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1. Introduction.

Let P be a C* G-principal bundle over a compact connected, oriented
Riemannian 4-manifold M and G be a compact semi-simple Lie group. The
moduli space of all anti-self-dual Yang-Mills connections on P carries a finite
dimensional space structure. As is well known, this moduli space is an effective
tool in studying low dimensional topology and complex manifold theory ([4], [5]).

We shall investigate in this paper certain finite dimensional vector bundles,
so called ‘/ndex bundles’, over the moduli space, and then develop their geometry
from the viewpoint of metrics, connections and also of curvature.

The motivation of this paper is to make a ‘gauge theoretical’ study of the
following conjecture which may be verifiable by algebro-geometrical methods:
“if the base manifold M is a Kihler surface with an ample line bundle, then
the moduli space admits a holomorphic vector bundle of positive first Chern
class”.

This conjecture is also mentioned in Proposition 12, [6] not over the moduli
space, but over the set of holomorphic connections.

A Yang-Mills connection is defined as a connection which is stationary under
the variation of the Yang-Mills functional. However, any connection is by
definition a first order differential operator of special sort, namely a covariant
differentiation.

In fact, each connection A on P gives rise to a covariant derivative V, on
any associated C= vector bundle E.

Here, we suppose that there exists another real (or complex) C= vector
bundle V over M with an elliptic operator @; I''(V)—I"%V), where I'¥(V) are
spaces of sections of certain vector bundles associated with V.

The bundle V is for example a holomorphic vector bundle, and 9@ is the
operator associated with the twisted Dolbeault complex
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0 0 0
—> 20 2(V) —> QY —>,

namely,

Q:(a*: 5); @p,oddgo'p(v) —— @p,evengo'p(v).

Another example is the Dirac operator defined on the spinor bundles S; §: I'(S)
—1I'(S).

On the tensor product bundle VX FE we get a family of elliptic operators
D,; T''(VRE)-T'*VRE) by coupling 9 with connections A.

Obviously Ker 9, and Coker 9, are finite dimensional, and from the Atiyah-
Singer index theorem the difference of their dimensions, ‘the numerical index’
n-index(9,), is independent of a choice of connection.

We move the connection A in the space A of connections on P to obtain
a family of formal differences of vector spaces Ind 9 ,4={Ind9,; A= A}, where
Ind 9 ,=Ker 9,)—(Coker 9,). Since the group ¢ of gauge transformations of
P acts equivariantly on operators 9,, Ind 9_; can be regarded as an element of
the K-theoretical group K(8), where #=./g is the space of gauge equivalence
classes of connections on P.

Thus, we can discuss such virtual vector bundles over the infinite dimen-
sional Banach manifold 4, and also over a specific finite dimensional subspace
of @, the moduli space # of anti-self-dual connections on P. Since & is not
compact, one has to pay attention to apply the index theorem for family to 3.

The following is known with respect to the index bundles. The index
formula for a family Ind@, of Dirac operators ¢ coupled with connections A

gives the Chern character formula in an integral form as ch(Ind '?J):SMa(M )ch(e),
where 4(M) is the characteristic form of the spinor bundle so that the integral
SMﬁ(M ) is the A-genus and &€ is the vector bundle associated to the Poincaré

bundle P over MXx @ (see [2], for details). Therefore, the Chern forms are
computable in principle.

On the other hand, detInd 9,=(A%Ker 2))Q(A(Coker 9,))*, where a=
dim Ker 9,, b=dim Coker 9,, defines a proper line bundle ([3], [15]). Bismut
and Freed applied Quillen’s superconnection formalism and also the heat equation
method to get a Hermitian connection and compute the curvature of the deter-
minant bundle detInd 2, ([3], see also [6], [I5].

Their method is analytical. Here, we present a method which is simple
and accessible in the case of vanishing Coker 9,. Namely, we keep the view-
point that the natural projection .A— @ defines a principal bundle structure with
infinite dimensional structure group ¢, and further inherits a natural connection.
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Regarding Ind 9 ; over @ as a (virtual) subbundle of a certain Hilbert space
vector bundle associated with the bundle A— 3, we restrict the connection to
Ind 9. This defines not only a connection but also a second fundamental
form. Therefore the vector bundle version of the Gauss equation in the curva-
ture is available and is summarized in the following theorem (see Propositions
and [B.1)).

THEOREM 1. (i) There is a family of gauge equivariant elliptic operators
Dy; ''(VRE)-T'Y(VQRE) parametrized by Ac A, (ii) if Coker 9,=0 for all A,
then Ind D_,={Ker 9,; A=A} defines a C* vector bundle over B, the space of
gauge equivalence classes of connections, (iii) the natural projection A—B is a
fibration with structure group G/Z. It is equipped with a natural connection
which induces a connection D on the associated Hilbert vector bundle AX g;zI" (VR E)
and a connection D on the subbundle Ind D, together with the second fundamental
form @, and (iv) for the curvature forms Q2 and Q of D and D the Gauss equation
holds

X, )&, p>=<2(X, V)&, pd>+<ax&, oynd—<ayt, axnD.

