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Lagrangian correspondences and Donaldson’s TQFT
construction of the Seiberg—Witten invariants of 3—manifolds

TIMOTHY NGUYEN

Using Morse—Bott techniques adapted to the gauge-theoretic setting, we show that
the limiting boundary values of the space of finite energy monopoles on a connected
3—manifold with at least two cylindrical ends provides an immersed Lagrangian
submanifold of the vortex moduli space at infinity. By studying the signed inter-
sections of such Lagrangians, we supply the analytic details of Donaldson’s TQFT
construction of the Seiberg—Witten invariants of a closed 3—manifold.

53C05; 53D12

1 Introduction

In [3], Donaldson outlines a 2 + 1 topological quantum field theoretic construction
of the Seiberg—Witten invariants of closed (oriented) 3—manifolds with by > 0. This
construction is motivated from the expectation that the moduli space of finite energy
monopoles on a 3—manifold with cylindrical ends provides an (immersed) Lagrangian
correspondence between the vortex moduli spaces at infinity. From this expectation,
by regarding the closed 3—manifold Y as a cobordism W with its two boundary
components identified, and then decomposing W into a composite of cobordisms, one
can interpret the Seiberg—Witten invariants of Y as being obtained from the composite
of the cyclic sequence of Lagrangian correspondences.

In this paper, we supply the analytic details of these expectations. Our first main
result is the following theorem which establishes the previously described Lagrangian
correspondence under suitable assumptions.

Theorem 1 Let W be a connected oriented 3—manifold with at least two cylindrical
ends. Then for any spin® structure and suitable generic coclosed perturbations of the
Seiberg—Witten equations, the moduli space of finite energy monopoles on W is a
smooth, compact, orientable manifold. Moreover, the map which sends a monopole to
its limiting value at infinity along the ends sends the moduli space of monopoles to an
immersed Lagrangian inside the vortex moduli spaces at infinity.
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A more precise formulation, which takes into account the nature of the coclosed
perturbations, is to be found in Theorem 5.9. The assumption about the underlying
three-manifold having at least two boundary components is to ensure that we can perturb
the Seiberg—Witten equations in such a way that at the limiting ends the equations can
be interpreted as a Morse—Bott flow. (Equivalently, we can perturb so that the limiting
vortex moduli space contains no reducibles.) To the author’s knowledge, Theorem 5.9
(or some version thereof) has essentially been a folk theorem since the early days
of Seiberg—Witten theory. Indeed, the conjectured equivalence between Heegaard
Floer homology and Seiberg—Witten Floer homology, recently established by Kutluhan,
Lee and Taubes in [9], is credible if one expects that the space of monopoles on the
handlebodies occurring in a Heegaard decomposition of a closed 3—manifold yield
Lagrangians in the vortex moduli space on the Heegaard surface (in the limit in which
the neck surrounding the surface is stretched to infinity). This is only a heuristic picture
of course, since the vortex moduli space one obtains from the Seiberg—Witten setup
from a genus g handlebody is a symmetric product of order g — 1 (see Lemma 3.3)
and not of order g as would be needed for Heegaard-Floer theory.

Our second main theorem makes precise the invariant that Donaldson’s construction
in [3] computes. First some notation. Let ¥ be a closed oriented 3—manifold with
b1(Y) > 0. Pick any connected nonseparating orientable hypersurface ¥ C Y and
form the cylindrical end manifold W* from the manifold W = Y \ X by attaching
two semi-infinite ends (—oo, 0] x —X and [0, 00) X X in the obvious way. Pick a spin®
structure s9 on W*. The metric and spin® structure on W* are assumed to be a
product in the natural way on the semi-infinite ends. Regard Y as W with its two ends
identified by a diffeomorphism /: ¥ — X, and let Spin(Y, s5¢) denote the set of all
spin® structures on Y obtained from sg|y by all possible ways of gluing along X.

Theorem 2 Let Y be a closed oriented 3—manifold with b1(Y) > 0. For suitably
chosen generic perturbations n € Q1 (Y;iR), let [L] denote the homology class of the
Lagrangian obtained from Theorem 5.9 applied to W* . Then we have

(1-1) Y SW(s. ) =[L]N [T,

5€Spin (Y,s0)

where the left-hand side is a sum of the Seiberg—Witten invariants of Y with respect to
the perturbation n and spin® structures belonging to Spin(Y, s¢), and the right-hand
side denotes the signed intersection of [L] and the graph 'y, induced by h inside the
vortex moduli space on —% x X. Here, a homology orientation on Y and an orientation
of [L] are chosen compatibly (each of these determines an overall sign for the left-hand
side and right-hand side, respectively).
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See Theorem 6.1 for a more precise formulation. Formula (1-1) is precisely that
which appears in [12] without proof (although see Remark 6.2), which Mark uses to
prove a (version of a) conjecture of Hutchings and Lee [7]. We should remark that
while this formula at face value appears difficult to explicitly compute, its important
feature is that it is obtained from a 2 4+ 1 TQFT-like framework. That is, there is
an underlying composition rule, whereby if we can decompose the 3—manifold Y
into simple pieces, namely, a composite of elementary cobordisms with the incoming
and outgoing ends identified, our formula (6-1) is obtained from understanding the
composite of the morphisms produced from the elementary cobordisms. Donaldson,
using only algebraic and topological arguments, provides an explicit and elegant
computation for these maps induced from elementary cobordisms which Mark then
exploits in [12]. Moreover, Donaldson himself uses his computations to recover
the formula of Meng and Taubes [13], relating the Seiberg—Witten invariants to the
Alexander polynomial, in the case of b1 = 1. In this way, we expect formula (6-1) to be
a useful addition to the list of ways one can compute and interpret the Seiberg—Witten
invariants of 3—manifolds (see also Turaev [23]). In fact, Theorem 6.1 proves more
than just formula (6-1); see Remark 6.5.

We conclude this introduction with a summary of the ideas involved in the proofs. For
Theorem 5.9, we proceed by first analyzing the (perturbed) Seiberg—Witten equations
on a semi-infinite cylinder [0, co) x X, which one can interpret (formally) as a Morse—
Bott flow restricted to the level set of a moment map. From this, we adapt standard
Morse—Bott techniques, which appear to be well-documented in the instanton literature
(see Morgan, Mrowka and Ruberman [14] and [3]), to the Seiberg—Witten case. This
allows us to give an explicit description of the moduli space of finite energy monopoles
on a semi-infinite cylinder, namely, that it is the “stable manifold” to the space of
vortices on X under the Morse—Bott flow. We then piece together the moduli space
of monopoles arising from semi-infinite cylinders and from compact 3—manifolds
with boundary (see the author [19]) via a suitable fiber product to obtain the moduli
space of monopoles on a general 3—manifold with cylindrical ends. The symplectic
properties of these moduli spaces we obtain depend upon fundamental properties of
Dirac operators and their boundary values, where a general technique known as the
“invertible double” is used in the context of weighted spaces. We also establish as easy
consequences Theorems 5.5 and 5.6, which provide Lagrangian submanifolds in the
space of connections and spinors on ¥ whose topological type is explicit. Applications
of this include the study of Lagrangian boundary conditions (see the author [18]) and
semi-infinite cycles (see Lipyanskiy [10]).

For Theorem 6.1, there are two main technical ingredients involved. The first is the
issue of gluing moduli spaces in the Morse—Bott setting. We should note that because
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we are gluing together cobordisms, the result of which is another cobordism with
possibly nonempty boundary, some care must be taken since it is incorrect to pass
to the cobordism times S! and use four-dimensional gluing. (Indeed, a monopole
on a nonclosed 3—manifold times S! need not be pulled back from a monopole on
the 3—manifold.) However, by the proper use of weighted spaces and some care with
asymptotic boundary conditions, one can proceed with gluing along lines similar to
the Morse nondegenerate case. The second and main technical issue however is the
issue with signs in formula (6-1), namely, why the “geometric signs”, arising from the
signed intersection of Lagrangian correspondences, agree with the “analytic signs”,
arising from orienting determinant lines of Fredholm operators that occur in counting
monopoles. Here, one needs to understand how to orient the moduli space of monopoles
on a cylindrical end manifold and how to glue these orientations together in the Morse—
Bott framework. The cylindrical end nature along with the Morse—Bott situation makes
the orientation issue delicate, since there is nontrivial topology at infinity. Moreover,
our configuration space consists of configurations asymptotic to vortices that are not
reducible, which makes orientating determinant lines not straightforward. Nevertheless,
an excision argument combined with the fact that the gauge-fixed linearized vortex
operator is complex linear with respect to a suitably chosen complex structure allows
us to establish orientability of the monopole moduli space.

Let us remark that there is another way in which one could analyze the issue of signs.
Indeed, in the instanton case, there is Taubes’s gauge theoretic construction of Casson’s
invariant [22], which equates the signed intersection of Lagrangian submanifolds in the
space of flat connections on a Heegaard surface to a signed count of flat connections on
the relevant 3—manifold. The essential ingredient in Taubes’s work is to equate spectral
flow (analytic) with a particular Maslov index (geometric) modulo two. The equivalence
between these two quantities in the general integer setting was later recast in greater
generality for (neck cylindrical) Dirac operators by Nicolaescu [20]. If we were to try to
adapt the approach of Taubes directly to the Seiberg—Witten setting, we would a priori
have to deal with the Maslov index in infinite dimensions, since the boundary values of
the space of monopoles yields infinite-dimensional Lagrangians. However, since the
Maslov index is preserved under symplectic reduction under suitable hypotheses, we
can relate the infinite-dimensional Maslov index (obtained from studying monopoles
on elementary pieces of the closed 3—manifold) to the finite-dimensional Maslov index
(stretching the neck of these elementary pieces to infinity) occurring in the vortex
moduli spaces.

In fact, the author first went about proving Theorem 6.1 in the above way, combining
Morse—-Bott techniques with a generalization of Nicolaescu’s results to noncylindrical
Dirac operators. However, the resulting analysis becomes more technical than the
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one presented here. Moreover, the main drawback concerning the use of spectral
flow techniques is that it is limited to self-adjoint operators whereas the gluing and
orientation methods presented here only require that we are in the more general Morse—
Bott setting. Indeed, our proof here was motivated by the fact that in Morgan, Mrowka
and Szabé [15] a similar but unproven claim appears about the equivalence of the
4—dimensional Seiberg—Witten invariant and a signed intersection of manifolds at
infinity; see [15, Theorem 4.1]. In fact, one can interpret most of the literature on
the gluing of Seiberg—Witten invariants as variations on the same theme of signed
intersections, albeit the only cases we could find in the literature supplied with a proof
are ones in which the critical sets at infinity are Morse nondegenerate (and hence the
signed intersection reduces to a signed product formula). The convenience of working
in the present three-dimensional setting is that the boundaries of three-manifolds, being
two-manifolds, are completely understood along with their corresponding critical sets
for the Chern—Simons—Dirac functional, the vortex moduli spaces. It is only because of
this explicit description that we are able to establish orientability of the moduli space of
monopoles on cylindrical end 3—manifolds. In principle, one could adapt the methods
here to prove signed intersection formulas for the four-dimensional Seiberg—Witten
invariants in the Morse—Bott situation (thus, generalizing the Morse nondegenerate
situation of, eg, Morgan, Szab6 and Taubes [16]). However, because Morse—Bott
critical sets for the Chern—Simons—Dirac functional are not explicitly computable for a
general 3—manifold, it is not a priori guaranteed that the moduli space of monopoles on
a cylindrical end 4-manifold is orientable (except in the standard Morse nondegenerate
case).

Acknowledgements The author thanks Tom Mrowka, Liviu Nicolaescu and Tim
Perutz for providing valuable discussions. Perutz also deserves special recognition for
having suggested and inspired this line of research.

2 The Seiberg—Witten invariant

We quickly review the construction of the Seiberg—Witten invariant of a closed Rie-
mannian 3—manifold Y with b; > 0. Given a spin® structure s on Y, we obtain the
spinor bundle & = S(s) associated to s, uniquely determined up to isomorphism by
requiring that Clifford multiplication p: A*(TY) — End(S) maps the volume form
on Y to the identity automorphism on S. Let L = det(s) denote the determinant line
bundle of S. From this, we obtain the configuration space €(Y) = A(Y) x I'(S),
where A(Y') denotes the space of compatible spin® connections on S and I'(S) is
the space of smooth sections of S. We write (B, ¥) to denote the pair of a spin®
connection and spinor on Y.
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The Seiberg—Witten equations on Y are given by

xFg+p L (FW*)o =1,

2-1
-1 Dp¥ = 0.

In the first line, Fp denotes half the curvature of the connection on the determinant
line bundle L induced by B. (If L has a square root L'/2 then Fp would be the
curvature of the connection induced on L'/2.) Next, * is the Hodge star operator on Y,
and (WW*), is the traceless part of the Hermitian endomorphism W ® W* € End(S).
The term 1 € Q' (Y;iR) is an imaginary coclosed form serving as a perturbation.
Finally, Dp: T'(S) — I'(S) is the spin® Dirac operator coupled to B.

By the standard theory, when b{(Y) > 0, then for any metric on Y and generic
choice of 7, the moduli space of gauge equivalence classes of solutions to (2-1) is a
compact zero-dimensional moduli space. An appropriate signed count of these solutions,
which involves orienting determinant lines of families of Fredholm operators (see eg
Nicolaescu [21]), gives us an integer which is independent of the choice of metric and
generic perturbation when b1(Y) > 1 and exhibits a wall-crossing phenomenon when
b1(Y) = 1. Thus, the Seiberg—Witten equations yield for us a map

SW: Spin°(Y) — Z

assigning to each spin® structure on Y the associated signed count of monopoles. This
is well-defined when b;(Y) > 1 and depends on a choice of chamber in H'(Y) when
b1(Y) = 1. The values that SW produces as we vary the spin® structure on Y (and the
choice of chamber for n when b (Y) = 1) are known as the Seiberg—Witten invariants
of Y.

3 The Seiberg—Witten flow

Let Y =[0,00) x X, where X is a connected Riemann surface, equipped with the
product metric. In this cylindrical situation, we will interpret the Seiberg—Witten
equations, in temporal gauge, as a downward gradient flow of a Chern—Simons—Dirac
functional on X restricted to the level set of a moment map. Let ¢ € [0, 00) be the
time-variable. Let (B, W) be a smooth solution to SW3(B, V) =0 on Y. We will
always take the spin® structure on Y to be pulled back from a spin® structure on X,
and by abuse of notation, we denote both of these spin® structures by s. With respect
to this product structure, we can write the equations SW3 (B, ¥) = 0 in a rather explicit
fashion. Recall that every Kihler manifold has a canonical spin® structure. For a
Riemann surface X, the spinor bundle associated to this canonical spin® structure is
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isomorphic to K )1:/ 2 K )S , where Ky is the canonical bundle of ¥. Moreover, a

spin® structure on X is uniquely determined by its determinant line bundle L, and the
corresponding spinor bundle it determines is isomorphic to

1/2

(3-1) Sg=(Kz®L)'*@(Kg'® L)!/2.

Let mx: [0, 00) x X — X denote the natural projection. From the above, given a spin®
structure on [0, 00) X X pulled back from a spin® structure on X via 7y, the spinor
bundle S on [0, 00) X X is isomorphic to

(3-2) mi(Ks @ L)V ? @ ni(Ks' @ L)',

From now on, we always assume that we are in this product situation on [0, co) x X.
Since T*([0, 00) x X) = T*[0, c0) d T* X, we can always choose our Clifford multipli-
cation p on [0, 00) X X to be such that p factors through the direct sum decomposition
of T*([0, 00) x X). From this, we can choose p so that

s =y )

with respect to the decomposition (3-2). Using local holomorphic coordinates z = x+iy
on ¥, we can decompose a 1-form on Y into its dt, dz, and dz components. Given
a spin® connection B on Y, let Fx ,dx Ady + Fx ;dx Adt + F) ;dy A dt denote
the local coordinate representation of Fp. Then the equation % Fg + p ! (P¥5) =0
appearing in the unperturbed Seiberg—Witten equation SW3 (B, V) = 0 can be written
explicitly as (see [16))!

(3-3) (Fx,y + 5 (W4 |? = [W_|*))dt =0,
(3-4) M(Fyy—iFy)dz+ 9, W_ =0,
(3-5) 1(Fyt+iFx)dz + W W_ =0,

Here, ¥ = (W, W_) is the decomposition of W with respect to (3-2), so that W, W_
and W, W_ are well-defined elements of 71; K ;'ZF , respectively. Observe that the last
equation above is just the complex conjugate of the second. Moreover, the Dirac
equation DpWV = 0 becomes

; 5 +
(3-6) Vmo, V20, (lp_)zo,
V20p), —iVpy, ] \¥

Note that our sign conventions are that of Kronheimer and Mrowka [8], namely p(dtd =) = 1, which
is the opposite choice of sign in [16].

Algebraic & Geometric Topology, Volume 14 (2014)



870 Timothy Nguyen

where Vp 5, denotes the spin® covariant derivative of B evaluated in the 0, direction.
Thus, equations (3-3)—(3-6) yield for us the Seiberg—Witten equations on [0, c0) X X.

