in U), the map (G5, L) as given by (23) is surjective. At
an irreducible monopole [A,4)] in (0s) ' (a0o) for as € x(T?)\Us, we will show that

L: KerGj; x Z(U,iR) — KerGj

is surjective. Suppose that (aq,¢1) is Lg—orthogonal to the image of the above map,
then (o, ¢) = eos(t)(a1, ¢1) is L2-orthogonal to the image of the above map, hence,
(v, §) is in Li—ﬁ and satisfies the equations (7) as in the proof of Proposition 2.2.
Hence, there is a real valued function f on V' (with infinite cylindrical end) such that
¢ =if, a =—2idf and

2d*df + |2 f = 0.

0
df € L%,—ri implies that on 7?2 x [0, 00), 8_{ is in L2_5, then by Cauchy-Schwartz

t t
10 = sOF < [ as [ e

this implies that for T" >> 0,

inequality

/ 1P <™, <o, (25)
oV (T)

for some constants Cp, C. [A, 1] € (0x) ' (axo), whose asymptotic behaviour has been
studied in the previous subsection, we see that there exist gauge representatives (A, 1)
and a, of [4, 9] and [as], so that (A, 1)) decays to (ax,0) exponentially at the rate at
least %, where f1,_ is the smallest absolute value of the non-zero eigenvalue of @,
(Cf. (18)). On T2 x [0,00), write a = 7*(a0o) + ot + a¥dt with o’ € Q(T?,iR), using
the analysis in Appendix of [25], we get
pHas
e lcorexrriy < Cie 2,

0
from some constant C'. As —22'8—{ = o, we obtain
_Tluaoo
A R (26
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for some constant Cy. From two inequalities (25) and (26), and note that § < pq_ /2,

we have

‘ / d*d(f?)dvol
14 af
an%o/ 21|15 avol
oV (T) t

limT_>oo2(/ |f|2duol)%(/ |?|2dvol)%
Vv (T) av(r) Ot

IA

IA

Now multiply 2d*df + |[4|*f = 0 by f and integrate it by parts, we get f = 0, hence
(a1, ¢1) =0.

The proof of thatJy, is an immersion and transversal to any given immersed curves
follows from the Sard-Smale theorem.

An orientation of My is obtained from a trivialization of the determinant line
bundle of the assembled operator of the deformation complex (24). The trivialization
of the determinant line bundle of the complex of (21) is obtained from the orientation
of H)(V)@® H}(V), the cohomology groups of d-decaying forms. In fact, we can deform
the operator H(, ) with a homotopy €1, € € [0,1]. The asymptotic operator Q4. 0,0]
is preserved in the deformation. Thus, if the weight 0 is chosen in such a way that
/2 is not in the spectrum of Q4 0,0, then ([17], [23] Lemma 8.3.1) we can ensure
that the operator H4 ) is Fredholm, for all € € [0,1]. Since the Dirac operator is
complex linear and it preserves the orientation induced by the complex structure on
the spinor bundle, a trivialization of the determinant line bundle at ¢ = 0 is obtained
by the orientation of H(V) & H} (V). This in turn determines a trivialization of the
determinant line for ¢ = 1, hence an orientation of My, . O

Similar results were obtained by [8] [15].

Now we need to understand the local structure of M}, around (9,)~'(©). The
center manifold technique developed in [23] is a useful model to study the structure of
(9s) ' (Ue).

We briefly recall a few facts about center manifolds [23]. In general, suppose we are
given a system of the form

&= Qr+ N(x), (27)

with @ a linear operator acting on a Hilbert space X. Assume we also have the decom-
position X = X,j ® X, @ X, determined by the positive, negative, and zero spectrum
of the operator (). Let A = XJ ® &, , and consider the projections 7. : X — & and
m, : X = Xp. We denote by Qf and ). the induced operators on Xhi and X.. By
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construction Q). is trivial. The evolution semigroups e=5Q1 and @ , for s > Ry > 0,
satisfy

sup max{e”*[|e @[], e [e*% ||} < C, (28)
s> Ro

for some constant C' > 0. This follows from the bound
1
5inf{|)\| | A € spec(Qe), A # 0} =0 > 0.

The center manifold theorem (in [23]) states that there exists a map ¢ : X — A},
that vanishes to second order at the origin, and such that an element Z(s) is a solution
of (27) if and only if the projection 7.Z(s) is a solution of the equation

Te = N(zc + p(zc))- (29)

The center manifold H is defined as H = {z, + ¢(z.)|z. € X.}.

We now describe explicitly the center manifold and the stable set for the unper-
turbed equations (16). In this case, we are considering the operator Qg, the Hessian
of the functional f at the degenerate critical point ®. The center manifold He for
the functional f at the degenerate critical point © is a C?-manifold which is invariant
under the gradient flow of f, contains a small neighbourhood Ug of ©, and has tangent
space at © given by

He = H'(T?,iR) @ kerde ® kerdy = C3.

Lemma 3.11. At every point x = (a,a, 8) € H, the gradient vector V f(a,a, () is
tangent to 7—[(19, hence ’Hé s a center manifold of f around ©.

Proof. Using the natural complex structure on 72, we can identify Hé as the space
of constant sections of

AYNT?,iR) @ A%(T?2,C) @ A% (T2, C).

For (a,a, ) € HE, we have Vf(a,a,B) = (—iaB, —i0;B,i0,c), which is a constant
section. Take (21, 22, 23) as the coordinates on H¢, = C3, we have

Vf(z1,20,23) = (—Z2z3, ———, ——— ).

2123 2122)
2 2
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The downward gradient flow of f on H, is given by

% = Z9oZ

83 — K243,

Oz _ 2173 (30)
0s 2’

(92,’3 _ Z129

ds 2

Note that this gradient flow is invariant under the U(1)-action (the constant gauge

transformation):

iey(1) . X
(zlvz2vz3)e = (21,€"%22,€" % 23).

Lemma 3.12. The quantities |z2|?> — |23)%, |21]? — |22]? — |23]? and Im(z12023) are

preserved under the gradient flow on He.

Proof. This is a direct calculation using the gradient flow equations (30). O
The stable set of (ax,0) € He is defined to be

S,

Qoo

= {z € He such that the flowline of (30) starting at = converges to (a,0)}.

The stable set S of f in He is the union of these S,__, for (as,0) € Heo.
Lemma 3.13. Let (a,¢) = (21,22,23) € Ho. Then (a,$) € S if and only if we have
|22 = |23]* = 0,
|21]* = |22|* = |23]* = Jaco|* > 0, (31)
Im(2,’12’223) =0.
In particular, (a,p) = (21, z2,23) € So (the stable set of the point ©) if and only if
|22|* — |23]* =0,
217 = |22|* = |23]* = 0, (32)

Im(zlzgig) =0.

These equations describe a cone over a torus T? with vertex at ©. Furthermore,
S\{(©,0)} is a 4-dimensional manifold with boundary Se\{(©,0)}.

Proof. It follows from Lemma 3.12 that (a,¢) € S converges to some (as0,0) as
t — oo. The equations (32) define a torus over © and, as |as|?> — 0, points defined by
(31) approach points in Sg. O
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As in [23], the restriction of the gradient flow of f to the center manifold provides
a model for the structure of the space of flows with asymptotic values in a small
neighbourhood Ug of O, in the following sense. Given a point x in Hg, the stable set
S; at z is defined as

Sz = {y € Ho such that the flowline starting at y converges to z}.

The stable set S = Ugey S, defines a refinement of the boundary value map, as
described in the following commutative diagram:

(Bro) (o) —2

x y’ (33)

S
Here T is a map defined by taking a flow line on the stable set S that is exponentially

close to a monopole in (Jx) ' (Ug). The map I is the limit value map under the flow
line of f on S.
The results of [23] show that if the projection 7.z (s) of a flow line Z(s) satisfies an

estimate
105 (s) — V f (mei(s))]| < Ce™, (34)

for all s > Ry, then there exists a unique flow line z.(s) in the center manifold Heg that
is exponentially close to m.z(s) for large s > Ry, with the same exponent ¢ determined
by the smallest absolute value of the non-zero eigenvalues of Q. Moreover, for a flow
line Z(s) satisfying

Ime®(s) = acollLz(r2xsy) + ITnE ()l L3120 gsy) < C

for all s > Ry, the projection 7,Z(s) is exponentially small for large s, with exponent
d. The condition (34) follows from our explicit construction of the center manifold.
This shows that every flow line in (0 ) ' (Ug) is exponentially close to a flow line in
the center manifold. Thus, the refinement Y of the boundary map is well defined and
continuous.

