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Abstract

The Donaldson invariants for C P? were obtained as the u-plane integral from a N = 2
supersymmetric topological U(1)-gauge theory by Moore and Witten. We derive the
generating function for the Donaldson invariants of CP? as the stationary phase
approximation of the low-energy effective U(1)-gauge theory on CP? thus obtaining
an interpretation of the u-plane integral in terms of determinant line bundles. For
the product of the determinant line bundles, the local and global anomalies vanish.
Moreover, the product has a canonical trivialization.

We show that the u-plane integral also arises as the stationary phase approxi-
mation of a heterotic o-model on an elliptic curve at the boundary of the Coulomb
branch with the target space CP* x U(1). The semi-classical generating function is
described in terms of determinant line bundles on the Coulomb branch. We show
that in terms of the partition function on the elliptic curve, the blow-up function for
the Donaldson invariants derived by Fintushel and Stern arises in a natural way.
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Chapter 1

Introduction and statement of
results

1.1 Introduction

The subject of this thesis is the generating function of the Donaldson invariants for
CP?. Let M be a compact, simply connected, four-dimensional manifold without
boundary. Then H°(M;Z) = H*(M;Z) = Z, HY(M;Z) = H¥M;Z) = 0, and
H%*(M;Z) = Z" where b, is the second Betti number. The cup-product defines a
symmetric, integer-valued, non-degenerate bilinear form on H%(M;Z) with determi-
nant +1. In 1983, Donaldson showed that for a simply connected, compact, smooth
four-dimensional manifold M without boundary, its intersection form is either indefi-
nite or plus or minus the identity matrix in some basis [2]. Donaldson used the moduli
space of instantons (anti-selfdual connections) on SU(2)-principal bundles over M. In
1990, he also defined new invariants for the manifold M by evaluating a characteristic
class of a universal SU(2)-bundle on the moduli space of instantons [2].

Given an orientation of M together with an orientation of H?+(M) and b3 odd,
the Donaldson invariants give a linear function [5]

& : Sym, (HO(M; Z) ® Hy(M; Z)) Q.

For p € Hy(M;Z) and £ € Hy(M;Z) the invariants can be assembled in a generating
function

o pm n
_ ! m n
m,n=0
For b > 1 the Donaldson invariants are independent of the metric as long as the
metric is generic. In the case of b = 1, the Donaldson invariants depend on the metric
of M. It turns out that the positive cone of H2(M;R) has a chamber structure. The
Donaldson invariants depend on the metric only through the chamber in which the
period point of the metric on M is located [4]. The period point of the metric is



defined as the one-dimensional space of all selfdual harmonic two-forms with respect
to the metric.

For the algebraic surfaces with b = 1, there is an algorithm called the wall-
crossing formula which accounts for the changes in the Donaldson invariants when
the period point moves through a system of walls and chambers in the positive cone
of H?*(M;R) [6]. Moreover, there is a formula, called the blow-up formula, which
accounts for the changes of the Donaldson invariants under blow-ups and blow-downs
of the manifold [5]. For C' P? the positive cone has only one chamber; the Kihler class
gives a canonical homology orientation, and since H2(M;Z) = Z, % is determined by
an integer S = fz w where w is the Kahler form. Thus, the generating function is a
formal power series in the two variables p and S. The computation of the Donaldson
invariants for C P? can be considered the starting point for the computation on more
complicated surfaces.

Using a vanishing result for the Donaldson invariants on rational ruled surfaces [8,
Lemma 5.3], Ellingsrud and Gottsche [6] computed the Donaldson invariants for C P?
of degree smaller or equal to 50. Their results are listed in Sec. 2.3. Their approach
was very different from the one that was originally suggested by the physical inter-
pretation of Witten who showed that the Donaldson invariants can be constructed
as correlation functions of an N = 2 supersymmetric topological SU(2)-Yang-Mills
theory on M [16]. One of the main results of the work of Seiberg and Witten [19] was
that the moduli space of this topological quantum field theory decomposes into two
branches, the Coulomb branch and the Seiberg-Witten branch. Both branches can
be interpreted as the moduli spaces of simpler physical theories on M, and the con-
tributions to the Donaldson invariants from each branch can be computed separately
[21]. We briefly describe the two branches in Sec. 4.

Since C' P? admits a metric of positive scalar curvature the contributions from the
Seiberg-Witten branch vanish [21]. Thus, for CP? the Donaldson invariants can be
determined from the Coulomb branch alone. The Coulomb branch is the moduli space
of a class of topological U(1)-gauge theories on M which will be described in detail
in Sec. 4.1. In [25], Moore and Witten obtained the Donaldson invariants for CP? as
correlation functions of a universal U(1)-gauge theory, called the low-energy effective
U(1)-gauge theory. The universal family depends on M only through H?*(M;Z), and
its correlation functions vanish for b5 > 1. They found

S [ |arP 9a(r) 9a00)
2w /I-I/F0(4) Im(T) 2 (U2(7)d3(7 )

S\? 1 Ga(T) du ,
exp 2pu+(——> ———+ 7T ,
( o) | 2@
where I'g(4) is the congruence subgroup of elements in SL(2;Z) whose mod 4 re-
duction is lower triangular. We have used the standard notation for the appearing
modular functions. A cutoff regularization was applied to regularize the integral.

Eq. (1.1) is called the u-plane integral since it is formulated in terms of the complex
variable u on the thrice-punctured Riemann sphere UP = C — {—1;1} and a map

Z(p’ S) =

(1.1)



7 : UP — H from the u-plane to the upper half plane H given by uniformization. We
will describe the details in Sec. 3.4. In the appendix, we will present a short MAPLE
program that computes the rational coefficients in the formal expansion of Z(p, S)
in Eq. (1.1). The results agree with the results of Ellingsrud and Géttsche [6] up to
degree 50. The results of this thesis are:

e We derive the generating function for the Coulomb branch as the stationary
phase approximation of the low-energy effective field theory thus obtaining an
interpretation of the u-plane integral in terms of determinant line bundles.

e We show that the u-plane integral also arises as the stationary phase approxi-
mation of a quantum field theory defined as a heterotic o-model on an elliptic
curve at the boundary of the Coulomb branch with target space CP! x U(1)
coupled to an external field. This partition function is described in terms of
determinant line bundles on the Coulomb branch.

e We show that the blow-up function derived by Fintushel and Stern in [5,
Thm. 4.1] arises in a natural way in terms of the stationary phase approxi-
mation of this ‘dual’ quantum field theory on the elliptic curve.

Our construction of the partition function on an elliptic curve at the boundary of
the Coulomb branch is similar to Witten’s construction of the elliptic genus [94], the
character-valued partition function by Schellekens and Warner [95] and the represen-
tation as a one-loop amplitude in a string field theory by Alvarez et al. [97].

1.2 The geometry of the Coulomb branch

First, we will investigate the geometry of the Coulomb branch as it is fundamental
for the definition and the understanding of the low-energy effective field theory. The
description of the Coulomb branch will be given explicitly in terms of special func-
tions by using the results from [69, 66, 70]. Some of the necessary computations are
already present in the physics literature [22]. Our first goal will be to explain these
computations in the context of a rational elliptic surface fibered by elliptic curves and
the determinant line bundle for the vertical O-operator on it. We will later use the
vertical d-operator in the definition of a quantum field theory on the elliptic curve at
the boundary.