In the same way that the Seiberg—Witten equations on a product 4—manifold can be
written as the downward flow of the Seiberg—Witten vector field induced from the slice
3—manifold (when the configuration in question is in temporal gauge), we reinterpret
the Seiberg—Witten equations on [0, co) x ¥ as a downward flow of a vector field on
the configuration space of . To do this, we can consider the oriented 4—manifold
S1x[0, 00) x ¥ and regard configurations on [0, c0) x ¥ as S invariant. If we do this,
and we place (B, V) in temporal gauge, then we can regard (B, V) as a downward
flow for the Seiberg—Witten vector field on S! x X:

d 1
(3-7) < (B W) = —SW5 *E((B(t), ¥(1))|g1x5)

Here, SW‘? "2 denotes the gradient of the Chern—Simons—Dirac functional on S' x 3.
The Clifford multiplication 5 on S x ¥ is such that®> 5(dg) = p(9;) !, where 6 is the
coordinate on S!, and |75 = p(3;) ! p|rx. Now for any S invariant configuration
(B,¥) on S! x X, the Chern-Simons—Dirac functional on S! x X is given by

(3-8) CSD(B, ¥) = % [ Re(W, Dy, V).
>

Here, the Chern—Simons term drops out since B has no S' dependence or S! compo-
nent, the operator Dp|. is the induced Dirac operator on X, and the length of § s
normalized to unity.

Notation We write C to denote a connection on X and Y to denote a spinor on X,
ie (C,Y) is an element of the configuration space €(¥) = A(X) x I'(Sg) on X.
This is to keep our notation consistent with [8], which in general, writes (B, W) for a
3—dimensional configuration and (A4, ®) for a 4—dimensional configuration. Likewise,
we use ¢ to denote a 1-form on X.

In light of (3-8), we define the Chern—Simons—Dirac functional CSD* on ¢(X) by

(3-9) CSDE(C, Y) = % / Re(Y,DcY), (C,Y)ec(D),
)

2As in [8], given Clifford multiplication p3 on a 3—manifold Y, the Clifford multiplication ,o‘)(
on Se1 x Y, regarded as endomorphisms of the self-dual spinor bundle (which is isomorphic to the
anti-self-dual spinor bundle in this case) can be chosen so that p4(dg) = id and p4(v) = p3(v) for all
v € TY. This is the natural choice for interpreting the Seiberg—Witten equations on S! x Y as a gradient
flow of the Chern—Simons—Dirac functional on Y. When ¥ =[0,00) x X, thenon Y’ = § 91 X 3, the
Clifford multiplication pgl /( ) := pa(d;) "1 p4a(-) is the relevant Clifford multiplication to consider since
it switches the roles of 6 and ¢, ie pf/ (0¢) = pf (9g)-
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where D¢: I'(Sg) — I'(Sy) is the spin® Dirac operator determined from C. The
L2 —gradient of this functional is given by

(3-10) SW,(C, Y) := V(c,y)CSD®

(3-11) = (P (YY")o, DY),

where ,'551: isu(Sy) — TX is the map p~!: isu(Sx) — T(S! x ¥) composed with
the projection onto the 7% factor. We can consider the formal downward gradient
flow of CSD¥ on €(X)

(3-12) %(C, T)=-SW,(C,Y).

Regarding the S! invariant configuration (B, W) in (3-7) as a path of configurations
(B,¥) = (C(t),¥(t)) in €(X), we see that (3-12) differs from (3-7) from the fact that
SW31>< (B, W) contains a df component, where 6 denotes the coordinate on S'.
However, because B is S!—invariant and therefore has no df component, equation
(3-7) implies that the d8 component of SW;;ngZ (B, V) is identically zero, ie, we have
a constraint.

Since p(dg) = p(d;)~!, this constraint is none other than the equation (3-3). In light
of this, given (C, T) € €(X), define the map

(3-13) w(C.Y) =*Fc + 5(T-1> =T+ %).

Here * is the Hodge star on ¥ and Y = (Y4, Y_) is the decomposition of T € I'(Sy)
induced by the splitting (3-1).

Recall that the gauge group G(X) = Maps(Z, S!) acts on €(X) via
(C. 1)~ g"(C, 1) =(C—-g 'dg,gY), geG(2).

We have the following proposition concerning the map .

Proposition 3.1 (i) The map pu: €(Z) — Q°(Z:iR) is the moment map for ¢(X)
associated to the gauge group action of G(X). Here, the symplectic form on
&(X) is given by
0@ ). b = [[ant+ [ Re@.p00v). @) 0.0 €Ts,

(i) IfY #0, then dic,xyi: Tic,r)€(X) — QO%(%:iR) is surjective.
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(iii) A configuration (B, ¥) = (C(¢), Y'(¢)) in temporal gauge on [0, 00) X X solves
SW3(B, V) =0 if and only if (C(t), Y(¢)) solves
d
(3-14) 7;CO. T(@) =-SW2(C(). T(®)),
(3-15) w(C(), Y@) =0, >0.
(iv) Suppose we consider the perturbed equations SW3(B, W) = n, where n = n°dt

and n° € QO(Z;iR) is time-independent. Then (iii) holds but with (3-15)
replaced by

(3-16) w(C@),Y@®)=1n°, t>0.
(v) Forany (C,Y)e€&(X), we have d(c,yyu(SW2(C, Y)) =0, thatis, SW,(C, T)

is tangent to any level set of L.

Proof (i) Thisis the statement that at every (C, 1) € &(X), every (c,v) € T(c,1)&(Z),
and every £ € Q°(Z;iR), we have

| dcmie.v)-§ = adg£T). v,
Verifying this is a straightforward computation.

(ii) The range of ¥d: Q1 (Z;iR) — Q°(Z;iR) consists of precisely those functions
that integrate to zero on X. Suppose [ is orthogonal to the image of d(c ). If
Y 0, then one can find v € I'(Sg) such that d(c y)u(0,v) = [ f. It then follows
that one can find a 1-form ¢ such that dc y)(c.v) = f.

Statements (iii) and (iv) follow from (3-3).
(v) First observe that since p is the moment map for the gauge group action on €(X),
the kernel of its differential is the symplectic annihilator of the tangent space to the
gauge orbit:
kerdic,ryp = {(—d§,67) | £ € QOS5 iR}
= J{(=d&,67) | £ € QTR

Here
J = (=%, p(3;)) : QU iR)® T(Sx) O

is the compatible complex structure for w (where the associated inner product is the
usual L2 inner product). Thus, to show dic,ryn(SWo(C,T)) =0, it suffices to show
that J - SW,(C, Y) is perpendicular to the tangent space to the gauge orbit of (C, Y).
For this, it suffices to show that J - SW,(C, Y), like SW,(C, Y), is the gradient of
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a gauge-invariant functional. A simple computation shows that the gradient of the
functional

(3-17) €1yt /E (Y. p(3:) DeT)

is JISW,(C, T). Here, we use the fact that, by convention of our choice of Clifford
multiplication, p(—d;)p(dX) =1 and so p(d;)p(c) = p(dX)p(c) = p(*c). a

The last statement of the above lemma implies that the restriction of the gradient of
CSD? to the level set u~1(°) is equal to the gradient of CSD* |u=1(»0) (at points
where 11~ 1(n°) is smooth). If ¢ (s) # %[ino], then by (iii), 11 (0) is always a smooth
submanifold of €(X) since it contains no flat connections. Thus, we have the following
corollary.

Corollary 3.2 Suppose ¢ (s) # %[ino]. Then ' (n°) is a smooth submanifold of
€(X) and modulo gauge, solutions to SW;(B, V) =0 on Y correspond to (formal)
downward gradient flow lines of CSD* |l =1(y0) -

Therefore, the bulk of our analysis consists of understanding the gradient flow of
CSDZ|,-1(,9). As a remark, note that our flow is also Hamiltonian with respect to the
functional (3-17).

3.1 The vortex equations

Let d = %(cl (s),[Z]). From now on, we always assume 7° is chosen such that

i 0
- d’
o )T #

so that £~1(n?) is a smooth manifold.

Our first task is to understand the set of critical points of CSDZ|,~1(,0). We have
the following two facts. First, the critical points of CSDZ|,~1(;0) have an explicit
description in terms of the space of vortices on X. Second, this critical set is Morse—
Bott nondegenerate with respect to CSDZ| u—1(n°). This is in contrast to the case
% f): n° = d, where although the critical set of CSD* |u—1(0) is just the space of flat
connections on X, this set is in general Morse-Bott degenerate.’

For the sake of completeness, we describe in detail the correspondence between the
critical set of CSD*™ |.—1(y0) and the space of vortices, following Mrowka, Ozsvath
and Yu [17]. Recall that the vortex equations on X are given by the following. Given a

3 A flat connection C will be Morse—Bott degenerate precisely when ker D¢ % 0.
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line bundle £ — X over X of degree k, a Hermitian connection 4 on E, a section
Y € I'(E), and a function 7 € Q°(Z;iR), the vortex equations are given by

. 2
(3-18) $F — l'g' =1,
(3-19) A4y = 0.

Here, 04: E — K5 '® E is the holomorphic structure on E determined by 4. Observe
that if k > 5, there are no solutions to (3-18)—(3-19) by a simple application of the
Chern—Weil theorem. When 0 <k < |. 5 % , then by Garcfa-Prada [6], the moduli space
of gauge equivalence classes of solutions Vi (%) to (3-18)—(3-19) can be naturally
identified with the space of effective divisors of degree k on X, ie the k—fold symmetric
product Sym* () of X. This identification is given by mapping a solution (4, /)
to the set of zeros of the (nontrivial) holomorphic section /. Because Symk(Z) is
independent of 7, we will often simply denote the moduli space of degree k vortices
by V¢ (X). Likewise, we will denote the space of solutions (without dividing by gauge)
to (3-18)—(3-19) by V¢ (X).

Observe that if k£ < 0, one may instead consider the equations

. 2
(3-20) ;FA+’|‘§| —
(3-21) o0 =0,

which become equivalent to (3-18)—(3-19) via complex conjugation. We will call
the equations (3-20)—(3-21) the antivortex equations. Thus, the space of solutions to
(3-20)—(3-21), which we denote by °l7k’,(2), is nonempty for f): —é—; <k <0 and, its
moduli space of gauge equivalence classes Vi -(X), can be identified with Vx| - (X).
The equations that determine the critical points of CSD¥ which belong to the zero set
of the moment map are given by p(C, T) =0 and SW,(C, ) = 0. More explicitly,

these equations are given by

(3-22) FFe + (0 =T ) =",
(3-23) T, Y_ =0,
(3-24) Y Y_=0,
(3-25) 3Ty =0,
(3-26) e =0.

We can now see the correspondence between equations (3-22)—(3-26) and the vortex
equations (3-18)—(3-19). Equations (3-25)—(3-26) and unique continuation for Dirac
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operators imply that (3-23)—(3-24) forces

T+=0 or Y_=0.
Let g denote the genus of 3. (If ¥ is not connected, we can of course work on each
component of X separately.) Pick a connection Cx on K, 1/2 and define 7 = *Fcy, . Let

Cs, denote the corresponding dual connection on Ky /2 Then (3-22) is equivalent to
each of the following equations:

(3-27) ¥Fcges + ST = Y4 =1+7°
(3-28) $Fegey T 50T =T ) =~ +1°
Given X and d, let

(3-29) ki =tke+d,

where kg = deg(K g/ 2). Using the constraints on & for when the vortex and antivortex
moduli spaces Vi (X) and V_;|(X) are nonempty, and the fact that a line bundle can
have nontrivial holomorphic sections only if it has nonnegative degree, it is easy to see
that the following situation holds.

Lemma 3.3 With notation as above, we have the following.

(i) Suppose —kg <d < # I n°. Then the space of critical points of CSD* | i=1(n0)
corresponds precisely to the space of vortices Vi (X) under the correspondence
(C, V)~ (C ® Cx,Y4). Here Y_ vanishes identically.

(i) Suppose ﬁ 5 n® < d < k. Then the space of critical points of CSD* li=1(n0)
corresponds precisely to the space of antivortices Vj,_(X) = Vik_|(X) under the
correspondence (C.Y)— (C®Cs,Y_). Here, Yy vanishes identically.

(iii) For 5— fz n° = d, the space of critical points of CSDzl w—1(n0) corresponds
prec1se1y to the space of flat connections on X under the correspondence
C+— C ®Cyx. Here, Y vanishes identically.

(iv) For all other values of d, the set of critical points of CSD* | i—1(y0) is empty.

(v) For all choices of no as above, except in case (iii), we have that the critical set of
CSDZ| u—1(y0) is Morse—Bott nondegenerate.

Proof Statements (i)—(iv) follow from the preceding analysis.

We need only prove (v). This amounts to showing the following. Given any configura-
tion (Cyp, Yo) € €(X), let

(3-30) Ha (o x0): T2 = Ts
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denote the Hessian of CSD¥ at (Cy, Yo), which is the operator obtained by linearizing
the map SW,: €(X) — Ty at (Cop, Yo). If (Co, To) is a vortex, we need to show that
the restricted operator

(3-31) Ha (Coxo): TiCoxorit ™ (0) = Ticorey it~ (0)

has kernel equal to precisely the tangent space to the space of vortices at (Cyp, Yy).
Without loss of generality, suppose we are in case (i). Then if we linearize the equations
(3-22)—(3-26) at a vortex, then since Y_ = 0 and Y vanishes only on a finite set
of points, unique continuation shows that an element of the kernel of the linearized
equations must have vanishing W_ component. It follows that the only nontrivial
equations we obtain are those obtained from linearizing (3-22) and (3-25), which yields
for us precisely the linearization of the vortex equations. On the other hand, the space
of vortices are cut out transversally by the vortex equations. (This is because the set
{(A,%) | d4¢ = 0,9 % 0} is a gauge-invariant Kihler submanifold of ¢(X), the
left-hand side of (3-18) is the moment map for this submanifold, and the gauge group
acts freely on this submanifold.) It follows that the kernel of the map H; (c,, 1)
above is precisely the tangent space to the space of vortices. This finishes the proof of
Morse—Bott nondegeneracy. a

Given the above lemma, we abuse notation by letting V', (¥) denote the set of critical
points of CSDZ| u—1(n0)» With k suitably defined as given by the above. We always
assume that we are in the Morse—Bott situation hereafter. We write Vi (X) to denote
the quotient of V(%) by the gauge group, and it can be identified with Symk (2).
Observe that for n° such that ﬁ /s 5 n° is not an integer, d and hence k can be arbitrary
integers (the moduli spaces being empty for negative k), so that our analysis works for

arbitrary spin® structures.

For every k, note that the symplectic form on €(X)/G(X) restricts to a symplectic
form on the vortex moduli space Vi (X). We will refer to elements of either V' (X) or
Vi (%), for any k, simply as vortices. When X and k are fixed, we will often write V'
and V for brevity.

3.2 The flow on a slice

We now assume k is fixed. In order to place ourselves in an elliptic situation and
in a situation where we can apply Morse—Bott estimates to our configurations, we
have to choose the right gauge for our equations. As it turns out, choosing a suitable
gauge requires some careful setup. Our work here is modeled off that of [14], which
studies the flow one obtains for the instanton equations on a cylindrical 4—-manifold. To
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describe the gauge fixing procedure, we recall the basic gauge theoretic decompositions
of the configuration space on X and its tangent spaces.

Our analysis proceeds similarly to the case of a closed 3—manifold [8]. Given a
configuration (C, T) € €(X), define

Tcr) =Tcn€E)=Q (Z;iR) & '(Sx)

to be the tangent space to (C, T) of €(X). If the basepoint is unimportant, we write 7Ty
for any such tangent space. The infinitesimal action of the gauge group on €(X) leads
us to consider the operators

dicry: QU R) — Ty,
£~ (—d§.E0),
dcyy: Ts = QT:iR),
(c,v) = —d*c+iRe(iY,v).
From these operators, we obtain the following subspaces of 7(c ), which are the
tangent space to the gauge orbit through (C, ') and its orthogonal complement, re-
spectively:
Jic,ry =imd(c, )
Kicr) =kerd(c )

As usual, we must consider the Banach space completion of the configuration spaces
and the above vector spaces. Given a manifold M and s > 0, let H*(M) denote the
Sobolev space of functions that have s (fractional) derivatives belonging to L?(M).
Write €%(X) to denote the H*(X) completion of the configuration space on X. Its
tangent spaces are isomorphic to 7, the H*(X) completion of Ty . For sufficiently
regular (C, T), we obtain the following subspaces of 73:

Tiery =dcné| £ e HTQY(Z:R))
Kicm = e0) € T | iy (c.0) = 03

We have the following gauge-theoretic decompositions of the tangent space and config-
uration space.

Lemma 3.4 Lets > 0.

(i) Then for any (C,Y) € ¢5(X), we have an L? orthogonal decomposition

(3-32) Tier) = Jier) ®Kicy)
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(i) Define the slice

S{co,ro) = (Co. To) + Kic, 1)

through (Cy, Yy) in 7?6',T)' There exists an € > 0 such that if (C,Y) € €*(X)
satisfies || (C, Y)—(Co, Yo)|lmrs(x) < €. then there exists a gauge transformation
g €G (D) sothat g*(C,T) € &, ) and [|g*(C. 1)~ (Co. Yo)llms(x) =
s [(C, ) = (Co. Yo)ll s (z) -

Proof (i) This lemma follows from standard elliptic theory; cf [19, Lemma 3.4].

(i1) This is an immediate consequence of the inverse function theorem and the fact
s . . .
that & (Co.To) 152 local slice for the gauge action. |

For s > 0, define the quotient configuration space
B(T) = (2)/F (D).

Away from the reducible configurations (ie those for which the spinor vanishes iden-
tically), this quotient space is a Hilbert manifold modeled on the above local slices
(see [8]). The decomposition (3-32) allows us to define the complementary projections

I1 Tty and ITjs of T(SC,T) onto ‘7(SC,T) and ICfC,T)’ respectively.

(C. 1)

Let us return to the smooth setting for the time being. Denote the quotient of the smooth
configuration space by the smooth gauge group by

B(X) =LX)/G(%).

Our first task is to rewrite the Seiberg—Witten equations on Y in a suitable gauge
when the monopole in question is close to a vortex. This is so that we may exploit the
Morse—Bott nature of the critical set, which we perform in the next section.

