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ABSTRACT. LeBrun constructed a scalar-flat Kéahler metric on the total space of
Chern class —n line bundle O(—n) — CP!. We study moduli spaces of ASD con-
nections on it. It is known that the natural L2-metrics on them are kahlerian. We
study them when the metric is complete. We give an algorithm to compute their
Betti numbers. On the way of the proof, we also show that their homology groups
have no torsion and vanish in odd degrees. Our method is the Morse theory, can be
applied to a wider class of noncompact 4-manifolds.

1. INTRODUCTION

In the conference I talked about homology groups of moduli spaces of instantons
on ALE hyper-Kéhler 4-manifold constructed by Kronheimer [Krl]. (The paper
[Na2] will appear elsewhere.) After the talk, Y.S. Poon suggested me to apply the
same technique to moduli spaces of instantons on other ALE Ké&hler surfaces (e.g.,
ALE scalar-flat Kéhler metrics constructed by LeBrun [Lel, 2]). This paper gives
an affirmative answer.

Let (X, g) be an ALE scalar-flat K&hler surface (see §2 for the definition). Take
a hermitian vector bundle E over X and consider the moduli space 9t of ASD
connections on E (see §3 for the precise definition). It is known that 90t has a
natural Kéhler structure induced from that on X [Nal]. We feel an interst in further
geometric properties of 9, e.g., the topology, when the metric is complete. Though
the metric is incomplete in general, we shall give a criterion for the completeness of
the metric (Proposition 3.4). Now suppose that the base space X has a U(1)-action
preserving the Kahler structure and satisfying the asymptotic condition (4.1). Then
it induces a U(1)-action on the moduli space. Following the approach due to Frankel
[Fr] (see also [CS, At, Ki]), we use the corresponding moment map as a Morse
function. The critical points set corresponds to the fixed points set of the action,
and its components are submanifolds of 9. Under the further assumption (4.3),
we can perturb the Morse function to have only isolated critical points of even
indices. Critical points and their indices have geometric meaning, thus we have an
algorithm to compute homology groups of 9t (Theorem 4.7).

Our previous result [Na2| gives an improvement of the algorithm in the case of
ALE hyper-Kéahler 4-manifolds, but relies on the ADHM description of the moduli
space [KN]. On the other hand, our result is purely geometric.
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2. ALE SCALAR-FLAT KAHLER SURFACES

Let X be a complex surface. A Kahler metric g on X is called scalar-flat if its
scalar curvature is identically zero. Such metrics attract our interest since they have
anti-self-dual Weyl curvature [Gal: hence twistor spaces with integrable complex
structures [AHS].

Though lots of compact scalar-flat Kéhler surfaces are known and studied ex-
tensively, we here will study noncompact spaces with the ALE condition. ALE
stands for asymptotically locally Euclidean and means that our 4-manifold (X, g) is
assumed to be complete, and that there exists a compact set K such that X \ K
is diffeomorphic to (R*\ Bg)/I" for some finite subgroup I' of O(4) acting freely on
R*\ Bpg, and the metric g approximates the Euclidean metric. Such a coordinate
system is called a coordinate system at infinity. Since we are considering Kahler
metrics, the group I' is a subgroup of U(2), and the complex structure I on X
approximates that on the Euclidean space C? = R%.

Many examples of such spaces are known. A trivial example is, of course, the
Euclidean space C2. Kronheimer [Kr1] constructed such metrics on the minimal
resolution of C2/I", where I is a finite subgroup of SU(2). His spaces have the
further property: hyper-Kahler structures. Other examples were given by LeBrun
[Lel, 2]. He constructed a scalar-flat Kahler metric on the total space of any
complex line bundle over CP! with the first Chern class ¢; < —2. The fundamental
group I' of the end is the cyclic group of order #I' = —c;. He also constructed
such a metric on the blow-up of C? at n-points situated along a straight complex
line. The projection onto C? gives a coordinate system at infinity. In particular,
I = {e}.

