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VANISHING THEOREM FOR 2-TORSION INSTANTON
INVARIANTS

By

Hajime ONO

Abstract. For any closed, oriented, simply connected spin 4-
‘manifold X with b7 > 1 and even, by Fintushel and Stern [7],
differential-topological polynomial invariants with its values in Z;
are defined. These invariants are analogues of Donaldson polynomial
invariants. In [7], it is proved that if X = X'§S? x S2, then these
invariants do not always vanish. But in this paper, it is proved that
these invariants vanish for a large class of connected sums.

1. Introduction

For any smooth oriented closed simply connected 4-manifold X with b}
greater than one and odd, in Donaldson polynomial invariants are defined,
where b} is the dimension of the maximal positive subspace for the inter-
“section form on H,(X). They are evaluations of certain elements of the rational
cohomology of the space B} ; of equivalence classes of irreducible connections in
a SU(2)-bundle over X of charge / on a homology class represented by the
moduli space of anti-self-dual connections. In the case when b} is even, analogues
of these invariants are defined by using the cohomology H*(B} ;; R) for some
coefficient ring R ([5]). In particular, in [7], torsion invariants are defined when
R =Z,, and some properties of these are proved. The main properties, which
are in contrast with the vanishing theorem for the Donaldson polynomials
for connected sums, are that the torsion invariants do not always vanish for
X#S? x S2, where X is spin with b} > 1 odd. But in this article, it is proved that
the torsion invariants vanish for large class of connected sums.

Let .#x,; be the moduli space of anti-self-dual SU(2) connections of charge /.
In case b} > 1 is even, for a generic metric, the moduli space .#y ; is the smooth
manifold and we have dim .#y ; = 8] — 3(1 + b}) = 2d + 1. So if there is a non-
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trivial 1-dimensional cohomology class u« in Q?}‘ ;» then, for homology classes
Z1,.-.,24 € Hy(X; Z), similar polynomial invariants can be defined by evaluating
the class u(z;)U --- Uu(zg) Uu on the fundamental class of .#x ;, where u(z;) €
H?*(BY ;; Q) (for the definition of homomorphism g, see [6]). In the case / is even
and X is spin, there is a non-trivial class u; € H I(EB} ;iZ>2). Thus in this case, for
large enough /, there is a polynomial invariant g;,, x of degree d in H,(X;Z)
with values in Z,. Like as Donaldson invariants, ¢g;,, x is an invariant of the
smooth structure of X. (See section 2 for a more complete description.)
Our main theorem, whose proof will be given in section 3, is

THEOREM 1.1. Let X, X2 be closed simply connected spin 4-manifolds with
by, > 1 and with by, + by even. Suppose that I; > 3(1 + by )/4 and I + 1, even. If
we set di = 4l; —3(1+by)/2, for r #0, dy +dy + 1

ql|+/3,u1,X1ﬁX2(Zl’ ey Zpy Wy ey wd|+dg+1—-r) = Oa

where zy,...,z, € Hy(X1; Z) and wy, ..., Wa +d4,41-r € H2(X2; Z).

In [7], Fintushel and Stern considered the torsion invariants of the connected
sums X#S? x S2, in the case when X is closed simply connected oriented spin
4-manifold with b} odd. One of the main theorems in that article is the
“nonvanishing” theorem.

THEOREM 1.2 (Fintushel-Stern [7]). Let X be a closed simply connected spin
4-manifold with b, > 1 and odd. Suppose | is odd and in stable range (i.e.
1> 3(1+b%)/4).

Then q;) ,, xys2xs? is defined and for any classes zy, ... ,zq € Hy(X; Z) and for
x = [S? x {point}] and y = [{point} x S?] in Hy(S* x S?;Z) we have

qrx(z1,...,2q4) = Q1+1,ul,xnszx52(21,---,Zd,x, y) mod2
Here q; x in the left-hand side is the ordinary Donaldson polynomial and we set

2d = 81— 3(1 + b%).

Note that b}, ., =1. Thus, in general, dose not hold in the
case when one of the X; has by = 1.

