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ABSTRACT. We propose a definition of Vafa-Witten invariants counting
semistable Higgs pairs on a polarised surface. We use virtual localisation
applied to Mochizuki/Joyce-Song pairs.

For Ks < 0 we expect our definition coincides with an alterna-
tive definition using weighted Euler characteristics. We prove this for
deg K's < 0 here, and it is proved for S a K3 surface in [MT].

For K3 surfaces we calculate the invariants in terms of modular forms
which generalise and prove conjectures of Vafa and Witten.
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1. INTRODUCTION

On a polarised surface (S,Og(1)) there is a Hitchin-Kobayashi corre-
spondence between solutions of the U(r) Vafa-Witten equations and slope

polystable Higgs pairs

(E,¢), ¢ € Hom(E,E® Kg),
1
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with E is a holomorphic bundle of rank r on S. To partially compactify the
moduli space we use Gieseker semistable Higgs sheaves; see Section 2.1 for
definitions and [TT1, Introduction] for a much more detailed account.

Via the spectral construction, Gieseker (semi)stable Higgs pairs (E, ¢) are
equivalent to compactly supported Gieseker (semi)stable torsion sheaves &£
on X = Kg. That is, given (F, ¢), the sheaf of eigenspaces of ¢ — supported
over their respective eigenvalues in K¢ — defines a torsion sheaf

€¢ on X:Ks.

Letting m: X = Kg — S be the projection, the inverse construction is

(E7 (b) = (ﬂ_*gdh 71—*(77 : id€¢))7
where 7 is the tautological section of 7*Kg on X = Kg.

1.1. Stable case. Fixing the Chern classes r, ¢1, c2 € H*(S) of E on § —
which is equivalent to fixing the topological type of £, on X — there is a
quasi-projective moduli space Ny, ¢, of Gieseker semistable Higgs pairs. It
is noncompact, but the obvious C* action (scaling ¢, or equivalently acting
on the moduli space of torsion sheaves on X by scaling Kg) has projective
C*-fixed locus. When the Chern classes are chosen so that stability and
semistability coincide (for instance if the rank and degree of E are coprime)
there is a symmetric obstruction theory [TT1] and we can define a U(r)
Vafa-Witten invariant by virtual localisation [GP]. It is just a local DT
invariant of X counting the stable torsion sheaves &.

However, this invariant vanishes unless H%1(S) = 0 = H%2(S). It is much
more interesting to consider an analogue of SU(r) Vafa-Witten theory by
picking a line bundle L on S and fixing

detF = L and tr¢o=0
on S. On X this amounts to fixing the centre of mass of the support of &4
on each fibre of 7: X = Kg — 5 to be 0, and det m, &y = L.
In [TT1] it is shown that the resulting moduli space NTJ"LCQ also carries

a symmetric obstruction theory, so we can define an SU(r) Vafa-Witten
invariant by virtual localisation to the compact C*-fixed locus,

1
1.1 VW, 1. = / ir — € Q.
( ) L, [( )(C*} e(Nvlr) Q

1
NT,L,CQ
This defines deformation invariant rational numbers whose generating series

are expected to give modular forms.

1.2. Semistable case. In this paper we describe an extension of this the-
ory in the presence of strictly semistable Higgs pairs. Following ideas of
Mochizuki [Mo, Section 7.3.1] and Joyce-Song [JS], we rigidify semistable
sheaves (which may have nontrivial automorphisms) by taking sections. We
define invariants P#L, . (n) virtually enumerating certain pairs

(gd)v 5)
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on X = Kg (or equivalently stable triples (E, ¢, s) on S). Here the torsion
sheaf &, is semistable, has centre of mass zero on the Kg fibres (equivalently
tr¢ =0), detm,&p = det £ = L, and
s € H'(X,E(n)) = H"(S,E(n))
does not factor through any subsheaf of £4(n) with the same reduced Hilbert
polynomial. (Here n > 0 is fixed so that H=!(E4(n)) = 0 for all semistable
sheaves &, of class (r,L,c2).) The moduli space PﬁL@ admits a symmet-
ric obstruction theory, given by combining the R Hom | perfect obstruction
theory for (F, ¢) of [TT1] with Joyce-Song’s pairs theory; see Section 6 and
particularly (6.2) for more details. We then use virtual C* localisation to
define invariants
1

Phram = [ o
: (] AN

We conjecture these invariants can be written in terms of universal formulae
in n with coefficients given by — and defining — Vafa-Witten invariants.
Let o = (r,c1(L),c2) denote the charge; see (2.3) for a full explanation of
the notation.

that

L
(_1)€ a;(n
) prw = Y CLTI0 ey aim)vwe,(s)
1, (0;=0;)_;: i=1
f:1 6i=1
for n>> 0. When either of H**(S) or H*2(S) is nonzero we take only the
first term in the sum:

(1.4) Pilpe,(n) = ()X (a(n)) VW, 1,0, (S)-

T7L702

The formula (1.3) is copied from Joyce-Song’s universal formulae for
Joyce-Song pair invariants. (We say something about how to understand
it in Section 3.) But Joyce-Song’s theory is based on Behrend-weighted Eu-
ler characteristics, instead of the virtual cycles we use. Because our moduli
spaces are noncompact, there is no a priori reason to expect the two the-
ories to behave so similarly. Even the existence of a wall crossing formula
like (1.3) in the virtual setting was a surprise to us. The theories do diverge
when either of H%1(S) or H%2(S) is nonzero, with the Joyce-Song formula
(1.3) being replaced by what is essentially its logarithm (1.4).

We prove the conjecture in some situations.

Theorem 1.5. Conjecture 1.2 holds when stability and semistability coin-
cide; in this case the formulae recover the invariants VW, (1.1) of [TT1].

Theorem 1.6. Conjecture 1.2 holds when deg Kg < 0 or when S is a K3
surface [MT].
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In Section 6.2 we use a wonderful conjecture of Toda [Tol], proved in
[MT], to calculate the invariants VW, on K3 surfaces. The generating series
are modular, expressed in terms of the Dedekind eta function 7.

Theorem 1.7. For S a K3 surface, the generating series of rank r trivial
determinant Vafa- Witten invariants equals

d—1
d nij o\ —24
(1.8) g VW, ., q? = E —qug n(eQd]an) .
r
() j:O

d|r

In particular, when r is prime, so that d takes only the values 1 and r,
this recovers a prediction of [VW, End of Section 4.1],

r—1

1 _ 1 — 2mrij —24
——54"n(q") 24—;Q’"Zn(e - ql/r) :
=0

Vafa and Witten also asked for the extension to more general r, which is
precisely what (1.8) gives.

1.3. Behrend localisation. Instead of virtual localisation, one can also
consider defining invariants using Behrend localisation. We begin with the
case where semistability implies stability.

When a moduli space has a symmetric perfect obstruction theory (as our
moduli spaces do) and is compact (in general ours are not) the invariant
defined by virtual cycle has another description [Be]. It is the Euler charac-
teristic of the moduli space, weighted by its constructible Behrend function.
In the presence of a C*-action this can be localised to the fixed points, since
the other orbits have vanishing (weighted) Euler characteristic.

In our noncompact set up the weighted Euler characteristic defines a
different invariant which we denote vw, € Z; see Section 4. (This is an
SU(r) invariant; the corresponding U(r) invariant is denoted vw, and is
defined in Section 3.)

One great advantage of vw, over the virtual localisation invariant VW,
(1.1) of [TT1] is that the work of Joyce-Song [JS] and Kontsevich-Soibelman
[KS] also crucially uses weighted Euler characteristics. Their work therefore
applies to vw,, and allows us — in Section 4 — to extend its definition to
the case where there exist strictly semistable Higgs pairs.

The resulting invariants vw, € Q need not be deformation invariant, and
in [TT1] we showed that in general they give the “wrong” definition from
the point of view of physics. But nonetheless they still give the right answer
under certain circumstances.

Theorem 1.9. When deg Kg < 0, or S is a K3 surface [MT], the two types
of Vafa-Witten invariant coincide: vw, = VW,,.

This is one of the results that goes into the proof of Theorem 1.7: on a
K3 surface we can compute vw, instead of VW,.
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1.4. Modularity. Vafa and Witten use “S-duality” to predict that, for
fixed rank r and determinant L on any 4-manifold S, the generating series

Z(S) = ¢ > VW, 1n(S)q"
neL
should be a weight w/2 = —e(S)/2 modular form for the shift s = e(.5)/12.
We confine ourself to S being a projective surface. To calculate VW, and
confirm such a conjecture, one has to take into account the contribution of
two different components of the C*-fixed locus Nfi o

(1.10) M, r,c,, the moduli space of semistable sheaves of fixed determinant
L on S. These are considered as Higgs pairs by setting ¢ = 0, or,
equivalently, as torsion sheaves on X by pushing forward from S.

(1.11) We let M3 denote the union of all other components of (NT%L,CQ)(C:
i.e. those for which ¢ is nilpotent but nonzero. They can be de-
scribed in terms of flags of sheaves on S; when those sheaves have
rank one we get the nested Hilbert schemes of S studied in [GSY1,

GSY2, GT] and [TT1, Section 8§].

When there are strictly semistable Higgs pairs, Mo (1.11) may not be closed
but might touch M, 1, ., (1.10).

The literature has hitherto focussed on only the first of these components,
and under the restriction that there are no strictly semistables. This implies,
by [TT1, Section 7.1] for instance, that the contribution of (1.10) to VW, ¢,
is the (integer!) virtual signed Euler characteristic

(1.12) / cva(E®) € Z,

[MT,L,CQ}Vir
of the instanton moduli space M, .,. Here E* — LMT,L,CQ is the natural
obstruction theory, or virtual cotangent bundle, of M, .,, and we take its
“virtually top” Chern class cyq, where

vd = 2rey — (r — 1)t — (r2 — 1)x(O5)

is its virtual dimension. This is the Ciocan-Fontanine-Kapranov/Fantechi-
Gottsche signed Euler characteristic of M, studied in [JT].