Notation To simplify notation a bit, and to make it bear similarity with that of the
standard reference [8], we introduce the following notation. We will write a to denote
a critical point of CSD* |li=1(y0)» i€ a vortex. We will always assume a is smooth,
unless otherwise stated, since this can always be achieved via a gauge transformation.
Given a configuration (B, W) on Y = [0, 00) x ¥, we can write it as

(B.¥) = (C(1) + (1)dt. Y(1)).

where (C (), Y(¢)) is a path of configurations in €(X) and B(¢) is apathin Q°(Z;iR).
As shorthand, we will often write y for the configuration (B, W) and y(¢) for the path
(C(t), Y(¢)). Given a vortex a, we write ¥, € €(Y) to denote the time-translation
invariant path identically equal to a.
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To simplify notation in what follows, we temporarily drop the superscript s and work
with smooth objects since everything works mutatis mutandis in the H® topology.
Given any vortex a € V', define

CSDZ = CSD¥|g, — CSD*(q)

to be the restriction of CSD¥ to the slice S, of smooth configurations through a,
normalized by a constant for convenience. Note that CSD” has a constant value on its
critical set, since it is connected.

Since SW,(C,T) = V(C,T)CSDZJ is the gradient of the gauge-invariant functional
CSD*, we know that V(C,T)CSDZ is orthogonal to J(c,y) and hence lies in (¢ ).
On the other hand, if (C, T) € &4, then the gradient of CSDE satisfies

Vic.1)CSDZ € K,

since a priori, this gradient must be tangent to the slice. For (C, T) close enough
to a, then the space J(c,y), which is automatically complementary to (¢ ), is also
complementary to K,, and so V(C,T)CSDZ and V(C,T)CSDE differ by an element
of J(c,r). This suggests we introduce the following inner product structure on the
tangent bundle of a neighborhood &, (8) of the slice (instead of the usual L2 inner
product). Namely, mimicking the construction in [14], consider the inner product

(3'33) <X, y)a,(C,T) = (HIC(C,T)xv H/C(c,T)y)Lz(E)’ X,y € T(C,T)Ga(g)’

where (-, )r2(x) is the usual L? inner product on Ty, and IT Kc.vy 1s the orthogonal
projection onto K(c,y) with kernel J(c v). As noted, for (C,T) sufficiently close
to a, the map T v, Ka = K(c,r) is an isomorphism. Specifically, by the same
analysis as in [19, Remark 4.3], (C,Y) in a small H'2(X) ball U around a is
sufficient. Observe that the inner product (-, ), (c,v) naturally arises from pulling
back the L? inner product on the irreducible part of the quotient configuration space

¢(X)/6(%).

Then if we endow the neighborhood U with the inner product (3-33), we can explicitly
write V(C,T)CSDE‘ as follows. Let Tk, 7 v, denote the projection onto Ky through
Jc,r)» which exists for (C,T) € U and U sufficiently small. Then

(3-34) Vic,x)CSDZ = Mk, 7, SW2(C, T)
or in other words, there exists a well-defined map

(3-35) O U — Q% iR)
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such that
(3-36) Vic.r)CSDZ = SW,(C, ) —d ¢ 1)Oa(C, T).

(The map ®, is well-defined since the operator d(c ) is injective for (C, Y) irre-
ducible, which holds for U small.) The decomposition (3-36) is important because
it relates the gradient vector field V(C,T)CSDaE to the vector field SW,(C, T) by an
infinitesimal action of the gauge group at the configuration (C, Y'). (Had we used
the usual L? inner product, the analogous ansatz would have yielded an infinitesimal
action of the gauge group at a instead of the configuration (C, Y) in question.)

Borrowing the terminology of [14], we introduce the following definition.

Definition 3.5 Fix s > 1 and n° € Q°(Z;iR).
(i) For any smooth vortex a, any open subset of & N w~1(n°) of the form
Ua(8) := {(C. 1) €SS0 u~ (%) | (C. ) —all g1/ < 8}

for some small & > 0 is said to be a coordinate patch at a. We will often write Uy
to denote any such coordinate patch. We always assume that the (sufficiently
small) coordinate patch U, is endowed with the inner product (3-33) on its
tangent bundle.

(i) Let I be a subinterval of [0, 00). Given a coordinate patch U, about a vortex a,
we say that a configuration y € €(J0, 00) x X) is in standard form on I X ¥
with respect to Uy if y(¢) € U, forall t € I.

Our choice of defining H'/2 open neighborhoods comes from our energy analysis of
the next section. The value of s is immaterial for now and can be assumed as large as
desired (s > 2 is sufficient).

The upshot of the above formalism is the following. Given a path of configurations
(C(t), Y(¢)) that is sufficiently near a vortex a for all time 7, we can gauge fix this path
so that the new path lies in some neighborhood of a in the slice &, for all time. The
relevant situation is when this path of configurations is a monopole on ¥ = [0, 00) x X
in temporal gauge. When we perform such a gauge-fixing, two things happen. First,
the resulting configuration y determines a path y(¢) in a coordinate patch U, (ie, it
is in standard form), since our perturbed monopole always determines a path in the
appropriate level set of the moment map by Corollary 3.2. Second, y is no longer in
temporal gauge. Nevertheless, the next lemma tells us that the resulting configuration y
is completely determined by the path y (¢). Moreover, the path y(¢) is simply a gradient
flow line of CSD;: restricted to U,.
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Lemma 3.6 Let a be a vortex and U, a coordinate patch. Let y = (C(¢)+ B)dt, (1))
be a configuration on [0, c0) x ¥ in standard form on [Ty, T1] X ¥ with respect to U,.
Then y satisfies SW3(y) = (n°dt, 0) if and only if

d .
Ey([) = —V;(1)CSDq,
(3-37) di(y(t)—a) =0,

n(y @) =n°,
B(t) =0u(y()., To<t<T.

Proof The monopole equations SW3(y) = (n°dt,0), as given by (3-6), are precisely
d . .

EV(Z) = —=SWa(y (1)) +dyB(1),

n(@ @) =n.

Thus, any solution to (3-37) yields a solution to (3-38). Conversely, suppose we have a
solution y to (3-38). Since y is in standard form, it satisfies the second equation of
(3-37), and taking a time-derivative of this equation, we obtain

(3-38)

d
di—y()=0.
a 7,70
The first equation now implies

—d SWo(7(1) +d g (dy ) B(1)) = 0.
From the definitions, this implies 8(z) = O4(y(¢)). We now see y solves (3-37). O

We now use this lemma to study the asymptotic behavior of monopoles at infinity.

4 Asymptotic convergence and exponential decay

Lemma 3.6 tells us that a solution to the Seiberg—Witten equations on [0, 00) X X in
standard form with respect to a small coordinate patch U, of a vortex a satisfies the
system of equations (3-37). These equations tell us that the solution y is determined by
the evolution of the path y(¢) in U,, since the normal component B(¢)dt is determined
from y(¢). The path y(¢) is a downward gradient flow for the functional CSDE on the
coordinate chart U,, where this latter space has been endowed with the inner product
(3-33). It is on a sufficiently small coordinate patch U, that we can apply standard
Morse—-Bott type estimates for the function CSDE . These estimates imply that any
trajectory y(¢) that stays within U, for all time must converge exponentially fast to
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a critical point. Moreover, we can deduce that the L?(X) length of the path y(¢) is
bounded by the energy of the path; see (4-8). Here, the energy of a monopole y is the
quantity

@) )= [ ISW2G O, dr.

Likewise we can define the energy £7(y) of a configuration on / x X, for any interval
I =[t1,1,]. On any such interval for which the energy is finite, the energy is equal to
the drop in the Chern—Simons—Dirac functional on X:

5]
CSDE (1) = CSD (1) = [ ISWaG ) 35

This is a simple consequence of the fact that a monopole on I x X is simply a downward
gradient flow line of CSD¥ .

Regarding a monopole (B, ¥) on I x ¥ asan S! invariant configuration on S x I x X,
with I a compact interval, then we have the following energy identity (see [8]):

v v 2
CSD%(n))—CSDE(yaz))=/I E(%|FB|2+|VBLD|2+%(|\IJ|2+%)2—§—6 :
X

where s is the scalar curvature of I x X. Thus, modulo gauge, the energy of a monopole
controls its H! norm on finite cylinders.

A key step in understanding the moduli space of finite energy monopoles is to show
that if a monopole y has small enough energy, then there is a vortex a and a gauge
transformation g on [0, 00) X X such that g*y determines a path that stays within
some coordinate patch of a for all time. In this way, one can see at an intuitive level
what the moduli space of monopoles on [0, o0) x £ with small finite energy is. It is
simply a neighborhood of the stable manifold to the space of vortices in the symplectic
reduction £~1(n°)/G(X). There is some analytic care that must be taken to establish
this picture, however, since the coordinate patches we consider only contain H'/2(X)
neighborhoods of a vortex a, whereas the important length estimate (4-8) is only an
L?(X) bound. Nevertheless, it turns out that one can bootstrap the L2(X) convergence
of the configuration to show that it converges in H*(X) exponentially fast to a vortex
within a fixed coordinate chart, for all s > 0.

We begin with the following fundamental estimates for configurations with small
energy. Given any [, we write V; C €(I x X) for the space of time translation
invariant elements on / x X that belong to the space of vortices V" = V() for all time.
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Lemma 4.1 We have the following.

(i) Given a bounded interval I, for every gauge invariant neighborhood V of V'y
in €1(I x X), there exists an € > 0 such that if y is any monopole on I x X
satisfying the small energy condition [ |SW,(p(t)) ”22(2) < €, then there exists
a gauge transformation g such that g*y € V.

(ii) For every gauge invariant neighborhood Vx, of V' in €!(X), there exists an € > 0
such that if (C, Y) is a configuration such that (C, Y) =0, ||[SW,(C, T)| <e,
then there exists a gauge transformation g such that g*(C, ) € Vyx.

Proof (i) Suppose the statement were not true. Then we could find a sequence
of monopoles y; such that £7(y;) — 0 yet no gauge transformation maps any of
the y; into V. In particular, since the energies of the configurations y; converge, then
by [8, Theorem 5.1.1], a subsequence of the y; converges in H!(I x ¥) modulo
gauge. The limiting monopole must have zero energy and therefore belongs to V'
modulo gauge. But this means that for some 7, a gauge transformation maps y; into
the neighborhood V, a contradiction.

(ii) We have a corresponding energy identity for arbitrary configurations (C, T) of
&(X):
2
LGP + 19X + 0T + 5 - 5
= ISW2(C. D)2 gy + 11(C. D225

The proof is now the same as in (i). m|

Corollary 4.2 For every gauge invariant neighborhood Vs, of ¥ in €'/2(X), there
exists an € > 0 such that if y is a monopole on I x ¥ with [, ||SW2()7(t))||iZ(E) <e,
then modulo gauge, we have y(t) € Vx, forallt € I.

Proof Apply Lemma 4.1 and H!([0,1]x £) <= C°([0, 1], H'/?(X)). i

Lemma 4.3 For every € > 0, there exists an €y > 0 with the following significance.
Let T > 1 and let y be a monopole such that ffjll ISWa (Y () L2(z) = €o-

(i) We have [[SWa(Y(T))llL2(z) < €.

(i) If p(T) belongs to a coordinate patch U,(8) for § sufficiently small, then
|7(T) —allgszy < Cse forall s > %
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The above lemma follows easily from the previous lemmas and elliptic bootstrapping;
see [18, Lemma 6.3].

Given a vortex a, below are Morse—Bott type inequalities for CSDE in our infinite-
dimensional setting.

Lemma 4.4 Given a smooth vortex a € V', there exists § > 0 such the following holds.
If (C,Y) € Uy(d) then

(4-2) |CSDZ(C. T)| < const- [|(C. T) —al3,, 5y
(4-3) ICSDZ(C, 1)|"/? < const- [|SW2(C. V)| 12 (x)-

Proof Let (Cy, Yy) and (C, Y) be any two configurations and (¢, v) = (C —Cy, T—Yy)
be their difference. A simple Taylor expansion of the cubic function CSD?¥ shows that
it satisfies

(4-4) CSD¥(Co +¢. To +v) = CSD*(Co. Yo) + (¢, v). SW2(Co. Yo))
+3((c, ), Ha (Cy.10) (€, V) + 5 (v, FO)V).
Letting (Cy, Yo) be a vortex a, then since SW;(a) = 0, we have from (4-4) that
ICSDZ (C, T)| = 311((e, v), Haale, )l 2czy + 311 0) 1755,
< const([|(e. v) 15y + 1€ )12 10121 52

Here, we use that H, g is a first order with smooth coefficients and we use the em-
bedding H/2(Z) < L*(Z) c L3*(X). The estimate (4-2) now follows from the
hypotheses, which implies ||(c, v) || g1/2(5) <.

The second inequality (4-3) is a standard inequality for Morse—Bott type functions,
which one can establish using an infinite-dimensional version of the Morse—Bott lemma
(see Donaldson [4, Chapter 4.5]). One can see, eg by using the same local straightening
map analysis of [19, Lemma 3.4], that the Morse—Bott lemma can be performed in a
H'/2(%) neighborhood of the space of vortices. a

Remark 4.5 The standard Morse—Bott inequality (in finite dimensions) states that
| f(x) — f(a)]"/? < ¢|V, £ holds for all x in a neighborhood of a point @ belonging
to the critical set of a Morse-Bott function f. In the above, we have been a bit cavalier
in our notion of the gradient, since an inner product needs to be specified. However,
since the projection T, 7 v, K(c,1) = Kq is an isomorphism, uniformly in the L?
norm for |[(C,T) —a| g1/2¢x) sufficiently small, whether we use the usual L? inner
product or the inner product (3-33) is immaterial.
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Definition 4.6 We say that the chart U, is a Morse—Bott chart for a if its closure is
contained in a chart of the form U,(§), with é sufficiently small as in Lemma 4.4.

We are interested in configurations which are in standard form with respect to a Morse—
Bott coordinate chart. This is because the Morse—Bott estimates we obtain on these
charts allow us to prove the usual exponential decay estimates for Morse—Bott type
flows.

Lemmad4.7 Lety be a smooth finite energy solution to SW3(y)=0 on Y =[T, co)x X
which is in standard form with respect to a Morse—Bott chart U, on Y. Then we have
the following.

(i) The path y(t) converges in L*(X) to a vortex a as t — oo and the temporal
component of y converges in L?(X) to zero.

(ii) The energy of y, or more precisely, the function CSDE (y(t)), decays exponen-
tially as t — oo.

Proof Let CSDE ) = CSD;: (y(2)). It is a nonnegative, nonincreasing function of 7.
We obtain the differential inequality

d . .
(4-5) ECSDE (1) = (K, 75, SW2 (¥ (), Tk, 750, SW2 (Y (D)) a5 (1)
(4-6) = —ISW2(P ()17 25,
(4-7) < —const-CSDZ (7).

In (4-5) we used (3-34), in the second line, we used that H;CW) H;CH,JW) = HIC,;(,),
and in the last line, we used (4-3). The above inequality implies that

CSDZ(1) < coe %! .CSDE(T)

for some constants ¢ and 89 depending on a. Since the space of vortices is compact
modulo gauge however, we can ultimately choose ¢y and §y independent of a.

Moreover, we have the following length estimate. First, we have

ISWa (7 )22y = ISWa (PO 1} 25, ISW2 (P () A )
< el SW2 (7 (1))l 725,CSDy (1) 71/

d S 1/2
= —c—CSD# (¢ .
cdt a (@)
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Note Remark 4.5 in passing to the last line. The above computation makes sense for
any nonstationary monopole y, since then SW, (Y (¢)) # 0 for every ¢ (otherwise, by
unique continuation, we would have SW,(y(¢)) = 0 for all ¢). Thus,

T] d
@8 TP Tl = [ 15 7Olamde
T, At

T
<c / ISWa (P ()| 2yt

To

< ¢/(CSDZ (Ty) /2 —CSDE (1) 1/?).

Since CSDZ: (t) is decreasing to zero, the y(¢) form a Cauchy sequence in L2(X). In
particular, the path y () converges to a limit, which must be a vortex. a

We need two more important facts. First, we want to show that we can satisfy the
hypothesis of the previous lemma, namely that given a monopole with small enough
energy, one can always find a coordinate patch about a vortex and a gauge transformation
that places the monopole into standard form for all future time with respect to the
coordinate patch. Secondly, we want to show that not only does a monopole in standard
form yield a path of configurations convergent in L?(X) to a vortex but that the
monopole itself on ¥ converges exponentially fast in all H* Sobolev norms on Y.
This is guaranteed by the following lemma.

Lemma 4.8 There exists an €y > 0 with the following significance.

(i) If y is a monopole such that f;o ||SW2()?(Z))||12(E)dt = € < €9, then there
exists a Morse—Bott coordinate patch U, and a gauge transformation g such that
y' = g*y is in standard form with respect to U, on [T, 00) X X.

(ii) There exists a 69 > 0 such if 0 < § < 8y, then

4-9) ”V/ — Y ||HJ'([T+t,oo)><E) = Cscee_gt

for every s > 0. Here a’ = lim;—,« y'(t) is the limiting vortex for y’, Cs is a
constant depending on s, and C¢ is a constant that can be taken arbitrarily small
for € sufficiently small.