2. Torsion invariants

Let X be a closed, oriented, simply connected smooth 4-manifold, and P be
a SU(2)-bundle over X with the second Chern class c;(P) =1 > 0. We write
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o/ = o/ (P) for the space of connections on P and ¢ = %(P) for the group of
gauge transformations on P. The gauge group ¥ acts on ./ by pullback and its
quotient </ /% is denoted by B(P) = By ;. Denote by By ; = By ; the subset of
irreducible connections. The moduli space of equivalence classes of anti-self-dual
connections on P is denoted by #x j, i.e.

My (g) ={A e d|xgFy=—F4}/9,

where F,4 is the curvature of A4, g is a Riemaniann metric on X, and x*, is
the Hodge star operator induced from g. The transversality argument and the
Atiyah-Singer index theorem show that the moduli space is, if non-empty, an
8/ — 3(1 + b}) dimensional smooth manifold for a generic metric, when 5} > 0
and /> 0.

To define torsion invariants of X with b} > 1 and even, we need a non-trivial
torsion class u; € H'(Bj ;;Z>). But it is proved in [10] (see also [7], [2]) that

(B2 1) Z,, (X isspin and k is even)
T >~
REXk 0, (otherwise).

So we can define the class u; as a generator of H'(B} ;;Z,). This class is
identified with the first Stiefel-Whitney class of a (real) determinant line bundle of
a family of (real) twisted Dirac operators parametrized by B , @], [7], [2)- Here
suppose b} is greater than one and even. The moduli space of anti-self-dual
connections on the SU(2) bundle over X with the second Chern class ¢; =k

has formal dimension 8k — 3(1 + b}) = 2d + 1. Let homology classes z;,...,zz €
H>(X;Z) be represented by generic embedded surfaces X;,...,Z; < M, and
Ve,y..., Vy, © QS}’ x be codimension 2 geometric representatives associated

with u(Z;), where the p-map u: Hy(X,Z) — H*(By ;; Z) defined in [3]. By the
usual dimension counting argument as in the case of Donaldson invariants, if
k> (3(1 +b%)+ 1)/4 (which is “stable range” condition), then the intersection

I =My NVs, 0NV,

is a 1-dimensional compact manifold (for generic metrics on X).

DEerFINITION 2.1.
e, x( X1y Zq) =<V, N - N Vs, N My g, u1).

As the Donaldson invariants, next conditions hold.
(1) Grum,xZ1,...,Z7) depends on X, only through its homology class
(%] € H2(X; Z),



224 Hajime ONO

(1) Gk .x(Z1,...,Zy) is multilinear and symmetric in [¥)],...,[Zy],

(1) qx..,.x 1s natural with respect to orientation preserving diffeomorphism.
Condition (iii) contains the assertion that gx ,, x is independent of the choice of
'generic metric and is an invariant of the oriented diffeomorphism type of X.

3. The proof of
Now, we prove [Theorem 1.1, which is some version of vanishing theorem.

PrROOF OF THEOREM 1.1. We only prove the case when both b} and by,
are odd. (If both b} and by, are even, it can be proved by exactly the same
argument.) First, we must see that q; 44, 4 x,rx, 1s well-defined. Since b}.ﬁxz =
by, +by, > 1 and [; > 3(1 + b} )/4, we have I; + 1 > (3(1 + by, +by,) +3)/4>
3(1+by.x,)/4+1/4, so I} + 1 is in the stable range to X;§X>. On the other
hand, the dimension of the moduli space .#y,.x, 4+, equals to 8(/) + 1) —
3(1 + le:Xz) =2(d, + dz) +3=2(di+d,+1)+1.So Gl by X12Xs 1s well-defined
and in Symy T (Hy(X18X2; Z)).

Now, sul;pose first that 0 < r <d; +2. Let X = X 1X>. We will consider a
sequence of metrics {g,} on X, as v — 0, whose limit is the one point union
(X1 v X2,9y, v gx.) where gy, and gy, are generic.