The results of the previous discussion and the arguments in [23] (Page 82-100) imply
the following structure theorem for our moduli space My near ((,—)00)71(6).

Theorem 3.14. Fix a metric g and perturbation P € P as in Theorem 3.10. Let
K C My, p be defined as K = (500)_1(@), and let K' denote the subset Y~1(0,0,0),
with T defined as in (33). Then, generically, the following holds.

(1) K' is empty and K consists of only finitely many points.

(2) There is a neighbourhood Ug of © in x(T?), such that the following holds. The
moduli space M5, N (500)_1(U@) 1s a smooth manifold of dimension 1, with boundary
K = (0) ' (0).
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Proof. By the center manifold theorem in [23], the restriction of any finite energy

monopole

[4,9] € My, (Us) = (8) ™ (Uo)

to the tube T2 x [Ty, 00) (for a fixed large Ty) is exponentially close to a flow line in
the center manifold starting from the point Y([A,1)]) given by the refinement boundary
map (33). The exponential weight is at least a half of the smallest absolute value of the
non-zero eigenvalues of (g + 95). Theorem 3.10 shows that, for a generic choice of the
perturbation, the moduli space M3, (Ug) is a smooth manifold of dimension 1, away
from Y~!(Sg). From the analysis of the center manifold theorem, since S\{(©,0)} is
a 4-manifold with boundary Sg\{(©,0)}, we know that generically K', if non-empty,
is a smooth manifold of dimension given by the virtual dimension: dimMj, —4 = =3,
so K" must be empty and M3, (Ug) is a smooth oriented 1-dimensional manifold with
boundary K = (500)_1(6). 0O

One useful observation that we can derive directly from the analysis of the center
manifold is the following estimate of the rate of decay of solutions approaching the
singular point ©.

Remark 3.15. Let z(s) = (a(s),a(s),B(s)) be an irreducible finite energy solution of
the Seiberg-Witten equations on V, with asymptotic value ©, that is, [x] € 01 (O).
Then the rate of decay in the s — oo direction is polynomial with

I(a(s) ~ ©, als), Oz ~ -

3.3 Proof of Theorem 1.2

From the discussions in the previous subsection, in order to complete our analysis of
the structure of the moduli space My, we only need to prove the following result.

Lemma 3.16. M;, is compact except for finitely many open ends limiting to x(V),

the reducible moduli space of V' and, generically, Oso(M7,) can be made transversal at

any interior points to any given finite set of curves in x(T?,V).

Proof. We first analyse the set of reducible solutions of the monopole equations on V.
The reducible moduli space M7¢¢ can be identified with the space x (V) of deformed flat
connections over V', modulo gauge transformations, which is diffeomorphic to a circle.
The asymptotic value map Oy is simply the restriction map, which is an embedding

Oso M(}ed =x(V) = X(TQ, V).
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Let x(V) < x(T?,V) be the circle of reducibles on V' modulo gauge equivalence,
embedded via the restriction map inside the cylinder x (7, V). Fix a smooth param-
eterization a(t) of x(V'), consider the family of Dirac operators @, on V, twisted
with the connection a(t). We can perturb x(V) such that x(V) < x(T2,V) is away
from a small neighbourhood of the singular point ©, then we know that the Dirac
operator 5a(t) + 52( p On T? has trivial kernel. The 3-dimensional Dirac operator @a(t)
(a(t) € x(V) ) on V may acquire a non-trivial kernel, however, this only happens at
finitely many points on x(V'), for a generic perturbation in Py (cf. [20] §7). We show
that, if these occur, then the irreducible set M3, has an open end limiting to such
points. If the irreducible set Mj, has an open end limiting to the reducible set x(V'),
then the 3-dimensional Dirac operator @a(t) has a non-trivial kernel: this can be seen
by studying the linearization of the spinor part of the Seiberg-Witten equations. On
the other hand, suppose that there is a point a(to) on x(V'), where the operator @,
acquires a non-trivial kernel. We can proceed as in Section 7.3 of [20] to analyse the
local model of the moduli space My = M7, U x(V) in a neighbourhood of [a(t), 0],
which shows that there exists an open end limiting to a(tg).

Thus, the rest of the proof of compactness for My = M;j, U x(V) is now reduced
to the (by now standard) proof of compactness for Seiberg-Witten moduli spaces [13]
[16] [22]. Transversality at the interior of the 0. (Mj3,) to any given finite set of curves
in x(72,V) can also be achieved by a generic choice of perturbation on V.

O

Thus, we have completed the proof of the structure theorem for My, (Theorem 1.2).

4 Gluing of 3-dimensional monopoles

Now we begin to discuss the gluing theory. Suppose that V(r) = V — (T2 x [r,0))
lies in a closed 3-manifold Z such that T2 splits Z into two components (for example,
V(r)Ur2v(K)). We identify the solutions of the Seiberg-Witten equations on V' differing
only by those gauge transformations V' which can be extended to Z, and denote the
resulting moduli space by My, ;. Then the boundary value map in Theorem 1.2 has a
refinement:

Mx{/,Z — X(T27 Z)

where the notation y (72, Z) indicates the moduli space of flat connections on a trivial
line bundle over T? modulo the gauge transformations on 72 which can be extended
to Z. This gives a refined boundary value map and the moduli spaces ./\/l’{, » enjoy all
the properties described in Theorem 1.2 for Mj,.

Assume that Z = V(r) Up2 v(K) where v(K) is a tubular neighbourhood of a knot
K in Z. We denote by x(v(K), Z) the moduli space of flat connections on v(K) modulo

30



the gauge transformations on v(K) which can be extended to Z. There is a natural
map x(v(K),Z) < x(T?,Z), which realizes x(v(K), Z) as a line in the affine space
x(T?, 7).

Thus we can define the following fiber product:

Mz Xy 2y X(V(K), Z). (35)

This is the main object in the gluing Theorem 1.3. We shall present the argument for
the case of the homology sphere Y. The argument is analogous in the case of Y7 and,
up to minor modifications that we shall point out, in the case of Y, as well.

Consider a tubular neighborhood v(K) C Z endowed with a metric with sufficiently
large positive curvature inside v(K) and flat near the boundary. When stretching the
neck in Z(r), using the standard pointwise estimate on the spinor for Seiberg-Witten
monopoles we can ensure that, on v(K) endowed with an infinite cylindrical end, the
only finite energy solutions of the unperturbed Seiberg-Witten equations are reducibles
(with vanishing spinor part). Modulo gauge transformations, these correspond to the
moduli space of flat connections on v(K). In Lemma 4.11, we will show that, if we
choose such a metric for v(K) C Y, it is still possible to have a metric with the same
properties for v(K) C Y7 and v(K) C Y.

Recall that we have a splitting of Y along the torus 7% as Y = V Up» v(K), with
OV = Ov(K) = T?. Assume that the metric g on Y is the product metric on a small
neighbourhood of 72, and can be extended to a metric on v(K) with positive scalar
curvature. On both V and v(K) we consider as underlying Spin structure the one
induced from the restriction of the trivial Spin structure on Y. This induces a non-
trivial Spin structure on T2, The corresponding Spin® structures s, s” on V and v(K)
have trivial determinant. In gluing the Spin® structures s’ and s” on V and v(K) we
can only obtain the unique trivial Spin® structure on Y since Y is a homology sphere.
The same holds for Y;. In the case of Yj, the gluing of the trivial structures s’ and
s” on V and v(K) by gauge transformations along the common boundary T2 provides
different Spin® structures on Yy, which are classified by

HYT?, 7)) /{Im(H'(V,Z), H\(T?, 7)) + Im(H'(v(K),Z), HY(T?, 7))} = H*(Yy, 7).

~

Thus, there are a Z-family of Spin® structures corresponding to H?(Yy,Z) = 7Z.
Let Y(r) = V Upz ([—7r,7] X T?) Upz2 v(K). We can also consider the manifolds V'
and v(K) with infinite cylindrical ends as

V Up2 ([0,00) x T?), ((—00,0] X T?) Up2 v(K).

We continue to use the same notation V' and v(K) for the manifolds with infinite
cylindrical ends, as we did in the previous sections.
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The proof of the gluing Theorem 1.3 consists of several steps. First, we show
that, upon stretching the neck [—r,r] x T? to infinity, the Seiberg-Witten monopoles
(Ar, 1) on Y (r) approach a pair of finite energy solutions (A’,4'), and (A”,0) on the
two manifolds V' and v(K) with infinite cylindrical ends. Then we construct a gluing
map, under the hypothesis that the gluing takes place away from © in the character
variety x(72). At the end of this section, we justify the assumption that gluing at ©
can be avoided.