Proof (i) By Lemma 4.1, for ¢y sufficiently small, we can find a gauge transfor-
mation g on [T, T + 1] x ¥ such that g*y is in standard form with respect to some
Morse—Bott patch U,. The key step is to show that g can be extended to all of
[T, 00) X X in such a way that the resulting gauge transformation places y in standard
form for all future time. However, Lemma 4.3 together with the same arguments as
in [14, Theorem 4.3.1] shows that this is the case for €y sufficiently small.
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(i) By (i) and Lemma 4.3, we know that sup,>z 4 ||V’ (t) — @[l g (z) < CiCe.
Now standard exponential decay arguments, eg [14, Lemma 5.4.1],* yields the desired
conclusion for s = 0. For s > 0, we use the fact that one can bootstrap elliptic estimates
in the standard form gauge so that L? exponential decay gives us H*® decay on the
cylinder. The arguments are formally similar to those of [14, Lemma 3.3.2]. We omit
the details. Note that we can take §y independent of a since the vortex moduli space V
is compact. |

5 The finite energy moduli space

In this section, we use the results developed in the previous section to prove our
main results concerning the space of finite energy monopoles on a 3—manifold with
cylindrical ends. We first establish the basic setup (ie the appropriate configuration
spaces and gauge groups) based on our previous analysis and then divide our task
into first studying the case when Y is a semi-infinite cylinder [0, c0) x ¥ and then
proceeding to the general case.

From Lemma 4.8, we see that modulo gauge, any finite energy monopole converges
exponentially to a vortex. This result depends crucially on the Morse—Bott framework?>
of the previous section and it yields for us the following two bits of information. First,
it tells us that the right choice of function spaces to consider on the cylinder are the
exponentially weighted Sobolev spaces. Second, it suggests that the topology of our
monopole spaces is related to the topology of the vortex moduli spaces at infinity. Our
main theorem of this section is Theorem 5.1. We also prove Theorems 5.5 and 5.6
to describe other moduli spaces one might wish to obtain from boundary values of
monopoles.

When Y is a manifold with cylindrical ends (and without boundary), every monopole
on it is gauge equivalent to a smooth monopole. However, our preliminary analysis
requires us to work in the general Hilbert space setting (so that as usual, Banach space
methods can be employed). On the noncompact space Y, we must a priori work with
local Sobolev spaces H} (Y), that is, the topological vector space of functions on Y
that belong to H*(K) for every compact domain K C Y. We let &} _(Y) denote the
H? (Y) completion of the smooth configuration space on Y. Then the space of all

loc
finite energy monopoles in &} (Y) is given by

4Note this lemma is a more general statement than we need, since in our Morse—Bott situation, the
center manifold is simply the critical manifold.

SFor comparison, in [14], one does not always get exponential decay in the instanton case due to
Morse—Bott degenerate critical points.
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M = (Y) ={y € Cp(Y) [ SW3(y) = 1. E(y) < o0}

loc

As before, we assume 7 is of the special form n = —°dt along each end, with n°
time-translation invariant. We topologize this space in the H}} (Y') topology and also
by requiring that the energy be a continuous function. Likewise, for any £ > 0, we
can define the space

E=ly e |E(y) < E}

of Hj} (Y) monopoles that have energy less than E. Here, & is the analytic (equiva-
lently, topological) energy of [8], which when restricted to the cylindrical ends of Y, is

given by the expression (4-1).

These spaces, being merely the spaces which a priori contains all the monopoles of
interest, are much too large to be of use. Of course, as we have mentioned, we can
always find a gauge in which a finite energy configuration decays exponentially in
every Sobolev norm at infinity. So for any § € R and nonnegative integer s > 0, define
H*3(Y) to be the closure of Cg°(Y) in the norm

LS s vy = 1€ £ | ars oy

Thus, for § > 0, the weight % forces exponential decay of our functions; for § < 0,
we allow exponential growth. Using this topology, we can topologize the space
T =QY(Y:iR) @ I'(S) (the tangent space to the smooth configuration space on Y
when Y was compact) in the H*¥(Y) topology to obtain 7. For § > 0, we can
then define the corresponding space

Y)Y ={y |y —ya € T*? for some a € V*}

of configurations that decay exponentially to some H®(X) vortex a € V* := H*V(X).
(As we have been doing consistently, to avoid notational clutter, we suppress the
dependence of V' (X) on the connected components of X, the spin® structure, and the
perturbation. The dependence is given explicitly by Lemma 3.3.) In particular, if s > 2,
all configurations in €* B(Y) are pointwise bounded. From now on, we will assume s
is an integer and s > 2 unless otherwise stated. We give €* B(Y) the topology of
T8 % VS in the obvious way. In particular, observe that ¢5¥(Y) is a Hilbert manifold.
Given y € M, the gauge transformation which sends y to an element of €54(Y),
being only required to satisfy a condition at infinity, can be taken to be identically
one near X = dY. It follows that to study the space 9t° and its boundary values on
¢s~1/2(x), it suffices to study the space

M8 = Ms N @S (y)

for § > 0 small.

Algebraic & Geometric Topology, Volume 14 (2014)



Lagrangian correspondences and Donaldson’s TQFT 889

We now consider the above setup modulo all gauge transformations. When § > 0,
the exponential decay of configurations allows multiplication to be possible and we
can define an exponentially weighted gauge group accordingly. Namely, we define
GST18(Y) to be the Hilbert Lie group of gauge transformations such that g differs
from a constant gauge transformation by an element of H*t14(Y"). This group acts
smoothly on ¢%%(Y") and we can form the quotient space

%S;S(Y) — QIS;S(Y)/QS‘H;B(Y),

This quotient is a smooth Hilbert manifold away from the reducible configurations,
which we can ignore when studying the monopole moduli space since none of our
vortices are reducible by the Morse—Bott hypothesis. Moreover, it is diffeomorphic to
a Hilbert bundle over the space

Vy () :=T5(2)/(GTH(Y)|x),

which is a covering space of V(X) whose fiber is the image of H!(Y;Z) inside
H'(X;Z) under the natural restriction map (ie the component group of those gauge
transformations on X that extend to Y").

Let
-0 M = M) = M) /G () < BR)

denote the moduli space of gauge equivalence classes of monopoles on Y which decay
exponentially to a vortex. Note that by our exponential decay results, M, topologized
as a subspace of B° ;B(Y), is also (topologically) the quotient space of 90t* by the group
of Hlf)j'l (Y) gauge transformations on Y. (Here, it is key that 9t is topologized with

the energy functional.) Observe that the definition of M ¥ is independent of § for § > 0
sufficiently small as a consequence of Lemma 4.8.

5.1 The semi-infinite cylinder

We first specialize to Y = [0, 00) x X to isolate the analysis on the cylindrical end. First,
we obtain tangent space decompositions of our configuration space arising from the
infinitesimal gauge action, as in [8; 19], but on weighted spaces. These decompositions
are important for studying the linearization of the gauge-fixed Seiberg—Witten equations.
Thus, for (B, W) € €535 (Y) with §’ > 0, we can define the operators

d(pwy: HT(YiR) — 759,
§> (—dE.EV),
d(*B’\I,): 7538 =138,
(b, )= —d*b+iRe(iV, y),
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for § < §’. We then obtain the subspaces

;8 :
Tip.w) = md(s.9).
6
IC?B,\P) = ker d(*B,\I,)

of 7'(535\1,) With the presence of a boundary dY = X, we can also supplement the
above subspaces with boundary conditions

(5-2) Teh e = (~dEEW) | £ € BT (V1iR). £]p = 0},
(5-3) KEs wyn = 1b.9) €KT3 o | #bl5 = 0}.

By standard Fredholm theory on weighted spaces (see Lockhart and McOwen [11]),
we have a weighted decomposition

(5-4) T = T 0y ® K gy
for (B, W) irreducible. This is summarized in Lemma 5.2.
Define the operator

oot B (Y) > V(D),
o) e lim (0]

mapping a configuration to its limiting vortex at infinity. Given any irreducible
y € €5(Y), from (5-4), we have that the tangent space to [y] of B%3(Y) can be
identified with

(5-6) T B (V) = K55 N Ty V.
The map (5-5) restricts to a map
0oo: M*(Y) =V

mapping a monopole to its asymptotic vortex on X. Given a vortex [a] € V', we can
define

(5-7) M?*(a) ={[yl € M*(Y) | dooly] = [al}.
the moduli space of monopoles that converge to [a].

We are now in the position to state our main result. We have the (tangential) restriction
map
rs: €9 (y) > ¢s712(y),

(B.¥) —~ (B, V)]s,
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where ¥ = {0} x X. Letting
(5-8) B(T) = D)/ (D)

denote the quotient configuration space on X, the restriction map ry descends to the
quotient space

(5-9) rs: BI(Y) - B3512(x),
Let
(5-10) B (2) =1~ (n°)/G (D) C B(T)

denote the symplectically reduced space associated to the n° level set of moment
map 1, where n° € Q°(Z;iR). We have the following theorem, which geometrically,
is the statement that M*([0, c0) x X) is the (infinite-dimensional) stable manifold to
the space of vortices on X under the Seiberg—Witten flow.

Theorem 5.1 (Finite energy moduli space) Let Y =[0, 00)x X, fix a spin structure s
on X, and let s > 2 be an integer. Let d = %(Cl(ﬁ), ¥) and pick n° such that
L [ 1% # d. Then the following hold.

(i) The moduli space M5(Y)= M ;:0 (Y) is naturally a smooth Hilbert submanifold®
of BS¥(Y), for § > 0 sufficiently small.

(i) The map rs: M*(Y) — B5~1/2(X) is a diffeomorphism onto its image, which
is a coisotropic submanifold of the symplectically reduced space %s;” 2(Z).
Given any [y] € M*(Y'), the annihilator of the coisotropic space rs (T, ;M *(Y))
is the space 1 (17, M * (0c0[Y])) -

(iii) Both M5(Y) and ry(M*(Y)) are complete.

In regarding M*(Y') as the stable manifold to the space of vortices at infinity, we see
that it is the union of the M ®(a), each of which is the stable manifold to [a] € V, as [q]
varies over the symplectic set of critical points V. This geometric picture clarifies the
symplectic nature of (ii) in the above.

Because of the infinite-dimensional nature of the objects involved, the proof of the
above theorem requires some care. We first prove a few lemmas. The first lemma
below extends tangent space decompositions to weighted spaces, which is needed
in understanding transversality for the Seiberg—Witten map SW3 as a section of the

6From now on, we will always regard M5 (Y) as endowed with this topology. As mentioned, it is
ys reg pology

homeomorphic to the quotient of 15 by gf;gl (Y), but this latter space does not come with an a priori

smooth manifold structure.
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relevant Hilbert bundle. Given a configuration y € €54(Y), the linearization of the
Seiberg—Witten map SW3: €%4(Y) — 757138 produces for us a first order formally
self-adjoint operator, the Hessian

(5-11) Hy: T — 75718,
Lemma 5.2 Lets>2 and y € ¢85 (Y) where §' > 0. Then for § > 0 sufficiently
small, the following hold.

(i) We have the following decomposition for 1 < s’ <s:

Y I == SES
(5-12) T =7, ek

If y is not reducible, then we also have:
== == ==
(5-13) T =T ey,
1 et 3(y) = 0. Then the Hessian operator : 0 [CST B0 s surjec-
(ii) Let SW 0. Then the Hessi Hy: TSHES s jos— 148

tive.

Proof Using the Fredholm theory for elliptic operators on weighted spaces of [11], the
proof of this lemma proceeds mutatis mutandis as in [19, Lemmas 3.4, 3.16, 4.1], since
the elliptic methods there adapt to weighted spaces for weights on the complement of a
discrete set. |

Because of (ii) above, we have that the space of monopoles on Y x X is transversally
cut out by SW3. We now investigate the symplectic aspects of the boundary values of
the space of monopoles.

To take into account gauge-fixing and obtain an elliptic operator from the Hessian, we

proceed analogously to [8] and define the extended Hessian

(5-14)  Hy:= (7}{ a:)”):Ts?‘seaHS;‘s(Y;iR)—>7'S_1;869HS;8(Y;1'R).
14

That is, 7-_ly is obtained from #,, by taking into the account the gauge action of the
exponentially decaying gauge group G* +18 (),
Thus, define the following augmented space

T =T @ H(Y;iR)

for § € R. In general, for y € €¥(Y) and § < §’, we have the first order formally
self-adjoint elliptic operator

7__[]/: 7—s;8 N 7—s—1;5‘
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In [19], a method known as the “invertible double” (see Boof-Bavnbek, Lesch and
Zhu [2]) is used as a fundamental tool in showing that the space of boundary values of
kernel of the operator’ 7-_l,, on a compact 3—manifold yields a Lagrangian subspace
of the boundary data space. Here, the same methods can be used, only now we have
a slightly different situation due to the weights. Nevertheless, this invertible double
technique is what allows us to obtain symplectic information for the boundary data of
the kernel of the extended Hessian in the cylindrical case.

As in [19], we first observe that
Ts =Tz ® Q°(Z:iR) @ Q°(Z;iR)
is the full boundary value space of T . Here, we have a full restriction map r given by
r T — T,
(b.y.a) = (bls. ¥|s. —0:b. alz),

ie the first two components of r is just the tangential restriction map ry, the next
component is the outward normal component of b, and the final component is the
boundary value of 0—form «. Extending to Sobolev spaces, we have r: 754 — 5—1/ 2

for s > 5. We also have the complex structure J: Ts = Ts, given by

~ 0 1
ross(®))

which extends the complex structure J on 7Ty and which is compatible with the product
symplectic form

(5-15)

(b, b1 a2). (@. Y. 1. B2)) = 0((b. ). (@ ¥)) — fE (@1 B0 — aof)

on Ts. As in [19], we obtain symplectic data on 7y from symplectic data on Ts
via symplectic reduction with respect to the coisotropic space Ty ® Q°(Z;iR) & 0.
Hence, we first study symplectic data on ’7‘2 , where we can use elliptic methods, in
particular, the invertible double method.

Lemma 5.3 (Weighted invertible double) Let s > 2 and let § # 0 be sufficiently
small. Let y € M Define

T @z T8 = {(x, ) e T o T | r(x) = Tr(p)}.
Then we have the following.

70r rather, the operator referred to as the augmented Hessian there.

Algebraic & Geometric Topology, Volume 14 (2014)



894 Timothy Nguyen

(i) The “doubled operator”
7__[)/ ® 7__[1/: 57"—s;8 @j»’fs;ﬂs N 77‘%—1;8 ® ,’i'—s—l;—S
is an isomorphism.

(i) The space r(ker 7-_l,,|f73;3) is an isotropic subspace of 7;_1/ > Its symplectic
annihilator is the coisotropic subspace r(ker Hy |7y.—s) .

Proof (i) One can easily construct a parametrix for the double using the methods of
Atiyah, Patodi and Singer [1]. This shows that the double is Fredholm. Here § # 0
small is needed because of our Morse—Bott situation at infinity. To see that the double
is injective, if u = (u4,u_) € T8 g f’T’S =8 belongs to the kernel of the double, then

0= (ut, Hyu-) 2y — (Hyttg, u)p2yy = —/E(V(MJF), Tr(u-)).

The second equality is Green’s formula (ie, an integration by parts formula) for 7-_ty,
where ¥ = 0Y. This formula is justified since u4+ decays exponentially while u~ is
at most bounded since § is small (see (5-24)), so that there is no contribution from
infinity. On the other hand, since r(uy) = Jr (u—), we conclude that

[l = [ - =o.
) )

Thus # = 0 and so the double is injective. Integration by parts and the same argument
shows that the orthogonal complement of the range of the double is zero. Thus, the
double is invertible.

(i) Green’s formula above shows that r(ker 7-_[,,|f7s:8) is isotropic and that it anni-
hilates r(ker H,|7s:—5). It remains to show that the annihilator of r(ker H,|Fs:)
is precisely r(ker ﬁyl%s:—é), for which it suffices to show that r(ker 7-_ly|%s:8) and
Jr (ker 7-_[y |7s:—8) are (orthogonal) complements. This however follows from (i) and
the same method of proof of [2, Proposition 5.12]. a

Lemma 5.4 Let y, be the configuration on Y corresponding to the constant path in
€(X) identically equal to a configuration a (not necessarily a vortex).

(i) We can write
_ ~(d _
(5-16) Hy, = (E + Bu),
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where By: Tz — Ty is a time-independent first order self-adjoint operator given

by
B Hoo do —Jd,
(5-17) Bo=[df 0 0
d*J 0 0

(ii) We have JB, = —B,J .

(iii) Ifa= (C,Y) where Y = (YT,0), then B, is complex-linear with respect to
the complex structure I: Ts, — Ty given by

I=(>T<,i)ea(_01 (1))

If instead Y = (0, Y7), the analogous statement is true with i replaced with —i
in the above.

(iv) If a is a vortex, then
(5-18) kerB, = {(¢.v.0,0) € T | (¢.v) € TV, d (¢, v) = 0}

is isomorphic to the tangent space to the vortex moduli space V at [a].

Proof (i) This is a straightforward computation. Observe that the operators appearing
in the first column of B, correspond to the linearization of SW5, gauge fixing, and the
moment map, respectively.

(ii), (iii) Using the fact that J and (%, /) anticommute and commute with 7 ,, respec-
tively, (with the appropriate assumption on a in the latter case) this is a straightforward
computation.

(iv) Suppose (c, B, a, v) € ker By. Then
Hz,a(c, U) - Jdu,B + daa - 0

All three terms in the above however are orthogonal to each other, since the tangent
space to the gauge group is isotropic and since Proposition 3.1(iv) holds. It follows
that Jdy8 = d,o0 =0, whence § = « = 0 since a is not reducible. We now have the
equality (5-18), since being annihilated by the first column of B, expresses being a
gauge-fixed element of the kernel of the linearized vortex equations. |

Note that the special algebraic structure of B, comes from its symplectic origins.

Indeed, B, possesses an anticommuting complex structure by virtue of arising from
the tangential part of the Dirac operator H,, . Furthermore, B, possesses a commuting
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complex structure by virtue of its association to the vortex equations, which can be
interpreted as the zero level set of a moment map on a Kihler configuration space [6]
(when a = (C, Y™T) is not a vortex, the vanishing of Y™ is enough to preserve the
complex-linearity of I).