The Coulomb branch is the family of elliptic curves, called the Seiberg-Witten
curve, that defines a rational Weierstrass elliptic surface over the u-plane by taking

V=23 + A(u) z + B(u)

as the elliptic fiber E, with A(u) = —%3 + 4, and B(u) = & — Zu3, and the point
at infinity as the base point. The two types of singularities that occur are a cubic
cusp for ¥ — oo and a rational curve with a single node for u — +1. The nodes
do not give rise to surface singularities. Thus, the Seiberg-Witten curve defines a

proper holomorphic submersion of complex manifolds 7 : Z — X where X is the set

9



X = {u € UP;|u| < R} for some fixed, large R. The family of elliptic curves is the
universal curve for H/Tz(4) and determines by the monodromy action around the
singular fibers a representation of I'y(4). In physics, the unique even spin structure
which is invariant under a subgroup I'¢(4), the congruence subgroup consisting of
matrices in SL(2;Z) whose mod 4 reduction is upper triangular, is called Periodic-
Antiperiodic (PA). It is the unique order two element of the Mordell-Weil group of
7 and defines a holomorphic line bundle L — Z whose square is the canonical line
bundle in each fiber. We use the results of Quillen [77], Bismut and Bost [82, 83],
and Seeley and Singer [81] to show:

Proposition 1. Let DE_T5 — X be the determinant line bundle of the 0-operator
along the fiber and DET 0r,,, — X the determinant line bundle of the 0-operator along
the fiber coupled to L,,. We have the following results:

1. The determinant line bundles DET 8 and DET 0y, are flat away from the nodal
fibers.

2. For the line bundle DET ('—)L,u, the canonical section det 5L,u trivializes the de-
terminant line bundle. The Quillen metric is

’194(7’)
n(r)

where A(T) is the modular discriminant of the elliptic curve E, with T = 7(E,).
The divergence of the Quillen metric is

= 1
|| det Orullg = = |A(T)|=

~ 1 1
C1 (DET 8L,ua ””Q) = E(S(u;]) + Eé(u;_l) .

d(u=1) i the current supported at u = 1 and defined by the equality f 7 Ou=1) Nt =
f B Y for every differential form o with compact support.

3. For the 0-operator along the fiber, the (-function regularized determinant is

’194(7')
n(7)

2

det’ 0*0 = vol(E,)?

4. The determinant line bundle DET O has a trivializing section s. Its Quillen
norm 1s

det’ 0*0 2
lslly = i = A
© )2 [ldz|?
Prop. 1 asserts that the curvature of the determinant line bundle of the d;-operator
has current contributions at the nodal fibers and vanishes over the rest of the u-plane.
The Coulomb branch controls the parameters of the low-energy effective field theory.
In particular, it was determined in [19] that classically the scalar field of the low-energy

10



effective field theory defines a section a, of the elliptic fibration over the open sub-
variety of points with regular fibers. The section a, then defines a flat holomorphic
SU(2)-bundle on each regular fiber of Z. There is a way of extending this construction
across the nodes [69] which involves an appropriate toroidal compactification at the
nodal fibers. We present the details in Sec. 3.9 as we will give a definition of a
BPS-state and show:

Proposition 2. A BPS-state of the low-energy effective field theory for u — 1 is a
U(2)/Zy-bundle V- — Z with a hermitian Yang-Mills connection on Z — X such
that W*CQ(V) = —5(u:_1)/4.

1.3 The stationary phase approximation and de-
terminant line bundles

Second, we will use the stationary phase approximation to define the semi-classical
correlation functions of a supersymmetric quantum field theory in terms of determi-
nant line bundles.

In [26], Baulieu and Singer interpreted the construction of the supersymmetric
SU(2)-Yang-Mills gauge theory as the topological gauge fixing of the characteristic
class ¢o(E) for an SU(2)-vector bundle £ — M. The action

(eE). M) = g5 [ (PanFa)

is invariant under all orientation preserving diffeomorphisms and not only the group
of gauge transformations. By fixing the extended gauge independence by the standard
BRST-procedure they obtained Witten’s supersymmetric action.

The path integral for a supersymmetric action S can be defined with mathematical
rigor by the stationary phase approximation (or semi-classical approximation): each
critical point, i.e., each classical field configuration, will be labeled by some discrete
topological data which is called the Pontryagin sector (denoted by k), and some
continuous moduli which we will denote by A\. The action at the critical point is
denoted by S(O(k, A). The quadratic approximation of the action S around a critical
point is the Hessian of S. It determines a free field theory in the collected variations
of the Bose fields ® and Fermi fields ¥ which is of the form

g®@ _ /MvolM (<"5 A(k,x)‘5>+<@7 B)Uﬁ*)@)’

where A is a family of second-order, elliptic operators and ) a family of real skew-
symmetric first-order operator both depending on the moduli (k, \). The functional
integration over the fluctuations, i.e., over the coordinates of the normal bundle at
the critical points, can be considered an infinite-dimensional Gaussian integral. We

11



define the semi-classical path integral®

. . faff’
/ [ch D\If] 52 1o pe PR Dy

vV det' Ak’)‘ '

The above expression is a section of the product of the Pfaffians line bundle and the
dual of the determinant line bundle over the moduli space or more generally over the
configuration space. To proceed further, one has to be able to integrate this section
over the moduli space. To do so, the line bundle needs to be flat. In physics, this
called the vanishing of the local anomaly. Since the topology of the moduli space need
not to be trivial, the section can still have holonomy around non-trivial loops in the
moduli space. To make sure that the bundle is globally trivial as well, the holonomy
around all curves needs to be the identity. In physics, this is called the vanishing
of the global anomaly. Finally, it is not enough to have a trivial line bundle. We
also need a canonical trivialization, i.e., a trivializing section. If all these points are
satisfied, we can regard the ratio of determinants as a function on the moduli space.
We then carry out the integral over the continuous moduli and the sum over the
discrete moduli to obtain the semi-classical approximation of the partition function

7Z = Z /d/\ oSO (k) /[’D(i D\I/] o—S®
k

_ Z /d)\ e_S(O)(k’)‘) pfaff’ Ek,)\
k vV det' Ak,)\ .

In the case relevant for the definition of the u-plane integral, physical considerations
guarantee that the semi-classical approximation is in fact exact [25].

(1.2)

1.4 The low energy effective theory

We will then apply the description of the correlation functions as sections of deter-
minant lines bundles to the low-energy effective field theory which is relevant for the
u-plane integral.

The low-energy effective field theory is a family of N = 2 supersymmetric U(1)-
gauge theories. This family of U(1)-theories is parameterized by a complex coupling
constant 7 € H which is the modular parameter 7(E,) for the elliptic fiber E, of
the rational surface Z. The classical bosonic field configuration for each U(1)-theory
consists of a line bundle L — M with a selfdual connection A and a scalar field with
a vacuum expectation value a,. We present the full action of the low-energy effective
field theory in Sec. 4 and show:

Proposition 3. The action of the low-energy effective field theory is the topological
gauge fizing of the action (Re(r + 1) ¢y (L)?, [M]).

1The Gaussian integral for the free field theory is actually well-defined and agrees with the ratio
of the Pfaffians in the definition we give.

12



We not only want to determine the partition function, but also the generating
function with the insertion of the observables relevant for the Donaldson invariants
on CP?. The inclusion of the observables leads to an additional factor of exp (2pu)
for the zero-form observable, and exp (S2T(u)) for the two-form observable. The
insertion of the observable for S € Hy(M;R) = R introduces the additional terms in
the action and the observable involving an auxiliary field D without any dynamics

/MVOIM(—ImT <D,D>+2§<@’*D/\\Tl>)+2 Zg,

where = is the holomorphic cubic form and w is the period for the A-cycle of the
Seiberg-Witten curve. Integrating out the auxiliary field D, we obtain instead of
Dk’ \, an operator lD,% s coupled to an external gauge field. The family of perturbed
fermionic operators to be used in the quadratic approximation is

mk,u,S = wk,u + S Q(('LL) Cw ) (13)

where C,, is a real skew-symmetric matrix with eigenvalues +£1. 2 = Z/(ImTw)
is a function on the u-plane and is the special Kahler structure defined in [71] on
the rational elliptic surface Z. For every special coordinate system of Z — X, we
obtain an operator Ekug The operators patch together to give a well-defined family
of operators parameterized by the u-plane. We discuss the details in Sec. 3.10 and
show:

Proposition 4. The u-plane integral is the stationary phase approzimation for the
supersymmetric low-energy effective field theory.

1. Eq. (1.1) is equal to

) 7 faff
Z /UP da, da, e Stk t2pu+s?T(u) P2 IZ)k,u,s (1.4)

- .
k€2 H2(M;Z) V det’ Ay,

2. The section

pfaﬁ Ek,u,S

\/ det' Ak,u

15 a section of a line bundle without local or global anomaly, and with a canonical
section.