4.1 Convergence of monopoles on a 3-manifold with a long neck

We need to introduce some ad hoc assumptions on the class P of perturbations for
the Seiberg-Witten monopoles on Y (r), so that it behaves nicely under the splitting
r — 0o. We consider perturbations of the monopole equations as in (4), induced by
the perturbations of the Chern-Simons-Dirac functional. Notice that, if we choose a
perturbation with compact support on the manifold V' with infinite cylindrical end,
this perturbation induces a perturbation on Y (r), for sufficiently large r >> rq, which
is supported inside the knot complement in Y (r) (which we still denote by V).

The convergence result we prove in this section depends on a uniform pointwise
bound on the solutions (A;,;) in My (,y which is independent of r. The argument for
the manifold Y7 (r) is the same. The case of the manifold Yj(r) is also analogous, when-
ever Yy is endowed with a Spin® structure that restricts to the trivial Spin® structures

on V and v(K).

In order to derive the estimates we need, we consider first, for Y a 3-manifold
(either without boundary, or with boundary 72) a functional on the configuration
space of U(1)-connections and spinors of the form

Evud) = [ (IVavP + S0P + SIFAP + Glow,0) + u ) av (36)

Here we consider compactly supported perturbations u of the form described in Section
2.

Lemma 4.1. If (A, 1)) is a solution of the perturbed SW equations
(*FA - U(¢a ¢) — My @Alﬁ) = (05 O)a

on a compact 3—manifold Y without boundary, then we obtain

Evuldh) = [ Fanp (37)

Y

If we consider an open submanifold Z C Y with boundary 0Z = T?, such that the
perturbation p is supported away from 0Z, then for the functional £z, we have

E1p(A,)) = /Z Fonp- /3 oi05), (38)
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where we write the connection and spinor as (a,a, B) on T? = 0Z. In particular for a
cylinder region Z = T? x [s¢,51], and perturbation term p supported away from Z, we
have

fla(s1), als1), B(s1)) = fla(so), als0), B(s0)) = Ez7,u(A, ), (39)

where we write (A, 1) in the form (a(s), a(s),B(s)) on the cylinder Z.

Proof. First notice that we have
K 1
[ 10202 do = [ 196 + S WP = 0Fa -0,
Yy Y

Here the term %(*FA -1p, 1)) can be written as —Fy A o(1,1). We also have

[ 15 Ea = 0t) = o =
Y

/ FAP + lo(, ) + ul? dv +2 / Fa A (o4, ) + ).
Y Y

Thus, we can rewrite the functional (36) in the form

Eua) = [ 104 + 51+ Pa—othi) ~uP o+ [ Fang

The identity (37) for a compact manifold then follows. In the case of (38) for Z with
0Z = T?, see the proof of Lemma 3.3, the boundary term is the difference of

/Z (1949 — (PP arp, ) dv

and

/Z (Va2 — (VT ath, ) do.

The last case (39) for a cylinder follows, since by the assumption on the perturbation
term [ F4 Ay is trivial, and the boundary terms give the variation of the functional f
along the cylinder. O

Notice that the above result allows us to obtain estimates for the L? norms of 1,
Va1, and Fjy.

Lemma 4.2. Suppose we are given solutions (A,,1,) of the perturbed Seiberg- Witten
equations (4) on the compact 3-manifold Y (r), with a perturbation p supported in the
knot complement V. C Y (r) for all r > ro. Then we have pointwise bounds

W] < K(Y),  [Fa(y)] < Cs(Y))?,

fory € Y(r), where C,k(Y) are constants independent on r.
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Proof. Consider k(Y (r)) = maxycy () {—r(y) + C,0}, where s(y) is the scalar curva-
ture and C' is a constant depending only on the perturbation p. Notice that, by our
assumptions on the choice of the perturbation, we can assume that C is independent
of r. The minimum of the scalar curvature also remains constant upon stretching the
cylinder T? x [—r, 7], so that we have (Y (r)) = x(Y) for all r > 0.

The Weitzenbock formula provides a uniform bound on the spinors in terms of the
scalar curvature, namely at a point y where |1, (y)| achieves a maximum we have either
¥r(y) = 0 or |¢.(y)|> < —k(y) + C. The pointwise bound for the curvature form Fj,
follows from the bound on |, | and from the equations. O

Using these pointwise estimates and the results of Lemma 4.1, we obtain L? and L?
estimates.

Lemma 4.3. Suppose we are given solutions (A,,1,) of the perturbed Seiberg- Witten
equations (4) on the compact 3-manifold Y (r), with a perturbation p supported in the
knot complement V- C Y (r), for r > ry.

(i) Consider an open submanifold Z C Y (r), with Z = T? a slice in the product
region of Y (r). Then the values f(ar, ., Br) on 0Z are uniformly bounded in r > ry.
Here the (ar, oy, (3;) are restrictions to 0Z of the solutions (Ay, ).

(ii) The total variation of the functional f along a cylinder Z, = T? x [—r,r] C Y (r)

is uniformly bounded in r > ry.

Proof. Applying (37) of the previous Lemma together with the assumptions on the
perturbation, we obtain

k(Y (r
c< _lep’"“%z(Y(ro)) < Eyviryu(Arstr) = /Y( )FA, Ap <,
ro

with k(Y (r9)) = max(—«(y) + C,0), for y € Y(rp). We are using the fact that the
scalar curvature satisfies 5 = 0 on the cylinders T? x [—(r — rq), 7 — 7], and the lower
and upper bounds by constants ¢, C' > 0 independent of » > r( follow by the pointwise
bound on 1), and Fy4,. The constant C’ depends on the perturbation p.

Now consider the case of a compact set Z = V Ug2 [0,79] X T? in Y (r). Applying
(38) of the previous Lemma we estimate

r(Y (ro))

0 < =" ) < EaulAri ) = floz + [ Fa A

with the boundary term
floz = flar,ar, ) = _/(9 (araié*,&") dvpe.
Z
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By the assumptions on the metric and on the perturbation we know that on
Z¢ = Y(r)\Z we have £zc, > 0, and g = 0, hence Ezc,, = flaze = —flaz > 0.
Moreover, for Z of the form as above, we have

—C'S/FAT/\uz/ Fy Au<C.
Z Y (ro)
Thus we have an estimate

c—C' < f(araaraﬁr) <0.

In the case of the cylinder region Z,, by considering the two components in the com-
plement Z¢ and arguing as above, we obtain uniform bounds on f(a,(r), ar(r), 8- (1))
and f(a,(—r), ar(—7r), Br(—r)). The variation

f(ar(r)a Ozr(’l“),ﬁr(’l“)) - f(ar(_r)a ar(_r)aﬁr(_r)) = 5Zr,p(AT7r‘/)7‘)

is therefore uniformly bounded in r > r. O

Lemma 4.4. Suppose we are given solutions (A,,1,) of the perturbed Seiberg- Witten
equations (4) on the compact 3-manifold Y (r), with a perturbation p supported in the
knot complement in Y (r), for r > ro. Suppose given a compact set Z of the form
V Up2 [0,70] X T? or v(K) U2 [—r,0] x T? in Y (r) with r > ro. Then we have uniform
bounds

IVatrlBay < Cls)y,  1Fa, 2z < Clia )

where C(k, ) is a positive constant, depending on the scalar curvature and on the
perturbation, independent of r > ry.

Proof. In order to derive the estimate for the L?>-norm of V 44, we use the result of
Lemma 4.3. We have

K
¢ < IVatrlas + [ JlonPo <0

and

1 2 K 2 /
c< EHFATHL%Z) + /Z Z|¢r| dv < (C".
Since the second term is uniformly bounded in r > 7, we obtain the result. O
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Notice that the uniform bound on the curvature justifies our choice of the finite
energy condition (12) for monopoles on the manifold V' with infinite cylindrical end.

Now we can establish the convergence result for the Seiberg-Witten monopoles on
Y(r) as r — oo.

Proposition 4.5. Assume that the metric on Y (r) and the perturbation are chosen as
specified in the beginning of this section. Suppose the moduli spaces M;‘,(r) (s,) are non-
empty for r >> 0, and let (A,,v,) be a solutions representing elements in M;(r)(ﬁT).

(a) For any fized compact set Z =V Upa (T?x (0,79]) C Y (r), there exist gauge trans-
formations A\, on Y (r), such that a subsequence of A\.(Ay, 1) converges smoothly
on Z to either a solution (A', ") with [A’,4'] in My (s'), or to a solution (aZ,0),
with [a?,,0] in Mg(z?() (s") = x(v(K),Y).