Similarly M, 1, .,’s contribution to vw,.r ., is just its signed topological
Euler characteristic

(1.13) (—=1)vdiMrLe)e( M, 1 .,),

since the Behrend function is (—1)¥? by the dimension reduction result of
[BBS, Da] described in [JT, Section 5].!

1Vafa and Witten would not have the sign (—1)" due to different orientation conven-
tions. They identify the tangent and cotangent bundles of M, 1, ., using a Riemannian
metric. This is natural from the real point of view, but changes the natural complex
orientation that we use by (—1)4™c.
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There is a large literature computing these topological Euler characteris-
tics (1.13) and confirming the modularity prediction in examples. Almost
all of these example satisfy

L MQ - Q)v
e M, 1, contains only stable sheaves, and
o M, ¢, is smooth.

The first and third of these usually follow from a variant of Vafa-Witten’s
“vanishing theorem” [VW, Section 2.4] under some kind of positive curvature
condition (such as Kg < 0). The first condition ensures that +e(M, 1 c,)
is the only contribution to the Vafa-Witten invariants vw, while the second
implies that +e(M, 1 c,) also equals the virtual invariant (1.12) in these
examples, so vw,. 1, ., = VW, ., and both are integers.

There are four references we know of with computations of Vafa-Witten
invariants when no vanishing theorem holds. Firstly [DPS] makes predic-
tions based on modularity. Noncompact surfaces given by line bundles over
curves are studied in [AOSV, Section 3], while [GGP, Section 3] studies Vafa-
Witten invariants via TQFT for 4-manifolds made by gluing. Most recently
[GK] computes the contribution (1.12) of M, 1., to VW, [ ., on general
type surfaces, finding modular forms and even refining them by replacing
virtual signed Euler characteristics (1.12) by virtual y, genera. However
none of these references calculate on the “other” component My (1.11).

Though these references also do not deal with strictly semistable sheaves,
Manschot (see [Ma2], for instance) has long advocated that the correct way
to count semistables is using a Joycian formalism (at least in the Kg < 0
case, where we find vw = VW).

Even when all Higgs pairs are stable, the contribution of M to VW,.1 .,
can be rational, while vw,.r, ., is still an integer. In particular, once a van-
ishing theorem does not hold, vw and VW can differ. In [TT1] we calculated
the contribution of M3 in examples with only stable Higgs pairs, and in this
paper we also calculate with strictly semistables (at which point both in-
variants vw, VW become rational numbers.) Such calculations suggest which
invariant is “correct” for physics, as we now explain.

In [TT1] we made some computations of the contributions of Ms to VW,
on surfaces with Kg > 0 satisfying some mild conditions (for instance to
ensure that semistability implies stability). Generic quintic surfaces, and K3
surfaces blown up in a point are examples. For rank r = 2, determinant L =
Kg and arbitrary ¢ there is a natural series of Hilbert schemes S!" amongst
the components of My (1.11) and we managed to sum the generating series
of their contributions to the VW, into a closed form.

The result was an algebraic function of ¢, rather than a modular form.
Conversely we found that generating series of Euler characteristic invariants
like vw, give modular forms up to a factor of (1 — ¢)¢®). Amazingly (to
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us)2 however, this is not an indication that vw, is preferable to VW,. On
adding the contributions of other components of My the generating series
of VW, invariants gives precisely the modular form predicted by Vafa and
Witten in low degrees [TT1, Section 8]. The invariants VW, are rational
numbers depending on ¢;(Kg)? and co(S), whereas the vw,, integers depend
only on the Euler characteristic c2(S) and give the “wrong” answers.

Threefold S-duality. Nonetheless we expect there to be a role for both
definitions VW,, and vw,, in the S-duality conjecture for threefolds [MSW,
GaSY, DeM, dB™]. Namely the DT theory of sheaves supported on surfaces
in a compact Calabi-Yau 3-fold X should also have modular generating se-
ries. These invariants might be expected to be localised to a sum of invari-
ants local to surfaces in X. One could then take either form of localisation
— virtual or Behrend — to recover either type of Vafa-Witten invariant
for these surfaces. For each individual surface they might give different an-
swers, but their sum over all surfaces in X should give the same modular
form when X is compact.

And there has been compelling work showing that the Behrend approach
is compatible with threefold S-duality. In particular Yukinobu Toda has
found many modular generating series from weighted Euler characteristics
(see for instance his blow-up formula [To2, Theorem 4.3] and calculations
on local P? [To3] and local K3 [Tol]). His work, and that of Manschot et al
[Mal, ABMP], also shows that wall-crossing transformations (on generating
functions of DT invariants counting two dimensional sheaves on Calabi-Yau
3-folds such as X = Kg) preserve the modularity predicted by S-duality
when one uses weighted Euler characteristics. What is more surprising is
that we are predicting that such results should hold (with small modifica-
tions like (1.4)) for invariants defined by virtual localisation too.

Finally, Emanuel Diaconsecu, Greg Moore, Sergei Gukov and Ed Witten
explained to us that Vafa-Witten theory admits a categorification or refine-
ment, given by a topological twist of maximally supersymmetric 5d super
Yang-Mills theory. At first sight this would appear to favour vwg, as it has
natural refinements and categorifications using motivic or perverse sheaves
of vanishing cycles. But Davesh Maulik has pointed out that VW,, also ad-
mits a natural refinement using C*-equivariant K-theoretic invariants. And
over the locus M, ., of (1.10) this recovers the virtual x, genus studied
by Géttsche-Kool in [GK]. We will explore this refinement in future work.
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Notation This paper is written in a less formal style than its companion
[TT1]. Some parts are conjectural, some parts have proofs which are only
sketched, and in parts we are describing a future research programme.

We pass backwards and forwards through the spectral construction with-
out comment. See [TT1] for a detailed review; in particular the equivalence
of abelian categories

Higgsy (S) = Coh.(X)

between Kg-Higgs pairs (E,¢) on S and compactly supported coherent
sheaves on X [TT1, Proposition 2.2]. This equates Gieseker (semi)stability
(2.1) of the pair (E, ¢) with respect to Og(1) with Gieseker (semi)stability
of the sheaf £ with respect to Ox (1) := 7*Og(1).

For rank r and second Chern class ¢s we use the notation

MT,L7C2 - MT,C17C2

for the moduli space of semistable sheaves of determinant L (respectively
first Chern class ¢; = ¢;(L)) on S. We reserve .#g for the moduli stack of
all coherent sheaves on S. Similarly

g
Nr,L,cQ C NiLey € Nicreo

denote moduli spaces of semistable Higgs pairs with Chern classes r,¢; =
c1(L),c2. In the first and second spaces det E is fixed to be L, and in the
first space we also impose tr¢ = 0. From the second and third of these
spaces we will define invariants vw, vw by Kai localisation, while from the
first we will define VW by virtual localisation. In the presence of semistables
we will work with corresponding spaces of Joyce-Song pairs, denoted by

1
PT,L,CQ - PT,L»CQ C P7'7017027

with corresponding invariants P#L’ o (defined by virtual localisation in Sec-

tion 6) and Py 1, ¢y, Pre; ¢, (defined by weighted Euler characteristics in Sec-
tions 3.1 and 4.1) respectively.
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2. SEMISTABLE SHEAVES AND JOYCE-SONG THEORY

2.1. Gieseker (semi)stability. We say a Higgs pair (E, ¢) on (S, Og(1))
is Gieseker stable if and only if F is pure and — for every ¢-invariant proper
subsheaf F' C E — there is an inequality of reduced Hilbert polynomials

x(F(n) _ x(E(n)
2.1 = =:
1) pp(n) = XA < XU = pp()
Replacing < by < defines Gieseker semistability. Gieseker (semi)stability of
(E, ¢) is equivalent to Gieseker (semi)stability of the spectral sheaf £ with
respect to Ox (1) = 7*Og(1). This is defined by the inequality of reduced
Hilbert polynomials

CXF@)  x(Esm)
e S5

for all proper subsheaves 7 C £. Here r(€) = rank(m.£) is the leading
coefficient of the Hilbert polynomial x y(£(n)) divided by [¢c1(Og(1))2.
We fix the Chern classes

rank(F) =r, ci(E)=c1, c(F)=k

of our Higgs pairs (F, ¢) on S. Equivalently, via the spectral construction,
we consider compactly supported torsion sheaves on X with rank 0 and

a = r[S],

for n > 0.

=: pg(n) forn >0,

r(r+1)

2 ().
3 = L*(C%—Qk‘—F(’F—Fl)Cl'61(5)+W61(S)2)

in H¥(X,Z). Here ¢: S — X is the zero section and [S] its Poincaré dual.
We combine these classes into the charge
(2.3) a = (rc, k) € H(S).

If we fix ¢; = 0 we often denote this by a = (r,k) € H(S) @ H*(S). The
Euler pairing on X of two charges «, 3 is defined to be

X(aaﬁ) = XX(57]:) = Z(_l)iethf(gaf)v

where £, F are any two torsion sheaves on X whose pushdown to S have
charges «, 8 respectively. (Note that we confusingly work on X while ex-
pressing charges in terms of data on S.) This pairing is skew-symmetric; in
particular for any charge «,

(2.2) co = —L*<Cl+

x(o, ) = 0.