A consequence of the vanishing of the global anomaly in Prop. 4 is
Corollary 1. The integrand in Eq. (1.1) is modular invariant.

The modular invariance of Eq. (1.1) was already observed by Moore and Witten in
125, Eq. (3.32)].

13



1.5 A dual theory on the boundary of the moduli
space

Finally, we will show that the u-plane integral also arises as the stationary phase
approximation of a heterotic o-model on an elliptic curve at the boundary of the
Coulomb branch with a N = 1/2 supersymmetry and target space CP* x U(1).

On E,, the chiral Dirac operator for the trivial Spin-structure is 8 : A(/20(E,) —
AG/2D(E,). We denote the chrial Dirac operator for the Spin-structure (P, A) by 0y,
The quantum field theory combines theories previously used in [88, 115]. We prove
in Sec. 5.5:

Lemma 1. The one-loop path integral of the heterotic o-model on E, with target
space CP! x U(1) coupled to a gravitational and gauge background V = C'2 — U(1)
18

Z, = VIm7|94(7)]* det'?dy, . (1.5)

Under variation of u, there are no local and global anomalies, and we give a canonical
section trivializing of the RHS of Eq. (1.5).

We modify this action by varying the holomorphic structure and changing the
regularization of the quantum theory. We obtain a family of two-dimensional super-
symmetric theories on the torus F, parameterized by H°(E,, K®?) and H®V(E,)
whose standard complex coordinates are denoted by a and 8. We show in Sec. 5.5.1:

Proposition 5. The one-loop amplitude of the heterotic o-model on E, with target
space CP! x U(1) in the presence of the background fields a, (3 is

det 9+ ) det’ A
det’ 0 det’ [__a (5 M)J '

vol(Ey)

Z,(a,B) = Z,e™ (1.6)

Eq. (1.6) is the integrand of the u-plane integral in Eq. (1.1) fora=p and 3= S.
We have used the operator

= wzdZ

D) = (0- Z85) no(E) > AM(E)

and O(%) = *»D(2)8 : A°°(E,) — A%%(E,). We have considered the determinant line
bundle for D(2) and O(Z) over the Jacobian of E, and the pullback on HOV(E,)
with the complex coordinate 2. We use the techniques in [99, 100] to evaluate the
ratio det D(%)/ det’ O(2) in terms of modular functions. The introduction of § stems
from the gauging of the U(1)-isometry group of the o-model on CP! = SU(2)/U(1)
and the coupling to an external field. The term exp(2au) corresponds to a change in
the regularization of the one-loop amplitude [93].

14



We also have an interesting variation of this procedure: we couple the connection of
the chiral fermion that gives a contribution det 31,,“ to an external magnetic field +.
We compute the change in the partition function in terms of modular functions in
Sec. 5.5.3 and prove:

Proposition 6. The one-loop amplitude of the heterotic o-model on E, with target
space CP' x U(1) in the presence of the background fields o, B, and v is

det (5[,,11, + VO](dEZu))

/Z\;(a’ﬂ,')') = Zy(a, B) det 0,

(1.7)

Eq. (1.7) is the integrand of the u-plane integral for the blow-up CP? of CP? in one
point for v = E. For H}(CP%R) = H?(CP%R) ® R( with (2 = —1, the homology
class £ € Hy(M;Z) considered in the blow-up formula is related to E by [ ( = E.

As explained in [96], the expressions Z,(a, ) and Z;(a, B,7) require us to inte-
grate this path integral over Re7 from 0 to 4, and take the limit Im7 — oo. The
integration serves to impose the left-right mass constraint of the closed string. If one
imposes the left-right mass constraint, the generating function becomes

/04 dz Z,(a, B) , (1.8)

where 7 = x +iy. We expand the partition function in Eq. (1.6) in the form

o0 a™ ﬁ2n+1

Zu(2, ) = Z m

(mn)

m,n=0

Each coefficient UP(™™ has an asymptotic expansion in q = exp(2mi7) in the region
Im7 > 1 of the form UP™™ = > >0 UIPE:';;I ) q' . Let the diagonal be the sum of
all the terms of the form ¢" ¢". The’p_rojectién onto the diagonal terms is the integral
in Eq. (1.8). After the projection we define for each term f,,(y) = f04 dzUP,,, =

S 1/yte D ex1 ase~2"" the associated Dirichlet series

1 o0
/N .fm,n el dy .
@ /. (y) ¥y dy

The cut-off A is introduced to only include the contributions from the cusp u — oo
while keeping away from u — +1. We will show in Sec. 5.6:

DAO (67 fm,n) =

Proposition 7. The regularization used by Moore and Witten in [25] in Eq. (1.1)
coincides with the (-function regularization. Up to a constant factor we have

Sop2(p" ST = Alimoﬁj\o (0, fram) - (1.9)
0—)

15



THIS PAGE INTENTIONALLY LEFT BLANK

16



Chapter 2
The N =1 Yang-Mills theory

In this chapter, we review the universal bundle construction developed in [58, 40]
with the exposition in [59]. We also state the wall-crossing formula derived in [4]
and the blow-up formula derived in [5] for the Donaldson invariants. Finally, we
give a description of the supersymmetric topological Yang-Mills theory constructed
in [16, 26] whose expectation values compute the Donaldson invariants.

2.1 The universal bundle construction

Let M be a simply connected, compact oriented smooth four-manifold without bound-
ary. Let P — M be a principal SU(2)-bundle on M with principal right action.
SU(2)-bundles on M are classified by their second Chern class c3(P). Let 2 be the
set of connections on P and & the group of gauge transformations of P. That is,
¢ € & means (i) ¢ is a diffeomorphisms of P, (ii) ¢(pg) = ¢(p)g for any g € SU(2),
and (iii) ¢ induces the identity map on M. The action of ¢ € & on A € 2 is denoted
by ¢- A. Let r denote the fundamental representation of SU(2) on C2. The associated
complex vector bundle E = P x, C2 — M has the first Chern class c1(F) =0. We
also have the SO(3)-bundle Ad E = P X; su, for the adjoint representation. We fix
a Hermitian metric on E and a compatible unitary connection d4 = d + A induced
by the connection A on P. A fixed Riemannian metric g on M gives rise to a Hodge
star operator * with 2 = (—1)?. On p-forms, the adjoint operator is d% = —*ds*. A
connection A € 2l is called anti-selfdual if and only if the curvature Fy € A2,(Ad E)
on F satisfies *xFy = —F4.

The connection A is called reducible if E reduces to the direct sum L @ L™! of
a line bundle L — M and A = a @ (—a) with a connection a on L. We denote by
2y the space of all hermitian connections on E — M with ¢;(E) =0, k = co(E)[M].
The subspace 21} C A is the space of irreducible connections. The gauge group &
acts freely on 2A*. & is the group of gauge transformations leaving a point of P fixed.
The action of B¢ on A is free. We set B := A/G, B* := A*/B, and B := A/S,,
B* = A* / 60.
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The Pauli matrices (i0)3_, form an anti-Hermitian basis of su(2) with tr(ioc?)? = —2.
We write an Ad E-valued n-form i as n*(ic®). The adjoint action of su(2) is real since

ad(io®)(ic®) = [z'a“;iob] = —2e? io° .

The positive definite inner product on the Ad E-valued n-forms 7,75 is

(m,m2) = — /M tr(nm A *mg) .

The invariant polynomial ko(T) = —1/872tr T2 for T' € su(2) determines the first
Pontryagin class by

1

1 _
PE)M] =~ | (FanFa) =g, /M voly (le{|2—|FA |2), (2.1)

where Fy = F§ , dz* A dz” ® i0°. Similarly, the invariant polynomial 1/2%;(T)* —
ko(T) for T € su(2) with k1(T) = i/(2m) tr(T) determines the second Chern class.