The above constructions seems closely related to the geometry of the moduli
spaces of ASD connections on them. However we do not review them here as
we only give a general algorithm for the calculation of Betti numbers. If one
wants to know about further properties of geometry, he/she certainly needs to
know the constructions. For example, we describe our algorithm in terms of the
Young tableaux when the space is Kronheimer’s one [Na2]. We needed the detailed
information about his construction.

3. MODULI SPACES OF ASD CONNECTIONS

Constructions of the moduli spaces of ASD connections on ALE spaces are dis-
cussed in [Nal] in detail. We must introduce weighted Sobolev norms in order to
argue rigorously, but here we omit the analytic details for the sake of brevity. The
interested reader should consult the above mentioned paper.

As in the previous section, (X, g) is assumed to be an ALE scalar-flat Kéhler
surface with a coordinate system at infinity X \ K — (R*\ Bg)/I'. Let us take a
representation p:I' — U(r). Take a hermitian vector bundle E over X and suppose
that there exists a connection Ay on E whose restriction to the end X \ K is flat
and corresponds to the representation p. Let A be the set of connections A on E
such that

| times

— 3.
| Vag -+ Vag (A = Ag)| = O(r™7),

where r is the distance function from a point in X. Let Gy be the group of gauge
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transformations s with

| times

—N— . oy
| Va, - Va, (s —id)| = O(r ).

This group acts on A by pull-back. Then the moduli space of ASD connections is
defined by

ML (A€ A|«Rs=—Ra}/Go.

It is shown that the moduli space is a C°°-manifold near the gauge equivalence
class [A], if

0 = L* Kerd}: Q" (Endskew E) — Q' (Endskew E),

where Endskew F is the bundle of skew-adjoint endomorphisms of . Thanks to
the anti-self-duality of the Weyl tensor and the vanishing of the scalar curvature,
we can prove that this condition is satisfied for any ASD connection A on X using
Bochner-Weitzenbock formula (see [Nal, 5.1]). Hence the moduli space I is a
smooth manifold. Its dimension is given by the index formula (see [Nal, 2.7]). The
tangent space at [A] can be identified with

L*~Ker(df @ d3): Q' (Endskew E) — Q (Endskew E) @ Q°(Endskew E).

The L?-inner product gives a Riemannian metric on 9. The almost complex
structure I on X induces an endomorphism on the cotange bundle T* X, and the
L*-Ker(d] @ d) is invariant under it. Hence we have an almost complex struc-
ture Igny on M. And it is known that Igy is covariant constant with respect to the
Levi-Civita connection of the L?-metric [Nal, 2.6]. Summarizing the above results,
we have

Theorem 3.1. The moduli space M of ASD connections on the ALE scalar-flat
Kdhler surface X is a Kahler manifold.

Before discussing the further properties of moduli spaces, we relate our moduli
space to the moduli space of ASD connections on the one-point compactification
X=X U{oo}. The ALE condition allows us to give X the structure of the orbifold.
There exists an orbifold metric § on X which is conformal to g on X. (See [Kr2,
p.686].) ASD connections with the above asymptotic condition extend to X. They

all live a fixed orbifold vector bundle E. The fiber E over oo has a T'-action which
is isomorphic to p. Then it is not hard to see

Proposition 3.2. The moduli space 9M is homeomorphic to the framed moduli
space of ASD connections on E, that is the set of isomorphism classes of pairs:

(ASD connection A on E, I'-equivariant isomorphism : EOO — C").

We return to study geometric properties of the moduli space 9. The first is the
natural ‘symmetry’. The change of the framing induces an action on 9:
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Proposition 3.3. Let G, be the stabilizer of the representation p:

G, = {s€U(r) | sps~' = p}.

Then there exists an action of G, on the moduli space M which preserves the L?-
metric and the complex structure.