Similarly we have the Hilbert polynomial and reduced Hilbert polynomial
of the class «,

@) == xx(EM) and pa(n) == X0

r
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We also assume that the polarisation Og(1) is generic so that
(2.4) pg(n) = const-po(n) = [ = const-a.

(This assumption restricts the possible sheaves that destabilise £, and so
simplifies the formula (3.4) below. It is purely for simplicity; we can ignore
it at the expense of using more complicated formulae from [JS].)

There is a quasi-projective moduli space parameterising S-equivalence
classes of Gieseker semistable sheaves on X with fixed charge o. Its C*-
fixed locus is projective, so we would like to define invariants by localising
to it. This is no problem when stability and semistability coincide, but in
general points of the moduli space represent an entire S-equivalence class
of semistable sheaves (rather than a single sheaf), so it is not immediately
clear how to count them correctly.

2.2. Hall algebra. Joyce-Song and Kontsevich-Soibelman therefore replace
the moduli space by the moduli stack of semistable sheaves, and use its
Behrend function to define generalised DT invariants which are rational
numbers in general.

We describe some of this theory using the formalism of Joyce-Song’s non-
compact book [JS]. This requires two assumptions that do not always hold
when X = Kg:

e X should be “compactly embeddable” [JS, Section 6.7], and
L] HI(OX) = 0.

Both conditions are only used to ensure that moduli of sheaves on X are
locally analytically critical loci. The first allows them — when working with
moduli of sheaves — to pretend that X is compact, while the second makes
the line bundle Ox (n) spherical. Applying the spherical twist about it (for
n < 0) therefore turns moduli of sheaves into moduli of bundles, which can
be studied by analytic gauge theoretic methods to prove they are locally
analytical critical loci (of the holomorphic Chern-Simons function). This is
used to prove identities about Behrend functions.

Team Joyce has since proved that moduli stacks of sheaves on Calabi-Yau
3-folds are always locally algebraic critical loci [BBBJ], so we can ignore the
above conditions.

Joyce [Jo2] defines a Ringel-Hall algebra. He starts with the Q-vector
space on generators given by (isomorphism classes of) morphisms of stacks
from algebraic stacks of finite type over C with affine stabilisers to the stack
of objects of Coh.(X). He then quotients out by the scissor relations for
closed substacks. We are interested in the elements

1/\[55: N;S — nggSKS(S) = COhc(AXV)7

where N35% is the stack of Gieseker semistable Higgs pairs (E, ¢) of class «
on X, and 1ss is its inclusion into the stack of all Higgs pairs on S.
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To handle the stabilisers of strictly semistable sheaves, Joyce replaces
these indicator stack functions by their “logarithm”,

_ (=)
(25) E(Oé) = Z 7 1_/\/053 **1_/\/52
€21, (i) pa;=pa Vi
and Zle a; =«
In this finite sum * denotes the Hall algebra product. At the level of indi-

vidual objects, the product of (the indicator functions of) (E, ¢) and (F, 1))
is the stack of all extensions between them,

Eth(]:w, 5¢)
Aut(5¢) X Aut(]iﬂ X Hom(]:w, 5¢) ’

with e € Extl(]-"w, £4) mapping to the corresponding extension of Fy, by &£.
More generally * is defined via the stack €t of all short exact sequences

(2.6) 0—& —E—&—0

in Coh.(X), with its morphisms 71, 7, m2: €rt — Coh.(X) taking the exten-
sion to &1, &, & respectively. This defines the universal case, which is the
Hall algebra product of Coh.(X) with itself:

Loohe(x) * Loon(x) = (Qfﬁ — Cohc(X)>-

Other products are defined by fibre product with this: given two stack
functions U,V — Coh.(X) we define U * V' — Coh.(X) by the Cartesian
square

(2.7) UxV ¢rt = Coh.(X)

T

U x V —= Coha(X) x Coha(X).

A deep result of Joyce [Jo3, Theorem 8.7] is that the logarithm (2.5) lies in
the set of virtually indecomposable stack functions with algebra stabilisers,

(o) € SFIY(Cohy(X), e, Q).

By [JS, Proposition 3.4] it can thus be written as a Q-linear combination
of morphisms from stacks of the form (scheme) x BC*, where BC* is the
quotient stack (Spec C)/C*. This allows Joyce-Song [JS, Section 5.3] to
take the Kai-weighted Euler characteristic of the stack e(a) after remov-
ing the BC* factor (they prove this “integration map” factors through
SF;rlld(Cohc(X ),e,Q)). The weighting is by the pullback of the Behrend
function x® on Coh.(X). That is, writing

(2.8) ela) = > ci(fi: Zi x BC* — Coh,(X)),

i
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where the Z; are schemes, [JS, Equation 3.22] defines generalised DT invari-
ants by

(2.9) ch Zi, [ix") € Q.

We can localise this invariant. The action of C* on X /S induces an action on
the stack of torsion sheaves by pullback. Similarly pulling back the universal
extension over €rt x X we find that if U,V are stacks with C* actions and
equivariant morphisms to Coh.(X), then the diagram (2.7) and their Hall
algebra product U * V inherit natural C* actions. Applied inductively to
the 1pss and their Hall algebra products, we find that e(a) (2.5) carries a
C* action covering that on Coh.(X).

We claim moreover that in its decomposition (2.8), the pieces Z; can be
taken to be C*-equivariant. This follows from the proof of the decomposi-
tion in [Jol], where the key is to use Kresch’s stratification of finite type
algebraic stacks with affine geometric stabilisers into global quotient stacks
[Kr, Proposition 3.5.9]. This can be done C*-invariantly, as can the other
constructions in [Jol, Proposition 5.21].

Since the Behrend function is C*-invariant, non-fixed C* orbits on the Z;
have vanishing weighted Euler characteristic. As a result (2.9) localises to
the fixed locus,

(2.10) JSa(X) = JST (X ch (Z;C*, fi*XB\Z?*> c Q.

We use these localised invariants of X to define certain U(r) Vafa-Witten
invariants of S.

3. U(r) vw INVARIANT

Definition 3.1. We define a U(r) Vafa- Witten invariant of S by

\mr,cl,CQ(S) = JS(rcl,cg)( ) € Q

When all semistable sheaves are in fact stable this definition reduces to
the weighted Euler characteristic of the moduli space or its C*-fixed locus,

(32) W k(S) = e(Noe 3R] = (N R ulve L)

But these definitions are only useful when h!(Og) = 0 because otherwise
the action of Jac(S) on Coh.(X) by tensoring forces them to vanish. We
define a more useful SU(r) Vafa-Witten invariant vw,. ., ., (S) in Section 4.

While calculating with (2.10) directly is difficult, Joyce and Song prove
their invariants may be written more simply in terms of certain Joyce-Song
stable pairs. We review these next.
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3.1. Joyce-Song pairs. Fixing a charge a and n > 0, a Joyce-Song pair
(€, s) consists of

e a compactly supported coherent sheaf £ of charge o on X, and
e a nonzero section s € HY(£(n)).

We say that the Joyce-Song pair (€, s) is stable if and only if

e & is Gieseker semistable with respect to Ox(1), and
o if 7 C & is a proper subsheaf which destabilises £, then s does not
factor through F(n) C £(n).

For fixed a we may choose n >> 0 such that H=1(£(n)) = 0 for all Joyce-Song
stable pairs (£, s). There is no notion of semistability; when X is compact
the moduli space P = P, ., x(X) of stable Joyce-Song pairs is already a
projective scheme. It can be shown to be a moduli space of complexes

= {Ox(—n) — &£} on a Calabi-Yau 3-fold, so P carries a symmetric
perfect obstruction theory governed by RHom(I®,1*),. When X = Ky it
may be noncompact, but we can still define integer invariants by

Ppeyp(n) = G(PT,Cl,k ) Xgml,k)
and localise them to the C*-fixed locus:

(3.3) P k(n) = Prc1 p(n) - (Prcl k?XPrc k‘Pf’; k)

Then for generic polarisation (2.4) Joyce-Song’s invariants JSo(X) =
JS(re1,k)(X) € Q satisfy the following identities [JS, Theorem 5.27],

(34) Proi(n) = >
1, (a;=8;)%_;:
Zf:l 6i=1
These equations have been simplified by (2.4). If we work with non-generic
Og(1), they should be replaced by the full equations of [JS, Theorem 5.27].
They uniquely determine the JS,(X) = vw,(S), and can be used to define
them.

When semistability = stability for the sheaves £, the moduli space Py, &
is a PX(@()=1_pHyndle over the moduli space Nr,q,k of torsion sheaves €. The
Behrend function of P, ., j is the pull back of N, ., ’s, multiplied by the sign
(—1)X(@m)=1 " Therefore taking Euler characteristics and using (3.2) gives

Preyi(n) = (=X (a(n)) vy e, 1 (S).

This is the first term £ =1 of (3.4).

More generally the ¢ > 1 terms in (3.4) give rational corrections from
semistable sheaves £. For instance, when r = 2 and ¢; = 0 the two cases
(depending on the parity of k) are

132,2k+1(”) = (_1)X(a(n))_1X(Oé(n))WVQ,%H(S)

4
H K@) (03(n)) S (X).
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when o = (2,2k + 1), and

Pook(n) = (=DM y(a(n) @ (5) + gx(2(m))” W s(5)?

when o = (2, 2k).

4. SU(r) vw INVARIANT

Definition 3.1 gives vw = 0 when h%!(S) > 0 because of the action of
Jac(S) on Coh.(X) by tensoring. So we modify Joyce-Song’s theory by
fixing the determinant of our sheaves £ = 7.€. (Even when h%1(S) = 0
the resulting SU(r) Vafa-Witten invariant vw is slightly different from the
U(r) invariant vw because we remove the deformations H°(Kg) of the trace
of the Higgs field.)