For SU(2), we have k;(T) = 0 and thus p;(E) = —c2(E) = —k. For a skew-Hermitian
matrix 7' € u(N) the identity

2
trMat(N,C) (ad Toad T) =2N tren T2 -2 ( tren T)

implies cz(Ad E) = 4 ¢y(FE). The action functional of the Yang-Mills theory is

s:/ |FA|2=/ volu (IE£P+|F5 ) :-/ voly tr (FansFy) . (22)
M M M

and the Euler Lagrange equation is d%F4 = 0. For k£ > 0, the Yang-Mills action is
minimized by the anti-selfdual connections since

S =2||Ff|*+8n%k .
For k < 0, the Yang-Mills action is minimized by the selfdual connections since
S=2||F;||* -8k .

The moduli space of anti-selfdual irreducible connections modulo gauge transforma-
tions is denoted by 9t;. For a reducible SU(2)-bundle E with reduction to L & L™*
we write the connection as A = —a ®1i0° and the curvature as Fy = —f, ® ic® where
fa is a real two form such that ¢;(L) = [5f,] and

A(B)M) =~z [ fun o= =],

There is also a reduction of Ad E = L®2®R such that c,(Ad E)[M] = —c; (L®?)?[M].
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The two bundles L®? and (L~1)®? are different as SO(2)-bundles, but canonically
equivalent as O(2)-bundles by reversing the orientation. Reversing the orientation on
L®? and R is a SU(2)-bundle automorphism. For b; = 0, there is no reducible SU(2)-
bundle E with a reduction to L& L~! and with an anti-selfdual connection other than
the trivial bundle: assume otherwise that we have such a connection A = —a ® 03
with the curvature Fy = —f, ® ic® where f, is a real two-form. The Bianchi identity
daFa = 0 implies df, = 0. Since F, is anti-selfdual so is f,. By the Hodge theorem
fa is a harmonic representative of a non-trivial class in H2~(M) if L is non-trivial,
contradicting b, = 0.

The Atiyah-Hitchin-Singer complex in dimension four [56] is the three term elliptic
complex

A% (AdE) 24, AL (A E) T A2F(Ad E) (2.3)

whose cohomology groups are Hj3. The map 7, is the orthogonal projection on the
self-dual two-forms. It is a complex if F4 is anti-selfdual. The associated elliptic
operator of Laplace type on the even forms is AY, and on the odd forms A9 with

AY = dyd, ®mid,dy
Aid = djlﬂ-‘f'dA + dAdjl .

The operators Ay are Fredholm operators, and the index of the elliptic complex
equals

Ind d4 = dimker AY — dimker AY = 8k — 3(1+b}) .

From here on, we will always assume that b7 is odd so that the index is even and equals
2dy.. The zeroth cohomology HJ is trivial if and only if A is irreducible. An irreducible
connection A is called regular if coker 7. d4 = 0. A local model of a neighborhood
of [A] € M, 1., is given by the intersection of the slice kerd} € To2*, which is
locally orthogonal to pure gauge transformations, with ker(w,d,), the linearization

of Ff =0. For [¥] € H} and an anti-selfdual, regular connection A this implies
v =0, Ff.=0(,

and H3 = 0. For b > 0 there are no reducible nor non-regular anti-selfdual connec-
tion on a dense subset of metrics [3]. Thus, if g is generic, 2} is a smooth manifold
of dimension 2d, = 8k — 3(1 +b3) [3].

On M x B* there exists a universal bundle with a universal connection [40, 59]: it
is the complex vector bundle Ad € with the structure group SO(3) in the commutative
diagram

AdEX A" —— Ad€ = (AdE x %*)/&

! l

Mxd* — M x B*
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where & acts on Ad E x 2* by (v, A) — (é(v),d- A) and SU(2) acts by (v, A) >
(ad(g)v, A) . The actions of & and SU(2) on P x 2* commute. With m = n(v) and
Xm € TrnM and 174 € TyRA*, a G-invariant connection w on Ad E x A* — M x A* is
given by

Wig,a)(XmiTa) = A(Xm) +aa(ra)(m),

where « is the canonical connection on 2* — B* given by

aa(Ta) = (dZdAyldfq(TA) :

The connection w and its curvature § descend to a connection and curvature on the
universal bundle with components

3?£,A)(Xm,ym) = (FA)m(Xm,Ym)a
Fomny (T4 Xm) = (Tgw)m(xm),

Bomay(Ta,04) = —Ga [Th; %0}
where
gA - (dZdA) s TAor = (TA — dAOtA(TA)> .
We can interpret A — JA(74) = TH as the exterior covariant derivative acting on

the B-equivariant form 74 € Aj.. Since & acts freely on A*, it follows that
He(A*) = HY(B") .
In physics, the component F! is denoted by ¥, and %2 = —®, such that
SA=T, U =—dsd, 60=0. (2.4)

The second Chern class of the universal bundle is

4

(AdE) = — trg? = Y g (2.5)

2
8 =

with 2074 € A;’,f;;,.’c. Since cp(Ad €) is a closed form, the descent equations
aprt = s thAT (2.6)

follow. The u-map is defined by the slant-product p(e) = c2(Ad €)/e [2]. On 2-cycles

20



and 0-cycles the y-map gives
w: Ho(M) — H?(B*)

£ - W = [,
_ 53}7,[2 tr (2320 A 302 4 L1 /\3'1,1)
= gy tr(-20F,+UAY) (2.7)

p: Ho(M) — H(B)
p]  — W = W(p)
= g3 tr®*(p).

Classes of the de Rham cohomology of 9t* can be obtained from H*(8*) by restriction
which we will still denote by p(X) and p(p). Moreover, any element of H*(901*) is
induced from H*®($*) in this way [2]. For the universal SO(3)-bundle Ad & there is
a lift, i.e., a well-defined SU(2)-bundle €&, if and only if ws(Ad €) = 0.

2.2 The Donaldson invariants

To define the integration over the moduli space a compactification of the moduli space
of anti-selfdual instantons is needed. The Uhlenbeck compactification is described by
the following theorem due to Uhlenbeck [8, Thm. 2.4]:

Theorem 1. Let (A;)uen) be a sequence in M. After passing through a subsequence
there is a finite collection of points my,...,my € M with multiplicities ny,...,n; > 0

.....

connection As. The connection Ay can be extended to an anti-selfdual connection
on a bundle E' — M with ¢;(E') = 0 and cz(E') = k+ S_._, ni. Therefore, there
ezists a topology on

[T x (7/50)

n>0
such that the closure W}; 18 compact and called Uhlenbeck compactification.

It can be shown [2, 103] that the y-map extends over the Uhlenbeck compacti-
fication 90t*, and for a generic metric it has a fundamental class in the stable range
8k > 3(1+ bf). Let 2dix = 4ny + 2ny, Ty, .., 5,, € Hy(M), and p € Ho(M). The
Donaldson invariant is defined by

O (p; T, ..y By = / u()™ Ap(E) A= A p(En,) - (2.8)

(%]
This map can be extended to a linear function

M9 A(M) - Q
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where
A(M) = Sym, (HO(M) @ H2(M))

is viewed as a graded algebra where the elements of H;(M) have degree (4 —4)/2.
The dependence of the Donaldson invariants on the choice of the metric is captured
by the following theorem [8, Thm. 2.6]:

Theorem 2.

1. If b3 > 1, then ®M9 s independent of the metric g.

ni,n2

2. Ifb =1, then <I>M'9 depends only on the chamber of the period point w(g), i.e.,
the point in H 2+(M ) /R* defined by the one-dimensional subspace of g-selfdual
harmonic two forms.

We have assumed that we have picked an orientation of H%*(M). Fixing a two-cycle
¥, we can form the generating function

nl 2"2
Zp,D)=A (") = Y oiek(p n';{-,—, (2.9)
k>0 n1,n2>0 1= fe2
dip=2n1+n3

which is independent of the metric if b7 > 1, and piecewise constant as a function of
gifby =1.

2.3 The computation of the Donaldson invariants

In the case bi = 1 the Donaldson invariants depend on the metric g. They depend on
the metric through a system of chambers and walls in the positive cone of H2(M;R).
We now restrict ourselves to algebraic surfaces so that for the Kahler metric g there
is the Kéhler form w of type (1,1) and a line bundle with divisor H whose first Chern
class is the given Kéahler form w. The change of the metric corresponds to a change
of the divisor H.