Proof of Theorem 5.1 (i) We prove M?* % is a Hilbert manifold by showing it is
the zero set of a section of a Hilbert bundle that is transverse to zero. We have the
exponentially decaying space ICJS,_I;‘S for every configuration ¢ on Y. Since ICf,_lg‘S
varies continuously with ¥, just as in [19, Proposition 3.5], we may form the bun-
dle K5~18(Y) — ¢%9(Y) whose fiber over every y € €%9(Y) is the Hilbert space
JCS—18(Y). We can interpret SW as a section of the bundle K5~ 13(Y), ie

(5-19) SWj: €50(y) — 10518 (y).

Note that the range of SW3 really is contained in the exponentially decaying space
KCS38(Y). Indeed, for any constant vortex y, induced from a € ¥* and any x € 754,
we have

SWi3(va+x) = Hy,x +xfix,

where § denotes a bilinear pointwise multiplication map. Since § > 0 and s > 2,
multiplication is bounded on 7% and so in particular, x ff x € 7~ 1%, Lemma 5.2(ii)
implies (5-19) is transverse to the zero section, whence 9t° 8 — SW;1 (0) is a smooth
Hilbert submanifold of ¢5:3(Y). Since there are no reducibles, GST14(Y) acts freely,
and so M = M58 /GST18(Y) has the structure of a smooth Hilbert submanifold
of B58(Y).

(iii) We have 9530 =~ M x QS+1?5(Y) (cf [8, Chapter 9.3]), so that since M0 i
complete, so is M*. To show that rs(M?®) is complete, we have to show that any
sequence in ry (M*) which forms a Cauchy sequence in B71/2(X) converges to an
element of rx(M?%). Since s — 2 > 2 , if a sequence converges in H*~1/2(%), its
values under CSD* converge, since CSDE is H'/ 2(X) continuous. Thus, it follows
that the limiting configuration has finite energy, and the limiting trajectory it determines
on the cylinder is the limit of the sequence of trajectories. Thus, the limit corresponds
to a finite energy monopole, and hence ry (M*) is complete.

(ii) For the first part of (ii), similar unique continuation arguments as made in the proof
of the main theorem of [19] imply the injectivity of ry and that it is an immersion.
To show then that ry is a global embedding, we use similar arguments as made in
the proof of [19, Theorem 4.13]. Namely, it suffices to show that if rx(y;) forms a
Cauchy sequence in B5~1/2(X), then the y; form a Cauchy sequence in M *. However,
this follows from our preceding analysis. Namely, we have that the energy of the y;
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converge. On compact cylinders, the ; converge in H*(I x X) by [19, Lemma 4.11],
and at infinity, we have convergence in a neighborhood of infinity since energy controls
exponential decay, ie, we have equation (4-9). Because of the way M* is topologized,
this gives us convergence of y; in M ¥,

It remains to prove the more interesting second part of (ii). Let "Hf,'ﬂ and H,, =" be the

Hessian and extended Hessian operators with domains 7 i+8 ang TES respectlvely
Observe that given [y] € M?*, then rg(T},,)M) can be regarded as the symplectic
reduction® of rg (7, M ) with respect to the coisotropic subspace T L (n°) of
T g_l/ %, We have the following claim.

7786

Claim The space rx (7,90 %) is a coisotropic subspace of Tg_l/ % with annihilator
rs (T, IS8 N T539).

We will prove this claim, which is equivalent to second assertion of (ii) via the previous
observation concerning symplectic reduction. To prove the first part of the claim, we
proceed as follows. First of all, we have

(5-20) re(Ty M) = ry(ker fy |7, mm)

which follows from Lemma 5.2 and the fact that J 5 has zero restriction to the
boundary. Let wgg: TES 1/2 ’TES 12 4enote the symplectlc reduction induced by
the coisotropic subspace

Wi =730 Q%%:iR) @0,

that is, wgg(x) is coordinate projection onto Tg_l/z if x €W and nggr(x) =0
otherwise. We will show that

(5-21) re(kerHy |z gsis(v)) = msrr (ker H3~02),

which together with Lemma 5.3 and (5-20) will show that rx (7, 91° 8) is coisotropic.
Let a = lim;— y(¢). Then we can write

(5-22) Hy =Hy, + R,

where H,, is time-independent and where R is a zeroth order operator whose coeffi-
cients belong to H*3(Y). From this, we have

(5-23) ker?-_[f,;_‘s/z = {x € T5%/2 L ker 7—_[;;(1_5/2 | Hyx = 0}.

8See [19] for further reading.
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Indeed, if x € T57%/2 and H,x = 0, then H,,x = —Rx € T*%/2_ The operator
DTS2 82 g surjective (since no boundary conditions are speciﬁed) and
hence we see that x differs from an element of 7 511:6/2 by an element of ker ’H —8/2,

Let Zg_ Cker 7-_[;; 3/2 denote the time-translation invariant elements given by the zero
eigenspace of B,. Then for § sufficiently small,

(5-24) ker #3012 C T2 4 7
Since Zg_ C T, V70,00) by Lemma 5.4, equations (5-23) and (5-24) imply

(5-25) ker 13792 = Ker Hy |1, gsisr2g prsior2(v)-

Summarizing the above, we have shown that the only elements of ’ﬁs;_s/ ? that do

not exponentially decay are those that have a nonzero contribution from Zz C 7,7'.
Because of the direct sum decomposition (5-12), we have that elements of ker ”HS’ 8/ 2
whose restriction under r lie inside the coisotropic space T —1/2 ®QUZ:iR)®0
have vanishing H* =8/2(y) component, and thus belong to T I 8/2 (This is exactly
the same type of analysis carried out in the symplectic aspects of [19, Section 3.3].)
This observation together with (5-25) implies

nSRr(ker}_ij_‘s/z) = TRY ker(?-_[y |Ty¢s;5/2).

But we have

TSRY ker(/)l‘_ly|Ty¢s;8/2) = ry ker(H, |7, @5:8/2)

and so (5-21) follows from the above two equations. This finishes the first part of the
claim.

The second part of the claim is now a simple consequence of Lemma 5.3(ii) and the
preceding analysis. Namely, the annihilator of rx (7, 90t* 8y = wgpr(ker ﬁff—é/ 2) is
given by

nsgrr (ker 7-_[;;5/2) = nggr(kerH, | 75:8/2)

= rg (T, M N T58/2),

The claim now follows from the fact that 7,90t 8.1 75:8/2 modulo gauge is precisely
Ty M (3co[y ). o

The next two results we state concern two natural additional moduli spaces one may
consider: those monopoles with small energy and those monopoles whose limiting
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value belong to some Lagrangian submanifold of V(X). For the first of these, we
consider the moduli space

My :={lyle M*|E(y) < E}.

Geometrically, Theorem 5.5 says that for sufficiently small energy €, the space M/
is what we expect it to be in light of the Morse—Bott analysis of the previous section.
Namely, M is an open neighborhood of the critical set of our flow, the space of
vortices, within the stable manifold of the flow. (Since we are working modulo gauge,
the stable manifold in question is with respect to the flow on some coordinate patch
near a vortex, as we analyzed in the previous section.) Thus, while M/ is an infinite-
dimensional Hilbert manifold, the only topologically nontrivial portion of it comes
from the finite-dimensional space of vortices over which it fibers. Furthermore, the
Seiberg—Witten flow provides a weak homotopy equivalence from the entire space M,
whose exact nature we do not know, to the small energy space M.

Theorem 5.5 (Small energy moduli space) We have the following.

(i) Forevery E > 0, the inclusion My, — M? induces a weak homotopy equiva-
lence.

(ii) There exists an €y > 0 such that for all 0 < € <€, the space M is diffeomorphic
to a Hilbert ball bundle over the vortex moduli space V(X).

Proof (i) We want to show that the inclusion induces an isomorphism on all homotopy
groups. For this, we only have to show that My, < M?* is surjective on all homotopy
groups. So let f: S, — M?® be a representative element of m,(M*) for some n.
Observe that for every T > 0, we have a continuous map t7: M5 — M?* which
translates an element by time 7', ie 77(y) = y(-+ T). Since the image of f(S,)
is compact, and because energy is continuous on M ¥, it follows that we can find a
large T such that t7(f(Sn)) C My. Thus, 7;, 0 <¢ < T, provides a homotopy
from t7(f(Sn)) to f(Sy). Since f: S™ — M5 was arbitrary, this proves the desired
surjectivity of the inclusion map on homotopy groups.

(i1) The Chern—Simons/—Dirac functional CSD* , being a Morse—Bott functional on
s—1/2

7’0
quadratic form when restricted to small neighborhood of the stable manifold to a critical

point. Hence, the level sets of energy on such a stable manifold, for energy close to
the energy of the critical set, are just smooth spheres. Thus, the union of those level
sets of energy less than €, which is precisely M, forms a Hilbert ball bundle over V.
Here, in this last statement, we implicitly used Lemma 4.1, which tells us that for small
enough energy, every configuration is gauge equivalent to a path that remains in a small

the quotient space B (X), is a small lower order perturbation of a positive-definite
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H'/2(X) neighborhood of V for all time, in which case the above local analysis of
CSD¥ near its critical set applies. a

From the previous theorems, we can deduce the following theorem, which allows us to
obtain Lagrangian submanifolds of %S;” 2(E) whose topology we can understand.
Namely, we consider the initial data of configurations in BS;“ 2(EJ) that converge
under the Seiberg—Witten flow to a submanifold & inside the vortex moduli space V

at infinity. More precisely, define the space
Mg ={lyle M’ | dcly] € £}
of monopoles in M ¥ that converge to &. For any E > 0, we can also define

M5 = M50 M.

Theorem 5.6 Let ¥ C V(X) denote any Lagrangian submanifold.

(i) The space M¢, can be given the topology of a smooth Hilbert manifold. The map
-1/2
rs: My — %;0 / (%)

is a diffeomorphism onto a Lagrangian submanifold of %;61/ 2(X). The space
M, is weakly homotopy equivalent to a Hilbert ball bundle over &£ .

(i) If € > 0 is sufficiently small, then (i) holds with M3 _ in place of M3, and with
“weakly homotopy equivalent” replaced with “diffeomorphic”.

Proof Since the map doo: M* — V is a smooth submersion, it follows M3 C M*
has the topology of a smooth Hilbert manifold. From Theorem 5.1(ii), we see that
given [y] € Mg, the space rx(T},)MJ) yields a Lagrangian subspace inside the
symplectically reduced space

rs (T M) [ rs (T M (0ol ])-

This shows that rg (7,1 M) is a Lagrangian subspace of Trz[y]Bz_l/ 2(E). The
remaining statements are now immediate. o

Of course, having worked initially in the Hilbert space setting (as is necessary to use
Banach space methods), one can then restrict to just those configurations that are
smooth. Thus, all the results above carry over mutatis mutandis to the smooth setting.
In what follows, omission of the superscript s from a configuration space denotes we
are considering those configurations that are smooth.
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5.2 The general case

We now consider the general case of a 3—manifold Y with cylindrical ends. Write
Y =Yy U ([0, 00) x X) as the union of a compact 3—manifold with boundary Y, and
a cylindrical end on which all structures (the metric, spin® structure, and perturbation)
are product. Using the previous results concerning monopole moduli spaces on semi-
infinite cylinders together with those results of [19] on compact 3—manifolds, we
are able to describe the finite energy moduli space of monopoles on Y. Indeed, on
the compact part, we have the following theorem from [19]. Given n € Q!(Yy:iR)
coclosed, we have the moduli space M,/ (Y) of H*(Y)) gauge-equivalence classes of
n—perturbed monopoles on Y.

Theorem 5.7 Let s be a spin® structure on Yy such that ¢y (s) # ’;[* n]. Then My (Yo)
is a smooth Hilbert manifold and rx: M, (Yo) — SB;EI/ 2(E) is a smooth submersion
onto a Lagrangian submanifold. The fiber of the submersion is isomorphic to the lattice

HYY,X:7Z).

Let n € Q!(Y:iR) be a coclosed one-form such that its restriction to the cylindrical
end [0, 00) x ¥ is of the form n°d¢ with n° time-independent. Then 7 induces for us
perturbations 7|y, and 7|[p,c0)xx to the monopole equations on Yy and [0, c0) x X.
We thus obtain the corresponding perturbed moduli space of smooth monopoles:

(5-26) My([0.00) X £) = My, .. ([0, 00) x X))

(5-27) My (Yo) = {u € €(Yy) | SW3(u) = nly,}/G(Yo)

(5-28) My(Y) = {u e & ¥) | SW3(u) = 0. £(yljo,00)xs;) < 0,
1<i<n}/G3(Y)

From now on, we will not always distinguish between a form 7 on Y and its restriction
to smaller domains in our notation as in the above.

As in [8], we can describe M (Y') as a fiber product of the moduli space of monopoles
on Yy and on the ends. We have restriction maps to the quotient configuration
space B(X) on the interface ¥ = {0} x ¥ of Y and [0, 00) x X:

(5-29) re B(Yo) > B(T),
(5-30) rs: B([0,00) x T) — B(X).
Via restriction, these maps then give us maps

(5-31) re: My(Yo) = B,0(2),
(5-32) re: My([0,00) X ) > B,0(2).
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One can show, as in [8, Lemma 24.2.2], the following.

Lemma 5.8 The natural map My,(Y) — My(Yo) x M;([0, 00) x X) given by restric-
tion yields a homeomorphism from My (Y') onto the fiber product of (5-31) and (5-32).

Note that this lemma requires that there be no reducibles, which we always take to
be the case for a suitable choice of perturbation and spin® structure landing us in the
Morse—Bott situation.

Our main result is the following. Pick a spin® structure s and perturbation 1 on Y as
above and write ¥ = 0Y( as ¥ = [ [; &; in terms of its connected components. Let
di = %(cl (s), ;) and where g; is the genus of ;. Then the vortex moduli space at
infinity can be written as

n
(5-33) V) =[]vE,
i=1
where the precise degree of these vortex moduli spaces are given by Lemma 3.3. Here,
we suppose that 7 is such that

(5-34) i/ 1) 7 dj
v >

for every 7, so that our previous Morse—Bott analysis applies on each end. This is not
always possible. Indeed, if Y has a single end, both sides of (5-34) are always zero.
However, (5-34) is possible if Y has at least two ends (here we assume Y, without loss
of generality, is connected). For in this case, the restriction of H?(Yy) to each boundary
component of Y, has nontrivial image. Furthermore, we endow (5-33) with the product
symplectic structure (of course, weighted with signs according as to whether the %;
are incoming or outgoing ends, which we suppress from the above notation).

We can define the smooth map

(5-35) Ooo: Mp(Y) — [[ V(=)
i=1

which sends a monopole to the gauge-equivalence class of its limit on each end.

Theorem 5.9 Fix a coclosed perturbation n € Q°(Y;iR) as above and suppose it can
be chosen so that (5-34) holds. Then for a generic coclosed perturbation 17 compactly
supported in the interior of the collar neighborhood [—1,0] x ¥ C Yy, the space
M, +5(Y) is a smooth, compact, orientable manifold. Moreover, the map (5-35) is a
Lagrangian immersion.
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To prove the first part of the theorem, we show that for generic 7, the restriction maps
given by (5-31) and (5-32) intersect transversally. This requires understanding how the
parametrized moduli spaces M, 57(Y), as 7 varies over a Banach space of coclosed
forms with compact support in the interior of Yy, restrict to the boundary X.

In detail, fix a small open interval I C [—1, 0] whose closure is contained within [0, 1].
Fix a larger interval T > I with the same property. Fix a countable collection of smooth
compactly coclosed imaginary 1-forms supported in T x S such that their restrictions
to I x X are dense in the space of smooth coclosed 1-forms on I x X. Then as
in [8], one can form a Banach space of smooth® coclosed forms P that is given by the
closure of the span of the given countable collection. We will take P to be our space
of perturbations to the Seiberg—Witten equations, where an element of P is said to be
generic if, as usual, it lies within some unspecified residual subset of P.

Lemma 5.10 Let s > 2. Consider the map
F: €5 (Yo) x P — K571 (Yo) x B12(%),
(u, 1) = (SW3(u) — (n+1). rz(u)),

where K~1(Yy) denotes the Hilbert bundle over ¢*(Yy), whose fiber over u is K5~ 1.
Then for any (u,7) such that SW3(u) = n+ 7, the image of D, 7F, orthogonally
projected into Ky @ Ty () w='(n°), is dense with respect to the L?* topology.

Proof Let (vq{,v;) € ICZ_1 X Tg_l/z be L? orthogonal to the image of D, 57 F. This
means

(Hu(Bu) + 61, vi) p2(yy) + (r2(u), v2)p2(x) =0

for all (6u,dn) € T,€*(Yy) x P. Let §n = 0. Choosing du compactly supported,
integration by parts shows that v; € ker H,,. Then choosing du arbitrary, integration
by parts again allows us to conclude that v, = Jry(vy). Letting u = 0 and let §7
vary. Then on U := I x X, writing v;|y = (b, ®), where b € QI(U;iR) and ®
is a spinor, it follows that b is closed. On the other hand, since u =: (B, ¥) is an
irreducible monopole, then W vanishes only on a set of isolated points by unique
continuation. Thus, since (d&, ®) € ker H,, implies im p~ ! (dW*)y = 0, we must
have ® = £V for some imaginary valued function &. Then, (b, W) € ker H,, implies
pOYWV + p(d&)W = 0, since DpW = 0. Thus, we see that v{|y is of the form
(—d&,£W), ie it lies in the infinitesimal gauge orbit through (B, ¥). Placing vy in
temporal gauge along the entire collar neighborhood [—1, 0] x X, unique continuation

90ne could work with a Banach space of HS forms for large s, but for convenience, we will take our
Banach space to consist of smooth forms.
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(see [8] or [19]) implies v{|[—1,0)xx equals (—d&,&W) for some & € Q([-1,0]x %).
It follows that vy = Jryv; belongs to J 7,y (). But J Ty )N T,E(M)M_l (n°) =0 by
Proposition 3.1, so v, = 0. Thus ryv; = 0 and again by unique continuation v; = 0.
This proves that the L? closure of the projection of the range of D, F, projected onto
Ku ® Ty, (u)u_l (n°), is equal to K, ® T, (u)u_l 1°). a

Corollary 5.11 Let Z={([u],7) €B*(Yo)xP|SW3(u)=n+1n}. Then Z is a smooth
Banach manifold and r5: Z — B;;l/z(zo) and r5: My([0,00) x T) — B;gl/z(zo)
are transverse.