The main results which can be derived from the above Gauss equation are
stated as follows.

THEOREM 2. Let P be a principal bundle with compact semi-simple structre
group G over a compact Kdahler surface M. Let V be a Hermitian vector bundle
with an Einstein-Hermitian connection V (see in §7 for the definition). For
the elliptic operator D ; Q' (V)—(2°PRL)V) associated with the connection ¥V we
assume that Coker 9,=0 for all anti-self-dual connections A on P. Then (i) the
complexification of the index bundle Ind D_; decomposes as

(Ind 92_)¢=(Ind 9" °@(Ind 9 _,)**

with respect to the almost complex structure defined on M, and (ii) when (Ind D ;)¢
is restricted to the moduli space M of generic anti-self-dual connections on P, the
curvature from 2 of the induced connection D on (Ind D_)*° (or (Ind D)*?') has
type (1, 1).

The vanishing of the (0, 2)-part of the curvature form gives the integrability
of the holomorphic structure, and the complex vector bundles (Ind 9;)":° and
(Ind ©_)"* inherit a holomorphic vector bundle structure such that a section s
is holomorphic if and only if D%'s=0.

Remark that all holomorphic line bundles over a compact Ké&hler surface
admit a Hermitian fibre metric with an Einstein-Hermitian connection.
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For these holomorphic vector bundles (Ind @ _,)"° and (Ind ©_;)*! one can ask
then how their first Chern class can be calculated.

The first Chern class is represented by the Ricci form up to a universal
constant. The Ricci form is the trace of the curvature endomorphism. So,
we establish the Ricci form formula by applying the Gauss equation as stated
in [Theorem 6.1. Namely, the Ricci form @ of the index bundle (Ind 2_)*°
restricted to the moduli space # can be expressed in terms of the second
fundamental form and the ambient space curvature term ®.

On the other hand, to a principal bundle P over a 4-manifold with a
compact, semi-simple group G we associate the so-called Poincaré bundle P
over MX 3 with group G which is universal in the sense of deformations of
the bundle P ([2]). As is seen in §2, by pulling back the natural connection
@ on the bundle A—9% to P, we get a connection A on it which is the one

defined by Atiyah and Singer ([2]).

THEOREM 3. Let P be a principal bundle over a compact Kdhler surface
with structure group G, and P the Poincaré bundle defined over MX B. We
restrict P to MX M, where M is the moduli space of generic anti-self-dual con-
nections on P. Then the curvature form of the connection A is of type (1,1) so
that A defines a holomorphic structure on any complex wvector bundle associated
with P—MX M.

For the discussion of this theorem, see §2 and [Proposition 5.2

Another application of the Gauss equation on the curvature is to derive the
curvature formula for the Riemannian structure defined on the moduli space #
of generic anti-self-dual connections. Although the curvature formula is
obtained in by tedious calculation, we obtain it here in a transparent
manner by making use of the Gauss equation (Theorem 4.3).

In the final section the vanishing criterion on Coker 9, is discussed in the
case where M is a Kéahler surface and V is an Einstein-Hermitian vector bundle.

We prove the following vanishing theorem

THEOREM 4. Let P be a principal bundle over a compact Kdahler surface
(M, h) as before and E an associated complex vector bundle. Let V be a
Hermitian vector bundle with an Einstein-Hermitian connection N for the Einstein

dr . .
constant Z—WSMcl(V)/rank(V)/\wh. Then Coker 9, vanishes for each antf-
self-dual connection A on P provided the following two conditions are satisfied

(1) 2<min(0, %s), where s is the scalar curvature of the metric h and
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(ii) for the Laplace operator Ali=—33h'"NN; acting on 2 (VQE)
Ker (A4+2id)nKerd =0

holds (here, 0, means the (1, 0)-partial covariant derivative).

2. A principal bundle with group &.

We denote by A the space of all irreducible connections on P. The action
of ¢ on A, (g, Ay—g(A)=g'dg+g '-A-g, defines the space @B of orbits of
irreducible connections on P so that the projection A—3; A—[A] is equipped
with a principal bundle structure. Since the stabilizer of each irreducible con-
nection is the center of the group ¢, we should take the quotient group &¢/Z
instead of G in order to make the action free.

At each connection A the tangent space T 44 splits as a sum of vertical
and horizontal subspaces

TAJ'———CVA@J[A.