2.3.1 Walls and chambers

Let H2(M)™" be the set of all # with 62 > 0. It has two connected components since
the intersection form is of type (1,b;). A homology orientation is exactly a choice
of one of the components which we call Q. The period point w(g) of the metric g
is a point in QF given by the g-selfdual closed two forms. We fix k = —p;(P). For
2d;, = 8k—6 € Z>p, an element ( € H%(M;Z) is called of type (di) if —k < (* < 0. We
call W, = ¢ in QF the wall of type (di). The chambers of type (di) are the connected
components of QF after removing all walls of type (di). At a wall, the SU(2)-bundle
E — M reduces to L @ L™ with ¢;(L) = ¢ since k = c(P) = —c1(L)? = =,
and the metric admits a reducible anti-selfdual connection since f, ¢1(L) Aw(g) = 0.
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The dependence of the Donaldson invariants on the period point is described by the
following theorem due to Kotschick and Morgan [4]:

Theorem 3.

1. @?gg depends only on the chamber of w(g).

2. For all ¢ of type (dy) there exists a linear map 5é‘:fdk : Ag, (M) — C such that

M, M,ga __ M
¢)(dkg)l - (I)(dk)2 - Z 6C,dk .
¢w(g1)<0<( w(gz2)

2.3.2 The blow-up formula

The blow-up formulas relate the Donaldson invariants of M to those of M=M #CP?,
the blow-up of M in one point. We need to choose a metric on M very close to the
metric on the pullback on M to apply the blow-up formulas. Since HZ(M;R) =
H?(M;R) © R where ( is the exceptional divisor of the blow-up with (% = —1, we
can identify H2(M;R) with the elements orthogonal to . If H is a representative of
the period point of the metric g on M, then H = H — ¢ PD(() is the period point on
M. We write

MH _ Mg MH _ ~MHA
®ay =%y Py =P o

where € is sufficiently small so that the result is independent of €. A result due to
Fintushel and Stern [5] gives the general relation between the Donaldson invariants

on M and M. In the simplest case this leads to the following theorem:

Theorem 4. For a € Hy(M) and £ € (PD(¢)) C HQ(M\; Z) it follows

) = sy, (e 0.
Fintushel and Stern [5, Thm. 4.1] then derived the blow-up formula:

Theorem 5. For z € A(M) and £ € (PD(()) C Hy(M;Z) it follows

oM (f2) =) & oMH (gn z)

(dk) nl ()
n=0
- (2.10)
- g :
= ol (Founnz)|_ =207 al (Coete [ Fnpn)] <)
t=E€ n=0 :

o3(u, 2) is a particular quasi-periodic Weierstrass o-function associated to the Weier-
strass function P(z|ge, g3) and is defined in Sec. 5.1. We will show in Sec. 5 that the
blow-up function of Fintushel and Stern arises in a natural way in terms of the sta-
tionary phase approximation of a simple quantum field theory defined on an elliptic
curve at the boundary of the Coulomb branch.
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2.3.3 The results for CP?

With the help of a vanishing result for rational ruled surface [8, Lemma 5.3] as
a starting point, Ellingsrud and Goéttsche [6] were able to obtain the Donaldson
invariants for CP? of degree smaller or equal to 50. Since there are no walls for
CP? the strategy is to consider the blow up of CP? in a point and then to crossover
to a chamber where the invariants vanish by the vanishing result. The wall-crossing
formula and the blow-up formula account for the changes made during the blow-up
and the wall-crossing. Thus, the total changes are the negative of the Donaldson
invariants for CP? [8, Cor. 5.5.]. In particular, they found the first contributions
listed in the following theorem:

Theorem 6.

(ka dk) l Z(p) S) =

(17 1) _ES

(2,5) [8°—pS*—3p°S

(3,9) [38°+ 2pST— 2?8 — LS — S0t S

(4,13) | 54 S© + 24 pS™ + “Bp?SY + 3£p°ST — {2ptS° — Fp°S3 — TERpSS
(5,17) | 2540 S™7 + 694 pS™ + FTp*S™  BipSSM 4 Z0LHAGY — PS5

 3355,6Q5 _ 143725 7Q3° 850265, 8
el O stz P O el O

(6,21) | 233208 5% + 45912 pS™ + 10625 p?S™7 + 3036 p°S™ + ALZ ST

1741
+17 PPSU 4 sg‘ligpssg _ 21032731)757 _ 715(;131;411)855
904239 953 _ 10504593 10 g

16384 P 131072 P

Gottsche also computed a closed form for the generating function of the Donaldson
invariants in the case of simply connected manifolds with b =1 [7].

2.4 The topological field theory

In this section, we show that the generating function in Eq. (2.9) is the partition
function with source-terms of a topological quantum field theory. To do so, we will rely
on the interpretation of the topological Yang-Mills theory given by Baulieu and Singer
[26] which includes the gauge fixing of the Yang-Mills symmetry in the topological
field theory. The ghost spectrum is essential for our understanding of the partition
function in terms of determinant line bundles, as it will give additional factors of
determinants.

The classical topological action for N = 1 Yang-Mills theory is the characteristic
class p1(Ad E)[M] in Eq. (2.1). Being a topological invariant, it possesses a gauge
symmetry which is larger then the ordinary Yang-Mills symmetry. It is invariant
under all transformations of the bundle £ — M which lift a diffeomorphism on M.
The gauge potential and the curvature then transforms in local coordinates according
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to
A— A+dse+e, FA=dA€—[€;FA], (2.11)

where € € C®°(M, Ad E), € € A},(Ad E). It was shown in [26] that the full action of
the topological field theory can be obtained through BRST-invariant quantization of
p1(E)[M]. This means that the full action is

where @ is the nilpotent fermionic BRST-operator with (d+Q)? = 0, C} is a constant,
and V will be determined below. The first term in the action is metric independent
whereas the second term introduces a dependence on g on M. A standard result in
physics says that the physical theory must be independent of the Q-exact term. Thus,
the generating function Z(p, ) in Eq. (2.16) is a topological invariant [26, Sec. 4].

2.4.1 The field content

The fact that the parameters in Eq. (2.11) have their own gauge transformation makes
the gauge fixing problem more complicated. Therefore, more ghost fields than the
usual BRST-ghosts are required. The full set of fields in the topological action can
be displayed as follows (cf. [26, Eq. (15)]):

bosonic A Fy

ghost C C \j X
bosonic b o b )
ghost H

The bosonic fields are b € C°(M,Ad E) and ® € C*(M, Ad¢ E), b € A% (Ad E).
The ghost fields are Grassmann-algebra valued forms. Their corresponding commut-
ing forms are denoted by ‘—’. They are

C — C®(M,Adc E), H — C®(M,AdE),
U — AL(AdE), X — AF(AdE).

We have the following BRST-transformation rules:

QA = —diC+7, QU = —ds,9-[C, 0], Q& = —[C,9],
QFA = dA‘II'—[CaFA],

oC = -ic.C)+@,

0C = b, 0b = 0,

oxX = b, Qb = 0,

0% = H, OH = 0.
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If we set the ghost C that fixes the ordinary Yang-Mills symmetry to zero, we obtain
the transformation law of the basic multiplet (A, ¥, ®) in Eq. (2.4).

2.4.2 The observables

The operator d+@ is exterior differential on M x2* /& with (d+Q)% = 0. A+C is the
canonical connection on the universal bundle defined in Sec. 2.1 with the curvature

S=F4+7+9.