We fix a line bundle L € Pic(S) and use the map

det o 7y

Cohe(X) Pic(S).

We denote the fibre over L by
Coh (X)L := (detom,) 1 (L).

Then, given any stack function F := (f: U — Coh.(X)) we can define its
fibre over L € Pic(S) to be

F' = (f: U Xgon,(x) Cohe(X)" — Coh,(X)).
This is 1gep,(x)r - £, where - is the ordinary (not Hall!) product described
in [JS, Definition 2.7].
Applied to Joyce’s logarithm (2.8) we get its fixed determinant analogue
() = ¢ (fi: (Zi X on,(x) Cohe(X)F) /T — Cohc(X)>.
Applying Joyce-Song’s integration map to this gives a generalised fixed-

determinant DT invariant

JSk(x) = Zcz-e(Zi X Cohe(X) Cohc(X)L,fi*XB).

As usual, in practice we compute this by localising to C*-fixed points (and
using Joyce-Song pairs in the next Section). As in (2.10) the C* action on
X covering the identity on S induces C* actions on Coh.(X)% and e(a)®.
As before we can therefore also take the Z; to carry equivariant C* actions,

so that
JSE(X) = JSEC(X) = Zcie(Zéc*xcohc(X) Coh (X)L, fi*XB>.

Definition 4.1. The SU(r) Vafa- Witten invariant is
wi i (S) = (~)"ES) ISk (X)) € Q.



VAFA-WITTEN INVARIANTS II: SEMISTABLE CASE 15

Here we have inserted the sign to account for the fact that we did not
restrict our sheaves £ to have centre of mass 0 on each fibre of X — S
(equivalently, we did not insist that tr ¢ = 0) in the construction of JS*. In
the SU(r) moduli space this condition should be enforced, and its product
with H°(Kg) (which translates torsion sheaves up the Kg fibres) gives the
moduli space we have used. This only affects the Behrend function, and so
the weighted Euler characteristic, by the sign (—1)4m# °(Ks),

When h%1(S) = 0 and Og(1) is generic (2.4) this means we modify the
pairs theory only by a sign, and (3.4) becomes
(4.2)

14
p —1 @ (1)) 4-hO
PT,Cl,k‘(n) = Z ( E') H(_l)X( 1( ))+h (KS)X(OQ(TL))VWQZ(S)
01, (a=6;0)%_;: =1
f:l 4;=1

For h%'(S) > 0 we have to modify the pairs theory more significantly.

4.1. Joyce-Song pairs. We sketch how the Joyce-Song pairs theory gets
modified in this fixed-determinant setting. We use the notation of [JS, Chap-
ter 13], most of which goes through with only minor modification. We fix
n > 0 and use the same auxiliary categories By, (whose objects are sheaves
& with reduced Hilbert polynomial a multiple of p,, plus a vector space V
and a linear map V — H%(&(n))), and the same Euler forms y thereon.
Everything is unchanged up until subsection 13.5, where Joyce-Song apply
their integration map (weighted Euler characteristic) to their stack functions
€(a,1) Oof Equations (13.25) or (13.26). We instead apply their integration
map to their fixed determinant analogues.

That is, there is a forgetful map from the stack of objects of B, to the
stack of objects of Coh.(X), remembering only the sheaf £. Thus, in their
notation, we fix L € Pic(S) and define

o L
€la)) = a1 ><Cohc(X) COhC(X) :
This is a virtual indecomposible because €(4,1) is. Applying their integration

map WP to it gives the fixed-determinant analogue of their count of Joyce-
Song pairs

(4.3) Brpk(n) = €(Pr,L,ka XgT,L,k>-

Here P, 1, . is the moduli space of Joyce-Song pairs (£, s) with det 7, = L
and charge a = (r,c1(L), k) € H®(S). As usual the invariant is calculated
in practice by localisation:

c* c*
P.rr(n) = Prpg(n) = e((Pr,L,k) ’Xgryka‘(Pr,L,k)C*)'

Then applying ¥Pra (( . )L) to Joyce-Song’s equation (13.26) for €.,,1) gives
the fixed-determinant analogue of the formula (3.4). We claim it is the
following (much simpler!) formula when Og(1) is generic (2.4).
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Proposition 4.4. When h%'(S) > 0, the invariant Pqiczk(n) determines
the SU(r) Vafa- Witten invariant of Definition 4.1 by

(45)  Prog(n) = (=)D )Xy (a(n) vy k().

Proof. We let a = (r,¢1 = ¢1(L), k) and use (2.4) so that the only splittings
of a =), ; into pieces of the same reduced Hilbert polynomial are of the
form a; = d; with >, 6; = 1.

This simplifies [JS, Equation 13.26]. The first (¢ = 1) term of the ( - )*
piece gives what we want P, 1, 1(n) to be:

~ 0B ([0, €an]”) = =X((0,1), (@, 0) #Fr (¢0.1)) B0 (€0 0))")
(4.6) = (=)D () TSy (X)

by [JS, Proposition 3.13 and Equation 13.30].

We will show that the other terms contribute zero by induction on ¢.
The base case is the second (¢ = 2) term in [JS, Equation 13.26], which
contributes

1 - _ _ _ L
(4.7) 5 U ([0 or0)]s &@r)]”)

where «; = 0;« for some §; with d; + 0 = 1. We evaluate this by first
pushing down to Jac(S) via the determinant of the sheaves parameterised
by €(a1,0)> i.e. via

detomy: Cohe(X)a, — Pics,e, (5),

before then pushing down to a point. That is, over M € Jac(S) we compute

1 ~ 3 B _ —1
(4.8) 5 U [[6(0,1)u &) (Fa0) ®L}

— the contribution of extensions (in both directions) between objects of the
first stack (with determinant M) and objects of the second with determinant
M~ ® L € Picg,e, (S). The result is a constructible function of M whose
Euler characteristic we take over Picg,, (S) 2 M to calculate (4.7).

By [JS, Proposition 3.13 and Equation 13.30], (4.8) is

1

~ ~ -1
5X((a1,1), (as, 0)) Whee ([é(o,m g(al,o)]M) W ((E(QQ,O))M ®L) :

We have already seen in (4.6) that the first UPBra term is independent of
M. We claim that so is the second. Therefore the pushdown is a con-
stant constructible function on Pics,, (S). Since h%!(S) > 0 this has Euler
characteristic zero, and (4.7) indeed vanishes.

To prove the claim we use the action (by tensoring) of Jac(S) on Coh.(X).
This preserves x? since the Behrend function is intrinsic to the stack.

Consider the action of Jac(S) on the stack €rt by tensoring all 3 terms
of (2.6) by any M € Jac(S). Under the projection 7 X my it covers the
diagonal Jac(S) action on Coh.(X)xCoh.(X), and under the projection 7
it covers the usual Jac(.S) action on Coh.(X).
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Applying this in the diagram (2.7) we find that given any two stacks U, V/
with Jac(S) actions and equivariant morphisms U,V — Coh.(X), their
Hall algebra product U x V' — Coh.(X) inherits a Jac(S) action. Applied
inductively to the 15, we find that the e(«) and their Hall algebra products
all carry a Jac(S) action covering that on Coh.(X). Since the rank of « is
> 1, this Jac(S) action takes any fibre (E(a%o))Ll of €(ay,0) Over Ly € Jac(S)
isomorphically to any other fibre (E(OQ,O))L?. So their integrals UBra are the
same, because the isomorphism preserves the pullback of xZ from Coh.(X).

The other terms ¢ > 3 vanish for similar reasons. By induction they are
of the form (a constant times)

(4.9) W ([F, &ay0) ")

where F'is a stack function taking values in the objects of B, with charge
((1 = d¢)a, 1) whose pushdown to Pic(;_s,)c, (5),

(4.10) M +— ¥Pra (FM) is constant.

Now (4.9) is the Euler characteristic of the constructible function
M —s Wb [FM, (E(ag,o))MA@L}

= (1 T ), g, 0)) F (FM) e (7)),

by [JS, Proposition 3.13 and Equation 13.30]. By (4.10) this is also constant
on Pic(1_s,)¢, (5). Thus its Euler characteristic vanishes. O

5. K3 SURFACES

We first need a foundational result: that C*-fixed Higgs pairs are in fact
C*-equivariant. For simple (e.g. stable) pairs this is standard — one can
apply [Ko, Proposition 4.4] to the sheaves &£, for instance. For pairs with
non-scalar automorphisms (e.g. strictly semistable pairs) we have to work
a bit harder.

Proposition 5.1. If (E, ¢) is fized by the C* action scaling ¢ then E admits
an algebraic C* action

U: C* — Aut(FE)
such that W; o ¢ o \Ilt_l = to for allt € C*.

Proof. Since (FE,t¢) must be isomorphic (F, ¢) we get, for each t € C*, an
automorphism ; of ' which conjugates t¢ into ¢:

(5.2) Yroporht = to.
We will show that the ¢, may be chosen to define a C* action on F, i.e.
such that s o ¢y = g for all s,t € C*.

Fiz a t € C* which generates a Zariski dense subset {t": n € Z} of C*.
Since S is compact, det(Aid —1);) is constant on S. Thus the eigenvalues
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Aj € C of ¢ are constant. Let V), = ker(y; — M)V, N > 1, be the
generalised eigenspaces of F, so

(5.3) E = PV,
j

Then (5.2) gives the identities
Yo =tohe = (Y — A)d = to(yhr — A)
= (=)o =tV — A
Applied to v € V), we get zero, which shows that ¢v € V). Therefore ¢ acts

blockwise on the decomposition (5.3) mapping any V) to Viy. Therefore, if
we define the block diagonal operator

(5.4) T, = @Aj idy;,
J

then this also satisfies W; o ¢ o \f/t_l = t¢.