For each v, we may assume that Sx(v) = #x ,+5(9,) N VIO - N Vg td,41 18
non-empty, where the ¥;’s are the codimension 2 submanifolds in 8, ,, U{[0]}
([0] is the gauge equivalence class of the trivial connection on X) corresponding
to generic embedded surfaces representing the homology classes z; and w;. Then
we take a sequence {[A4,]}, where [4,] € x(v). By Uhlenbeck’s theorem on
compactness and removability of singularities, there is a subsequence of {[4,]},
which has a weak limit ([4;], [42); (x1,...,X%, ¥,...,¥,)) as v— 0, here,
[A1] € Mx, m(gy,), [A2] € Mx, n(gx,), and x; € X, y; € Xz are the bubble points.
Note that by counting charges m+n+p+ao <l + 1.

LEMMA 3.1. For the sequence {[A.]} ([4)] € Ix(v)), if v converges to 0, we
have only the weak limits of the following form,

([6]7[AZ];(XI""’x/)’ylv"-aya))v

where © is a trivial connection on X\, and [A;] € Mx, n(gyx,) for n #0.

PROOF. As the same way in [7], we can prove this lemma by using counting
argument as follows.
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Let ([41], [42]; (x1,...,X5, ¥1,...,),)) be the weak limit of the sequence
{1},

If both m and n are greater than 0, it means that both [4,] and [4;] are not
trivial connections, [4;] must lie on at least r — 2p of V7,..., V,, when we choose
the surfaces, which represent the homology classes z; and w;, in general position.
Hence we have a inequality 8m — 3(1 + b}, ) = 2d, — 8(/; — m) = 2(r — 2p). Simi-
larly, by the condition of [4,], we deduce 2d, — 8(l, — n) = 2(dy +dr + 1 — r — 20).
Conbining these inequalities, we have 8m + 8n + 4p + 40 > 8(/, + 1) + 2. Since
p =0 and o > 0, this inequality contradicts the charge count.

~ If m is greater than 0 and »n equals to 0, for [4;], we have the same inequality
as above. On the other hand, in this case, 4, is the trivial connection on Xj.
Here, recall the definition of the representative V,. For a homology class
wj € Hy(X»; Z), we choose a generic embedded surface X; which represents w;.
Then we can construct a line bundle #5, over %}2 and extend it to gzj over
By, U[O], where [@'] is the gauge equivalence class of the trivial connection on
X,. (For the precise construction of #s and 5?2/,, see [3], [6]) We have a section
sj: By, U[O'] — L5, such that [@] ¢s;'(0). We define the representative V; as
s571(0). So 4, =@’ is not in any of V,.i,..., Vasgr1. S0 we have d| +db +
l1—r—20<0. To sum up these inequalities and the charge count, r > d; +
dr —3(1 +b%,)/2+2p+2. Since /, is in the stable range, we have di +d> —
3(14+bx,)/2 > d,. So we get r > dy + 2p + 2, and this contradicts our assumption
O<r<d +2.

Suppose that m = n = 0. In this case, as above, we have r < 2p and d; + d, +
1 —r <20. From these inequalities and the charge count p+ao </} + 1/, the
inequality 2(/; + 1) < 3(1 +5%)/2+ 1/2 holds. This contradicts the stable range
condition. R

Next, for sufficient small v, we construct the obstruction bundle model which
gives the finite dimensional model of Zx(v).

DErFINITION.  Fix an ¢ > 0. A gauge orbit [4] € By, ., is in U if and only if
there are disjoint balls B;, the number of these balls is finite, with centers p, and
radii 4; in X{ = X1\By,(pg,v), where By, (py,v) is a geodesic ball with center
Do € X1 and radius v which is removed when we make the connected sum X §X>,
such that '

0 Jx us IF4? < e
(i) LA <e

(ii1) UBi |F/f|2 — 8n°m;| < ¢ for some positive integers m;.
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From the definition above we see that, if we fix an ¢, then for small enough v,
Fy(v) = U. Since Fx(v) is 1-dimensional and codimension of the subset U’ in U
which consists of connections for which some m; is greater than one is at least
four, to see the homology class [#x(v)] vanish, we can modify the condition (iii)
defining U so that

(iii)’ [[5, |F7|* — 8n%| <, for each i.