Proof For any 7, at any point of the fiber product of ry: M (Yo) — Bs Y 2(Z‘)
and rE M, ([0, 00) x X) — B; 1/ 2(E) the image of the dlfferentlals of these maps
yield a Fredholm pair of Lagrangian subspaces. Moreover, these subspaces remain
Fredholm if we pass to the L2 closure. Next, it is an elementary fact that if a subspace
of a Banach space has finite codimension and is dense then it must be the entire space.
The previous lemma now implies the corollary. a

Proof of Theorem 5.9 By Corollary 5.11, we have that the fiber product of the maps
I Z—> ‘BS 1/2(20) and rZ My ([0, 00) x E) — %“:]—1/2(20) is a smooth submani-
fold of Zx/\/ln([O 00)x X). Moreover, since ry, (M,,+,7(Y0)) and rg, (M ([0, 00)x X))
always intersect in a Fredholm manner, the projection of the above fiber product onto
the space of perturbations P is Fredholm. By the Sard—Smale theorem, we can find
a residual set of regular values for this projection. Choosing 7 to be such a regular
value, we then obtain that the restriction maps from the corresponding moduli spaces
are transverse.

It follows that the resulting fiber product M 7(Y') is smooth and finite-dimensional.
The fact that M 47(Y) is compact follows from the compactness results for the
perturbed Seiberg—Witten equations; see [8, Chapter 24.5]. In our situation, all finite
energy configurations in M, 5(Y) must have the exactly the same (perturbed) topo-
logical energy, since the space of vortices on each end is connected (and so CSDZi
has constant value on the vortices on each X;). Moreover, we cannot have trajectory
breaking on the ends for the same reason: the only finite energy solutions on an infinite
cylinder (—o0, 00) X X; are translation-invariant zero energy vortices. Thus, our space
M, +5(Y) is compact as is.

For the second statement, we can see this very easily in geometric terms. From
Theorem 5.7, we know that the image of (5-31) is a Lagrangian submanifold. Let
[v] € M;([0,00) x X) and define [a] := dxo[y] € V(X). Note that the differential
of do at [y] € My([0, 00) x X) has kernel precisely equal to 77,,; My ([a]), the tangent
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space to the stable manifold to [a]. On the other hand, by Theorem 5.1(ii), we have
that rg (7, My([a])) is an isotropic subspace annihilating the coisotropic subspace
rs (T1y1 My ([0, 00) x X)). So given any u € My47(Y), it follows that the differential

Dy 000: Tqu]—H_](Y) - Taoo(u)V(E)

has range which is isomorphic to the symplectic reduction of the Lagrangian sub-
space Tys () (r; M, 1+7(Yy)) coming from Y, with respect to the coisotropic space
Ty (s (My([0, 00) X X)) coming from the ends. In particular, the differential of doo
at any monopole on Y has image a Lagrangian subspace. Moreover, the map d is an
immersion due to the transversality of the maps (5-31) and (5-32), which implies that
the symplectic reduction in question is injective. This proves the theorem. a

Remark 5.12 Our proof consisted of patching together analysis from the compact
piece Yy with the cylindrical end [0, 0o) x . One could work directly on Y, proving
that the map SW3: €3(Y) — K¥(Y) has + 7 as a regular value for generic 7. Since
the linearization of SW3 is formally self-adjoint, we know that the image of (0o0)x
on tangent spaces of M, 7(Y) are isotropic, and by the Atiyah—Patodi—Singer index
theorem, we know that dim M, 7(Y) = % dim V(X). However, we would not know
a priori that doo: M(Y) — V(X) were an immersion. Studying how one can choose 7
so that M, 7(Y) is an immersed moduli space seems like it would involve the same
amount of work as carried out above. What makes the above approach, involving the
fiber product description of M (Y), somewhat miraculous is that one gets the immersive
property automatically from the transverse intersection occurring in a symplectic
reduction. That is, the immersive property is obtained for free from the symplectic
geometry.

Next, we show that the moduli space M (Y) is an orientable manifold. In fact, we
show that the determinant line bundle A(Y") over BS(Y'), whose fiber over [u] € B (Y)
is det(#,), is trivial. Thus, an orientation for A determines a unique orientation
of M(Y), which a priori may have many since M (Y) could be disconnected.

Lemma 5.13 The determinant line bundle A(Y') is trivial.

Proof We know that B5(Y) is diffeomorphic to a Hilbert bundle over Vy (%), and
hence homotopy equivalent to this latter space, with the homotopy equivalence being
given by the limiting boundary value map BS(Y) — Vy(X). Thus, suppose we are
given an arbitrary loop zo: S' — Vy(X). We will extend it to a loop z: S' — B3(Y)
and show that A(Y) restricts trivially to z. Since zg is arbitrary, this will show
that A(Y') is a trivial line bundle, since it restricts trivially to every homotopy class of
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loops in B*3(Y). So given zg, we construct an extension z piece by piece as follows.
Extend zy along the neck [1, 00) x X in a time-independent manner. The homotopy
(C,¥) - (C,t¥), t €[0,1] is a gauge-equivariant homotopy inside €(X), and we
can apply this homotopy to obtain a path of configurations z: S — B9([0, 00) x %),
with each configuration extended to [0, 1] x ¥ via the above homotopy. We can then
extend z in some smooth manner into the interior of Y, with z reducible on Y, thus
obtaining our path z: S! — SB‘S(Y). Orienting the determinant line A(Y) on this
loop z is not straightforward since we do not have a complex linear family of operators
on Y. We want to pass to a situation in which this is true however. To do this, we use
an excision argument to pass to operators defined on cylinders where complex linearity
can be exploited. Consider the loop z/(0), 6 € S!, of configurations on Y such
that z'(0)|y, = z(0)|y, and z(6)l[0,00)xx is the time-translation invariant reducible
configuration z(#)|¢oyxx - In this way, we obtain a loop z’ of reducible configurations
on Y that agrees with z on Yj.

On the other hand, we can also define loops of configurations Z and Z’ on R x X,
which agree with z and z’ on [0, 00) X X and which are time-translation invariant
extensions of their values on {0} x X to (—oo, 0]x X. By standard excision properties of
determinant lines (see Donaldson and Kronheimer [5, Chapter 7] and [8, Chapter 20.3]),
we have

(5-36) det(H,) ® (det(H,))* = det(Hz) ® (det(Hz))*,

where the left-hand side consists of a determinant line of a loop of operators over Y
and the right-hand side consists of a determinant line of a loop of operators over R x X.
Here, care must be taken in our choice of initial loop z¢: S! — Vy(X) because this
loop determines the asymptotic behavior of the loops z’, Z and Z'. We must ensure
that each corresponding loop of Hessian operators occurring in (5-36) parametrizes a
family of Fredholm operators, which means that we must be able to choose a suitable
weighted space for the domain and range of the loop of operators which renders them
all Fredholm.

We show that for a suitable representative of zo and negative weight —§ on the
cylindrical ends of Y and of R x ¥, with § > 0 sufficiently small, all the operators
appearing in (5-36) define a family of Fredholm operators. For H, there is nothing
to show, since the Morse—Bott assumption tells us precisely that for sufficiently small
negative weight §, no eigenvalues of the linearized gauge-fixed vortex operator B 20(0)
can cross —8 < 0 for § a sufficiently small weight. To prove that . defines a
family of Fredholm operators, we need to prove that no eigenvalues for the family of

operators BZ{)(,) cross —3, where z;(¢) is a loop of connections obtained from zo(¢)
by setting the spinor equal to zero.
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In this case, the family B PR0 is the direct sum of a single Hodge operator and a family
of Dirac operators parametrized by z,(¢). We want this family of Dirac operators
to have kernel of constant dimension. This will be true as long as the loop z;(t),
viewed as a loop in the Jacobian variety of X, avoids the locus of line bundles that are
determined by special divisors. More precisely, we wish for the operators

0 (KQL)'? - (K'® L)'?,
% (KT'®@L)Y/? > (K@ L)!/?
2)(1)

to have kernel of constant dimension for all # € S!. This is guaranteed if the family
of divisors corresponding to the holomorphic structures induced on (K ® L)'/2 and
—(K~'®L)"/? by 2o (t) avoid those which are special. Thus, the loop z; and hence zo
must avoid a proper analytic subvariety, which is at least a complex codimension-one
condition. Since a loop is of one real dimension, for any given homotopy class of loops
we can choose a representative zo which avoids the subvariety.

The exact same analysis applies at the negative infinite end of R x X. This shows
that we can choose a small negative weight for which the operators in (5-36) are all
Fredholm, which justifies the excision procedure.

From (5-36), to orient det(?-_lz), it suffices to orient the other three lines. The lines
det(H,/) and det(#z) are trivial since they are families of reducible configurations
(so that one has a fixed Hodge operator and family of complex linear Dirac operators).
It remains to orient the line det(7z). Here, we invoke Lemma 5.4(iv), which tells us
that the operators belonging to the family Hz are all complex-linear with respect to 7.
Thus, det(#z) is canonically oriented. Altogether, this shows that det(7{), the line
bundle A(Y) restricted to the loop z, is trivial. a

Corollary 5.14 The moduli space M(Y) is orientable with a unique orientation
induced from an orientation for A(Y). An orientation for A(Y) is determined by an
orientation for the image of H'(Y) — H'(X).

Proof We need only prove the latter statement. From (5-36), to orient A(Y), it suffices
to orient a single line (det(’;’-—[z/(,o))) ® det(?-_[;(,o)) ® (det(?-_[;/(,o)))* for some #y. The
middle term arises from a complex linear operator and so has a canonical orientation.
The first and last operators above are each given by reducible configurations z’(zg)
and Z'(ty). For a reducible configuration, we need only orient the determinant line
of the associated Hodge operator, since the associated Dirac operator is complex
linear. It follows that we need to orient the determinant line of the Hodge operator
(xd +d*)®d on Y and R x X with a small negative weight on each end. In general,
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on an arbitrary 3—manifold X with boundary, if we form X™* by attaching cylindrical
ends to dX and choose a small negative weight on each end, the kernel of the Hodge
operator is isomorphic to H'(X) @ H(X) (with real coefficients) while the cokernel
is isomorphic to the image of H'(X,dX) — H'(X) [1; 4]. Thus, via exactness of
HY(X,0X) - H'(X) - H'(0X) and since H°(X) has a canonical orientation,
orienting the determinant line of the Hodge operator on X* with a small negative
weight is equivalent to orienting the image of H'!(X) — H'(0X). We now apply this
resultto X =Y and X =R x X, and note that the image of H'(RxX) - H!(—=ZUX)
is isomorphic to H'(X), which has a canonical orientation since it is a symplectic
vector space. i

6 Donaldson’s “TQFT”

Consider a closed 3—manifold Y with b;(Y) > 0. Then it is possible to choose a
connected nonseparating orientable hypersurface ¥ C Y. We can then form the cobor-
dism W: ¥ — ¥ obtained by removing ¥ from Y and then form the corresponding
cylindrical end manifold

W* = W U (=00, 0] x £) U ([0, 00) x ).

Here of course, we assume W has a metric which is product in a neighborhood of the
boundary so that W* is a smooth, Riemannian manifold. The original manifold Y is
obtained from W by identifying the two boundary components by a diffeomorphism
h: ¥ —X.

Let 50 be a spin structure on W* and n € Q1(W*;iR) a coclosed form satisfying
the usual product structure assumptions on the ends as in the previous sections. We can
identify so with its restriction (again denoted so) to W, and let Spin®(Y, s¢) denote
the set of all spin® structures on Y obtained by closing up W by the diffeomorphism
h and by using all possible gluing parameters (ie the inequivalent ways of identifying
the spin® structures on ¥) as indexed by I' = H'(Z;Z)/(H'(W;Z)|x). Following
the program set out by Donaldson in [3], we can compute the Seiberg—Witten invariants
of the closed manifold Y, or more precisely, those obtained by summing over the spin®
structures of Spin®(Y, sg) for some s¢, using a topological quantum field-theoretic
framework. We will refer to such a framework as a TQFT for brevity, even though it is
not so on the nose as we shall see.

Let us first state the invariant this TQFT produces. As a set, the monopoles on Y are
precisely those monopoles on W whose boundary values on the two components agree
when we glue by the diffeomorphism / and any gluing parameter. However, to obtain
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an intersection problem involving finite-dimensional objects (the space of monopoles
on a compact 3—manifold with boundary and the space of its boundary values are
infinite-dimensional modulo gauge), we instead attach cylindrical ends and consider
the space of perturbed monopoles M, (W *,so) with respect to the spin structure s .
Based on gluing principles, one expects that the moduli space of monopoles on Y,
with respect to the spin® structures in Spin®(Y, s¢) should correspond bijectively to the
intersection of doo My (W™, 50) with ', the graph of £, inside V(—X) x V(X). Here
a sum of spin® structures is involved since the vortex moduli space on X is formed
by dividing by gauge transformations on X, not all of which extend to Y. Those that
do not extend contribute to a gluing parameter that changes the glued spin® structure
we obtain on Y, which results in a summation over elements of Spin®(Y, s¢). Finally,
to compute the Seiberg—Witten invariants of Y, one also needs count the monopoles
on Y with the appropriate signs.

The main result of this paper, confirming the picture outlined by Donaldson, is that
this signed count corresponds precisely to the (homological) signed intersection of
Do M (W *, 50) with I',. More precisely: let n € Q1(Y;iR) be a coclosed form on Y
serving as a perturbation for the Seiberg—Witten equations on Y. The effect that the
perturbation has on the Seiberg—Witten moduli space only depends on the cohomology
class of 1. By standard Hodge theory, one can always choose 7, while remaining in
a fixed cohomology class [*7], so that in a tubular neighborhood [—1, 1] x X of X, 5
is of the form n°dt, with n° € Q°(Z;iR) independent of the normal coordinate .
Supposing 7 is of that form then, it has a natural extension, in a time-translation
invariant fashion, to the cylindrical end manifold W*, which we again denote by 7.

We say that a coclosed n € Q1(Y;iR) as above is admissible. Observe we can always
chose an admissible 7 so that (xn, X) takes on any desired value, since [X] is nontrivial.
Thus, from Lemma 3.3, we can always choose an admissible perturbation that places
us within a Morse—Bott context.

Theorem 6.1 Let Y be a closed 3—manifold with b1 (Y) > 0. Pick any connected non-
separating orientable hypersurface ¥ C Y and form the cylindrical end manifold W*
from the manifold W = Y \ X as above. Pick a spin® structure so on W and fix an
admissible perturbation n € Q' (Y ;iR) such that ;r—'(*r;, ) # %(01(50), 3}. Then for
generic coclosed perturbations 11 compactly supported in W, we have

(6-1) D SW(s. 1) = (Do) u[ My 15 (W™, 50)] N[Tl.
5€Spin© (Y,50)

Here, a homology orientation on Y and an orientation of My, 7(W™*,s¢) are chosen
compatibly (each of these determines an overall sign for the left-hand side and right-
hand side, respectively).
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Since the Seiberg—Witten invariant vanishes for all but finitely many spin® structures,
the above sum is well-defined. Moreover, the sum only depends on the perturbation 7
when by (Y)=1.

Remark 6.2 Suppose H?(W) = Z. Then the spin® structures occurring in (6-1) are
precisely those spin® structures s on Y such that (¢ (s), X) = (c¢1(s0), X). This is
the version that is implicitly being used in [12].

Remark 6.3 Let d = %(01(5), ¥) and g = genus(X). If |d| > g — 1, the right-hand
side of (6-1) vanishes since we can choose 71 so that the resulting vortex moduli spaces
involved are empty by Lemma 3.3.

As a simple application, we can recover the following well-known formulas for the
Seiberg—Witten invariants of a product 3—manifold. In the case of by (Y) = 1, it is
perhaps worth noting that no wall-crossing analysis is needed in our computation.

Corollary 6.4 LetY = S!x X. Let s4 be the product spin® structure on ¥ such that
Hei(s).3) =d.

(i) If g=1, then
SW(Y,54) = x(Vg—1-1a|(2)).

(i) Suppose g =0. Define SW(Y,s4,£) =SW(Y,s4,n+), where n4 is any admis-
sible perturbation such that (1 (*n+, %) —d) > 0. Then SW(Y,sy4, +) = d if
d > 0 and zero otherwise, and SW(Y, sy, —) = |d| if d <0 and zero otherwise.

Proof This follows from (6-1), the fact that the Seiberg—Witten invariants of ¥ are only
supported on product spin® structures, and Lemma 3.3. Here, 4 = id and we perturb
so that the transverse intersection (6-1) is simply the homological self-intersection
of V(X) inside the diagonal V(X) x V(X). a

Remark 6.5 Our methods actually establish a slightly more general formula than
(6-1). Indeed, one can instead study Lagrangian intersections in some covering of
the vortex moduli spaces on X obtained by only dividing by some subgroup of the
gauge group on X. We would then have a sum over only a corresponding smaller set
of gluing parameters on the left-hand side of (6-1). However, this resulting sum of
Seiberg—Witten invariants would not be obtained from Donaldson’s TQFT picture we
describe.
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The above theorem has a natural TQFT-like formulation following [3]. This is because
the above signed intersection can be regarded as a graded trace of a “push-pull” map
on the total homology of vortex moduli spaces, analogous to the trace formula that
appears in the Lefschetz number of a self-map of a space. Moreover, gluing allows us
to decompose such a push-pull map into a composite of push-pull maps between inter-
mediate vortex moduli spaces when we write our cobordism as a composite cobordism
(satisfying a transversality hypothesis; see 7.2) and stretch along the intermediary neck
joining the cobordisms.