Say that A; ~ A\; whenever there is some n € Z such that A\; = t")\;. In
any equivalence class, choose a representative A and write the other elements
as \j = t* X for integers p;. Then replacing (5.4) by

(5.5) U, = @ £ idy; ,
J

this also satisfies ¥;o0 ¢ o \I!t_l = t¢. We deduce that Uy oo \Ilt_nl = t"¢
for every n € Z, so by Zariski denseness we conclude that

V00Ul = sp VseC*
Thus (5.5) defines our required C* action on E. O

We now show how the vw theory works on K3 surfaces. We first illustrate
the theory with rather explicit calculations in rank 2, before switching to
more abstract results in general rank.

5.1. Rank 2. We consider semistable rank r = 2 Higgs sheaves (E, ¢) on a
fixed polarised K3 surface (S, Og(1)). We fix det E = Og and tr ¢ = 0. We
use t to denote the one dimensional C* representation of weight 1.

Lemma 5.6. If (E, ¢) is Gieseker semistable and C*-fized, then E is itself
Gieseker semistable. Moreover, either ¢ =0 or co(E) = 2k is even and (up
to an overall twist by some power of t)

(5.7) E =1I;01; -t} b= <(1) 8),
for some length k subscheme Z C S.

Proof. Let (E, ¢) be C*-fixed. If ¢ = 0 then FE is a semistable C*-fixed sheaf
and we are done. So we now assume that ¢ # 0. Then by Proposition 5.1
the sheaf E carries a C* action acting with weight 1 on ¢. Thus F = @, F;
splits into weight spaces E; on which A € C* acts as A’
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Since ¢ decreases weight it maps the lowest weight torsion subsheaf to
zero. This subsheaf is therefore ¢-invariant, and so zero by semistability.
Therefore each of the F; are torsion-free, and so in particular have rank > 0.
Thus they have rank 1, and there are only two of them:

FE = Ei@E]‘,

with ¢ > j without loss of generality. Since the Higgs field has weight 1, it
takes weight k to weight k — 1. It is also nonzero, so we must have j =i —1
and the only nonzero component of ¢ maps FE; to E;_1.

Tensoring E by t~* (i.e. multiplying the C* action on E by A~% - idg) we

may assume without loss of generality that ¢ = 0 and j = —1. Considering
¢ as a weight 0 element of Hom(E, F) ® t, we have
(5.8) F = Eg®E_; and ¢ = (C(I)J 8) for some ®: Fy — E_q - t.

Therefore F_; C F is ¢-invariant, so by the definition of Higgs semistability
we get the inequality

x(Eo(n)) > x(E-1(n)) Vn>0.

Since both E; are torsion free, ® is an injection, implying the opposite
inequality
X(Eo(n)) < x(E-1(n)) Vn>0.

Hence @ is actually an isomorphism, and E = Ey @ Ey - t~!, which is
semistable because Ej is.

Finally, since Fy is rank 1 torsion free with trivial determinant, it is an
ideal sheaf Iz, where Z has length co(E)/2. O

Proposition 5.9. Let (S,0gs(1)) be a K3 surface. At the C*-fized points of
the stack of rank 2 semistable Higgs pairs (E,¢) on S with det E = Og and
tr¢ =0, we have x? = —1.

Remark 5.10. Here our stack has full stabiliser groups, i.e. even simple
(e.g. stable) Higgs pairs have stabiliser C*. If we rigidify by removing mul-
tiples of the identity, we change x® to +1. If we do not fix tr¢ = 0 we
change the sign again, since h°(Kg) = 1. In particular, the forgetful map
from the moduli space of stable Joyce-Song pairs P, in class « to the stack
of semistable Higgs pairs (with no condition on tr ¢) is smooth of dimension
x(a(n)), so (Pa)" has Kai function = (—1)x(@(),

We also note that the result of Proposition 5.9 is extended to arbitrary
rank sheaves on K3 surfaces in [MT], using completely different methods.

Proof. When ¢ = 0 this is a by now well-known result called “dimension re-
duction” for (—1)-shifted cotangent bundles: the Behrend function is (—1)¥4
on its zero section [BBS, Dal, [JT, Section 5]. Here vd is the virtual dimen-
sion ext!(E, E)y — ext?(E, E)g — hom(E,E) = 1 — x(E, E) of the moduli
stack of sheaves F on S with fixed determinant.
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About the other fixed points (5.7) we need an explicit local model for the
moduli stack of objects of Coh.(X). On S, rather than X, the local model
is given by [KalLe, Proposition 3.3]: near Iy @ Iz, the moduli stack .#g of
sheaves on S looks like the product of Ext}(Iz,Iz) with the quotient by
G Ly of the zero locus of the cup product map

(5.11) sly @ Exty(Iz,I7) — sl
A — AUA

Here U denotes the Lie bracket on sly tensored with the cup product
EXt}S’([Z7 IZ) ® EXt}S’(IZ7 IZ) — EXt%(IZ7 IZ) = Ca

and G Ly acts by the adjoint action on sl and by the identity on Ext}g(IZ, Iz).

The Higgs pair (5.7) is a point of the (—1)-shifted cotangent bundle
T*[-1]#s of Mg, with ¢ € Hom(E, E)y = sl a point of the fibre over
E=1;®1z € #s. From (5.11) and the description of (—1)-shifted cotan-
gent bundles [JT, Proposition 2.8] we find a local model for T%[—1].#g about
(E,$). Tt is the product of Exty(Iz, ) with the quotient by G Lo of the
critical locus of the function

(5.12) sly@Exty(Iz,Iz) @ sly, —  C
(A, ¢) > tr(p(AUA)).

To describe this critical locus, fix a symplectic basis e;, f; for Ext}g(l 7,17).
(That is, tr(e; Uej) = 0 = tr(f; U fj) and tr(e; U f;) = d;5.) Writing
Aesh® EXt‘lsv(Iz,Iz) as ZZ A, ®ei+ Zz Afi ® fi with A, Afi € sly, the
derivative of the function (5.12) down (a ® e;,0) is therefore

2t (60, Ag)) = ~2tr (alo A7),

The vanishing of this for all a € sl is equivalent to the vanishing of [¢, Ay,].
Replacing e; by f; we similarly get the vanishing of [¢, Ay, for all i. We
conclude that at a point with ¢ # 0, each A.,, Ay, is proportional to ¢, i.e.

(5.13) Ac () @Exty(Iz, 7).
In turn this forces the derivative
tr (Y (AU A))

of (5.12) down (0, %) to vanish, so (5.13) is precisely the critical locus. (With
a bit more care, writing out the equations via a basis for sly, one can see
that the scheme structure of the critical locus is the reduced one on the locus
(5.13).)

In particular we see that for ¢ # 0 the critical locus is smooth — it is
an Ext}(Iz, Iz)-bundle over sl\{0}. Multiplying by Extk(Iz,Iz) we get
a smooth odd dimensional space whose Behrend function is therefore —1.
Dividing by G L2, which is even-dimensional, does not change this. O
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cz2 odd. When c3(F) is odd, by Lemma 5.6 the Higgs field vanishes, the
sheaf E is stable, and the moduli space N2l,<:2 is just the moduli space of
instantons on S (pushed forward to X). This was observed in [VW] as a
case where their vanishing theorem holds. In particular the moduli space is
smooth, hyperkéhler, has y® = 1, and is deformation equivalent to

(5.14) Hilb?2(E)=3(g),
So by Gottsche’s formula

Zq”e(Hilb” S) = (

we can evaluate the contribution of odd ¢y to the generating function. The
result is

(5.15) ) ¢ e(Hib* >3 9) =
co odd

1 _ _ _ _

10 (1(a"?) 7 4 (=g 7 (=) /%) 7 = (= (=) /) 7).
c2 even. For cy(E) even, however, no such vanishing result holds and
we have to deal with strictly semistable Higgs pairs. We take a Joycian
approach, and compare the result to the predictions of Vafa and Witten. By
enforcing modularity of the final result, they conjectured that the generating
function of invariants should be

1 1 - )
(5.16) Z(1277((]2) 24+§q2<77(q1/2) 24 1 p(—q'/?) 24)'

Here we have adjusted for the £1/|Z(G)| = £1/2 difference in our invari-
ants, and omitted Vafa-Witten’s shift g=2. Putting these back in gives the
modular form of [VW, Equation 4.17]. Taking only odd powers of ¢ in (5.16)
recovers (5.15).

In particular the prediction (5.16) starts with

o

1 e(S)
H (1—qk)> = QU(Q)_24

k=1

1 24
wwo o(S) = T v 1(S) =0, vwyo(S) = T + 24 = 30,
which we shall now check explicitly as an illustration of the theory.
For the first we use
VWLO(S) == 1,
counting the sheaf Og on X (rigid in the space of sheaves with fixed centre
of mass 0 on the fibres of Kg), and

X(0s(n)) (x(Os(n)) — 1)

Pyo(n) = 5 + (2x(0s(n)) = x(Os(n)))
611 = )+ px(5m)

where « is the class (2,0) of Og @ Og. The first term is the Euler char-
acteristic of the moduli space Gr(2, H*(Og(n))) of stable Joyce-Song pairs
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with underlying sheaf £ = Og & Og. For the second the C*-fixed sheaf
is &€ = Oy := Ox /Ig”c x and the corresponding moduli space of stable
Joyce-Song pairs is P(H"(Oa5(n)\H"(Og(n))) /C, with Euler characteristic
2x(0s(n)) — x(Os(n)). There is no additional sign, due to the identity

B —
XPz,o(X)|7>g,o(X)C* = 1 of Remark 5.10.