Since we can decompose U to disjoint union | JU, (U, is the subset of U
which consists of the connections with the property that the number of the points
{p;} is equal to p), in order to prove that the homology class of Fx(v) is trivial it
suffices to verify that Sy ,(v) = Fx(v) N U, is homologically trivial in U, for each
p. Note that by counting argument and hypothesis, p > r/2 > 0. By the same
way, we define an open subset U, x, = B}, ,» to be the connections which satisfy
the conditions of (i), (i) and (iii)’ above.

Fix a p>0. Let n: F{ — X; be the oriented orthonormal frame bundle
of Ay, and GP(F§ x R*) = SP(F§ x R") be the preimage of {((x1,41),. -,
(x5,4,)) € SP(X1 x R*)|x; # x;(i #j)}, where §” means unordered p-tuple. If
we set A" ={((f1,41),---, ([,  4)) € G*(F§, x R")|Y 47 < &}, we consider the
diagonal action of SO(3) on Afpo (where SO(3) acts trivially on the R* factors).
Then there is a smooth embedding

y: N =AH,/50(3) — B,

whose image is in U, x,. We identify the image y(.4,) with .4, and we can take a
section ¥ of a rank 3by vector bundle
by

1
Ny, = B, xso3) RY] — A,

such that y(y~'(0)) = U, x, N4, x,. Roughly speaking, the map y is given by
gluing the standard 1-instantons on‘S4 with the trivial connection on X; by
gluing parameter .4, (actually y is its small perturbation in the ASD equation),
and the section ¥ is the obstruction of image of y to be ASD. (For a precise
definition, see [I1], [6])

Likewise, U, N .#x i +1,(g,) has the following description. We consider a
vector bundle

by,
n = @A, x MY ,) Xsop) RY] = N, = (N, x My, ,)/SO(3)

where a equals to I} + 5, — p, ///,?M is the based moduli space (i.e. the space of
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the ASD connections modulo gauge transformations with their restrictions to a
base point in X, to be identity), and U, N .#x ;+1,(g,) can be identified with the
zero set of a section o(v) of this bundle.

Let Fr(.4)) be the end of .#) corresponding 3 A} = . Since Fy(v) © Int V),
a(v)‘Fr(-/v;’)ﬂVm---ﬂV41+42+1 has no zeros.

When v converges to 0, the bundle » splits to the pullbacks of 7y, and 7y, =
@b}l (Mg, . xso R’), and, since for any element in .#y,, and the standard
l-instantons on S*, the second cohomology groups of their Atiyah-Hitchin-Singer
complexes vanish, we can apply the multiple connected sum construction ([6],
section 7.2.8) to our situation. Then, for sufficiently small v, the restriction of the
section g(v) to Fr(.4})) is oy, (v) which is a small perturbation of the pullback of
the section ¥|p, . We fix such a small v and drop it. Let #, be the intersection
JVpl N Vl n.--N Vd1+d2+l‘ Then

(1) Ix.p =g

#,(0).

P

Thus the section ¢ is nonvanishing on Fr(#,) = Fr(A)N V1IN - N Va1
Since #/, consists of almost anti-self-dual connections, the notion of Uhlenbeck
compactification %, makes sense. (See [8]). The section ¢ has no zeros of the
singular set of %, by compactness of fy ,.

Now we can extend the constructions above (the obstruction bundles and so
on) to #, and consider as follows: 7 is the vector bundle of rank 3b} over %,
with the section ¢ which is nonvanishing over the singular set S of %/, (which is
the lower strata of the Uhlenbeck type compactification, its codimension is more
than 4), and the section ¢ is the small perturbation of the pullback of | F(#; x,)
over the boundary Fr(#,). Here we denote that #}, x, = A, NV N -.- NV, and
Fr(W, x,) =Fr(A,)NViN---NV,. So from the setting above, we have its.
relative Euler class e € H % (H,, Fr(W,); Z).