Next we want to discuss the completeness of the metric. It relates to Uhlenbeck’s
compactness theorem applied to the orbifold X. Let [A;] be a sequence in 9. Then
we have a subsequence [A;] such that

(1) there exists a finite set {z1,...,z,} C X such that Aj converges to an ASD
connection A, outside it after gauge transformations,

(2) there exist constants ar (kK = 1,...,n) such that the curvature densities
|Ra,|*dV converge to

[Ra, [PdV + > apdy,.
k

The above constant aj, relates to the curvature integral of ASD connection bubbling
out around z. If xy is a regular point of X (i.e., xx € X), ay is an integer multiple

of 872. On the other hand, if x;, = 0o, ay is an integer multiple of 872 /#I, where
#I' is the order of T'.

Proposition 3.4. The L?-metric on the moduli space I is complete if we have
S =0 orS={oo} for any sequence [A;] as above.

Proof. Let [A¢] (t € [0,t9)) be an open curve of finite length. We want to show
that [A;] has a limit point. As is shown in [Nal, 5.4], it is enough to show that

’RAt| < Cr—2

for some constant C' independent of ¢. But this can be proved exactly as in [Ba,
Proposition 3]. We omit the detail. [

There are many examples satisfying the above condition. For example, if
/ |Ra|?dV < 87  for [A] € I,
X

then aj, < 872 for any k in the above statement (2). Thus the singular set S cannot
contain regular points. For Kronheimer’s ALE spaces, many examples are given
by [KN, 9.2 and Remark following 9.2]. However, when I' is the trivial group, the
above condition is rarely satisfied. When X = R*, the L2-metric is never complete.

4. MORSE THEORY ON THE MODULI SPACE

From now on we assume that

(4.1) the ALE space X has a U(1)-action which preserves both the Riemannian
metric and the complex structure, and approximates the following U(1)-
action on C?/T" under the coordinate system at infinity:

(z1,22) mod I' — (tz1,t29) mod I" for (z1,22) mod T' € C?/T', t € U(1),

(4.2) HY(X;R) =0,
(4.3) the group T is a cyclic group.



The blow-up of C? at n-points situated along a straight complex line has an
U(1)-action, but it is asymptotically given by

(Zl, 22) — (tZl, 22).

It does not satisfy the condition (4.1). The total space of complex line bundle over
CP! with the first Chern class ¢; < 2 with LeBrun’s metric space satisfies all these
conditions. Kronheimer’s space satisfies them if the space are btholomorphic to the
minimal resolution of C2/I". (In general, his space is only diffeomorphic to it.)

By the condition (4.2), there exists a function pu: X — R such that Igrad u is
the vector generating the U(1)-action in (4.1). This is essentially the moment map
of the U(1)-action.

As in §3, we take a hermitian vector bundle E over X admitting a flat connection
Ap on the end.

It is not clear that the U(1)-action in (4.1) can lift to an action on E at first
sight, but easy to see the infinitesimal action is always liftable: (In fact, we shall
see that the action is liftable. See Remark after Lemma 4.5 and Remark 4.9(1).)

Lemma 4.4 (see [GP, 4.3], [Ma, §4]). The U(1)-action in (4.1) induces an infini-
tesimal U(1)-action V' on I given by the formula

V([A]) < (Igrad p) s Ra € L?Ker(d} @ d}) = Ty,

where J denotes the interior product.

The vector field V' is holomorphic and Killing. The corresponding moment map
is given by [Ma)]

def.
FolA) [ ulRaPav
X
So we have
grad Fy =1V.
Lemma 4.5. The function Fy is proper if the L?-metric is complete.

Proof. Since the U(1)-action approximates the standard action on C?, the moment
map u has the following asymptotic behaviour:

Hence if F' is bounded,

/ r?|Ra|?dV
b

is also bounded. Hence the curvature density cannot converges to |[Ra__[?dV + ads
with a > 0. Proposition 3.4 ensures that [A] stays in a compact set. [

Remark. The above implies that the vector field V' is complete.