(b) The solutions A, (A, ;) restricted to the cylinder [—r,r] x T? converge smoothly

on compact sets to a constant flat connection as on T2,

(c) Let 0x[A' 9] = al be the asymptotic limit, that is, an element of x(T?,V).
Then there exist two gauge transformations X' and X" on T? that extend to V and

!

v(K) respectively, such that we have N"a", = Nal, in x(T?,Y).

(d) In the case of Yy, we obtain similarly \"a’., = Nal in x(T?,Yy). The gauge trans-
formation (\')~'N" over T? determines a cohomology class in H*(Yy,Z) which is

the element uniquely associated to the Spin® structure s on Yy.

Proof.

(a) Suppose we are given a fixed compact set Z = V Up2 (T? x (0,70]) in Y (r).
We show that a sequence of elements [A,, ;] of M(Y (r),s,) has a subsequence that
converges smoothly on Z to a solution of the equations. The same result holds for
compact sets Z of the form T2 x [—rg, 9] U2 v(K). These results were essentially
established in [13].

The estimates of Lemma 4.3 and Lemma 4.4 show that there is a uniform bound
for the L? norms

lrllr2(zy < Clhy )y I1Fa 202y < Clk, ).
This implies an L? bound on the connections
[Ar — Aollp2(z) < C - C(k,p),

with the constant C depending on the fixed compact set Z, and independent of r > rg.
The bound

IV A, ¥rllp2z) < Clh, 1)

36



of Lemma 4.4, together with the L? bound on the spinors, implies a bound on the
L2-norms of the spinors by the elliptic estimate.
Notice that here Z is a compact set of the following form

V Uy [0,70] x T?; or v(K) Upa [—19,0] x T?,
thus we have elliptic estimates in the form

19ellr2(z) < CUIVAYellrz_ 2y + el (2))s

where Z' is a smaller set Z' =V U [0,74] x T2, for some rfj < ro, cf. [20] §4.1. Since
we are only taking estimates on a fixed compact set Z of the form specified above, the
constant C' in the elliptic estimate depends on Z but does not depend on the parameter
r of the underlying manifold Y (r). For the elliptic estimate for the connections, we
choose any smooth connection Ay on det(s) over Z and gauge transformations A, in the
identity connected component of the gauge group Gy ,), such that the forms A, A, — A
are co-closed and annihilate the normal vector at the boundary T%. We use an elliptic
estimate of the form considered above for the operator d 4+ d*. Thus, we can bound
the L3-norms of the connections on Z, and use a bootstrapping argument to bound the
higher Sobolev norms as in [13] [20] [22].

Upon passing to a subsequence, we have obtained elements (A,., ;) that converge
smoothly on Z to a solution of the equations. This defines a solution (A’,4') on V
with the cylindrical end 72 x [0,00). The case of v(K) is analogous. With our choice
of metric on v(K), a finite energy solution on v(K) will necessarily be reducible.

To complete the proof of (a) we need to show that the resulting solution on V' with
infinite end satisfies the finite energy condition (12). This follows from the curvature
estimate in Lemma 4.4

(b) To prove the second claim, consider the elements x, = (A, ;) restricted to the
cylinder [—r,r] x T2. Up to a gauge transformation, they can be written in the form

zr(8) = (ar(s), ar(s), Br(s))-

The functional f is monotone along the cylinder, with variation

F(@r(r), () 5 7)) — S ay (1), (7). B (1) =
/r “vf(ar(s)’aT(S)a,Br(S))H2ds,

By the result of Lemma 4.3, there is a uniform bound, independent of  for the variation
of the functional f along the cylinder,

flar(r), ar(r), Br(r) = flar(=r), ar(=7), Br(=7)) < C.
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This uniform bound for
& S SZT,;L(AW@&T) S Ca

with Z, = T? x [-r,r], gives bounds on compact sets Z C Z, for the L?-norms
IV 4, %I, 1%0e]l, || Fa, |, as well as for the L* norm of the spinor. This is enough to start
the bootstrapping argument, with elliptic estimates as before, hence we obtain smooth
convergence on compact sets in Z, to a solution of the unperturbed SW equations on
T? x R. Such solution must be a flat connection and the trivial spinor. This implies
&z, u(Ap, 1) — 0, hence, using again Lemma 4.1 together with the estimate (19), we
obtain that the limit is actually a critical point a., of f.

Thus, up to gauge transformations, the sequence of solutions (A,,),) has a subse-
quence (A, , ;) that converges smoothly on compact sets to a pair ((4’,v'), (aZ,,0)).
In the asymptotic limit we get

lim X'(A',¢") = Nal, = \'all..

§—00

In the case of the manifold Yy,
Nal] = [N'al]

in x(7?,Yp) imply that z, = [A,,9,] € M}O(r)(ﬁk) where s corresponds to the coho-
mology class

(AN e HY(T?,72)/H
for
H = Im(H(V,2), H'(T?,Z)) + Im(H' (v(K),Z), H{(T?,Z)).
O

This completes the proof of the convergence part of the gluing theorem 1.3 for
generators. Namely, we have shown that a gauge class in the moduli space My-(,(s),
for a sufficiently large r, and perturbation as prescribed, determines an element in

MT/,Y X (T2,Y) x(V(K),Y).

4.2 Proof of Theorem 1.3

In this subsection we will construct an approximate monopole on Y (r) from any element
in My y Xy (12y) x(V(K),Y), and study the gluing that will produce the corresponding
monopole on Y (r) for a sufficiently large r.

First, we define a pre-gluing operation, where we splice together solutions in Mj,
and x(v(K)) with matching asymptotic values, via a smooth cutoff function. This
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produces an approximate solution (A’ 9')#,(akh,, 0) of the monopole equations on Y (r)
for ((A',4'), (a%,,0)) representing an element in M,y X, (72 y) x(V(K),Y).

We can assume that (A’,9')|72[0,00)cy 18 in temporal gauge with asymptotic limit
(@0, 0), and there is a gauge transformation X’ on v(K) such that \'(a) = as as a
flat connection on T2. Let (A’,9') = a0 + (a'(s),%'(s)) on T? x [0,00). We can choose
smooth cutoff functions p,(s) (s € [—2,2]) with values in [0, 1], satisfying p,(s) =1 for
s €[=2,—1] and p,(s) =0 for s € [1,2] with 0 < p(s) < 1.

Define the pre-gluing map with values in B(Y (r)) by setting

Ty = (A7¢)
= (A, ¢)#)(al,,0)
(A, ") on V(r —2) (40)
= oo+ pr(s)N'(a'(s + 1), 9 (s + 7)) s €[-2,2]
N'(al,0) on v(K)(—r +2)

Definition 4.6. An approximate solution is by definition an element in the image
of the pre-gluing map (40). We use the notation

My (ac0) = Ot (ase) C My

Then U(ax,r) 1is defined to be the image of the pregluing map (40)
B9 My (ae) X [, 0] = B(Y(1).

In order to show that the approximate solutions in U(a~,r) can be deformed to
actual solutions of the monopole equations on Y (), we consider the span of eigenvectors
corresponding to the small eigenvalues of the linearization operator at the approximate
solutions.

Consider the linearization operator of the Seiberg-Witten equations on Y (r) at the
approximate solution (A’ y")#%(al% ,0)

L gy star 005 ) + Goar wysagar o (F)
Ha (g, 0)(F 00 9) = { G(* v, )(a $) (AR 0)

(A7 ") #2001 F°
We also need the linearization operators of the Seiberg-Witten equations on V' and
v(K) with infinite cylindrical ends, as defined in the deformation complex (21), acting
on L? forms and spinors:

L gy , G P
H(A',w')(f,a,qﬁ):{ G(*A (@ @) + Garyn (F)

_ ) Lo ) + Gy, 0)(f)
G?a” 0) (a’ ¢) ’

00

H(ago,(]) (fa «, QS)
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where the operator L is defined as in (22). We think of Har yr)u0( o) as acting on
the elements («, ¢) in the L? tangent space of the configuration space over the closed
manifold Y'(r). We continue to denote by H(4 g and H, o) the operators defined
in the deformation complex (24) acting on the extended L? spaces of connections and
spinors, over V and v(K) respectively.

Now we discuss the eigenfunctions corresponding to slowly decaying eigenvalues of
these operators. The model for our analysis of the operator H(ar yn 40 ) is based on
the work of Capell, Lee, and Miller [3],[4]. With operators differing from a translation
invariant operator by exponentially decaying terms, we shall adopt the more general
setting as in the work of Nicolaescu, [28].