For a class o with divisibility 2 on a K3 surface S, (4.2) reads

1 /«a

2
(5.18)  Pa(n) = x(a(m)wa(S) + 5x(5(0) wWaa(S)*

Comparing to (5.17) gives vwg o(S) = i, as required.

The second prediction vwy1(X) = 0 already follows from our analysis
(5.14) of the odd ¢ case, of course.

So we are left with the third, vwg 2(X) = 30.

Lemma 5.19. Any C*-invariant semistable sheaf & on X of class (2,2) and
det . & = Og is a strictly semistable extension of the form

0 — tudy — & —> 141y — 0,
for points x,y € S.

Proof. We use Lemma 5.6. If ¢ # 0 then by (5.7) we see that & is 7*I, ® Oag

for some x € S. This is an extension of the form required, with y = x.
This leaves ¢ = 0, so that £ = 1, F is determined by the sheaf £ = 7, .

By the semistability of Lemma 5.6 we have h’(E) = 0. But x(E) = 2, so

h*(E) = hom(E,0g) > 2.

So we may pick a nonzero map ¢: E — Og. Its image is an ideal sheaf
I C Og which by the semistability of E can only have cokernel of dimension
zero and length 0 or 1. It is therefore either Og or I, for some point y € S.

The kernel of ¢ is a rank 1 torsion free sheaf of trivial determinant and
so is also an ideal sheaf I;. Since ca(F) = 2 we find Z has length 2 or 1 in
the two cases above. If the latter it takes the form I, and we are done. If
the former we get an exact sequence

(5.20) 0—I; —FE—05—0

with Z of length 2. Pick a point y € Z such that Hom(Iz,I,) = C. Since
H'(I,) = 0, the long exact sequence of Hom( - , I,,) applied to (5.20) shows
that Hom(E, I)) = C, and we can proceed as before. O

So we can now classify C*-fixed stable Joyce-Song pairs with underlying
semistable sheaf £ in class a = (2, 2).
e & = 1,(I; ® 1)) with x # y € S. The pairs moduli space is a
P(H(I(n))) x P(H°(I,(n)))-bundle over (S x S\Ag)/Z/2 with Eu-
ler characteristic
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o & =11, ®I,;) with z € S. The moduli space of Joyce-Song pairs
is a Gr(2, H%(I,(n)))-bundle over S with Euler characteristic

5x(3) (x(500) ~1) (),

e £ is a nontrivial extension between I, and itself, x € S, classified by
a point of

P(Ext!(I,, )¢ = P(T,X)C = P(1,S)US,

where the very last term corresponds to the vertical Kg direction in
T,X. Then the pairs space is a P(H°(E(n))\H"(I;(n)))/C-bundle
over P(T'S) U S with Euler characteristic

o
(xtam) = x(5m) ) 3e(S).
Adding it all up and using Remark 5.10 gives

9 1 ra 2 9
Pra(n) = Tx(a(m)e() + 5x(5m) €)%
Using
vwa/Q(S) = vwy1(S) = e(S) = 24,
and comparing to (5.18) gives vwy2(S) = 2e(S) = 30, as required by mod-
ularity.

All c3. For the general case we use the following conjecture of Toda [Tol],
now proved in [MT]:
(5.21) JSa(X) = = > %e(Hilbl_%XS(%’%) S).
k>1, kla

Here a is any class in H*(S,7Z) and X = SxC as usual, while x g is the Mukai
pairing on S instead of X (this is minus the pairing Toda uses). We have
added a sign to Toda’s formula because he uses bare Euler characteristics.
He hints at the natural conjecture that x” should be +1 so that (5.21) gives
the correct virtual answer; this was proved in rank 2 in Proposition 5.9, and
in general in [MT].

In particular for o = (2, 2k) we get

1
(5.22) vwoor(S) = e(Hilb* 3 9) + Ze(Hilbk S),
while we already know from (5.14) that

(5.23) wwoort1(S) = e(Hilb¥*19).

So the generating series is

1 B B 1,
§q2(n(q1/2) 24 n(—q"?) )+ (@)™,
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the last term coming from the last term in (5.22), and the first term coming
from the sum of the two remaining terms in (5.22, 5.23). But this is precisely
the Vafa-Witten prediction (5.16).

5.2. All rank and all cy. Given the proof of Toda’s conjecture (5.21) in
[MT] the analysis in higher rank r is no harder.

Theorem 5.24. The generating series of rank r, trivial determinant, weighted
Euler characteristic Vafa- Witten invariants equals

(5.25) ZVWquC Z 2q Z ( 27&”q§?> 24,

C2

Proof. By (5.21) we find

Svwn($)g" = 3 5 S (i (i) g) g,

n dlr meZ

where on the right we have summed over those n = md divisible by d.
Shifting m by the integer r/d and then swapping the roles of d and r/d
shows the generating series is

& S dm+1 oL 4r
(5.26) Z 2 Z e(Hllb S)q d
d|r meZ
To sum this we rewrite Gottsche’s formula as

> e(Hilb™ ! S)g" = n(q)*

n
and take only powers of ¢ divisible by d on both sides to give
d—

3 e(Hilb™ 41 §)gmd = %Zn(;’:jq)‘“.

m :O

Substituting in (5.26) we find the generatlng series is

IETONICION -

d|r

When r is prime, so that d takes only the values 1 and r, this becomes

1 2mij 1/7") —24
4"l q Z (e q -

In [VW, End of Section 4.1] Vafa and Witten made precisely this prediction,
and asked for the extension to more general r, which is what (5.25) gives.

Martijn Kool pointed out to us that (5.25) proves a physics conjecture from
[MNVW, Equation 3.7].
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6. EXTENSION OF SU(r) VW INVARIANT TO THE SEMISTABLE CASE

Finally we describe the virtual localisation version VW, of the SU(r)
Vafa-Witten invariant vw, described in Section 4.

Fix n > 0,7 > 0, ¢1, c2 and L € Pic,, (S5), and recall the notion of a
Joyce-Song pair (€, s) from Section 3.1. So for us, £ is a pure dimension
2 Gieseker semistable sheaf on X = Kg whose pushdown EF = 7,£ has
rank 7 and Chern classes ¢, co. (Equivalently it is a semistable Higgs pair
(E,¢) on S.) Then s is a section of £(n) which does not factor through any
destabilising subsheaf. Let

1
PT,L,CQ - ,PT,CLCZ

denote the moduli space of Joyce-Song pairs with det £ = L and tr ¢ = 0.
In [JS, Chapter 12] Joyce-Song construct a symmetric perfect obstruction
theory on P, ., ., which has tangent-obstruction complex

(6.1) RHomy (I°, I*),[1]

at the point I* := {Ox(—n) = £}. This can be modified to give a symmet-
ric perfect obstruction theory on me ey C Pr.ei e, by following [TT1, Section
5].3 That is, removing H'(Og) ® H?(0s)[-1]® H*(Ks)® H' (Kg)[—1] from
(6.1) gives (the shift by [1] of) the first term of the decomposition

RHomy (I°,1°) = RHomy (I*,1°),
(6.2) ® H*(Ox) ® H=YOg) @ H=Y (Kg)[-1].

On the second line we have removed the deformation-obstruction theory of
det(I*) = Ox, of detm,& = Og and of tr¢ € I'(Kg) respectively. Doing
this in a family, shifting by [1] and dualising gives a perfect symmetric
obstruction theory on P#L? o+ Full details will appear in a future paper.

Remark 6.3. We sketch a quicker route for those familiar with derived
algebraic geometry. Consider the derived stack [TVa] .#g of all torsion-free
sheaves on S, with determinant map .#g — Zac(S) [STV] to the derived
stack of line bundles. (_Zac(S) is a derived stack with underlying scheme the
usual Jacobian, stabiliser group C* at every point, and obstruction bundle
H?(Og).) The fibre #% over L € fac(S) inherits a derived stack struc-
ture. Over this we form the stack L@g of pairs (E,s), where E € .///SL
and s € H°(E(n)). The forgetful map 2L — .#% is smooth with fibre
HY(E(n)) over the open locus of sheaves with H=!(E(n)) = 0, so inherits a
natural derived stack structure from .# 5@ . This induces a derived stack struc-
ture on (the corresponding open locus of) its (—1)-shifted cotangent bundle
T*[-1]22L. This is a moduli stack of triples (E, s, $) where s € H’(E(n))
and ¢ € Ext*(F, E)j 2 Hom(E, E @ Kg),. Finally, Py C T*[-1]2% is the

3In [TT1, Section 5] we modified the obstruction theory for N by removing H'(Os) @
H?*(Os)[-1]@ H°(Ks)® H' (Ks)[—1] from 7> (R Homx (€, £),[1]) to get an obstruction
theory based on RHomx (£,€), [1] for Ni.
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open substack of stable triples. These have trivial stabiliser groups, vanish-
ing H'(E(n)) and so an induced derived structure which is (—1)-symplectic
and quasi-smooth. In particular it inherits the symmetric perfect obstruc-
tion theory that we are after.

So we can now apply virtual localisation to the fixed locus of the C* action
scaling the Kg fibres of X — S (equivalently scaling the Higgs fields ¢) to
define invariants

L () = !
(6.4) P k() /[on o] e(NTE)

r,L,co

We speculate that these satisfy similar? identities to the Joyce-Song invari-
ants Py, x(n), Prrk(n) defined by Kai localisation in Sections 3.1 and 4.1,
with vw replaced by VW. We use the notation (2.3) from Section 2.2, and a
generic polarisation Og(1) as in (2.4).