The observables are cohomology classes of H*(M x 2*/8) = H*(M) @ H*(A*/®).
The classes can be interpreted as local functions of the fields which are Q-invariant

modulo d-exact terms. Given any invariant symmetrical exterior polynomial P of
degree [ it follows from (da+c + @) F = 0 that (d + Q)P(F) = 0. The expansion in
the form-degree r on M and 2l — r on 2*/® shows that for

P@E) =D PE)™

the descent equations
@P(%‘)Tﬂl—r + dP(%')r+1,2l—7‘—-1 =0

are satisfied. Evaluating P(F)"%~" on an r-cycle of M gives the component in
HZ-7(%*/®). This is the BRST-interpretation of Eq. (2.6). One can check that
in the presence of the ghost-field C' the components of tr§?, in particular W>* and

W2? remain unchanged. It follows that

1
W; 0= 2 tI'Mat(2,C) ‘I’Z(p) ) (2.13a)
1
Wit = — | truaeo (-20F+wnY) (2.13b)
PN

remain the same as in Eq. (2.5). The de Rham cohomology classes p(e) of B* in
Eq. (2.7) are the expectation values of gauge-invariant observables in the topological
Yang-Mills theory [16, 17].

2.4.3 The partition function and the generating functional

The partition function for the topological action is formally defined as the path inte-
gral

Z = / [DA Db Db D D® DX DY DH DC DC) ¢S . (2.14)
=DX
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We have fixed a reference connection Ay on the bundle £ — M such that Fj, is
anti-selfdual. We define an honest one-form by B = A — A, and set

V:—tr{—*[X/\(FX+%pb)]+6dj,\Il+5(— :,OB—%E)} voly, (2.15)

where p is a real parameter. The full action (2.12) was computed in [26, Eq. (18)
and Eq. (22)]. V is written for the adjoint representation as we are considering the
bundle Ad £ — M. The simplest topological invariant is the partition function itself.
It vanishes unless 8k = 3(1 + bF) [16].

The correlation functions are the integral representation of the Donaldson in-
variants in Eq. (2.8). In order to compute the generating function, one introduces
source-terms and the generating function

/ [DX] e S+eWpi+swy?

The following theorem is due to Witten [16]:

Theorem 7. The generating function for the Donaldson invariants on M is equal to
the generating function for the correlation functions of the supersymmetric, topological
SU(2)-Yang-Mills-theory on M :

Z(p,T) = / [DX] e~ StpWp +EWz? (2.16)

Witten [16] showed that in the evaluation of correlation functions, the path integral
is localized to the integral over the BRST-fixed-point set. Thus, the path integral
can be computed in the semi-classical limit by carrying out a quadratic expansion
about the critical points of the action functional. In [26, Sec. 5] it was shown that
the BRST-fixed-point set, i.e., every stationary point of the action S, constitutes a
universal gauge connection plus a tangent vector on the universal bundle described
in Sec. 2.1.
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Chapter 3

The geometry of the
Seiberg-Witten curve

In this chapter, we investigate the geometry of the Coulomb branch as it is fundamen-
tal for the definition and the understanding of the low-energy effective field theory.
We will first consider the family of elliptic curves introduced by Seiberg and Witten
in [19, 20]. In particular, we will be concerned with the rational elliptic surface con-
structed by Seiberg and Witten in the context of the N = 2 supersymmetric pure
SU(2)-Yang-Mills theory.

The description of the Coulomb branch will be given in terms of special functions
using the results in [19, 20, 23, 25, 22, 30]. The purpose of Sec. 3.1 through Sec. 3.6 is
to develop a consistent notation and put the computations in the context of a rational
Weierstrass surface Z — UP. In Sec. 3.7 and Sec. 3.8, we will turn to the determinant
line bundle for the vertical d-operator coupled to a holomorphic line bundle on the
elliptic surface Z. In Sec. 5, we will use the vertical 0-operator in the definition of the
quantum field theory on the elliptic curve at the boundary. In Sec. 3.8, we use the
results of Quillen [77], Bismut and Bost [82, 83], Seeley and Singer [81], and Atiyah
[80] to show that the determinant line bundle extends across the nodal fibers and to
compute its local and global anomaly.

In Sec. 3.9 and Sec. 3.10, we show that a BPS-state in physics defines a SU(2)/Z,-
bundle V. — Z together with an Hermitian Yang-Mills connection on the elliptic
surface. We use the description of these bundles given in [69, 66, 70]. In Sec. 3.9, we
determine the fractional instanton number of the BPS-states by computing the global
anomaly of the d-operator coupled to V. In Sec. 3.10, we show that the construction
of the bundle V' on the rational surface Z is equivalent to the geometric quantization
of the BPS-states.

3.1 The rational Jacobian elliptic surface

In this section, we discuss the family of elliptic curves which is called the Seiberg-
Witten curve in physics. Every elliptic curve E can be written in Weierstrass form
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as
yY¥=2"+Az+B, (3.1)

where A and B are numbers such that the discriminant A (A, B) = 4A% + 27B? does
not vanish. In the homogeneous coordinates [X : Y : W], Eq. (3.1) becomes

WY? = X%+ AXW? + BW?,

One can check that the point P with coordinates [0 : 1 : 0] is always a smooth point
of the curve. We consider it the base point of the elliptic curve (cf. [69]). P also
serves as the origin of the group law on E [65]. The two types of singularities that
can occur as Weierstrass cubics are a rational curve with a single node, which appears
when the discriminant vanishes, or a cubic cusp when A = B = 0.

We study a family of cubic curves, i.e., a Jacobian elliptic surface, parameterized
by the base space CP'. We fix a line bundle N' — CP!. A and B are then promoted
to global sections of N®* and N'®® respectively. The discriminant is a section of N'®'2,
If these sections are generic enough so that they do not always lie in the discriminant
locus, we obtain an elliptic fibration 7 : Z — CP! [69]. Each fiber E comes equipped
with the base point P, which defines a section S of the elliptic fibration. The bundle
N is the conormal bundle of the section S, i.e., m.(vs) = N1 [69]. Concretely, we
consider the Weierstrass fibration with A and B given by the polynomials

u? 1 u 2 4

1))=——=+- B(lu:1)=—— —

Allu:1]) =5+, (fu:1]) = 5 — 574

in the coordinate chart [u : 1] € CP. Then, Z describes a rational elliptic surface
[65, Sec. 4.7]. The discriminant is A = (u — 1)(u + 1)/4096. The j-invariant of the
elliptic fiber F, is

_ B (-3

A T (w—-Du+1) (3:2)

J(Eu)

Since two elliptic curves are isomorphic if and only if they have the same j-invariant, it
follows from Eq. (3.2) that the fibers over u and —u are isomorphic. The isomorphism
is given by

, (z,y) <« (y) = (—zw)
U U=y, (A,Ig) o (A’,%?’) _ (A,—g) : (3:3)

The j-invariant is a function on the base space CP!. For the singular fibers at u = £1
and u = 00, j has a pole. The local behavior of j is determined by the order of A,
B, and A. However, the knowledge of the j-function does not determine the elliptic
surface. In addition, information about the monodromy is needed which we will
discuss in Sec. 3.3.

For u — =1, the sections A, B do not vanish, whereas A has a zero and j a pole
of order one. From Kodaira’s classification of singular fibers [65], it follows that the
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elliptic fibration develops a node at u = %1, more specifically a singular fiber of type
I;. In each smooth fiber, we obtain the following points with ¥y = 0, which are the
points of order two for the group law of the elliptic curve:

u u?—1 u
.1;—6:}: 5 T3 y=0. (3.4)
Viewed as elements of the Jacobian torus they correspond to the even Spin-structures,
which are labeled (A, A), (A, P), (P, A) in physics. We observe that under the dif-
feomorphism in Eq. (3.3) the point with z = —3% is invariant, but the other two
are interchanged. We will follow the physics language [41, Sec. 4] and call the Spin-
structure with z = —% the Spin-structure (P, A). We will explain later that the
invariance under the diffeomorphism in Eq. (3.3) is equivalent to the invariance un-
der I'g(4). The point at infinity corresponds to the identity element of the group law
or the odd spin structure (P, P).

The group law of the elliptic curve determines that adding the order-two points

with z = ¥ + ——-—“‘;_1 and z = 2 — Y2=1 gives the order-two point with z = -3

(P,A) = (A’P)+(AaA) )
and
(P,P) = (A, P) + (A, A) + (P, A) .