We use the following result, which is the analogy in our context of Theorem A of

3.

Proposition 4.7. Assume that as is a point in x(T?) away from a small neighbour-
hood Ug of ©. Let

N(r) =dim Kerpz(Har yry) + dim Kerp> (Hgn o)) + dim Ker(Qa.,)-

Then, there ezists an N (r)-dimensional family of eigenvectors of the operator
H 1 yrypo(am gy with eigenvalues satisfying A(r) — 0 as r — oo at the rate at most 1/r.
The dimension N (r,r~1%9)) of the span of eigenvectors of the operator H g1 yrypo(ars 0)

1+e€)

with eigenvalues A < 15 given by

N(r,r=0F9)) = dim Kerps (H ar ) + dim Kerpz (Hgr o)) + dim &y N £,

where ¢1 and lo are the two Lagrangian submanifolds in Ker(Q..) = H'(T%R), de-
termined by the extended L? solutions of H( gy (o, ¢) = 0 and Hg g)(c, ¢) = 0.

Proof. In order to prove the first claim it is sufficient to check that elements of
HY(T? R) = Ker(Q,,,) give rise to approximate eigenfunctions on Y'(r) with slowly
decaying eigenvalues, that is, with eigenvalues \(r) satisfying A(r) — 0 at most like
1/r. The first statement is then an analogue, in our case, of Proposition 6.B of [3].
Suppose we are given an element £ € Ker(Q..). If x(s) is a cutoff function
supported in [r/2 — €,37/2 + €] satisfying x(s) =1 on [r/2,r], we have an estimate

1005 + Qaco )XE Nl L2 (v (r)) < C
Xl L2 (v (r)) -

.
This implies a similar estimate for the operator H s yryuoar 0y on Y(r), for r > g

large enough, since we are assuming that this operator differs from 05 + @, by terms
that are exponentially small in r. This is the setting used in [28].
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The second part of the statement can be derived from the asymptotically exact
sequence

0 = K(r~ () o Ker$S (Hoa yy) ® Ker§3(Hir o)) = €1 @ lo — 0,

as in the Main Theorem of [28]. Here K(r~(1+9)) denotes the span of the eigenvectors
of H g1 yry#0(an gy With small eigenvalues that decay at a rate of at least r= (119 We
use the notation K eri‘it for the extended L?-solutions, and ¢; for the asymptotic values
of the extended L?-solutions. O

Proposition 4.7 yields the following.

Corollary 4.8. There are no fast decaying eigenvalues, that is, in our problem

N(r,r_(l“'f)) = 0. However, there is a non—trivial family of eigenvectors of the lin-

[eox)

earization Har yryuo(ar 0y at the approzimate solution (A7 4p"#0(all,, 0), with slowly
decaying eigenvalues, satisfying A(r) — 0 at most like 1/r.

Proof. We have
dim Kerp> (Har yy) = dim Kerpz (Hq o)) = 0.

Moreover, for a generic choice of the perturbation of the monopole equations on
V, the Lagrangian subspaces ¢; and /¢ intersect transversely. Thus, we have
N(r) = dim Ker(Q,.,) and N (r,r~(119)) = 0. The previous Proposition shows that the
span of eigenvectors with slowly decaying eigenvalues is non—trivial. In fact, it shows
the existence of (at least) a two dimensional family parameterized by the elements of
HY (T% R) = Ker(Q,..)-

4

Suppose we are given an element (a, ¢) on Y (r) such that z, + (a, ¢) is a solution
of the monopole equations on Y (r). Then (a, ¢) satisfies

Hy, (a'a ¢) + Ng, (a'a ¢) + z](II;T) =0,

where 3 is the error term defined by

() = ( *FA_((;E:’ZT’/)) - )

as by equation (4), and N is the non-linear term

o(9,9) ) |

NA,w(a‘aqs) = ( CL.QZS
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Though we do not treat the more general case in this paper, we mention that one
can consider the same argument with an additional perturbation term P(A, ). In this
case, an additional term P(A,1)) enters the expression for the error term ¥ (z,), and
an additional non-linear part NPy 4 of the perturbation

NPyy = P((A,4) + (a,9)) = DPayl(a,¢)

is added to the expression of N4 ,. This case will be discussed elsewhere.

Choose A = A(r) > 0 such that A(r) is not an eigenvalue of Hy, = Hiar yr)yu0(a 0),
for all approximate solutions x, = (A’,9")#2(aZ,,0) in U(ax,r). Consider the projec-
tion maps II(A(r), z,) onto the span of the eigenvectors of H,, with eigenvalues smaller
than A(r).

The condition that, for a given approximate solution z,, the element x, + (a, ¢) is
an actual solution of monopole equations can be written as a system of two equations:

I(A(r), zr)(N(a, ¢) + E(z)) = 0 (41)

Hy, (a,¢) + (1 = II(A(r), ) (N (a, ¢) + X(z,)) = 0. (42)

If the equation (42) admits a unique solution (a,¢), then the condition that
z,r + (o, ¢) is a solution of the monopole equations on Y (r) can be rephrased as the
condition that (41) is satisfied, with (a, ¢) the unique solution of (42).

The second equation (42) can be written as the fixed point problem

(a,¢) = —H, '(1 = II(A(r), z;)) (N (a, ¢) + E(zy)). (43)
The following result proves existence and uniqueness of the solution to (43).

Lemma 4.9. There exists a positive constant C > 0, such that, if a given approxi-

mate solution x, satisfies |S(xzy)||r2(y(ry) < Ce(r)?, for some small and positive €(r)

satisfying €(r) < /\2(—9, then the map

To(a,¢) := —H, (1 = IL(A(r),z,)) (N (a, ¢) + S(ar))

maps the ball B,y = {(a,¢)| ||(a, QS)“%%Y(r)) < €e(r)} to itself and is a contraction on
1
BG(T)'

Proof. Let C' > 0 be a constant such that the quadratic term satisfies the estimate

IN(a,¢) = N(@, )2 < Cll(a, $)ll12 + 11(@ P22 (a, ¢) = (@, )l .2,

independent of > rg. This follows from the Sobolev multiplication theorem in dimen-

sion 3.
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On the image of (1—TII(A(r), z,)), the operator H, ! is bounded with norm bounded
by A(r)"'. We have an estimate for (a, ¢) € By

17 (a, )l 22 (v ()

< sy lN(a, d) + S(@n)ll v
Ce(r)? | [P@n)llr2 v )

< A(r) A(r)

< 2 <),

which implies that 7, maps the ball BG(T) to itself.
Let (a1, 1), (a2, ¢2) € Be(r), we have

17r (a1, ¢1) — Traz, d2) L2 (v ()

< smlIN(ar, 1) = N(az, ¢o2)|l 12
< %“(alﬁl) + (az, ¢2)||21l(a1, ¢1) — (a2, ¢2) |12
Ce
< 2 |(ar, 1) — (a2, 8)l12-
Thus, from €(r) < /\2(—2,) as chosen, we obtain that 7 is a contraction on B.). O

Proposition 4.10. For sufficiently large v > ro, and for all approzimate solutions x,
in U(aoo, ), there exists a unique solution (a,d) of (42), such that equation (41) is
trivially satisfied.

Proof. For all approximate solutions z, in U(as,7), we have an estimate on the error
term

IZ (@) llz2 vy < Ce™

for r > 7y, which follows from the exponential decay estimate proved in Proposition
3.8. Thus, we can apply Lemma 4.9, with A\(r) = O(r~(1+9) and €(r) = O(e 7"/2).
By Corollary 4.8 we know that, for A(r) = O(r~(1+9), the projection II(A(r),z,) = 0,
hence the solution (a, ¢) of (42), provided by Lemma 4.9 also satisfies trivially equation
(41).

O

Thus, the resulting element z, + (a, ¢) is a true monopole solution on Y (r), close
to the approximate solution z,. This completes the proof of the gluing theorem 1.3.
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4.3 Metric

Concerning the metric after surgery, on v(K) inside Y; we consider the metric g; as in
the following Lemma 4.11, which is due to Liviu Nicolaescu [29].

Let ¢ = du® + dv? with S du A dv = 472, where the torus 7 is the boundary of
the tubular neighbourhood of the knot v(K) in Y. We introduce a choice of a metric
on v(K) inside Y7, for which we can still derive the result that the moduli space of
monopoles on v(K) inside Y] consists of the circle of reducibles.