Conjecture 6.5. If H*'(S) = 0 = H%2(S) there exist rational numbers
VW, (S) such such that

—1)¢ ¢ n
66 Pim = Y CLTI e o m) v, (9)
521,(041‘2(51'04)5:1: ' =1
25:161‘:1

for n > 0. When either of H*1(S) or H%2(S) is nonzero we take only the
first term in the sum:

(6.7) Pipe(n) = (D)X (a(n)) VW, p 6, (S).-

The formula (6.7) is of course reminiscent of the formula (4.5) for in-
variants defined by weighted Euler characteristic when h%!1(S) > 0, but
is different for h%1(S) = 0 < h?%(S). The motivation for dropping the
other terms when h%1(S) > 0 or h%2(S) > 0 is that we think of them as
enumerating the contributions of nontrivial direct sums of sheaves. When
h%1(S) > 0 these come in families with a nontrivial Jac(S) action, for
instance with M € Jac(S) acting on & @ & by taking it to the sheaf
E1@M™ & E @ M™ with the same determinant. (Here r; = rank(&;).)
This defines a nowhere zero vector field, and so cosection of the obstruction
sheaf, over these semistable loci. Similarly when h%2(S) > 0 these loci in-
herit extra trivial pieces in their trace-free obstruction spaces. So in both
cases we expect their virtual contribution to be zero.

Since (3.4) is a wall crossing formula for invariants defined by weighted
Fuler characteristic it is natural to expect our conjecture to be proved by
an extension of the different wall crossing formula of Kiem-Li [KL2]. Their
work uses virtual localisation instead of the Behrend function, so should
fit naturally with VW,,. This should also be used to clarify the invariance

4Similar, but nonetheless genuinely different when h%2(S) > 0.
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(expected in physics) of VW, under changes in the polarisation Og(1). We
intend to return to this in future work.

We start by proving these conjectures — and showing they recover the
invariants VW,, € Z of (1.1) — when stability and semistability coincide.

Proposition 6.8. If all semistable sheaves in /\/}L o are stable then Con-

jecture 6.5 is true with VW, 1, ., € Z defined by (1.1).

Proof. We sketch the proof using induction on the rank r of a = (r, c1, c2).
We first claim that if there are no strictly semistables in class « then only
the first term contributes to the sum (6.6). Indeed, if there was a nonzero
contribution indexed by ag,...,ap with £ > 1 then the nonvanishing of
the numbers VW,,(S) (which equal the numbers (1.1) by the induction
hypothesis) would imply that the moduli spaces /\/’OJ;’ are nonempty. Picking
an element £ of each defines a strictly semistable £ := E' @ --- @ &¢ of N,
a contradiction.

Let m: X x N — N denote the projection, and let & denote the
(possibly twisted) universal sheaf. Since there are no strictly semistables,
and all stable sheaves are simple, the moduli space of pairs

(6.9) PL = P(m. &) 2 N

is a PX(@()=1hundle over N;-. Here we have relabelled £(n) as &, so that
we can reuse the O(n) notation to describe powers of the tautological bundle®
Op(r, £,)(=1) = p*m &, carried by the projective bundle. By adjunction
this defines the universal section

(6.10) OXXP(mé"n) — p*gn & O[p;(ﬂ.*gn)(l).

Notice that p*&,(1) is an untwisted sheaf. We let I® denote the 2-term
complex made out of this universal stable pair, with O in degree 0. It is
naturally C*-equivariant for the C* action scaling the fibres of X = Kg — S.
We have the commutative diagram

RA#Aom(0O,1°) —= Rs#om(I°*,1°) —= RAom(p*&,(1), I°)[1]

|

Rs#tom(0,0),

where the horizontal row is an exact triangle. Taking cones of the two
downward arrows gives

RAom (O, p*é,(1))[—1] — RA#om(1*,1°%), — Ritom(p*&,, 1°)[1].

Letting 7 denote both projections X x P+ — P+ and X x Nt — N down
X, as usual, we now apply Rm,. Since n > 0 the first term simplifies, while

5This is a twisted bundle if and only if £ is twisted. The twistings cancel in p*&, (1).



28 Y. TANAKA AND R. P. THOMAS

the exact triangle p*&,(1)[—1] — I* — O means the last term fits into the
vertical exact triangle of the following diagram.

(6.11) p*RAOmA (8, Er)

}

D €, (1)[—1] — Ritom(1°,1°)y —= RAom,(p*&,, 1°)[1]

|

(mp*éan(l))v ® t[—2].

We have used C* equivariant Serre duality on the last term. By stability,
p* RO, Hom(&,, &,) = O in the top right hand corner is generated by the
identity, which in the above diagram maps down and right to p* ROm, &, (1).
By the relative Euler sequence, the quotient is T pL/nL- Its Serre dual is (the
twist by t of) the connecting homomorphism R37,p*R#om(&,(1),0) —
R37,.p* RA#om(&,,&,) of the vertical exact triangle. So removing these two
copies of O and O ® t gives the diagram of exact triangles

p*T[LQ] Rotom (&, 6En)

l

Q

l

T3 e ® 2],

T’])&/NO% [—1] —— R%Omﬂ—(]-., I.)O

for some Q. [TT1] constructs a (split) map from H=!(O5)@0 & HSYH(Kg)t[—1]®
O to the top right hand term. There is a similar map (6.2) to R#om(1°,1°),.
These two commute with the diagram; taking cones gives

(6.12) Rtom(p*&,p*E) |

TP&/N}[_” — R%Omﬂ(f., I.)i

Q
In particular, in weight 0 we have the exact triangle
(6.13)  Tpipni[—1] — RAom,(I°, I8 —— p* RA#om, (£, &) .

This expresses the perfect obstruction theory of (P1)C" [GP] in terms of
the one pulled back from A~ and the smooth bundle structure (6.9). In
particular the virtual cycle of (P1)®" is the pullback of that of (M), and,
by (6.12),

Nippyer = Nivyer = Tpape @t
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in C*-equivariant K-theory. Therefore, by the projection formula, Py (n) is

. : ot
foorr gy = F 0 o o)

(Na)®”
where P = PX(®(")=1 is any fibre of (6.9). This is
(=X (a(n) VW (). 0

6.1. Kg < 0. We can also prove the conjecture when deg Kg < 0. While
there may be strictly semistables, we find the space of Joyce-Song pairs is
still smooth.

Theorem 6.14. Suppose deg Kg < 0. Then Conjecture 6.5 is true and
VW, = vw,.

Proof. By [TT1, Proposition 7.6] the semistable Higgs pairs are all of the
form (E,0) for some semistable sheaf E on S with

(6.15) Homg(E,E® Kg) = 0 = Ext%(E, E),

by semistability and Serre duality respectively. We work with the corre-
sponding sheaf & = (,E on X. At the level of universal sheaves E (on
S x Ny and & (on X x Ni) we have & = 1,E, which is entirely C*-fixed.
Since Li*i,E 2 E @ E® Kg't 1] we have

(6.16) RHom(&,8) = 1uR#om(E,E) ® v R#om(E,E® Kg)t[—1].
Taking weight 0 parts of (6.11) therefore gives the exact triangle

Tp* 6, (1)[~1] —= RAom,(I°, I*)8 — p* R#om, (E,E) .

Removing H=1(Og) ® O and taking the long exact sequence of cohomology
sheaves gives both
«D*En (1 o Te
0 — SE B — Satl (I, 1*) — p*&atl (€, E), — 0
and Ext2(I°,1°) = p*&at2(E,E)g. The latter vanishes by basechange
and (6.15). That is, there are no fized obstructions, so P+ is smooth and its
own virtual cycle.

Since for & = «,E there are only terms of weights 0 and 1 in (6.11),
equivariant Serre duality shows that NV =TF, ® t[—1]. Therefore

Pi(n) = / e(Th, @t) = (~1)ImPg(ph),
pL

But this is precisely the answer P,(n) (4.3) that the Behrend theory gives,
since by smoothness Xf;l = (—1)4mP" Since h%2(S) = 0 by deg Kg < 0
and Serre duality, VW, and vw, are determined from these two sets of pair
invariants P (n), P,(n) by the same formulae. (That is, if 2%!(S) = 0 then
the formulae (6.6) and (3.4) are the same; if h%!(S) > 0 then the formulae



30 Y. TANAKA AND R. P. THOMAS

(6.7) and (4.5) are the same.) We deduce that P;-(n) satisfies the equations
of Conjecture 6.5 with VW, = vw,,. O

Remark 6.17. An alternative proof is to note that since semistable sheaves
are supported on S, the moduli space Py is compact. Since its perfect
obstruction theory is symmetric, the invariants defined by virtual cycle or
weighted Euler characteristic coincide [Be].

6.2. Kg = 0. In an earlier version of this paper we sketched our reasoning
for believing that Conjecture 6.5 should be true when §'is a K3 surface, with
VW, = vw,, in this case. This has now been proved in [MT]. Namely, [MT,
Proposition 7.6] gives the following identity relating the virtual invariants
Pt (6.4) to the weighted Euler characteristic invariants P of (3.3).

(6.18) Z Pi(n)¢® = —log (1 + Z ﬁa(n)qo‘> ,

where both sums are over all o # 0 which are multiples of a fixed primitive
class ag. Since the log on the right hand side of (6.18) turns the formula
(4.2) into (6.7), we indeed find that Conjecture 6.5 holds with VW, = vw,,.

The idea of the proof of (6.18) is to start with Y = S x E, where E is
an elliptic curve. To get nonzero invariants counting pairs we divide the
moduli space by the translation action of E and use Oberdieck’s symmetric
reduced obstruction theory [Ob]. Since the moduli space is compact, the
invariants defined by virtual cycle or weighted Euler characteristic coincide.
In appropriate notation,

P-(Y/E,n) = P,(Y/E,n).