In fact T, is identified with 2'(ad P) for the adjoint bundle ad P, the sub-
space <V, with Im{D,: 2%ad P)—Q2'(ad P)} and 4, with Ker D%, where D, is
the covariant derivative induced by A and DX is its formal adjoint.

Since ¢ acts also on Q7@@dP) as g(P)=g*':¢-g, in such a way that
Dgc1y8(¢)=2(D4¢) holds, this splitting is g-equivariant. The vertical subspace
is isomorphic through D, to 2°%ad P), the Lie algebra of the group 4. So, we
have a distribution of horizontal subspaces which defines a connection on the

bundle A— 8. Its connection form w: T A—2°%ad P) can be explicitly expressed
in the following way.

PRrROPOSITION 2.1. (i) The principal bundle A— B with group G/Z admits
a natural connection with connection form w given by

2.1) aa)=G (D¥a), acsT ;A
where G4 is the inverse of the operator D%D,; 2°ad P)—£2°ad P).

(ii) The curvature form .Q"’:dw—l—%[w/\w], which is the R2°ad P)-valued 2-
form on A, is represented by

(2.2) ‘ X, V)=—2G,({X,Y}),
X, YeT 18 (A= B), where we restrict 2¢ to the origin of a slice S in A at
A.

REMARKS. (i) The bilinear operation {-, -}; 2'(ad P)X 2'(ad P)—£°ad P)
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is defined as

(23) {X, Y}:i,zjhij[Xi’ Yj],

X=3:Xidx*, Y=3);Y,dx’. Here, (h*) is the inverse matrix of the base
Riemannian metric components (h;;). Then we have D¥%,yY —D¥Y =—{X, Y},
X, Ye'(@adP). (i) For each A in A a slice & is a subset of .4 transversal
to gauge orbits and hence it gives a local coordinate neighborhood centered at
[A] in 4. Actually, S is defined as {a=2'(ad P); D¥a=0, |a|<e} and the
projection restricted to S; S— 8 covers a neighborhood at [A] so that these
slices define a Banach (or Hilbert) manifold structure on <, and then each
tangent vector to @ is identified with a vector in Ker DX at the corresponding

connection in & ([10], section 2).

PROOF. (i) We easily see that w(D, ¢p)=¢ for any vertical vector D,¢.
Since the usual gauge action on A gives the right action of the bundle A over
B, we have w,c(Ra)=g(ws(a)). Therefore the form @ is the connection
form of the connection.

(ii) Extending X and Y in T .98 =Ker D% to vector fields X and ¥ over
S, we have at [A] 2°(X, Y)=Xo(Y)—Yw(X), because w(X)=w(Y)=0. Since
Xo(Y) is the derivative at t=0 of w(?’) along a line A;,=A-+tX, it equals
—G4({X, YD.

With respect to [Proposition 2.1l we should comment on the universal
connection on the Poincaré bundle. In [2] Atiyah and Singer define the Poincaré
bundle P, and introduce a connection A on P. The action of the gauge group
¢ on the product PX A ; (u, A)—(g(u), g(A)) induces a bundle P=(PXA)/G—
Mx 3=G\P. By making use of our natural connection w on A— %, we can
define the connection 4 on P in the following way.

Since the bundle P has a local trivializing neighborhood U XS at each
(x, [AD)eMX 8 in terms of a trivializing neighborhood U of P at x and a slice
S through [A], we set A to be equal to A’=A+a when restricted to
A'=A+acS and equal to ev.(w) over {x} X B, here ev, is the evaluation map
at x; 2°(ad P)—>(ad P), and (ad P), is identified with the Lie algebra of G
through the trivialization over U.

So, we readily calculate the curvature F of A with respect to the product
space structure; F=F%*'4+F!"'4+F** as F*°'is F(A), the curvature of A on
P, F'' is represented by F'"'(u, X)=—Xu) for (u, X)ET . can(MXB)
(ueT.M, XsKer D¥), and F*%*=ev, (29 =—2ev.(G.{-, -}).
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3. The index bundle.

Let V be a C= vector bundle over M with a fibre metric. We suppose
that V is equipped with an elliptic operator @ ; I'*(V)—I"%V).
For the convenience of the reader we assume that 9@ is the Atiyah-Hitchin-
Singer operator ;
D=(V*, dV-*); QY(V) —> (2°DL3)V),

where V* is the L,-adjoint of a metric connection V on V, and dV'* is the self-
dual part of the exterior derivative dV.

We can of course consider the case of Dirac operators on the spinor bundles,
and also the case of twisted Dolbeault operators over a complex Kéhler
surface.

Let E be a vector space on which G acts through a representation p and
E the associated C= vector bundle PX,E. Then tensoring V with E we form
a new vector bundle VQE. It is equipped with a family of connections V,,
the metric connection V coupled to connections V§ on E as A moves on P.