Lemma 4.11. (Nicolaescu) Let A be an element in SL(2,7). Suppose we are given
e > 0 sufficiently small. Consider the flat metric on T? given by go = A*g. There exists
a constant ¢ and a smooth path g(s) (s € R) of flat metrics on T? with the following
properties:
(i) g(s) = 5%90, forall s <€ and g(s) = g1 for all s >1—¢;
(ii) g1 = g(1) is a metric of the form g1 = kidu?® + kodv? with positive constants k;;
(iii) The scalar curvature of the metric § := g(s) + ds? on T? x R is non-negative;
(iv) The metric g1 can be extended to a metric inside the solid torus v(K) with

positive scalar curvature.

Proof of Nicolaescu’s Lemma: Choose a unit vector 0, with respect to the metric %go,

and complete it to an oriented orthonormal frame. Let {¢1,p2} C Q'(T?) be the dual
coframe. This is related to {du,dv} by

w1 =du+ apdv 9 = kdv,

for some positive constant & > 0.
The path g(s) is defined by requiring that the coframe

p1(s) = du+ a(s)dv p2(s) =kdv

be orthonormal with respect to g(s), where a(s) is a smooth function satisfying a(s) = 0
for all s > 1 —e€ and a(s) = ag for all s < e. The only conditions that need to be verified
are (iii) and (iv).

We have an orthonormal coframe {(pg,¢1,p2} on X = T? x R, with respect to
the metric g, with ¢y = ds, and a corresponding orthonormal frame {eg,e;,ea}. The
Levi-Civita connection is of the form

0 Tz Yy
F=| -z 0 =z z,y, 2z € QHX).
-y —z 0

The Cartan structural equation gives dg = T' A @, with @ = (o, @1, 92). By the

expression of ¢;, we have

a
dpo = dps =0, dp1 = AL N pa,
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hence we obtain
zANp1+yNps=0,

%900/\902:—$/\<,00+z/\<,02,
—yNpo—2zNp1=0.

These equations imply

) 0 Y2 1
r=21 - 0

ok ©2 ©0

-1 —po O

Thus, we can compute the scalar curvature of § = g(s)+ds? on T? x R which is 3(a/k)?
by direct calculation.
Claim (iv) then follows by noticing that any diagonal metric of the form

g1 = kidu® + kydv?

realizes the torus 7' metrically as the product of two circles of different radii. Each can
bound a hemisphere, endowed with a positive scalar curvature metric, thus extending
g1 to a metric on a solid torus, with positive scalar curvature.

O

4.4 Lines in x(77?)

In this subsection we justify why it is sufficient to consider the gluing map in Theorem
1.3 away from the singular point © € x(T?).

Lemma 4.12. The intersection points e M3 N x(v(K)), with x(v(K)) C x(T?) the
circle of reducibles for v(K) in either Y, Y1, or Yy, are contained in x(T?)\Ue, for
some neighborhood Ug of the singular point ©. Thus, the gluing of Theorem 1.8 happens
away from the reducible point.

Proof. The torus 72 inside Y inherits from the trivial Spin structure of Y the non-
trivial Spin structure in which both circles (longitude and meridian) bound, that is,
the one determined by the element (1,1) in H'(T?,Z5). Introduce the coordinates u
and v on H'(T?,R), defined by the property that, under the projection to x(72), they
satisfy the following condition. For [A] € x(T?), v([A]) is the holonomy around the
meridian m and u([A]) is the holonomy around the longitude [. Under this coordi-
nate system, the singular point © is given by (1,1) in x(7?), and the reducible circle
x(V) = MI¢ is given by {u = 0}. Also for the unperturbed Seiberg-Witten equations

45



on v(K) C Y, with the metric of non-negative scalar curvature, strictly positive away
from the boundary, the reducible circle x(v(K),Y) is given by

Ly := {v =0} C xo(T?Y).

Similarly, in the case of Y7, choose a metric with a long cylinder [—r, 7] x T2, which
agrees with the original metric on Y when restricted to the knot complement V', and
such that the induced metric in the torus neighbourhood v (K) is as described in Lemma
4.11, then the reducible circle x(v(K),Y7) is given by

Ly, == {v—u=1} C xo(T? Y1).

We might have expected that the reducible case would be Ly, := {v —u = 0} from
the +1-surgery manifold Y;. The shift is due to the fact that 4+1-surgery changes the
underlying Spin structure (1,1) by tensoring with a flat Zy-bundle of class (0,1) in
H'(T?,Z5). In the case of Yy, the reducible circle x(v(K),Yp) for the unperturbed
equations is mapped to a circle {u = 0} C x(7?). This is because

X(T27V(K)) = X(T27 V) = X(T27Y0) =R x Slv

so that x(v(K),Yy) consist of a Z-family of circles given by {u = 2k, k € Z} where u is
the coordinate of R in R x S'. The gluing map on the fiber product

M*V,Yo XX(TQ,YO) {U = 2k}

would correspond to the moduli space My (si) where s is the Spin® structure with
c1(detsy) € H?(Yy,Z). For the trivial Spin® structure s, there would be a circle of
reducible monopoles in My, (s¢) resulting from gluing the reducibles x(V,Y)#{u = 0},
we need to introduce a small perturbation inside v(K) such that x(v(K),Yy) = {u = n}
where 7 is small number in R for the trivial Spin® structure sg.

Clearly, in all the cases, x(v(K)) does not go through the singular points {7~(0)},
hence there is no need to consider the gluing map at the singular point ©. Note that,
after perturbing the metric inside a compact set on the manifold V' with an infinite
cylindrical end, we can make the open ends in My not limit to any intersection points
of x(V) = MI¢? = {u = 0} with any circle x(v(K)) for either Y, Y; or Y.

(]

Thus, with our choice of metric as in the previous subsection, and with the choice
of perturbation as in Theorem 3.10, we see that the gluing result stated in Theorem
1.3 holds for the manifolds Y, Y7, and Yy. This completes the proof of Theorem 1.3.

Remark 4.13. Note that gluing the reducible monopoles on'V and v(K) with matching

boundary condition just gives the extension of the flat connections to the whole manifold
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(after a possible gauge transformation). We call this the trivial gluing. The unique
reducible point 6y in My is obtained by the trivial gluing of the unique intersection point
between the lines Ly = {v = 0} and {u = 0} = 7= (x(V)) C x(T?%Y). The unique
reducible point Oy, in My, s obtained by the trivial gluing of the unique intersection
point between the lines Ly = {v —u =1} and {u =0} =7 (x(V)) C x(T?, Yp).

5 The geometric triangle and proof of Theorem 1.1

In the previous section, we showed that the moduli spaces for irreducible monopoles
on Y,Y] and Y, are given by the gluing maps on the following fiber products:

M;(’(r) = M"{/’Y Xx(TZ,Y) {1) = 0},

M*Yl(r) = M*{/;YI XX(TZ:YI) {U —u= 1}’

M’{/O(r)( k) = *VYO x(T2,Yp) {u =2k}, for k #0,
My, (8 (80) = My, Xxzy0) {v =},

(44)

where (u, ) is the coordinate system on x(7?) and its covering spaces, n > 0 is a small
parameter, and r >> 0 is a sufficiently large number. We can study these moduli
spaces on the common character variety x(72,Yy) which can be identified as a cylinder
R! x S1. Specifically we take it to be the domain (see Figure 1)

{(u,0)[u € Rv € [-11]}/{(u, =1) ~ (u, 1)}

in which the lines corresponding to Ly, Ly, and Ly, (s;)(k € Z) are drawn.

A A A AL
VAR A7 A7

Figure 1: The geometric triangles

In this section, we introduce a suitable perturbation of the curvature equation,
supported in the solid torus D? x S', that simulates the effect of surgery such that the
reducible line corresponding to v(K) C Y is given by the curve v = f'(u) as shown in
Figure 1.

For a generic perturbation we can assume the curves do (M) stay away from the
intersection points {Ly N Ly,, Ly N Ly,, Ly, N Ly, }, hence 0 (M5;) is away from small
neighbourhood U of those intersection points. Then we can choose a function f : R - R
such that the curve v = f'(u) is arbitrarily close to Ly, and Ly, away from the region
U. This curve is illustrated in Figure 1. The closeness can be measured by a small
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parameter €, such that as e — 0, v = f’(u) approaches Ly, and Ly, away from the
region U. We suppress the dependence of v = f'(u) on e.

Fix a U(1)-connection Ay representing (0,0) on x(7?). For any U(1)-connection A,
define T4 to be

T,(A) = —i/{ }xSl(A — Ap), (z € D?).