On the left hand side we use Jun Li’s degeneration formula for virtual cycles
as E degenerates to a rational nodal curve. This has a C* action; applying
virtual localisation ultimately gives the left hand side of (6.18). On the right
hand side we work with weighted Euler characteristics, using a simple gluing
argument to compare the moduli spaces of Joyce-Song pairs supported set-
theoretically on one K3 fibre of either X or Y. An elementary calculation of
Euler characteristics of configuration spaces of points on a punctured elliptic
curve then gives the right hand side of (6.18).

Here we make do with a suggestive explicit calculation of the virtual
theory VW, in some examples, to illustrate (6.18) and contrast with the
calculations of the Kai theory vw, on K3 in Section 5.

We work in SU(r) Vafa-Witten theory with C*-fixed Higgs pairs which
have the least possible degeneracy in their Higgs field (i.e. it is a Jordan
block). Equivalently we work with C*-fixed torsion sheaves on X = Kg with
the largest possible scheme-theoretic support: the r times thickening 7S of
the zero section S C X.

Semistable sheaves with support r.S are all of the form

E = (W*Iz)@)o,«s
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for some ideal sheaf I, € SIFl. Thus EX I, @It @ - @ I, with
det E = Og and class a = (r,7k), and
HY(EM) =2 HYIzn)@((Cat e o).
Any C*-fixed section s defining a Joyce-Song stable pair must lie in the first
summand by stability, so (P)®" is a P(H°(Iz(n)))-bundle over S|, Then
by a similar calculation to (6.11), at a single point I* = {Ox(—n) = £}
for simplicity, we find that in C*-equivariant K-theory
— RHomx (I°,1°%), =
HO(&(n)) B HO(E(n
aut(&) aut(&)

Replacing £ by its natural resolution 7*Iz(—rS) — 7*I; gives

))> ®t+ Exti(£,8), — Ext%(£,€), .

RHomx (£,€) = RHomS(IZ,IZ)®((C@t—1@...@t—(r—1))
® RHomg(Iz,Iz) @t & - @ t)[-1],
so that
Exty(£,6), = TzMe(Cat e ot V) o o - -0b),

while Ext3 (€, ), = Exty (&, )% ®@t. Now Aut(£) = C*x (t 1@ - -@t~ 1)
and

H(E(n)) ., H(Iz(n)) - -
e ) Catle. . o)

is Tp(mo(1,(n)) ® (C® t 1@ .- @t 1) when we work in a family using
the O(1) twisting of the universal section as in (6.10). Putting everything
together, the pairs invariant Py (n) is
/ e(T*)e(T*2) - -e(T*e(t @ --- @t~ (1)
(PLyc* e(thl)e(Tt*Q) .- 'G(T’F(Tfl))e(fr D---D t2) ’
where T' = Tip1yer = T + Tiprycs g Since e(A*)/e(A) = (—1)rankA
some cancellation gives

_ p(r—l)e * T (—t)(—Qt)-"(—(T— 1)t) _
/W)C*< L7 e(Tt) 2t) - (rt)
_1)1"71

(17 e (B e(sH) T

where p = dim(P+)®" = x(Iz(n)) — 1 4 2k. Since x(a(n)) = rx(Iz(n)) the
final result is

(6.19) Pi(n) = (—1)x@m)-1 X(C;g”))e( SiH).

This satisfies Conjecture 6.5. That is, it is an instance of our universal
formula (6.7) which is the logarithm of the Joyce-Song universal formula
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(4.2) satisfied by the invariants vw,. It contributes e(S"))/r? to the Vafa-
Witten invariant VW, ,;(S) and

OO@SW r 1 r T\ —
> (TQ L = =an(d) ™
k=0

to its generating series.

This matches the second term of [VW, Equation 5.38] (with g — 1 :=
c3(S) = 0), and the first term (d = 1) of the generating series (5.25) of vw,,
invariants. However, the vw,, calculation was somewhat different, with con-
tributions from different components giving different answers for the pairs
invariants, but then the different universal formulae (4.2, 6.7) these satisfy
lead to the same Vafa-Witten invariants vw, = VW,,.

This can be seen even in the simplest example with £ = 0 and r = 2,
so that @ = (2,0). Then the moduli space of C*-fixed Joyce-Song pairs
has two components — one a space of sections of Os5(n), and one a Grass-
mannian Gr(2, H°(Og(n))) of pairs with underlying sheaf (’)?2. The virtual
localisation calculation (6.19) gives

6200 Pm) = (DM x(a(m) = —x(a(n)

for the first component and zero for the second.® By contrast, the topological
Euler characteristic of the first and second components are

o 1 ra o
wam) —x(5m) and x(5m) (x(5m)-1)
respectively. (x® = 1 here, by Remark 5.10, so we can ignore the weighting.)
These are very different from (6.20), as is their sum P,(n). But putting

P (n) into (4.2) and P,(n) into (6.7) respectively gives the same Vafa-
Witten invariants VW, = vw,.

Combining the result (6.18) of [MT] with our Toda-based calculations of
Section 5.2 we get the virtual localisation version of Theorem 5.24.

Theorem 6.21. Conjecture 6.5 holds for S a K3 surface. The resulting
rank r trivial determinant Vafa- Witten invariants have generating series

d -1 2mij o\ —24
S VW = 3 Yon(e )
c2 1=

d|r

6.3. Kg > 0. Finally we describe a rather trivial calculation on general type
surfaces S. Nonetheless it is again suggestive that the result takes the correct
form to satisfy our Conjecture.

6An easy calculation shows its C*-fixed obstruction bundle is the bundle of trace-free
endomorphisms of the universal subbundle on Gr(2, H°(Os(n))). But this has c3 = 0 so
the localised virtual cycle vanishes.
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Take a surface S with h%1(S) = 0 and 2%2(S) > 0 and charge o = (2,0,0).
There is a P(I'(Kg)) > [o] of strictly semistable C*-fixed trivial determinant
trace-free Higgs pairs of the form

. 1 (0 0
E = 05 Ogt™ 7, ¢—(0 O).

We use the same deformation theory of Higgs pairs as in [TT1, Section 8.1].
In the obvious notation, the map [ - ,¢|: Hom(E, F) — Hom(E, E® Kg) is

(tg cé) — (Fr(ffé)f Fr({(f{?)f )

(0 8) = (e S0)

Passing to the corresponding trace-free groups gives a map with kernel
Endo(E, ¢) = t~! and cokernel

Ext'(£5,E4) . = T(Kslo)t® T'(Ks)t & I'(Ks|c),
where C' C S is the divisor of 0. Done properly, over the family P(I'(Kg))
with the twisting s € I'(Ks K Op(r(xy))(1)) as in (6.10), this is
(6.22) TP(F(KS))t D F(K5)®OP(F(KS))(1)’LQ D TIP’(F(KS))‘

Now consider the Joyce-Song pairs I* = {Ox(—n) - Es}. Their moduli
space N+ restricts over the C*-fixed moduli space P(T'(Ks)) to a bundle
with fibre the quotient of

(6.23) P(H(Og(n)) & H(Os(n)t ) \P(H’(Os(n))t ™)
by the obvious action of t~1. Just as in (6.13) we find that

Ext'(I*,1°), = Thviprxs) © Ext'(E4,Es),-
Combining this with (6.22) and (6.23), we find that at a C*-fixed Joyce-Song
pair s = (s1,0) the tangent space Ext!(I®,1°) is

-1
Traro©smy) @ Trao©osm)t

(6.24) ©® TIP’(F(KS))t ® P(Kg)@@p(p(}(s))(l)fz &5 TIP(F(KS))'

The first and last terms give the fixed tangent space expected. Recalling the
Serre duality Ext?(I°®,1®), = Ext!(I*,I®)* t, we find the third term gives a
fixed obstruction bundle Tf,f(r( Ke))' The virtual cycle is therefore its Euler
class

*7 vir 0 —
(6.25) [(POE]™ = (~)"E0(Ks) [P(H(Os(n)))]
where P(H°(Og(n))) is the fibre over a point of P(I'(Kg)). On these fibres
the moving part of (6.24) simplifies to

Teoosmpt " @ DT @ ()P0,
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Similarly the moving part of Ext?(1®,1®), = Ext'(I*, I*)* tis

> * 2 —1y& hO(K. ®hO(Kg)—1
Timo©osmnt @ Tignogmyt ® EHFTES) @ FMED=L

Together these give the virtual normal bundle, with equivariant Euler class

e(Te(o0gmyt ") h*(Ks)=1 . (94)h"(Ks)
_t)hO(KS) . thO(KS)—l

e(Nvir) — - -
(T3 005 Ve (Te o osmy ) (
(—1)X(Os(m)—L+h0(K5) gh° (K5) 1 .

e(T50(05(m) ¥

Integrating 1/e(NV) over the virtual cycle (6.25) therefore gives
Pi(n) = —27"0(K5)x(Os(n)).

Since x(a(n)) = 2x(Os(n)) we see that this fits our conjecture (6.7) per-
fectly with contribution

h(Ks)

The other C*-fixed component contains only (Joyce-Song pairs for) the
semistable bundle (’)?2 with ¢ = 0, and contributes nothing due to the
trivial H(Ks) piece of the obstruction space Ext?. Therefore Py (n) has
no terms quadratic in x(a(n)), as predicted by the conjecture and in contrast
to the invariants P, (n) defined by weighted Euler characteristic. Finally we
note that when h%'(S) = 0, the denominator 2X(9s) of (6.26) appears also
in the denominator of the first line of [VW, Equation 5.37].
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