The representation p on the vector space E induces in a natural way a
representation of ¢ on sections of E and hence on sections of VQE. Moreover
it induces an action on coupled connections V. (0g)P)=(08)(V4¢), for
Asd, =2 (VRE), g=a.

Consider the first order elliptic operators

D4=(V%, dB); P(VQE) — (L’ DANVRE)

parametrized by connections on P. Since each 9, is ¢g-equivariant, the index
bundle Ind 9 _;={Ind 9,4}, Ind 9,=(Ker 9,)—(Coker 9,) is defined as an element
of K(3).

From now on, we assume Coker 9,={0} for each connection A. We will
discuss this assumption in the last section.

The index bundle is then a finite dimensional subbundle of an infinite
dimensional space bundle Q=UAX¢/z2(VRE). We define an L,-inner product
on QY(VXE) thanks to the metric structures on V and E so that the Hilbert
space bundle Q is decomposed as Q=Ind 9 ,P(Ind D ;)*, where the orthogonal
complement (Ind9_;)* is spanned by eigenspaces corresponding to positive
eigenvalues of the operator 9%9,.

Letting D be the connection on Q induced by the connection ® on the bundle
A— 3B, we have

@3.1) Dyt=Dxé+ax¢
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where £ is a section of the bundle Ind9_,; and X&T 4198 so that D and ¢ are
a connection and the second fundamental form.

PROPOSITION 3.1 (Gauss equation). Denote by 2 and 2 the curvature of D
and D, respectively, and by {-, -) the L,-inner product on Q(VRE). Then

(3.2) CUX, V)&, p>=<Q(X, V)&, n>+<a x&, aynd>—<oyE, axn>

where & and 7 are in the fibre of Ind D, at [A], and X, Y are tangent vectors
to B at [A]. '

In the case of submanifolds this proposition can be found in any textbook
in differential geometry (see for example [117]).

4. The second fundamental from and the curvature formula.

We restrict the bundle A—3 to the moduli space M of anti-self-dual
connections on P.

Before getting a formula for the second fundamental form ¢, we recall the
definition of an anti-self-dual connection. A connection A on P is called anti-
self-dual if the curvature form F(A) is anti-self-dual as an ad P-valued 2-form.
The set of gauge equivalence classes of anti-self-dual connections on P are
parametrized by #, which is a subset of 8. To each irreducible anti-self-dual
connection A we associate the Atiyah-Hitchin-Singer complex

D, di
0 — 2°adP) —> 2'(ad P) —> R%(@d P) —0

which gives information on the infinitesimal behavior of # near [A] (see
for details). In fact, when the second cohomology group H%=Kerdidi*
vanishes, by the slice argument, the Kuranishi map # is locally diffeomorphic
to a ball in the first cohomology group HY and the tangent space of M at [A]
can be identified with HY.

We call an irreducible anti-self-dual connection generic if H4={0}. In what
follows # will mean the moduli space of ‘generic’ anti-self-dual connections on
P, which turns out to be a smooth manifold.

Note that as shown by the Atiyah-Singer index theorem dimgpHY is given
by the numerical index n-index (D%, d%), which is independent of the choice of
A.

Define now a C>(M )-bilinear map

Q'@d P)XQ(VQE) — (2°RA)(VRE)
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(X, ) —> p(X)e¢p
by
“4.1) P(X)°¢=5)A¢—EDA+X¢
for some connection A.

The representation p of G on E canonically induces an infinitesimal action
p of 2°adP) on QYVRE). We extend this action in a natural way over
2'(ad P) so that we have a homomorphism p : 2'(ad P)—»2'(End (VRE)), X—p(X).
Then p(X)-¢) is written as |

p(X)ep=(0(X) 1 ¢, (0(X)AD),
where

p(X)ng——“iEjh”p(Xi)sbj, X=2Xidx*, ¢=2¢;dx’

and (o(X)A)* is the self-dual part of (p(X)AP)=Zp(X)¢;dx*Ndx7.

PROPOSITION 4.1. The second fundamental form ¢ has the following form,
4.2) 0 xE=G. D5(p(X)°8),
XeTs 1M, EcKer D,. Here, G, denotes the Green operator for DED,4.

PrOOF. To show we have to know the value of the covariant deriv-
ative Dx& for a section & of Q— # locally defined at [A]. Choose a slice S at
A in 4, and denote by 9 the image of S in B by the projection. Since the
assignment A’eS to each [A’]Je9w gives a section of the principal bundle
JA— @, and hence & can be considered as a map; S—2(VQE), by the definition

of w we have ﬁx»’f:(—j—téclt:o—i—p(m()())é), where we put &=8(A+tX). Then

D& reduces to——&—t—ét |s=0, because Xe=Ker 9% and hence the value w(X) vanishes

from [Proposition 2.1l.