LeMMA 3.2. The cohomology class e equals to zero if and only if the
homology class [Fx ,] € Hi\(#,, Z) is zero.

PRrOOF. Since dim %, = 3b} + 1, by Poincaré duality and the fact that the
codimension of § is greater than 2, the following is hold;

3bt +
H\(Wy Z) ~ H, (W, Fr(W,); Z) = H' (W, Fr(W,); Z).

So from the equation (1) and the isomorphism above, the statement is immediate.

O
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Now we have the following two inequalities by the counting argument.

p=r/2
2d, —8(Lb—a)=22(di+dry+1—7).

On the other hand, the following equalities hold;
dim#, x, =8p — 3 — 2r,
dim#, =8p —8(l, —a) — 2(d; + 1).
So we have
3b%, +1>dim#, x, + 3.

From this inequality, the dimension of ¥/, y, is at least 2 less than 3b} , the rank
of n7y,. So we have the following lemma.

LEMMA 3.3.  Any nonvanishing section of ny,| Fr(w; v,) 1S homotopic through

nonvanishing sections to Y|g, - -
p- Xy

ProOF. The obstructions to such homotopies lie in H'(Fr(#, x,);

n,~(S3b*’1_l)). But, by the argument above, we have H'(Fr(#,. x,); ni(SSb“'x‘l)) =0

for any i. O

By the Lemma 3.2, to prove Theorem 1.1, it suffices to show that
CLAM. The relative Euler class e is zero.

Proor oF CLaM. This claim is equivalent to the existance of a nonvanishing
section of the bundle #, whose restriction to Fr(#,) is the pullback of ox, |y, )"
We will make such a section.

Case 1. 3by +1>dim%, x, +3=8p—2r

In this case, we will make a nonvanishing section t of # over ¥, as the
following procedure. We construct nonvanishing sections 7, of ny, over %) x, and
7y of ny, over ¥ = My, ., V1N -+~ N V4 a1 and combine them to get . The
section 7 will be nonvanishing over S and it will be pulled back from 7; over
Fr(#,). But, since 1] Fr(#; ) is homotopic to oy, | Fr(#x,) through nonvanishing
sections, by the [Lemma 3.3, this section is the one which we want.
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First, the section 7 is constracted as follows. Let k be the unique integer such
that

8p —2r —3 < 3k < 8p — 2r < 3by,.

We consider the subbundle of 7y, |, ¥

k

Dy, xs00) RY) = Wy x;.
here ‘/VP?XI is the preimage of ¥,y by the base point fibration. Then
obstructions to the existence of nonvanishing sections of this bundle lie in
Hi (W, x,;;mi—1(S*~1)). So, from the definition of k, the obstruction arises only
in the case dim "/7,,.’ x, = 80 — 2r — 3 = 3k. In this case, the obstruction is cke
H*(W, x;; Z), where ce H*(#, x,;Z) is the Euler class of the vector bundle
”t//pf)Xl X 50(3) R3. Since this bundle has odd rank, ¢ is 2-torsion, so c* is 2-torsion,
too. But, H 3"("/// x,;Z) is torsion free, so this obstruction vanishes. Here, we see
that EI—) pX xso) R?) ~ (“/l/poXl ><R3k)/SO( ), so equivalently, we have a
nonvanishing SO(3)-equivariant map 7} : “//pOXl — R3*.

Next, we construct a section 7. Since a =/, + 5, — p, we have

dim@=2dz—8(lz—a)—2(d1+d2—|—1—r)
—3b% +1— (8p—27)
<3b}+1- 3k

So we have dim % < 3by, — 3k. We want to find a nonvanishing section 7, of the
rank 3(b}, — k) vector bundle

by, —k

D (@° xso3) R*) = ¥
here, #° is the preimage of % by the base point fibration. Note here that bJr > k.
This is a subbundle of #y,|,. Since obstructions to the existance of nonvamshlng
sections of this bundle lie in H (%;m;_y (S3(b - 1)) the obstruction arises only
in the case dim% = 3(b}, — k). In this case, the obstruction vanishes by the same
argument as the case of 7. So there is a nonvanishing SO(3)-equivariant map
9 @0 — R R)

To sum up, we construct 7 which is desired as follows. Let

W=[((fish1):- s (F 2)) (4, ) € #,0 = A0 x My,

and we define an SO(3)-equivariant map

+
EEARY S8
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)= () o)y U o)) + (2= D273, €).