The function F'is a non-degnereate Morse function on 9t in the sense of Bott.
The critical points are the fixed points of the U(1)-action. This is, in general, a
union of submanifolds of 9, and the index along a critical submanifold is an even
integer.



It seems that it is not so easy to determine the fixed point set explicitly. So we
use the G, action (see (3.3)) to perturb Fj as follows. Take a maximal torus 7" of
G,. Under the assumption (4.3), we have r = rank E. Consider the corresponding
moment map coupled with an element € € {":

: 0
lim i(=—)tr(eRa) Nw,
r—oo [g " Or

where S, is the distance sphere of the radius r, ¢ denotes the interior product, w is
the Kéahler form, and ¢ is considered as a section of End E near infinity. Let

(4.6) F([A) < Fy((A]) + lim z'(g) tr(eRa) Aw.

r—oo g r

Theorem 4.7. Assume (4.1)-(4.3). Suppose that the L*-metric is complete and
e 1s sufficiently small and generic. Then the function F satisfies the following
properties.

(1) F is proper.

(2) The gauge equivalence class [A] is a critical point of F if and only if there
exists a T -invariant decomposition E = L1 @ --- ® L, into sum of line bundles
such that the connection A decomposes accordingly.

(3) F is a Morse function (in the usual sense) and the index at each critical
point is an even number. In particular, the homology of 9N has no torsion and
vanishes in odd degrees, and every component of M is simply-connected.

Proof. (1) If ¢ are sufficiently small, F' < ¢ implies Fj is bounded. Hence F' < ¢ is
compact.

(2) Since F is essentially the moment map of the torus U(1) x T" = T"*1-action
coupling with €, the critical points of F' are precisely the fixed points if ¢ are generic.
Take a gauge equivalence class of A. It is fixed by T if and only if for each h € T
there exists a gauge transformation v such that v*A = A and

lim ~(z) = h.

r— 00

Then A decomposes as the bundle decomposes into eigenspaces of ~y. If the eigen-
values of h are all distinct, the bundle is a direct sum of line bundles, that is
Li®---®L,.

Since H'(X;R) = 0, the gauge equivalence classes of connections on a line
bundles are classified by their curvature form. If the curvature form is ASD, it is
uniquely determined by its cohomology class, that is the first Chern class of the line
bundle. In particular, the moduli space on L, consists of one point, so the point
must be fixed by the U(1)-action. Therefore the direct sum is also a fixed point.

(3) This statement holds for a general function arising from a moment map (see
[At, Ki]). But we give the proof for our situation.

Take a fixed point [A] in 9. The complex structure I on X induces a complex
structure Igy on the tangent space of 9t at [A]. This complex tangent space of I
at [A] is identified with the L?-kernel of the operator

0y @ 04: Q"1 (End E) — Q*°(End E) & Q%?(End E).
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Since [A] corresponds to the sum of line bundles Ly @ - - - @ L., the L? kernel has a
C-vector space decomposition

@(Lz—kernel of 9y ®04) NQON(LE @ Ly).
a,b

Since [A] is a fixed point, there exists a lift ¢ to F of t: X — X which respects
the connection A, preserves the decomposition £ = L1 & --- @ L, and acts as the
identity on Eo = @©(La)so. Hence Tj41M¢ becomes a U(1)-module and decomposes

into the sum
D D =

a,b meZ

of complex subspaces where U(1) acts on H;", with weight m. Then the hessian of
Foy acts on H;, as multiplication by m. Suppose ¢, regarded as an endomorphism

on E., acts on (L,)s as the multiplication by v/—1e,. Then the hessian of the
second term in (4.6) acts on H/", as multiplication by €, — 4. So the hessian of F'
is non-degenerate, if all €,’s are distinct, as we have been assuming. The index is
given by

(4.8) > (Z dimg H, + > dimg Hg}b> .

a,b m<0 m=0,e4>€p

Since H", is a complex vector space, the index is even. [

Remarks 4.9. (1) Since F' takes a minimum at a point, the moduli space 91 contains
at least one point which comes from the direct sum of line bundles. Since the moduli
space on a line bundle consists of one point, the U(1)-action lifts to the line bundle.
Therefore the U(1)-action lifts to the direct sum FE.