Choose a compactly supported 2-form p representing the generator of H, gpt(DQ x S,
such that we have [ D2xipty b = 1 for any point on S'. Under the isomorphism
H gpt(y(K )) = Hi(v(K)), given by Poincaré duality, this form corresponds to the gen-
erator [u] = PD,g)(l). The class of p in H*(D? x S') is trivial, and we can write
wipryV =1, 1e. v=PDqe (7).

Now perturb the Chern-Simons-Dirac functional on v(K) C Y (r) by adding the

term

= dv, where v is a 1-form satisfying [q,

v
D2
Then the perturbed Seiberg-Witten equations can be written in the following way:
{ Fa=xo(,¢) + f(Ta)pn
Pay) =0

Denote the moduli space of (45) (with generic perturbation from Py) on Y (r) by My,,.

(45)

With respect to the chosen metric on v(K), with sufficiently large positive scalar cur-
vature on the support of u, the only solutions of the perturbed monopole equations on
v(K) C Y (r) are reducibles (A4, 0), that satisfy

Fy= f'(Ta)p. (46)

With these preliminary results in place, we can prove the main theorem (Theorem
1.1) of this paper.
Proof of Theorem 1.1. This now follows from the previous discussions and the
gluing map (cf Theorem 1.3). From Theorem 1.3 and the surgery perturbation (45) on
v(K) C Y(r), we have

Mf/ = Mﬂ\‘/,Y Xx(T2,Y) {v = f'(u)}.

Since we are gluing away from the lattice of 771(©), the limiting points of the open
ends of M, and the neighbourhood U of the intersections between the character lines,
we obtain that solutions of the equations (45) can be identified with

My, =My X2 vy { either v —u =1, or u=2k,0# k € Z or u=n},
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when the curve v = f’(u) is sufficiently close to the line {v —u = 1} on x(7?,Y7) and
the line

{u=2k0#keZ}, and {u =n}
on x(T?,Yy) (see Figure 1) away from U. This shows that

My, 2= My, U My (s),

Sk

as claimed in Theorem 1.1.

6 Relative grading

In this section we show that the grading of the Floer complex C,(Y, ), defined with
respect to the unique reducible point 6y, induces compatible gradings on the Floer
complexes C, (Y1) and C,(Yp, ;). The main tools we need in this Section are splitting
formulae for the spectral flow, as in [4], [9], [26]. We shall first set up the necessary
notation.

On the space x(T?,Y,) whose tangent space at any point is H'(72,R), we introduce
the symplectic structure: (a,b) — [r» aAb, fora,b € H Y(T?,R), consider the following
Lagrangian submanifolds of x (72, Yp)

ng = Tr*(aoo(Mu(K),Yl)) = {(uav) € R2|’U —u= 1}7

where
™ x(T?%,Yy) = x(T?%,v(K))

is the covering map. We can identify this Lagrangian submanifold with a constant path
of Lagrangian subspaces in H'(T?,R), given by the tangent spaces along fy,, which we
denote #1(t). Similarly, we can consider the lines

by, (k) = {(2k,v)lv € R},
for any fixed 0 # k € Z, and

by, (0) = {(n,v)|v € R},

then we have

Urezlyy (k) = 0o (My(k),v5)-
Each Lagrangian submanifold £y, (k) in x(T?,Y;) determines a path fy, (k) of La-
grangian subspaces in the tangent space H 1(T2, R).
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Moreover, there is a smooth curve

by = 1" (Oos (M) y7)) = {(u,0) € R |v = f'(u)},

with 7 : x(T2,Yy) — x(T? v(K)). We can form smoothly varying Lagrangians of
H'(T?,R), by taking the tangent space along the curve. We denote the resulting
Lagrangians by ZM.

Given any choice of two Lagrangians {4+ in the tangent space H'(T2,R)
at the same point on x(72,Y;) we can define the operators that linearize the
monopole equations on the manifolds with boundary V(r) = V Ups T? x [0,2r] and
v(K)(r) = v(K) Up2 T? x [0,2r]. More precisely, for a sufficiently large r > rq, the
gluing theorem gives a splitting (A,) = (A',9¥")#,(a,0), and we can consider the
operators (Cf. Section 4.2) on the extended L? spaces

Hiyyni,  L1(Pr @ 0.) — L2

H i Li(Peel) = 12

(A”9")
where Py are APS boundary conditions [1] on the extended L? forms and spinors.

Suppose we are given a path £(7) of Lagrangians in H' (T2, R), which can be written
in the form l7(7') = Ty(r)¢, for some Lagrangian submanifold ¢ of x(T?,Yp) with a regu-
lar parameterization a(7). Assume that, for 0 < 7 <1 the arc a(7) of the Lagrangian
submanifold ¢ avoids the lattice of {x~!(0)} and the limiting points of d.(M;;) on
the circle x (V). Moreover, we assume that we have ¢ and b in £N ¢y, and that £ and
/y, intersect transversely. Assume the arc of ¢y, between these endpoints is parame-
terized over the same interval 0 < 7 < 1. Moreover, for small enough € in the surgery
perturbation y, there are distinct points a® and b€ in £N£,,. We can assume that, for e
sufficiently small, also £ and /,, intersect transversely, and there are parameterizations
of the arcs of Lagrangians £ and /£, with endpoints ¢ and b°.

We have the following result, which is the key lemma in the comparison of the
Maslov indices.

Lemma 6.1. With the hypothesis as above, we have
Maslov(£(7), by,) = Maslov(£(7), £,(T)),

where the first Maslov index is computed with respect to the parameterizations with
endpoints a and b, and the second with respect to the parameterizations with endpoints

a® and b¢, as specified above.

Proof. By applying the properties of the Maslov index (cf. [5], Section 1), we can see
that the claim follows, upon showing that we have

Maslov(£,(7),0y,) = 0

which is obvious by the choice of £,(7) and fy;. O
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As a consequence of this result, we obtain the following proposition relating the rel-
ative gradings on M3, and M3, respectively. Given a path {(4'(),9'(7))|r € [0, 1]},
and a corresponding path {(a(7),0)|7 € [0,1]}, we can consider the corresponding paths
of operators Hu:(r),y/(r))» Ha(r)0)» 30 H(ar(r) /(1) (a(r).0)-

Proposition 6.2. Suppose we are given two irreducible critical points a = [Aq, ] and

b = [Ap,1bp] in My, , and the corresponding elements o = [Ag, 5] and b = [A}, 5] in

*
Yo Then we have

degy,u(ag) - degy,#(bg) = degy;, (a) — degy, (b).

Proof. Under the pre-gluing map, we can assume that (A§,v¢5) and (Af, ;) are
connected by a path (A'(7),4'(7))#,(a(7),0) (7 € [0,1]), where we have

(A5, ¥5) = (A'(0),4'(0))#+(a(0),0),
(Af, b)) = (A'(1),4'(1))#+(a(1),0).
Then by definition,
1
degy.,(Ag, ¥g) — degy, ,(Ap, ¥p) = ﬁSFy(r)(H(A'(T),¢'(T))#,(a(T),o)),

We can compute this spectral flow with the splitting formula on Y (r) from (Theorem
C of [4]). We obtain

ESF(H(A,(T),’(LY’(T)),Z(T)) + MGSZOU(Z(T), g’u) + GSF(H((L(T),O),EM)'

With the analogous splitting formula on Yi(r), by applying the Capell-Lee-Miller de-
composition of the spectral flow (Theorem C of [4]), we obtain

dng1 (Aa, ‘11/)(1) - dng1 (Ab, 'lz/)b)
= €SF(H 41y 0 (m.ir) + Maslov(U(r), b)) + €SF(H 1y 0)7,)-

In both cases, we can assume that we consider the same boundary value problem (the
same choice of Lagrangians) for the operator on the knot complement V. We choose
¢,, or £, for the operator on the tubular neighbourhood of the knot v(K). The previous
Lemma shows that the quantities GSF(H(a(T),U),EI) and GSF(H(U,(T),O),Z‘L) coincide, and
that the two Maslov indices are also the same. O
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Similarly, we can now compare the relative grading of two solutions in My, (si)
with the relative grading of the corresponding solutions in My .

Again, suppose we are given a path l7(7) of Lagrangians in the tangent space
HY(T?,R), of the form #(7) = Ty (!, for some Lagrangian submanifold £ of x(12,V')
with a regular parameterization a(7). Assume that, for 0 < 7 < 1 the arc a(7) of
the Lagrangian submanifold ¢ avoids the lattice of {7~!(©)} and the limiting points
Ooo(M7,) on the circle x(V'). Moreover, we assume that we have a and b in £ N 4y, (k)
and that £ and /fy, (k) intersect transversely. Assume the arc of ly, (k) between these
endpoints is parameterized over the same interval 0 < 7 < 1. Moreover, for small
enough € in the surgery perturbation p, there are points a® and 6¢ in £N£,. We can
assume that, for e sufficiently small, also £ and /,, intersect transversely, and there are
parameterizations of the arcs of Lagrangians £ and £/, with endpoints a® and b°.