Here we regard R*n = R* ®R3(b

summand and the image of 7) in the R’y The section 7° is SO(3)-
equivariant, nonvanishing, and nonvanishing when extended to the singular set of
“I//po. So the quotient of 7° is the desired section.

), and the image of 70 lies in the R*-

CASE 2. dim#, x, +3=8p—2r=3by +1
In this case, we have
dim ¥, =8p —8(hL —a) — 2(d; + 1),
dim% = 0.

So % consists of a finite number of points. Then #y , is decomposed into unions
of connected components corresponding to these points. Thus, it is sufficient to
see each component. We may assume that % is one point. Then #° is SO(3). So

W =W,y x SO(3)

+
X1

n= @(W Xso()R3)2“pr’X|XR Xl—)%

= (Fx, x SO(3))/SO3) = W, y,.

Since 7 is the trivial bundle, any nonvanishing section on # is homotopic through
nonvanishing sections to a constant nonvanishing section, (when we interpret the
nonvanishing sections as nonvanishing maps from 17;?1\’1 to R3b}l, this means that
all such maps are homotopic through nonvanishing maps to a nonzero constant
map,) and the restriction to Fr(“/VPOX) of it is, too. Conversely, if there is a
nonvanishing section on Fr(’%//p, x,) Which is homotopic through nonvanishing
sections to a nonvanishing constant section, we have nonvanishing extention of it
to ¥, x 0

On the other hand, since the bundle 7y, is isomorphic to #/SO(3), if a section
Fr(“// ) — R*% of ;7| —o  is pulled back from a section of 7y, |Fr(,,—,/~"x‘), then

/)Xl)

this map has to be SO(3)-equivariant, here the SO(3)-action on R** s iso-

morphic to (—Bb}! so(3) which is a direct sum of the adjoint representation.
Now, we want to construct a nonvanishing section of the vector bundle 7z

over W, ~ 7/_/;7(,)/\’1 which is the pullback of oy, | Fr(7xy) OD Fr(#,). But, as in the
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previous case, we may consider the pullback of 7, instead of oy, | Fr(Fyx,)" H*ere 75

is a nonvanishing section of a rank 3(b} — 1) subbundle of 7y over Fr(#, x,),

which can be found by the same argument given in the construction of 7.
The pullback is the same as a nonvanishing SO(3)-equivariant map

75 Fr(”/Z?Xl) — RV < R¥%,

Thus 7; is homotopic through nonvanishing maps to a constant nonvanishing

. g -0 3t . .
map and therefore it extends to a nonvanishing map W, x, > R"¥. So in this
case, relative Euler class vanishes as in the previous case. O

Note here that, if b3, =1 and 8p —2r =3b} +1=4, then p=1 and r = 2,
since we have p>r/2 >0 and pe Z (this case corresponds to [Theorem 1.2).

Thus dim Fr(¥), x,) is zero and Fr(“f///)?Xl) is a disjoint union of SO(3). So any

SO(3)-equivariant map Fr(“fl_/p’ x,) — R? ~ s50(3) is not homotopic through non-
vanishing maps to a nonvanishing constant map. From the argument above,
in this case, we cannot extend these maps to nonvanishing maps “/—fp?Xl — R
This means that the relative Euler class e is not zero.

The proof of in the case when 0 <r < d; + 2 is completed.

On the other hand, if di+dy+1>r>d;+2, then 0<di+dr+1—-r<
dy+2. So we set r' =d; +d, +1—r, and, from the same argument above, we
get conclusion. : O
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