(2) The index (4.8) can be calculated as follows:

i) Determine the fixed points set of the U(1)-action on the base manifold X.

ii) Calculate weights for the normal bundles of components § of the fixed
points set.

iii) Calculate the weights for the fiber of L} ® L; over §.

iv) Calculate the eta invariants for the Dirac operators on S3 /T twisted by the
flat connection, to which the ASD connection on L! ® L; is asymptotic.

v) Substituting the above data to the Lefschetz fixed points formula, we get
the weights space decomposition of the L?-kernel of the Dolbeault operator.

(For Kronheimer’s ALE spaces, see [Na2|).

Examples 4.10. (1) Examples for Kronheimer’s ALE spaces can be found in [Na2].

(2) Let X be the total space of the Chern class —n-bundle O(—n) — CP!
(n =2,3,...) with LeBrun’s metric. The zero section of O(—n), considered as a
divisor of X, produces the line bundle L. Then L has a unique ASD connection
which is asymptotic to the trivial connection. Set £ = C & L and consider the
moduli space M of ASD connections asymptotic to the trivial connection. Then
the dimension formula [Nal, 2.7] shows dimg 9t = 2n.
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Claim. The L?-metric is complete.

Proof. We use Proposition 3.4. Suppose we have a sequence [4;] in 9t with {oo} #
S. We may assume that co ¢ S. By Uhlenbeck’s removable singularities theorem
the limit [A.] extends to a connection on a possibly different bundle E’ over X.
Let 9’ be the moduli space containing [A]. By Remark 4.9(1), 9 contains a
reducible connection. Then

a) Ao is also asymptotic to the trivial connection since co ¢ S,
b) the first Chern class is preserved under the weak convergence, so we have
C1 (El) = C1 (E)

Therefore the reducible connection must be in the form:
L®m D L®17m
)

where L&™™ = (L*)®™ for m > 0. We have

/X@(E’):/XCQ(LW@L@m)z/XcQ(E)

with the equality if and only if m = 0,1. However, by the lower semi-continuity
of the action under the weak convergence, we have the inequality of the opposite
direction. Hence c2(E’) = co(E) and S =0. O

We have two fixed points of the T3-action corresponding to C @ L and L @ C.
(Since we are discussing the framed moduli space, these two points are different !)
As in [Na2] we can show that one has index 0 and the other has 2. Hence the
Poincaré polynomial is 1 + ¢2.

(3) Let X be as in (2). Take the line bundle L such that the first Chern class
c1(L) is a generator of H?(X;Z) = 7Z. It has an ASD connection Ay asymptotic to
a flat connection with the associated representation

2mik 2mik

p(exp( )):exp( ) for k=0,1,...,n—1.

Set £ = L & L* and consider the moduli space 99T of ASD connections asymptotic

to p @ p*. Since
1
/ CQ(E) = —/ Cl(L)2 =— <1,
b'e X n

the L?-metric is complete. The dimension formula [Nal, 2.7] shows dimg 9 = 2 if
n > 2, and dimg M =4 if n = 2.

When n = 2, we have two fixed points of T3-action corresponding to L & L*,
L* @ L. (Note that p* 2 p if n = 2.) One is of index 0 and the other of 2. Hence
the Poincaré polynomial is 1 + ¢2. In fact, it can be shown that the moduli space
is isomorphic to the cotangent bundle of CP! (see [KN]).

When n > 2, we have only one fixed point L @& L*. Hence 90 is diffeomorphic to
the 2-ball B2.

Acknowledgement. I would like to thank Y.S. Poon for suggesting me the problem.
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