Since dim Ker 9,, for A;=A-+tX is independent of ¢, § is written as &=

¢_,£4(1)B.(t) with respect to an orthonormal basis {8:(), 1<i<k} of Kerd,,

which depends smoothly on t. Then the value of the second fundamental form
o x&E=(Dx&)* reduces to 25*(0)(,6,»(0))1, where the dot indicates the differentiation
with respect to t. Moreover observing that G4(9%9,) gives just the orthogonal
projection to the orthogonal complement of Ker9, we have that it equals
SEH0)GA(D%D )(B:(0)).

On the other hand by differentiating (9%,9,4,)8:(t)=0 at t=0, we get

“.3) (D50 ) B+ (5| _(9%,9.))(BON=0,
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1<i<k. Since f=p:;(0)=Ker 9, lies in the ambient space 2(VQE), the second
term in the right hand side of becomes D%(—p(X)-B). Now follows.

Since from [Proposition 2.1] we have 2(X, Y)é=—20(G.{X, Y })¢, we derive
the curvature formula from the Gauss equation.

PROPOSITION 4.2. Let D be the naturally defined connection on the index
bundle Ind D ;. Then its curvature is represented as

KX, Y%, np=—26p(G{X, Y 1§, >
4.4) —GLDE(p(X)8), G4DE(p(Y )o1)>
HLGADE(p(Y )=§), GaDU(p(X)7)>.

We should comment on the canonical Riemannian structure defined on the
moduli space # of anti-self-dual connections on P. The Riemannian structure
was defined by the crucial aid of the Kuranishi map, a map linearizing ¥ and
also the Hodge theory relating the Atiyah-Hitchin-Singer deformation complex
([10D.

Also there are different definitions of Riemannian structures and also differ-
ent ways to define the Riemannian structure. Indeed, S. Kobayashi applied in
the method of submersion due to O’Neill to discuss it. But we are able
to apply in a direct way the curvature formula of the index bundle in the
trivial case where the vector bundle V is the trivial bundle MXR and the
operator 9 is (d*, d*); @'—Q2°PL%, and E is the adjoint bundle ad P with the
adjoint representation as p.

In fact, since the tangent space to the moduli space # at [A] is identified
with Hyi=Ker(D¥, d) and, since the inner product on this space defining the
Riemannian structure is the restriction of the L,-inner product on £'(ad P),
and moreover the canonically induced connection D preserves the structure, we
get, by using formulae o(X) |Y ={X, Y}, (o(X)AY)*=[XAY]*, the curvature
formula (Theorem 5.1 in [107]).

THEOREM 4.3. At [A] the Riemannian curvature tensor is expressed by

(R(X, Y)Z, W)=—{X, W}, GIHZ, Y}
(4.5) —2{Z, W}, GAX, YD+UHY, W}, GulZ, X}
HLXAWTY, GALZAY IH—LKY AWI*, GALZAXT,

where X, Y, Z, W are tangent vectors in T4 M.
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5. The holomorphic structure of the index bundle.

We assume in this section that the base 4-manifold M is a Kéhler surface.
Then the moduli space # of anti-self-dual connections on P carries in a natural
way a complex manifold structure and a Kéhler structure ([8], and
[10], §4).

In fact, in a complex analytic way each anti-self-dual connection A vyields
a (0, 1)-connection A whose curvature form F(A® ?)=5 A 1’—i—é—[A“"‘>/\A<°-1>]

vanishes. This (0, 1)-connection induces a holomorphic structure on the com-
plexified bundle P¢. Thus we have a canonical map from the moduli space M
to the moduli space of holomorphic (0, 1)-connections Hn,s modulo complex
gauge transformations which carries a natural complex structure so that
admits a complex manifold structure through this canonical map (see for
details).

On the other hand from a differential geometric viewpoint the base almost
complex structure [; 2'—2' canonically extends to the space 2'(ad P) and this
restricts well on each HYy(=Ker (D%, d})=T., M. Itis observed that the almost
complex structure I| HY coincides with the complex structure on .# given by

Mno1, and the canonical Riemannian structure becomes on the complex manifold
M a Kihler structure.

We remark that the base almost complex structure I extends also to Q% (V)
for any vector bundle V.

The first observation is then the following

PROPOSITION 5.1. The curvature form ¢ of the natural connection ® on the
bundle A— 3B restricted to M is of type (1,1). Hence, any finite dimensional
complex vector bundle associated with A| 4— M is endowed with a holomorphic
structure compatible with the induced connection.

REMARK. Choose a point x in M and consider the E-framed moduli space
Mz, i.e., the g-quotient of the set {(A4, ¢)} for the associated vector bundle E,
where A are anti-self-dual and ¢ FE.. This is a vector bundle over i with
fibre E. Since M, is associated with the bundle A| 4—H and the curvature
of the induced connection is seen to be p(ev.(£2¢)), the complexified framed
moduli space becomes from the proposition a holomorphic vector bundle.