More precisely, suppose we are given an arbitrary cobordism W: ¥y — X;, where
as usual, we assume our cobordism to carry product structures (metric, spin®, and
perturbing coclosed 1-forms of the type described above) near the boundary as needed.
Attaching cylindrical ends as before to obtain the cylindrical end manifold W*, we can
consider the moduli space M (W *) of n—perturbed finite energy monopoles on W*.
By Theorem 5.9, we know that

Joot My(W*) = V(—Xo) x V(X1)

is a Lagrangian immersion. Since M,(W*) is a orientable by Corollary 5.14, it carries
a fundamental class which we may push forward (in homology with real coefficients):

(6-2) pw = (Ooo)+[My(W™)] € Hi(V(=20) x V(21))

= H:(V(=Z0)) ® H:«(V(21))

= H*(V(—=Z0)) ® H«(V(21))

>~ Hom(H.(V(—Xy)), H«(V(Z1))
Here, we used the Kiinneth formula and Poincaré duality in the above.

We thus have the following “TQFT construction” of the Seiberg—Witten invariants
of a closed oriented 3-manifold ¥ with b{(Y) > 0. Fix two parameters d € Z
and n € R\ Z. To each Riemann surface ¥, we assign the graded vector space
H,(V(X)) where V() = Vi (X) is the degree k vortex moduli space on ¥, where
k = k(E d,n) as given by (3-29) and Lemma 3.3, with n representing the value
of f n° in that lemma. To each elementary cobordism W: ¥y — X, we assign
the morphlsm pw » where the spin® structure s on W is the one determined by
requiring %(cl (s), Xo) = d. Functoriality with respect to composition of transverse
elementary cobordisms (see the next section) follows from the appropriate gluing
results, which we will analyze soon. The number we associate to a closed manifold Y
which is obtained by closing up the composite of transverse elementary cobordisms
W =W,o0---0o W;: ¥ — X by a diffeomorphism / is simply the graded trace of
hs o pw, o---0pw,: Hi(V(X)) — Hy«(V(X)) (Where the grading is the natural one
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on homology). In fact, working through the definitions, this graded trace corresponds
precisely to the homological intersection (6-1).

Note that this construction is not quite a TQFT in several senses. First, the invariant
it computes for a closed manifold Y is only a topological invariant (ie only depends
on d) when b{(Y) > 1. Moreover, in this case, we only a priori know that this quantity
is a topological invariant from the topological invariance of Seiberg—Witten theory
itself. Indeed, in the TQFT construction, we had to choose various compatible metrics
and perturbations and there is no obvious reason, based on the TQFT definition alone,
why the associated numerical invariant we obtain on a closed manifold should be
independent of those choices (and indeed it is not in case b1 (Y) =1). If b1 (Y) =1,
choosing d and 1 so that we land in the first case of Lemma 3.3, ie letting k =k +d,
means that the SEiberg—Witten invariants we compute is with respect to the chamber of
H'(Y) determined by the ray A PD([Z]), A > d, where PD([Z]) denotes the Poincaré
dual of . (Had we defined k = k_ + d we would get the complementary chamber.)

Second, while the morphism py is defined above for any cobordism, it depends on the
choice of a spin® structure on W . For an elementary cobordism W, H*(W;Z) = Z
and thus the spin® structures are uniquely parametrized by the evaluation of their
first Chern class along one of the boundary components. Hence, if we wish to get a
well-defined morphism that depends only on the fixed parameter ¢, we must work
with elementary cobordisms. Moreover, composability of our cobordisms requires a
transversality hypothesis; see Definition 7.1.

Nevertheless, this TQFT like construction is a powerful point of view because the
composition rule allows one to reduce the computation of the Seiberg—Witten invari-
ants of a closed manifold to understanding how these push-pull maps behave on just
elementary cobordisms. Recall that any cobordism, in particular, the one obtained from
Y \ X, can be decomposed into a composite of elementary cobordisms. Moreover,
one can arrange this decomposition so that all the cobordisms are transverse; see [12].
Donaldson explicitly computes what the map py is for an elementary cobordism using
only elegant topological and algebraic arguments in [3]. For completeness, we describe
these maps explicitly, following [12]. Recall that as graded vector spaces, we have the
isomorphism
k
(6-3) H*(Sym* (2)) = P A/(H' (D)) & Sym* T (HO(2) @ H* (D).
i=0

where the right-hand side is graded in the natural way. Here, A’ and Sym’ de-
note the i exterior and symmetric powers, respectively. An elementary cobordism
W: Xg — Xgyq is given by attaching a 1-handle to [0, 1] x X at {1} x X. Let
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ce H\(Z ¢+1) be the cocycle Poincaré dual to the intersection of the cocore of the 1—
handle with 4. The cobordism W gives us an imbedding H!(Zg) <> H'(Z¢41)
and hence an imbedding of H* (Symk(Eg)) — H* (Symk(2g+ 1)) using (6-3). Under
this identification, the map py is explicitly given by

pw: H*(Sym* (Zg)) — H*(Sym* ! (Zg11)),

W= CA®.

(6-4)
If we reverse the cobordism and consider a 2—handle attachment W: X, — Xg,

then the map is instead given by

pw: H*(Sym* T (2 11)) — H*(Sym* (),

WL,

(6-5)

where contraction is with respect to the intersection pairing on H!(Z g)-

Having described Donaldson’s “TQFT”, we now embark on proving formula (6-1).

7 Morse-Bott gluing

Here we state the appropriate Morse—Bott gluing results needed to obtain functorial-
ity for our cobordisms. Suppose we have (not necessarily elementary) cobordisms
Wy: X9 — X1 and Wp: X1 — X,. We have the asymptotic maps

(7-1) 001 M, (Wg) — V(Z0) x V(Z1),

(7-2) 0so: My, (W) — V(Z1) x V(Z)).

Define ng,+ and 825_ to be 3%, and 9, followed by projection onto the V(X ) factor,
respectively. The same analysis as in Lemma 5.10 shows that for generic compatible 7
and 1y, ie those 1o and n; satisfying our standard hypotheses from before, and which
agree on the ends modeled on X, the map 3% x d  is transverse to the middle

diagonal
A=V(Zo) X Ayz)xvz;) X V(22).

Thus, the preimage of the middle diagonal
(7-3) (93 % Do0) ™' (D)
is a smooth submanifold of My, (W) x My, (W[").

Definition 7.1 We say two cobordisms Wy: ¥y — X; and Wi: ¥ — X, are
transverse if the restriction maps H'(Wy) — H'(X;) and H'(W}) - H (%)
are transverse.
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This definition is convenient because it implies that there are no gluing parameters
when we glue the cobordisms W, and W;, meaning that given spin® structures on W,
and W; which are isomorphic when restricted to X1, we get a unique glued up spin®
structure on Wy o Wy. Our gluing results can be easily restated in the appropriate way
for nontransverse cobordisms, by keeping track of the gluing parameter (much as in
Theorem 6.1), but for simplicity, we only state the results in the transverse case.

Lemma 7.2 Let Wy: ¥o — X1 and Wy: | — X, be two transverse cobordisms,
where the boundary surfaces may be empty or disconnected. Let W = Wy U
([-T,T]x 21) U Wy be the composite cobordism with an added neck of length 2T .
Then for T sufficiently large, we have the following.

(i) The moduli space My, (W) is diffeomorphic to (0%, x 3l )1 (Z). Here, nt
is the natural concatenation of the compatible perturbations ny and n; on Wj
and W;.

(i) [dooMpys(W5)] is homologous to [aéoM(Wl*) o BgoM(WO*)], where o denotes
geometric composition of the immersed Lagrangians.

Proof (i) Our gluing construction in the Morse—Bott situation proceeds as follows.
Consider any cylindrical end cobordism W* and u € €%8(W*). Smoothly identify
Ty )V (X), where [0,00) x X is the cylindrical end of W*, with some space of
configurations on W* that lie asymptotically in (5-18) and which vanish outside of
[0, 00) x X, ie, extend elements of (5-18) into [0, 00) x ¥ in some smooth way so that
they extend into W* by being identically zero outside of the cylindrical end. With this
identification, define the space

(7-4) TS =TS W) + Ty, @ V(Z).

It is on these spaces where we can adapt the usual gluing methods in gauge theory to

the appropriate operators.

Consider the map

g e FOSTLWN » T @ T H W) @ TaV(E).
(x0.x1) > (HugXo. Huy x1. (0357 )xx0 — (055 ) X1).

where u; € My, (W), i = 0,1, are monopoles with matching limit a. The as-
sumption that My, (W") and My, (W*) are cut out transversally and that the maps
8gg+: M(W§)—V(Z) and 8&)—: M(W) — V(%) are transverse imply that (7-5)
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is surjective. As we will show below, a right-inverse for this operator yields an
approximate right-inverse for the operator

i . 5.8 TFs38
<7_6) H”OﬁT”l : Esoﬂrul (W;) - TS (W;)
Here the norm on the space ’T;S(;gwl (W7) is defined in the usual way on the ends of W}

but in addition has weight function STl along the finite length neck [—-7, T x X .
This is the correct norm to use in our gluing construction since the function space
on Wy ought to approximate that on W' LI W}*. The configuration u¢ fi7 u; on
Wy is obtained by gluing uo and u; together as follows. Let x: [0, 00) — [0, 1] be a
smooth cutoff function which is identically one on [0, %] and vanishes on [%, o0). On
the matching end [0, 00) x X1 C W, define

ug = xo(t/T)(uo — ¥a) + Yas

where y, is the constant configuration equal to the limiting matching vortex a of ug
and uq, and ¢ € [0, 00). Smoothly extend u6 to the rest of W.* by setting it equal
to ug. We define x; and « on W* similarly, which we can do since W* has the
matching end (—o0,0] x X;. One can then concatenate the u; in the obvious way
by joining the [0, 7] x X1 and [—T, 0] x ¥ portions of the matching ends, to obtain
ug i uq on Wr, which is identically a on the region [-7/2, T /2] x ¥ inside the
neck [—7, T]x X;. To obtain an approximate right-inverse for (7-6), which is the first
step in the usual gluing story, one applies a similar splitting and gluing procedure to
pass between (7-6) and (7-5). In detail, we have the following.

Let @9 + ¢1 = 1 be a partition of unity on the interval [—1, 1], where ¢o has sup-
port on [—1, %] and ¢; has support on [—%, 1]. Then given x € ’7V'S;5(W;) we can
split x as x = xo + x;, where x; = x on W;*\ ([0,00) x £;) and on the neck
[T, T]x X, we have x; = ¢;(t/ T)x. Including (x¢., x1) into W LIW}* via extension
by zero, one can then apply a right-inverse ﬁT of (7-5) to this configuration to obtain
(Xo,X1) := ﬁT(xo,xl,O). Let ¢y be a smooth function on [0, 2] with support on
[0, %] and which is identically one on [0, %] Define ¢; on [—2, 0] by reflection. Then
truncating the X; along the necks [0, 00) X ¥; and (—o0, 0] x X, respectively, via
(¢:)(t/ T)X; and overlapping the two finite cylinders [0, 27] x X1 and [-2T, 0] x X
end-to-end so as to produce a cylinder of length 27" yields a glued together configuration
Xo ET X1 on W . This defines for us an approximate right-inverse Q7 for (7-6):

Or(x) = %o ir X1

uotruy >
we check that the operator norm of H,,4..,, O —id is small. By construction, the X;

decay exponentially along the corresponding necks of the W;* to a common element

To check that we can perturb Q7 to an honest right-inverse for the operator 7
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in the tangent space to a vortex. It follows that f’quoﬁr uy @ X 1s equal to x = Xo + X1
outside the neck [-37/4,37T /4] x ¥, and furthermore, on the neck, the difference
between these two configurations has norm exponentially small in 7" (if we set the
norm of x to be unity). Thus, the norm of § := ﬁuoﬁT”l Ot —id is exponentially
small in 7', and so we obtain a right-inverse Ry := Q7 (14 S)~! for ”L_[uottrul .

Then the usual inverse function theorem methods allow us to use this right inverse to
perturb the conﬁguration (uo i u1,0) to a configuration (ug fi7 u1,0)+ (x, &), where

(x.§ €T,

solves
uoﬁTul

7-7) (SW3 (o fir uy +x) + duottTuleré) _o.

* X
uotiTuy

Indeed, this equation can be written as

7-_[I,l()ﬁ]"ul (X, g) + q('x’ g) = SW3(“0 ﬂT ul)»

where ¢ is a quadratic multiplication map. To solve this equation, it suffices to solve
the equation

(7-8) y+q(Rry)=SWi(uo fr uy).

If one traces through the construction, we have the upper bound || Rr||op <C eST . Here,
we have an exponential growth estimate because an element of T aoo(u)V(Z) along
the neck [—T, T]x =, has norm O(e®T) when regarded as an element of Ts: S(W*),
whereas it has norm independent of 7" regarded as an element belonging to the second
factor of (7-4). This difference in the way norms are defined on finite cylinders and on
semi-infinite cylinders accounts for this exponential growth factor in tracing through
the construction of Ry . Nevertheless, we can still apply the inverse function theorem
because SW3 (1o fi7 u1) = O(e 1) decays rapidly, where we can choose any 4 such
that 6 < u < 89, where & is the constant appearing in Lemma 4.8. Indeed, recall that
8 > 0 is a sufficiently small constant fixed at the outset. Then applying the inverse
function theorem with estimate tells us that for sufficiently large 7', there is a unique
solution y to (7-8) with y = O(e #T'). Such a solution automatically satisfies £ = 0,
since the terms SW (uo fir u1 +x) and dy, 4,4, +x& live in complementary subbundles
of 75 1.6 (cf Lemma 5.2). In this way, we see that ug 7 u; + x is a monopole
on Wr. The same arguments as in [4, Chapter 4.4] show that this construction works
in families, so that a family of pairs of monopoles (u¢(s), u#1(s)) with matching limits
can be perturbed to yield a family of monopoles on Wy, this correspondence being a
smooth bijection. Moreover, the surjectivity of this gluing construction also follows
from the same arguments as in [4]. This establishes the claimed diffeomorphism.

Algebraic & Geometric Topology, Volume 14 (2014)



Lagrangian correspondences and Donaldson’s TQFT 917

(i) Each large T gives rise to a diffeomorphism from the fiber product (7-3) to
M (WF). Composing this diffeomorphism with deo: M(WJ) — V(Zg x X5), the
composite map varies smoothly with 7" and converges to the map 9% x 9, defined
on the fiber product. This provides the required homological equivalence. a

The above lemma immediately implies the following composition rule.

Corollary 7.3 For W, and W} as above, we have
OWouw, = QW ©C 0w, -
Proof We have
om © 0wy = (Doo)+[M (Wy*)] 0 (33,)+[M (W)
= [Do0 (M (W) 0 95, (M (W),

where the last line denotes the map in Hom(Hx(V(Zy)), H«(V (X)) induced from the
homology class of the immersed Lagrangian submanifold 9. (M (W) o % (M Wy
of =V(3g) x V(X;). Indeed, the last equality is an exercise in the intersection
pairing on homology and follows straight from the definitions. On the other hand,
ks (M(W))o 0%, (M (W) is homologous to doo(Wr) for large 7', and the latter
induces the map pp,uw, - O

8 Proof of Theorem 6.1

Stretch the metric along ¥ so that we may consider the closed manifold
Yr=Y\2)U(-T,TIx %) =: WoU Wi r

obtained by replacing ¥ with the tube [—-7, T] x . From the Morse-Bott gluing
lemma, for large T, the space of monopoles on Y7 is in bijective correspondence with
the fiber product of

3% M(Wy) > V(=S L %),
W MW - V(-ZUX), Wyi=W=[-11]xX

and hence to a discrete set of points after arranging for a transverse intersection of
the resulting immersed Lagrangians (where as usual, suitable perturbations on Y7
have been chosen, in particular, those which are product when restricted to the neck
[T, T]x X so that they extend in the obvious way when cylindrical ends are attached
to Wy and Wj ). As explained previously, because we are considering the intersection
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in V(—X I X), the monopoles we obtain on Y7 are with respect to the set of spin®
structures obtained from all possible gluing parameters. At a monopole u on Y7, the
extended Hessian ?—_[u is invertible, and the contribution of u to the Seiberg—Witten
invariant on Y7 is obtained by comparing the canonical orientation of det#,, with
that given by the homology orientation on Y7 . Up to an overall sign in the Seiberg—
Witten invariant (as determined by the homology orientation), we will show that this
comparison, ie the relative sign difference, is precisely given by the signed intersection
of the oriented Lagrangian subspaces Bgo TugM (W) and 8;0 Ty, MR x ) inside
Ty MOV(—Z‘ LI X). Call this latter sign €(ug, ¢1). We prove the following key lemma.

Lemma 8.1 Let U; be precompact open subsets of &5 ;5(Wl-*).

(i) For sufficiently large T , there exists a continuous isomorphism of determinant
lines

(8-1) det(Huy) ® det(Hu,) — detHygtru, )

where u; € U; are such that Bgouo = Béoul .