The second chart of the base space is [1 : v] € CP!, and the intersection of the two
charts is given by u = 1/v. For non-zero v we can always replace z and y by zv? and
yv® respectively. The sections A, B then have the following form

v ot v 208

A([l:'v])=—§+z, B([l:v])=ﬁ—2—7.

The discriminant is A = 1/16v'%(v — 1)(v + 1). The order-two points are given by

r=v l:|: 1—v? v =0
~Y\6 2 T3 Y=Y

For v — 0, the elliptic curve in the fiber develops a cusp. Writing A = A'v? and
B = B'v3 leaves the j-function invariant, i.e.,

] 28 33 A3 28 33 AI3

J = A = A/ .

For v — 0, the sections A’, B’ do not vanish, whereas A’ = 1/16v*(v — 1)(v + 1) has
a zero of order four. For

y2=m3+A’x+B’,
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we obtain the following points of order two:

1 V1—-22 1
= — + _—— =40. .
T=g 5 T3 y=20 (3.5)
Going from A, B, A to A, B', A’ is called the quadratic twist. After the quadratic
twist we have a singularity of type I, at v = 0. From Kodaira’s classification theorem
[65, Sec. 4.2], it follows that the elliptic fibration before the quadratic twist has had
an If-singularity at v = 0. This proves the following lemma:

Lemma 2. The family of elliptic curves considered by Seiberg and Witten is a Ja-
cobian rational elliptic surface w : Z — CP. In particular, the elliptic fibration has
singular fibers of type I (nodal curves) at u = +1, and a fiber of type I} at u = oco.

We will call the punctured base curve the u-plane UP = CP! — {~1,1, 00}.

3.2 The Seiberg-Witten differential

In this section, we will describe an explicit parameterization of the family of elliptic
curves in Eq. (3.1) in terms of the Weierstrass elliptic function. We will obtain an
explicit formula for the periods of the family of elliptic curves by integrating the
holomorphic differential over an ordered basis of Hi(E,).

If we start with the family of elliptic curves given by

2_3_ .2 & _ (2_ 1)
N =r UI+4 riz U21+4,

the substitution y = and = + § = r leads to Eq. (3.1)
v =23+ Alw)z + B(u),

with

u? 1 u 2

Alu) = ——+ - Bu) = — — —u°.
W=-3+3 W) =153~ 3¢
The substitution 4y = y and 4x = z converts the equation into the Weierstrass

normal form

y? = 4x3 — gy(u) x — g3(u) , (3.6)
where
w2 1 U 1,
gz(u)—ﬁ—l—é, 93(“)——@‘1‘%“ :

We check that the modular discriminant and the j-invariant are

. g (4u® - 3)°
(u—1)(u+1), ']:1728Z~64(u—1)(u+1)'

1
A =9~ 2793 = 106
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The roots of Eq. (3.6) for y = 0 are given by

_u+ u?—1 _u uz —1 or — u
Y g = 2T x g %712

For u real and u > 1 we have A > 0 and e; > 0 > e > e3. The solutions of Eq. (3.6)
are given by the Weierstrass elliptic P-function and its derivative

X = P(Z I g2, .93) ) Y= Pl(z I g2, 93) .

The Weierstrass function has a pole at z = 0, and P(z) — 272 is analytic in a neigh-
borhood of z = 0 and vanishes for z = 0. Throughout this chapter we adapt the
notation of [1, Sec. 17, 18] for the Weierstrass elliptic function and the complete el-
liptic integrals. The map z — (X,y) is a parameterization of the elliptic curve by
the parallelogram for the modular parameter 7 in the complex plane. We introduce
e; = P(wi|gs, g3) such that 0 = P’(w;|ga, g3), and

w=w;, wH+w=w, wW=uws.

The Weierstrass elliptic function P is an elliptic function of order two with periods
2w and 2w’. We will also use the notation P(z|w,w’). The definition of g, g3 is
equivalent to

’ 1 ’ 1
92 607:4:42 (2n1w + 2nw')4 93 T;m (2n1w + 2 ngw')®
Under the rescaling
w — Ccwy, Wy — Cws ,

7 and j remain unchanged, but g, and g3 are rescaled by

g2—c'ga, gz—clgs.

Thus, the Weierstrass elliptic function identifies £, in Eq. (3.6) with points in the
class of parallelograms (2 cw, 2 cw’) for the modular parameter 7 in the complex plane,
ie., z€C/(2cw,2cw’) with c € C*.

Remark 1. The family of elliptic curves considered by Fintushel and Stern in [5]
is related to the family in Eq. (3.6) as follows: the coordinate y in [5, Eq. (4.2)] is
y = 8x and y' = 8y, the parameter of the family of the elliptic curve is x = u/2.

The connection to the complete elliptic integrals is given by introducing the two
parameters

€9 — €3 9 1 ’
m = =(u—Vvuz-1)"= , m=1—-m.
€1 — €3 ( ) (u+ Vvu? —1)?
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To invert the relation one has to choose a square root of m. We pick

1 1
U= 5 (\/m+——— %> )
and obtain using [1, Sec. 18.8]

K(m)

w=———t_=20/2miK(m), o =2V2imiK'(m),

V€1 — €3

where the complete elliptic integrals of the first and second kind are given by

K(m) = ngl(l, %;1)m) ., E(m)= fm( . % %;llm) .

2 2 2

The complementary integrals are K'(m) = K(1 —m) and E’(m) = E(1 —m). Thus,

the modular parameter is

The derivatives of the complete elliptic integrals are

a‘% E(m) = % (Bm) - K(m))

and the Legendre relation is

E(m) K'(m) + E'(m) K(m) — K(m) K'(m) =

The Weierstrass (-function {(z|gz, g3) is defined as the solution of

C’(z|gz,93) = —P(z|g2, 93) -

™
5 .

(3.7a)

(3.7b)

(3-8)

with a pole at z = 0, {(z) — 27! analytic in a neighborhood of z = 0, and vanishing
for = = 0. The function ((z) is not elliptic as it is not periodic, but quasi-periodic

(cf. [40, Sec. 19]). The quasi-periods are

i = C(wi|g2,93) )

andn =m, n+7n = n, and 7 = n3. In terms of complete elliptic integrals [1,
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Sec. 18.8], they are

n = K3 Bn) + (m - 2) K(m)]

, _ L K'(m) _m

"= ZK(m)n 2w

It follows

1
1= e BB+ (m—-2) Km)]
;o i1 K'(m) ) (m — N i
Tz Gﬁm%K(m)[:SE( )+ 2) K )] 4v2mi K(m)

The Legendre relation in Eq. (3.8) becomes

, ;o T
nw —nw= 7.

The fiber E, over each u can be described as follows: We have two sheets of the
x-space for to the two roots +y which satisfy Eq. (3.6). These two sheets are joined
pairwise together by two cuts connecting the points with y = 0. The first cut runs
from e; to e; on one sheet and back on the other sheet and is called the B-cycle.
The second cut runs from ez to oo on one sheet and back on the other sheet. The
line running from e3 to e; on one sheet and back on the other sheet is called the A-
cycle. The holomorphic differential or differential of the first kind is given by dx/y.
It follows by substitution that

d €2 w2
/ B d—":z/ dz=2u
B-cycle y e1 y w1

d 2 g s
/ @ 2/ X _o | dz=2w.
A-cycle y es Y w3

The meromorphic differential or differential of the second kind is given by xdx/y.
We check that

xdx €2 xdx w2

- :2/ —_ =9 C’z , dz::—2',
»/B-cycle y e1 y w1 ( |92 93) 7

xdx €2 xdx w2
/ = 2/ —— =2 ('(2]92,95) dz = =217
A-cycle y e3 Yy w3

Let us define the meromorphic one-form

2 d d
A5W=—u—x+8gx—x,
3y y
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where g € R will be determined, and

4 2
ap = / dsw = —uw —16gn' = = <-— \/m)w—16
B-cycle 3 3 Al gn

4 2
Asw=-uw—16gn= = (— vm|w—16g7.
/A-cycle 3 3 \/_ 97

w
Il

A short calculation using Egs. (3.7) shows that

Similarly, a calculation using Egs. (3.7), (3.8) shows

dap _ K'(m) V2 E(m)
el ZK(m) - (g+2)(1+m) T (gm —m + 3) K(m)
e 1
— ——2(1_m)(g+2)(1+m)K,(m } .
g = —2 is the unique value for which
ﬂ‘l’la—mD = iK,(m) =T.
& K(m)

In the following, we set g = —2. It follows

da dadm _ V2(1—m) Am?
Pl e (‘ =2

m

Similarly, we have

% = —i———\/ﬁ(lgm) K'(m) (— 4m§)=2w’.

m

Differentiating the Legendre relation

w' a—wap = 1677,

we obtain

0=ad(trw)—apdw=(ar—ap)dwt+awdr.