Proor. At [AleM, QX,V)=—2G X, Y}, X, YT M. It suffices
to show {Z, W}=0 for any pair of complex tangent vectors Z, W of type (1, 0)



434 Mitsuhiro ITOH

or of type (0,1). Each vector of type (1,0) (or of type (0, 1)) is a =+ —1
eigenvector of I, respectively. Furthermore, {X, IY} is given by the inner
product of an ad P-valued 2-form [XAY]* with the base Kihler form, and
hence is symmetric with respect to real vectors X, Y (see [9], Lemma 5.3,
since this lemma also holds in any Kdihler case). Thus {Z, W} vanishes.
Since the type condition on curvature is exactly the integrability of holomorphic
structure ([1], Theorem 5.1), the proposition follows.

PROPOSITION 5.2. Let P be the Poincaré bundle over MX M related to a
bundle P over a Kdhler surface M. Then the connection A has curvature of
type (1, 1), and hence any complex vector bundle associated with P admits a
holomorphic structure compatible with the induced connection.

The proposition follows from the expression of the curvature F of A given
in §2.

The Poincaré bundle with the connection corresponds to the algebro-
geometrical notion of universal bundle which might impose interesting problem
to us ([13], [14]). We remark that if we restrict P to {x}X.¥#, then it can
be considered as the moduli space of framed anti-self-dual connections on P,
that is, the gauge equivalence classes of (A, u) where A is anti-self-dual and
ue P,, the fibre of P over x.

Now, we are in a position to assert the integrability of the holomorphic
structure of the index bundle.

THEOREM 5.3. Let V be a Hermitian vector bundle with an Einstein-
Hermitian connection N and D, elliptic operators coupled to connections A on
P; Q' (VRQE)—~(Q'©R:)(VRE) satisfying Coker D,={0}. Then, (i) the com-
plexification of Ind Du={Ker D,} decomposes into subbundles Ind 9';° and Ind 9%
relative to the almost complex structure I on Q' VQE), and (ii) restricted to the
subbundle Ind 9Y° (or Ind 9%') the curvature form £ is a (1, 1)-form. There-
fore, Ind 9Y° (or Ind 9%') is equipped with a holomorphic structure which is
consistent with the induced connection D.

REMARK. Quillen considers a new metric and its curvature of the deter-
minant line bundle of the index bundle over a Riemann surface associated with
operators D,=d,; QE)—2Y(E) ([3], [6], [15]). This metric which seems to
be of interest is defined by the Ray-Singer analytic torsion. However, he
defines it only over the affine space A.
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PrOOF. From Propositions 3.1, it suffices to prove that

(o (—~V—=1I8), aw(n+~—=1I9)»=0

for tangent vectors Z, WeTlAM and &, n=Ker 9.
We first assert the following

GRY) 0 x§=G N 4(0(X) 1)+I(GN p(IX) 18)—G4d T (p(XINE)),
(6.2)  ox(IH)=—GNLp(IX) 1E)+IGNAp(X) 1))—G4dT* (oI XINE?)

and
(6.3) 01x6=G VN 4(0(IX) 18)—I(GN A o(X) 18— GdT*(p(IX)INE)?)

where we set (p(X)AEP=(p(XINE*°"+(p(X)NE)™? following the splitting
(QRQC=2%"P(2:Rws)PR*? (w, is the Kdhler form).
We have indeed (p(X)AE*=(p(X)AE +(p(XINE)P with (p(X)ANE)°'=

Fo(X) 1 UE)Dws.

So by using [Proposition 4.1 we reduce the second fundamental from o x&
to since G4dE*((p(X)AE)") is reduced to I(G,V4(o(X) 1(I§)) thanks to a
simple calculation and also the formula po(IX) | (I§)=p(X) 1§ holds.

The formulae (5.2) and [(5.3) follow from the formula (p(X)/\(I&))2—(p(IX)/\$)

By making use of these formulae, we obtain

(5.4) Ko x(1§), oy(In)>=<0:x§, 01v7),
and hence
(5.5) o2&, ownd>+<az(1§), ow(ln)>=0

for Z=X—+/—1X,W=Y—~/—=1IY €T}4H from which one sees that
(o z(§—~—1I8), aw(n++/—1I%))> vanishes.

6. The Ricci form.

We considered in §5 the index bundle of elliptic operators 9, which is
associated to a Hermitian vector bundle V with an Einstein-Hermitian connection,
and mainly investigated the integrability of the holomorphic structure of the
index bundle provided that the base manifold M is Kihler.

In this section, also under the assumption that M is Kihler, we aim at
getting the Ricci form of the index bundle over the moduli space # of anti-
self-dual connections on P.