(i) Choose T sufficiently large so that for the u; being any pair of monopoles with
matching limits, the operator ﬁuoﬁr u, 1s invertible. Then by a suitable choice of
orientations for the determinant lines for the €53 (W;*), the induced orientation
on det(?-_[uOﬁT u,) coming from (8-1) differs from the canonical orientation of

det(HuoﬁTul) bye(uo,ul).

Here, we suppress from our notation the glued spin® structure on Y7 we obtain from
the matching pair (uq, u1).

Before proving the lemma, let’s see how the lemma proves the theorem. The continuity
of (8-1) gives us a trivialization of the determinant line of €(Y7) over the set of
all points of the form uq fi7 u;. One can arrange the U; so that they contain every
monopole on W;* up to gauge, and furthermore, that the associated set of elements
Uo it Uy :={uo 1 u1} is a connected subset of €(Y7). Thus, a trivialization of the
determinant line over Uy fi7 U; induces an orientation of the determinant line on all
of €(YT), from which passing to the quotient, we get an induced trivialization of the
determinant line over all of B(Y7) (since the determinant line is globally a trivial
line bundle). For large 7', given two monopoles u;, one can join ug ffr uq to its
associated monopole u# under gluing by a short path of configurations on Y7, all of
whose extended Hessian operators are invertible. (That this is possible follows from the
proof of Lemma 7.2, which shows that the distance between the monopole u and the
approximate monopole u¢ {7 # is much smaller than the operator norm of the inverse
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of ﬁuOﬁTul .) Thus, our trivialization of 28(Y7), induced by (8-1), differs from the
canonical orientation at each monopole associated to uofi7 1y by the sign (—1)€®o-#1) |
which therefore gives us the correct signed count in the Seiberg—Witten invariant if we
homology orient the determinant line on B(Y7) in the corresponding way. Note that in
fixing a homology orientation for Y, we obtain an orientation for B(Y7) with respect
to any spin® structure in the usual way, these orientations all being compatible with
respect to different gluing parameters since the gluing parameters act as complex linear
maps on spinors. Thus, the preceding analysis shows us that for the appropriate choice
of homology orientation on Y, the signed intersection of the Lagrangians agoM wy)
and 0l M (W[) agrees exactly with the signed count of monopoles on Y7 arising
from Seiberg—Witten invariant summed over all possible glued spin® structures.

Thus, to establish the main theorem, it remains to establish Lemma &.1.

Proof of Lemma 8.1 (i) Consider the map
T W T W =T W @ T @ V(-2 1 s),

(8-2) ’ = = 0 |
(x0.X1) = (HupX0, Huy X1, (055) X0 — (050) £X1)

as in (7-5), where a = 8gou0 = Béoul . Denote the operator (8-2) by Ly, 4, . We will
show that there is an isomorphism from the determinant line of Lyq,u, to det Hygp 4,
on Y7 . The multiplication (8-1) will then follow since the determinant line of (8-2) is
isomorphic to det(Hy,) ® det(#y,), by considering the linear homotopy #(3%, —d.,),
t €0, 1] on the third factor. Here, we use that the top exterior power of the vortex
tangent space is canonically oriented since it is a complex vector space.

So suppose we are given any u; € U; with matching limits. Then we can find a finite-
dimensional space of smooth configurations Z compactly supported in the interior of
Wo I ([—1, 1] x ) such that if

S: Z T wHeT W)

denotes the inclusion map, then both L, ,, + S and ﬁuo#ru , + S are surjective.
(The domains of both these operators have been enlarged to contain Z, and in the latter
case, Z also sits naturally inside the range of ﬁuo#r u, since the Z are supported on
Wo I Wi C Wr = Yr. Hence, by adding S, we have increased the index by dim Z).
Indeed, observe from unique continuation and the Fredholm property of L, ,, that the
Lz—orthogonal complement of the range of Ly, ,, is a finite-dimensional subspace of
T 18 (W) @ Ts—18 (W) consisting of configurations that do not vanish identically
on any open set. It follows that the choice of S' as above making L, ,, + S surjective
is possible, and furthermore, this S works for all u#; nearby. To see that this same S
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also makes ﬁuoﬁr u, TS surjective, for sufficiently large 7', one simply repeats the
same arguments as in the Morse—Bott gluing construction of the previous section to
see that a right inverse for Ly, ,, + S gives a right-inverse for H, y4,,, + 5.

It suffices now to construct an isomorphism between the determinant lines for the
stabilized maps Hyg 4, +S and Ly, + S for all u; on a sufficiently small open set
for which the stabilization map S provides us with surjective operators. In fact, under
these conditions, we construct an isomorphism between the kernels of the stabilized
operators. Indeed, any element of the kernel of Ly, ,, + S can be glued together
(since their asymptotic limits agree) to give an element approximately in the kernel of
ﬁuoﬁr u, » and then one uses the surjectivity of ﬁuoﬁr u, to perturb to an exact solution.
In detail, using the notation used within the proof of Lemma 7.2, given z € Z and
Xi € %S’S(WQ*) + Ty (u;)V such that (Xo, X1) +z € ker(Ly,,4,) +5), we can define
an element x belonging to %S’S(WT) such that

X0 := X|mu(=T,01xz1uz)) = X0t/ T) (X0 — Voo) + Voo,
X1 := x|, rxcuz) = X1/ T) (X1 — Voo) + Voo,

where voo is the Ty (,;)) component, ie, the linearized vortex component of the X;.
From the way our norms are defined, we have the bounds

= 5T
(8-3) Cllxllwyuwy = 1Ko XD 78 gy = € Xl

where C is a constant independent of 7 for 7' large. Here, the middle norm in the
above denotes the norm on EBi(7~'s ’5(Wi*) ® Ty (u;)V- (We have chosen some fixed
but otherwise arbitrary norm on the finite-dimensional space Tj__(,,)).) The first
inequality comes from the fact that elements of the kernel of (L(y,,4,) + ) decay
exponentially along the end.

Alternatively, proceeding as in the proof of Lemma 7.2, we have the error estimate
(8-4) | Fugtrar X + 278 gy < CeTHEOTN o, S0 g omy

for some p > § to be determined. Indeed, it suffices to examine ﬁuoﬁr u, X +z on
Wo U ([-T,0] x (X LI X)) (the estimate on the other half of Y7 is similar). We have
Huotru, = Hug + O(e T since uy converges exponentially fast to a vortex, where
i < 8¢ as in Lemma 4.8. Thus it suffices to estimate
(8-5)  Hugx +2z=HuyXo+ 2
= (Huo X0 (t/T))(Fo—voo) + X0 (t/T) (Hug (Fo—voo) +Hug Voo +2)
+ (1= Xo(t/ T)Fugveo:
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The first term of (8-5) is exponentially small since xo(¢/T) has support on [—7/4, T]
and (X — voo) decays exponentially fast. In fact, since Ly, 4,)(Xo,X1) = 0 on the
cylindrical ends of W LI W}¥, Xo — voo decays at any exponential rate less than the
spectral gap of B, (ie the distance from 0 to the first nonzero eigenvalue), where a is
the limiting vortex of the u;. Since the vortex moduli space is compact, this spectral
gap is uniformly bounded away from zero in a, and so when § > 0 is sufficiently small,
the first term of (8-5) is compatible with the estimate (8-4) for some u > §. Next, the
second term of (8-5) is identically zero since (X¢, X;) + z € ker(Ly,,, + ). Finally
the third term is exponentially small since

(1= x0(t/ T)Hugvoo = (1= x0(t/ T))(tto = ¥a) Voo

and ug — y, is O(e ""), where < 8y. (Note that §¢ is precisely the infimum of the
spectral gap discussed above.) Altogether, having estimated the three terms of (8-5),
this establishes (8-4).

It follows from (8-3) and (8-4), and from the operator norm of (7-_lu0nT u, +S )~ ! being
bounded by O(e8T), that the map

ker(ﬁ(uo,ul) + S) - ker(ﬁuoﬁ]ﬂll + S)»
(Xo, ¥1) + 2> x 42— (ﬁuoﬁrul + S)_l(ﬁuoﬁTm +S)(x +2)

is injective for sufficiently large 7" and p > 26. Since Ly, ,,)+ S and ﬁuoﬁrul +S
both have the same index and are surjective, by construction, it follows that the above
map of kernels is an isomorphism. Passing to determinants, this establishes the requisite
multiplication map of determinant lines for (¢, ©) belonging to small open subsets of
the U;. Since the U; are precompact, we can choose a single fixed large enough 7" so
that we have the requisite multiplication on open subsets of U; belonging to some finite
cover of the U;. This gives us the multiplication map on all of the U;, well defined
at the level of orientations (ie well-defined modulo an overall positive scaling of the
determinant lines) since all the different choices involved in the above multiplication
(choice of cut-off functions, stabilization map, etc) are all homotopic. (That the
multiplication is well-defined up to orientation is enough for our purposes. However,
one can then patch together these orientation-compatible multiplications on the open
cover of the U; to yield a well-defined multiplication map which is fiberwise an
isomorphism over the U; although this final step is not necessary).

(i) It is now a matter to see how this gluing construction behaves when we glue
the determinant line of two monopoles with matching limits. Observe that in this
case, the operator (8-2) is an isomorphism by hypothesis, since the monopoles are
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cut out transversally and the tangent spaces to the monopole moduli spaces are trans-
verse Lagrangians at infinity. Thus, the determinant line of (8-2) carries a canoni-
cal orientation, which induces the canonical orientation of det(?—_[uoﬂT u;) When we
glue. On the other hand, consider the determinant line along the path of operators
Py := (Hugxo, Huy X1, (35 x0 — aéoxl)_), 1 €[0,1]. Atz =0, an orientation for Py
is determined by an orientation for ker H,,, & ker H,, , since the tangent space to the
space of vortices is a complex vector space and hence canonically oriented. Orienting
each ker ﬁui (which is the same as orienting the moduli spaces M (W;*)) to obtain an
orientation of det Py, orientation transport along [0, 1] shows that the induced orienta-
tion on det Py differs from the canonical orientation by 9% (ker H,,) N L, (ker Hy,),
that is, the signed intersection of the corresponding oriented Lagrangian subspaces
of T[q)V. This establishes the claim about signs when we glue. a

References
[1] MF Atiyah, V K Patodi, I M Singer, Spectral asymmetry and Riemannian geometry, I,
Math. Proc. Cambridge Philos. Soc. 77 (1975) 43-69 MR0397797

[2] B BooB-Bavnbek, M Lesch, C Zhu, The Calderon projection: New definition and
applications, J. Geom. Phys. 59 (2009) 784-826 MR2536846

[31 SKDonaldson, Topological field theories and formulae of Casson and Meng—Taubes,
from: “Proceedings of the Kirbyfest”, (J Hass, M Scharlemann, editors), Geom. Topol.
Monogr. 2 (1999) 87-102 MR1734402

[4] SK Donaldson, Floer homology groups in Yang—Mills theory, Cambridge Tracts in
Mathematics 147, Cambridge Univ. Press (2002) MR1883043

[51 SK Donaldson, PB Kronheimer, The geometry of four-manifolds, Oxford Mathemat-
ical Monographs, The Clarendon Press, New York (1990) MR1079726

[6] O Garcia-Prada, A direct existence proof for the vortex equations over a compact
Riemann surface, Bull. London Math. Soc. 26 (1994) 88-96 MR1246476

[71 M Hutchings, Y-J Lee, Circle-valued Morse theory and Reidemeister torsion, Geom.
Topol. 3 (1999) 369-396 MR1716272

[8] P Kronheimer, TS Mrowka, Monopoles and three-manifolds, New Mathematical
Monographs 10, Cambridge Univ. Press (2007) MR2388043

[9] C Kutluhan, Y J Lee, C Taubes, HF=HM I: Heegaard Floer homology and Seiberg—
Witten Floer homology arXiv:1007.1979

[10] M Lipyanskiy, A semi-infinite cycle construction of Floer homology, PhD thesis, MIT
(2008) Available at http://hdl.handle.net/1721.1/43785

[11] RB Lockhart, R C McOwen, Elliptic differential operators on noncompact manifolds,
Ann. Scuola Norm. Sup. Pisa CI. Sci. 12 (1985) 409-447 MR837256

Algebraic & Geometric Topology, Volume 14 (2014)


http://dx.doi.org/10.1017/S0305004100049410
http://www.ams.org/mathscinet-getitem?mr=0397797
http://dx.doi.org/10.1016/j.geomphys.2009.03.012
http://dx.doi.org/10.1016/j.geomphys.2009.03.012
http://www.ams.org/mathscinet-getitem?mr=2536846
http://dx.doi.org/10.2140/gtm.1999.2.87
http://www.ams.org/mathscinet-getitem?mr=1734402
http://dx.doi.org/10.1017/CBO9780511543098
http://www.ams.org/mathscinet-getitem?mr=1883043
http://www.ams.org/mathscinet-getitem?mr=1079726
http://dx.doi.org/10.1112/blms/26.1.88
http://dx.doi.org/10.1112/blms/26.1.88
http://www.ams.org/mathscinet-getitem?mr=1246476
http://dx.doi.org/10.2140/gt.1999.3.369
http://www.ams.org/mathscinet-getitem?mr=1716272
http://dx.doi.org/10.1017/CBO9780511543111
http://www.ams.org/mathscinet-getitem?mr=2388043
http://arxiv.org/abs/1007.1979
http://hdl.handle.net/1721.1/43785
http://www.numdam.org/item?id=ASNSP_1985_4_12_3_409_0
http://www.ams.org/mathscinet-getitem?mr=837256

Lagrangian correspondences and Donaldson’s TQFT 923

[12]

(13]

[14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

T Mark, Torsion, TQFT, and Seiberg—Witten invariants of 3—manifolds, Geom. Topol.
6 (2002) 27-58 MR1885588

G Meng, C H Taubes, Seiberg—Witten equations and the Milnor torsion, Math. Res.
Lett. 3 (1996) 661-674 MR1418579

JW Morgan, TS Mrowka, D Ruberman, 7The L? —moduli space and a vanishing
theorem for Donaldson polynomial invariants, Monographs in Geometry and Topology,
IL, International Press, Cambridge, MA (1994) MR1287851

J W Morgan, T S Mrowka, Z Szabé, Product formulas along T* for Seiberg—Witten
invariants, Math. Res. Lett. 4 (1997) 915-929 MR1492130

J W Morgan, Z Szabé, C H Taubes, A product formula for the Seiberg—Witten invari-
ants and the generalized Thom conjecture, J. Differential Geom. 44 (1996) 706—788
MR1438191

T S Mrowka, P Ozsvath, B Yu, Seiberg—Witten monopoles on Seifert fibered spaces,
Comm. Anal. Geom. 5 (1997) 685-791 MR1611061

T Nguyen, The Seiberg—Witten equations on manifolds with boundary, PhD thesis,
MIT (2011) Available at http://search.proquest.com//docview/916761158

T Nguyen, The Seiberg—Witten equations on manifolds with boundary I: The space
of monopoles and their boundary values, Comm. Anal. Geom. 20 (2012) 565-676
MR2974206

LI Nicolaescu, The Maslov index, the spectral flow, and decompositions of manifolds,
Duke Math. J. 80 (1995) 485-533 MR1369400

L I Nicolaescu, Notes on Seiberg—Witten theory, Graduate Studies in Mathematics 28,
Amer. Math. Soc. (2000) MR1787219

CH Taubes, Casson’s invariant and gauge theory, J. Differential Geom. 31 (1990)
547-599 MR1037415

V Turaev, A combinatorial formulation for the Seiberg—Witten invariants of 3—
manifolds, Math. Res. Lett. 5 (1998) 583-598 MR1666856

Simons Center for Geometry and Physics, State University of New York
Stony Brook, NY 11794-3636, USA

tnguyen@scgp.stonybrook.edu

Received: 27 July 2012 Revised: 3 July 2013

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


http://dx.doi.org/10.2140/gt.2002.6.27
http://www.ams.org/mathscinet-getitem?mr=1885588
http://dx.doi.org/10.4310/MRL.1996.v3.n5.a8
http://www.ams.org/mathscinet-getitem?mr=1418579
http://www.ams.org/mathscinet-getitem?mr=1287851
http://dx.doi.org/10.4310/MRL.1997.v4.n6.a11
http://dx.doi.org/10.4310/MRL.1997.v4.n6.a11
http://www.ams.org/mathscinet-getitem?mr=1492130
http://projecteuclid.org/euclid.jdg/1214459408
http://projecteuclid.org/euclid.jdg/1214459408
http://www.ams.org/mathscinet-getitem?mr=1438191
http://www.ams.org/mathscinet-getitem?mr=1611061
http://search.proquest.com//docview/916761158
http://dx.doi.org/10.4310/CAG.2012.v20.n3.a5
http://dx.doi.org/10.4310/CAG.2012.v20.n3.a5
http://www.ams.org/mathscinet-getitem?mr=2974206
http://dx.doi.org/10.1215/S0012-7094-95-08018-1
http://www.ams.org/mathscinet-getitem?mr=1369400
http://www.ams.org/mathscinet-getitem?mr=1787219
http://projecteuclid.org/euclid.jdg/1214444327
http://www.ams.org/mathscinet-getitem?mr=1037415
http://dx.doi.org/10.4310/MRL.1998.v5.n5.a3
http://dx.doi.org/10.4310/MRL.1998.v5.n5.a3
http://www.ams.org/mathscinet-getitem?mr=1666856
mailto:tnguyen@scgp.stonybrook.edu
http://msp.org
http://msp.org

	1. Introduction
	2. The Seiberg–Witten invariant
	3. The Seiberg–Witten flow
	3.1. The vortex equations
	3.2. The flow on a slice

	4. Asymptotic convergence and exponential decay
	5. The finite energy moduli space
	5.1. The semi-infinite cylinder
	5.2. The general case

	6. Donaldson's ``TQFT''
	7. Morse–Bott gluing
	8. Proof of Theorem 6.1
	References