With these hypothesis we have the following lemma, whose proof is analogous to
the proof of Lemma 6.1.

Lemma 6.3. With the hypothesis as above, we have
Maslov(€(1), by, (k) = Maslov(£(t),£,(7)),

where the first Maslov index is computed with respect to the parameterizations with
endpoints ag and by, and the second with respect to the parameterizations with endpoints
af and b, as specified above.

We have the following proposition relating the relative gradings on My, , and My o,
(for k € Z) respectively.

Proposition 6.4. Suppose we are given a = [Ag,%s] and b = [Ap, 1] representing
two elements in My, q,, and let a° = [Ag, 5] and b = [A}, ;] be the corresponding
elements in My, . We have

dngo,sk (Ag,Ya) — dngO,sk(Abﬂﬁb) = dng,u(AZﬂ/’Z) - dng,M(AZaT/JE) mod 2k.

Proof. With the notation as in the Lemma 6.3, we have

(Aa, %) = (A'(0),9'(0))#(a(0), 0);

and
(Ap, ) = (A'(1),9"(1))#(a(1),0).
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We can calculate the relative grading using the splitting formula on Yy(r)

dngo,sk (Aa? ¢a) - dngo,Sk (Ab? ’l/)b)
= (eSF) (H(A'(T),qp'(r))j(r)) + Maslov(¢(1), 4y (7)) + ESF(H(a(T),U),EO(T))

We can then compare directly these terms with the corresponding terms in the splitting
formula for the spectral flow of the operators on Y (r), as in the case of Corollary 6.2.
The result of Lemma 6.3 guarantees that we obtain the same result. O

Notice that the results of Lemma 6.3 and Corollary 6.4 imply that the grading
degy, defines a choice of an integer lift of the Zoi-valued relative grading of C. (Yo, s)
given by

dngO,sk (Aa7 ’()ba) - dngO,Ek (Aba 'I/Jb) = dng,u (Aaa '1;/)11) - dng,”(Aba 'l/)b)a

under the identification My, 5, < My,,. We will discuss the properties of the integer
lift C,)(Yo, 5) of Ci(Yo, ) elsewhere.

References

[1] ML.F. Atiyah, V.K. Patodi, I.M. Singer, Spectral asymmetry and Riemannian geom-
etry, LILIIT; Math. Proc. Cambridge Phil. Soc. 77 (1975) 43-69; 78 (1975) 405-432;
79 (1976) 71-99.

[2] P.J. Braam, S.K. Donaldson, Floer’s work on instanton homology, knots and surgery,
Floer Memorial Volume, Progress in Mathematics, Vol. 133; Birkhauser 1995.

[3] S.E. Cappell, R. Lee, E.Y. Miller, Self-adjoint elliptic operators and manifold decom-
positions. I: Low eigenmodes and stretching, Commun. Pure Appl. Math. 49, No.8,
825-866 (1996).

[4] S.E. Cappell, R. Lee, E.Y. Miller, Self-adjoint elliptic operators and manifold decom-
positions. II: Spectral flow and Maslov index, Commun. Pure Appl. Math. 49, No.9,
869-909 (1996).

[5] S.E. Cappell, R. Lee, E.Y. Miller, On the Maslov indez, Comm. Pure Appl. Math.,
Vol. XLVII (1994) 121-186.

[6] A.L. Carey, J. McCarthy, B.L. Wang, R.B. Zhang, Seiberg-Witten Monopoles in
Three Dimensions, Lett. in Math. Phys., Vol. 39, 213-228, 1997;

[7] A.L. Carey, B.L. Wang, Seiberg- Witten-Floer homology and gluing formulae, to ap-
pear.

[8] W. Chen, Dehn surgery formulae for Seiberg-Witten invariants of homology 3-
spheres, preprint, dg-ga/9703009.

93



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

M. Daniel, P.Kirk, with an appendix by K.P. Wojciechowski, A general splitting
formula for the spectral flow, Michigan Math. J. 46 (1999), no. 3, 589-617.

D. Freed, K. Uhlenbeck, Instantons and 4-manifolds, MSRI Lecture notes, Springer-
Verlag, 1984.

K.A. Froyshov, The Seiberg-Witten equations and four-manifolds with boundary,
Math. Res. Lett. 3 (1996), N.3, 373-390;

P.B. Kronheimer, Embedded surfaces and gauge theory in three and four dimensions,
Surveys in differential geometry, Vol. III (1996), 243-298, Int. Press, 1998.

P.B. Kronheimer, T.S.Mrowka, The genus of embedded surfaces in the projective
plane, Math. Res. Lett. 1 (1994), 797-808.

P.B. Kronheimer, T.S.Mrowka, Monopoles and contact structures. Inventiones Math-
ematicae, 130 (1997), no. 2, 209-255.

Y. Lim, Seiberg- Witten moduli spaces for 8-manifolds with cylindrical-end T? x Rt .
Comm. in Comtemp. Math., Vol. 2, No. 4 (2000) 461-509.

Y. Lim, Seiberg- Witten invariants for 3-manifolds in the case by = 0 or 1. Pacific J.
Math. 195 (2000), no. 1, 179-204.

R.B. Lockhard, R.C. Mc Owen Elliptic operators on non-compact manifolds, Ann.
Sci. Norm. Sup. Pisa, IV-12 (1985), 409-446.

M. Marcolli, Seiberg- Witten-Floer Homology and Heegaard Splittings Intern. Jour. of
Maths., Vol 7, No. 5 (1996) 671-696.

M. Marcolli, Seiberg- Witten gauge theory, Texts and Readings in Mathematics, Vol.
17, Hindustan Book Agency, New Delhi, 1999.

M. Marcolli, B.L. Wang Equivariant Seiberg- Witten-Floer homology, Commun. Anal.
Geom. Vol.9 N.3 (2001) 451-639.

G. Meng, C. H. Taubes SW = Milnor Torsion, Math. Res. Lett. 3 (1996), no. 5,
661-674;

J.W. Morgan, The Seiberg-Witten equations and applications to the topology of
smooth four-manifolds, Princeton 1996.

JW. Morgan, T.S. Mrowka and D. Ruberman, The L?-moduli space and a van-
ishing theorem for Donaldson polynomial Invariants, Monographs in Geometry and
Topology, Vol 2, 1994.

J.W. Morgan, Z. Szabo and C.H. Taubes, A product formula for the Seiberg- Witten
invariants and the generalized Thom Conjecture, J. Differential Geom. 44 (1996), no.
4, 706-788.

T.S. Mrowka, A Mayer-Vietoris principle for Yang-Mills moduli spaces, Ph.D. thesis,
(Berkeley), 1988.

54



[26] L. Nicolaescu, The Maslov indez, the spectral flow, and decompositions of manifolds,
Duke Math. J. 80 (1995) no. 2, 485-533.

[27] L.I. Nicolaescu, Lattice points, Dedekind-Rademacher sums and a conjecture of Kro-
nheimer and Mrowka, preprint, math.DG/9801030.

[28] L. Nicolaescu, On the Capell-Lee-Miller gluing theorem, preprint, math.DG /9803154.
9] L. Nicolaescu, private communication.

[30] L. Simon, Asymptotics for a class of non-linear evolution equations with applications
to geometric problems, Annals of Math. (2) 118, (1983) N.3, 525-571.

[31] C.H. Taubes, The stable topology of self-dual moduli spaces, J.Diff. Geom. 29 (1989)
163-230.

[32] C.H. Taubes, The Seiberg-Witten invariants and 4-manifolds with essential tori,
Geom. Topol. 5 (2001), 441-519.

[33] C.H. Taubes, private communication.

[34] C.H. Taubes, Gauge theory on asymptotically periodic 4-manifolds, J.Diff. Geom. 25
(1986) 363-430.

[35] R.G. Wang, On Seiberg- Witten Floer invariants and the Generalized Thom Problem,
preprint.

A.L. Carey,
School of Mathematical Sciences, Australian National University, Canberra ACT, Australia
acarey@wintermute.anu.edu.au

M. Marcolli,
Max-Planck-Institut fiir Mathematik, D-53111 Bonn, Germany
marcolli@mpim-bonn.mpg.de

B.L. Wang,

Department of Pure Mathematics, University of Adelaide, Adelaide SA 5005
bwang@maths.adelaide.edu.au

95