We recall the deﬁnitiOn of the Ricci form of a holomorphic vector bundle.
Let F be a holomorphic vector bundle with a Hermitian fibre metric over a
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complex manifold N. Then the Ricci form @ of F being a (1, 1)-form over N
is defined by the trace of the endomorphism @(X, Y),; F,—F,, x&N, where 0

is the curvature form of the fibre metric. The real 2-form %—lfmd) represents
the first Chern class of the bundle F.

Consider now the index bundle Ind 9, over . We already observed that
(Ind 94)"'° carries a holomorphic structure with the Hermitian L,-metric
(Theorem 5.3). Thus, if we let {&;, 1<{/<k} be an orthonormal basis of Ind 94
at [AleH, then the Ricci form @ of (Ind D,)"° is by definition written as

(X, Y)=3KO(X, Y)bs, 1>, ¢i=—]:__"($‘l—"‘\/—llfi) for tangent vectors X and
Y to s at [A].

V2
Denote by @ the 2-form on the space 8, and hence on the subset .# defined
by 3K2(X, Y)p:, > for the curvature form 2 of the induced connection D on
the Hilbert vector bundle Q. This 2-form is the trace of the curvature endo-
morphism 2(X, Y) restricted to Ind 9.

THEOREM 6.1. The Ricci form satisfies

6.1) &(Z,Z)-9(Z, Z)=_4¢221 {1GAV (X)) JTED)HIG AN L(p(X) 1€)1%}

%—Zé1 UG AL (p(XINED P+ 1 GudZ* (0T XINEDD 1%},

where k is the rank of the index bundle IndD,, Z&TiAM and {&:} is an
orthonormal basis of Ind D4 over [A].

PrOOF. From the Gauss equation [3.2) we have
X, V), £>=<2X, V)%, &.

On the other hand, the pair (X, Y) generates a gauge transformation g,=
expt(G4{X, Y}) which preserves the L,-inner product <, ., > on QUVRE) so

that —<2(X, V)¢, $>=—§T<p(gz)$, p(g:)6> 1 =0 is equal to zero. Hence,

(6.2) X, Y%, =0, f=(ndDu)a.

Therefore, from this we obtain

QX Vo, 5O=5VTIKQX, ¥)eo, 160—QX, V)0, €0}

:—_%‘\/:—]—.{<.Q-(X; Y)ei’ I$i>_<g(X: Y)Iei’ $i>

—22ox1&;, ovED>+2{ay]&;, ax&D}.



Yang-Mills connections and the index bundles 437

Here, we use the fact (X, Y)IE=I(2(X, Y)&) which stems from the commut-
ability of the almost complex structure I and gauge transformations.
The Ricci form is then represented as

(6.3) D(X, Y)=\/:T;<Q-(X, Y&, I&:>
“‘\/:T;KG'XI&, ov€i>—Lovl&i, oxéid}.
Therefore, we see for Z=X—~/—1IXeTLAH that O(Z, Z)=2+/—1D(X, IX)

is given by
(6.4) O(Z, Z)=—23KQX, IX ), I
+223{Koxl§s, 01x8>—<01x 1§, 0x€D}.
By making use of formulae (5.2), we can reduce the terms
Koxl§, 01x8>—<0:x1§, 02§ for £=¢§; to
— G X) 18)—IG TV 4(o(X) 1*+|Gad*(p(TXINE?|?
—1GV(p(X) 1EFIGN L pUIX) 19)1*+ | Gad T p(X)NEP|*

from which (6.1) follows.

7. Discussion of the condition Coker ©,={0}.

We will finally discuss a sufficient condition for the assumption Coker 9 =
0 which was made in preceding sections.

Let (V, f) be an Einstein-Hermitian vector bundle over a compact Ké&hler
surface (M, h). Namely we assume that the curvature form 0=3};, ,0,,;dz* Adz’
of the fibre metric f satisfies the Einstein-Hermitian condition with a real

constant 4

(7-1) ghl‘;@zjzz. idV,

2:47r/vol(M)SMcl(V)/r(V)/\wn ,

(r(V) is the rank of V and w, is the Kahler form of A).
Let P be a principal bundle over M, and A be an anti-self-dual connection

on P. Then, coupling the Hermitian connection V on V with A yields an

elliptic operator
Dy; QNVRE) — (°DRNVRE)

& —> (VE, dié)
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whose adjoint 9% maps (¢, D) to V,9+di*® in Q(VRQE). So,
Ker 9%={(¢, ®)=(Q°DRL)VRE); V4p+di*d=0}.

Now, investigate the equation

(7.2) V4p+di*@=0.

Apply V% on both sides. Then,

(7.3) VAV . p+(d 5V )* P =0.

Since d}V, is the self-dual part of @4 p(F(A)) from the Ricci formula, one can
reduce it further using the Einstein-Hermitian condition and the anti-self-dual

\/;llide@wh, (AN )*@=+/—120° holds where @° is

the w,-component of @. We get then

condition on A to —

(7.4) ViV .+ —120°=0.

We can apply the operator d} on both sides of

(7.5) diVp+didi*D=0.

Again, we apply the Einstein-Hermitian condition to the term djV,¢ to reduce

— 2—12¢®wh. On the other hand, for @=0%°4+0°RQw,+ D2, T=did*®

can be written as ¥*°+¥°Qw,+¥°? where

4 °=(aAa§+aﬁaA)@2‘ 0 ’

it to

Poi=@ S0, U= (VY. 0)Rw,

(0, and 0, denote the partial covariant derivatives). Here, we used the fact
that 6@ is of type (1, 1) and the following formula (see (2.7), (2.8) in [8])

(7.6) di*D=0%0* °+- %D 2+ v/ —1(0,9°—3,9°).
So, we get

(7.7) VAV D+ (—+—1)Ag=0,

and also

(7.8) (040%+0%0 )P*°=0, (9,0%+0%0,)P°*=0.

LEMMA (Bochnor-Weitzenbick formula). For @*°=0,,dz* Ndz*= 2> (VRE),
we have
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(7.9) (aAaﬁ’l‘aiaA)@z'O:wlgdzl/\de,
wm:_Zhiivfﬁi¢l2+('§_—x)¢lz

(V: and Vj are covariant derivatives in the i- and j-directions, respectively, and s
denotes the scalar curvature of the metric h).

Proor. This is proved by a straightforward calculation in the same

manner as the proof of [7], Lemma 3.3.
. . . . s
Thus, if the Einstein constant A satisfies A<—, then

{92 Q> (VQE); (0,0%5+0%0 9% =0} ={0},
Now, return to the equations [7.4) and [7.7) Set ¢=¢—+/—19°. Then
(7.10) VAV =20

N

Assume that 2<min<0, 5

—19° in Q(VQE). Therefore, the equation V,9+di*(P°Rw,)=0 becomes
04¢=0 so that from ¢ must further satisfy

(7.11) n=—2g, Al=—ShiNV;.

). This is possible only when ¢=0, that is ¢=

Thus we obtain the following vanishing criterion.

THEOREM 7.2. Let (M, h) be a compact complex Kdhler surface and P be a
principal bundle over M with an associated complex vector bundle E. Let (V, f)
be an Einstein-Hermitian vector bundle over M with Einstein constant A.

Assume that 22 is negative and less than the scalar curvature s of the metric
h. If, for any connection N4 on VRQE, the Hermitian connection N on V coupled
to an anti-self-dual connection A on P, the Laplace operator Aj=—3h*V,V;
acting on QVRE) satisfies

(7.12) Ker (A%+2id)nKerd,={0},

then Ker 9%, which is isomorphic to Coker D4, vanishes for each [A] in M.

Since the bundle V®FE carries a holomorphic structure induced by the
connection V,, by taking its conjugate in the complex vector space 2(VRE),
is equivalent to that the space of holomorphic sections ¢ of VRQFE
satisfying Ay¢+A¢=0 reduces to {0}.

Suppose now that there is an ample holomorphic line bundle L over M as
mentioned in the conjecture made in §1. Then, as is easily shown, L carries
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an Einstein-Hermitian fibre metric with positive constant 4. The k-fold tensor
product of the dual of L has constant —kA. So, from this theorem, for a
sufficiently large 2 9,; QUL *QE)—(2°PR:)XL-*QE) has trivial cokernel if
and only if {p= QUL *QE); d.¢=0, Ayp=—2¢} vanishes.

REMARKS. (i) We can relax the Einstein-Hermitian condition on a vector
bundle V in theorem 7.2. In fact, the condition on the value A can be replaced
by the following weaker condition ; the curvature @ of the Hermitian connection ¥
s

satisfies that tr,@=3Jh%0,; is negative definite and less than 5

of the trace norm of End(V). »

(ii) The condition on Ker(A’%+4id) in the theorem, which says that —24 is
not an eigenvalue of the Laplace operator AJ, can be eliminated when we con-
sider the case of elliptic operators 9, associated with the Dolbeault complex
0-Q(VRE)-»Q*"(VRE)—-Q2**(VRE)—0.

id, in the sense

Added in proof. After preparing this paper, in the paper ‘Poincaré Bundle
and Chern Classes’ the author establishes the following theorem from which
the conjecture stated in §1 is then affirmatively solved: Let (M, k) be a compact
Hodge surface and P a principal bundle over M. Then, the moduli space of
anti-self-dual connections on P can be endowed with a holomorphic line bundle
of positive first Chern class.
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