Using the Legendre relation again, we obtain

adr=—

1372”dw . (3.9)
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We summarize the computations of this section:

Lemma 3. For the family of elliptic curves
yi=x"— g2(u) x — gs(u) ,

with
2

u 1 u 1

QQ(U):E—E, 93(U)=-T§2‘+mu )

an identification of the fiber E, with the fundamental parallelogram for the modular
parameter T in the complex plane, i.e., z € C/ (2w, 2w’y with 7 = W' /w, is given by

x = P(z|g2, 93) , y= 73,(2|927 g3) -

The canonical holomorphic differential on each fiber E, is the one-form dx/y. The
A-cycle is given by the cut e3 & eq, i.e., connecting the two points with x = e3 and
X = ey, and the B-cycle by e; & e5. The periods are

d
/ & 9w =2v2mi K'(m) (3.10a)
B-cycle y
dx 1
/ _=2w=2\/§m4 K(m) ) (310b)
A-cycle y

The relation between 7, u, and m is

m = (u—Vuz—-1)?2,
)
S NGO

K(m)

Moreover, we have the meromorphic one-form

2 d d
Asw = cu = —16x X
3y y
such that
/ )\SW =ap, / )\SW =a, (311)
B-cycle A-cycle
and
d d
- )\5W:2w', - /\S =2w. 3.12
du B-cycle du A-cycle v ( )
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On the total space Z — UP, the two form du A dz/y is exact with

du/\ix-=§d)\ngd<ud—x—1—2§xd—x> . (3.13)
y 2 y 3y

3.3 The monodromy representation

In this section, we will compute the monodromy representation around the singular
fibers for the family of elliptic curves defined in Eq. (3.1).

For the regular fibers, we have dim H!(E,) = 2 and an ordered basis A = {a, 8.}
of H,(E,) with the intersection numbers

au-au=0, ﬂu‘ﬂu=07 au'ﬂu=‘ﬁu'au=l-

The ordered basis {ay, 8,} is obtained as follows: we have two sheets of the z-space
according to the two square roots +y which satisfy the equation y? = 23 + Az + B.
These two sheets are joined together by two cuts connecting the points with y = 0.
We choose for the two cuts the line

li: (z,y) = (463 = —g,O) 2 (z,y) = (00, 00) ,

u?—1
Rony

The A-cycle «, is 4e3 & 4ey, the line connecting the point with z = 4e; (or x = e3)
and the point with z = 4e,, and the B-cycle 3, is 4e; & 4e,, the line l5. We observe
that for |u| < oo the A-cycle can never shrink to zero, whereas for u — %1, the
B-cycle shrinks to zero.

To determine the action of the monodromy on the symplectic basis A of the
homology one observes the change on a closed loop around the singular values u =
+1,00. This amounts to constructing a family of diffeomorphisms F; : E, — Ey
with Fy = id and continuous in ¢. The monodromy operator is defined as F}. Since it
leaves the intersection form invariant its differential can be represented by a matrix
M = F, , € SL(2;Z). We can determine this matrix by Picard-Lefschetz theory.
While the order two point with z-coordinate

and the line

7]
ly: (z,y) = (4el=%+i2-—,0> =2 (z,y) = (462=

ol

I=4€3=—?:—%+0(6),
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Figure 3-1: The two z-coordinate sheets joined along a cut and the cut-cylinder

for u(t) = 1 + ee?™ stays at the same point, the order two points with

_ _uft) uw(t)2 -1 1 V2 - .

Tz = 4de; = 6 + 5 —6+—2 Vee™ + 0(e),
B _ u() w(t) -1 1 V2 . .

T = 4dey= 6 5 =5" 3 Vee™ + O(e),

turn in a half-circle into each other. Thus, the B-cycle, 4e; & 4ey, is transformed
into itself. The A-cycle, 4e3 & 4e,, picks up a contribution 4e; = 4e,.

Since for u — 1 the B-cycle vanishes, it is easier to describe the situation in terms
of the complementary torus which is obtained as the boundary of the complement
of the solid torus embedded into R3. For this complementary torus, the A-cycle
vanishes for u — 1 and the complementary torus develops a node. The situation can
be described by a cut cylinder where two copies of the plane are joined along one cut.
Each copy of the plane is homeomorphic to the half-cylinder. The cut represents the
part of the torus developing the node, i.e., the circumference of the cylinder. The
circumference is called the vanishing cycle A of Picard-Lefschetz. The component of
the B-cycle intersecting the cylinder is a line V and is called the vanishing cocycle.
We then have V - A = a,, - 8, = 1. The situation is shown in Fig. 3-1. For u(t) as ¢
progresses, the cut will start turning counterclockwise where F; remains the identity
outside of a large compact set containing the cut as shown in Fig. 3-2. It follows that
for u = 1+ €€e®™ for t — 1, we obtain for the transformation of the A-cycle and
B-cycle of the original torus

A — A
V —» —-A+4+V.

Thus, the monodromy action on .A C H;(E,) when encircling the point u = 1 is the
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Figure 3-2: The monodromy for u(t) = 1 + € e?".

Figure 3-3: The two z-coordinate sheets joined along a cut for u = 1 + lim;_,; ee®™™.

1 0
m=( 1),

For u — oo or (v — 0) the elliptic curve develops a cusp since both the A-cycle,
4e3 = 4ey, and the B-cycle, 4e; & 4e,, shrink to zero. However, after carrying out
the quadratic twist with v = € e?™ the A-cycle becomes

1

1 V1—22 1 € .
46?3:——5—’46,2: 6 5 §+Ze4mt+o(€4),

matrix

and the B-cycle becomes

1
2

1 V1—2? 1 e,
ﬁ46/2=6“ . v =_§+%64Mt+0(64)'

For v — 0 the A-cycle shrinks to zero. In particular, for ¢ — 1 the point with z = 4é),
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turns in a circle around the point with z = 4ej twice whence transforming the A-cycle
into itself. However, the B-cycle connecting the point with z = 4e] with the point
with x = 4e;, picks up a contribution from the A-cycle. The monodromy action for
v = lim,_,; € 2™ after the quadratic twist is

(1 4
M _(0 L)

We denote this action as the inverse matrix since we go around the point v = 0
counterclockwise which is equivalent to encircling u = oo clockwise. The quadratic
twist itself can be formally obtained by a change of variables according to x = z’ v and
y=1 V3, Then, the monodromy picks up an extra minus sign under a full rotation
v — lim,_,; v €*™ since the two sheets covering the plane are swapped. In conclusion,

we have
1 [ -1 —4
(34

The matrix M_' describes the monodromy action on A when going around v = 0
counterclockwise — which is equivalent to going around u = oo clockwise. Finally,
since My, = M;M_; we obtain

o =ae= (55

The general theorem for punctured discs implies that the elliptic fibration is deter-
mined by the j-function and the monodromy action [65]. Since 7 (UP) is free on
two generators, we can pick as generators the loops encircling (counterclockwise) the
points © = 1 and u = co. We have proved:

Lemma 4. The family of elliptic curves constructed by Seiberg and Witten determines
by the monodromy action around the singular fibers a representation

M : m(UP) - SL(2;Z) .

The monodromy matrices up to conjugation by elements in SL(2;Z) are determined
by the Kodaira type of the singular fiber. For u = %1 the degenerate fiber is of type
I, and the monodromy matrices My, M_, are conjugate to T with

- (31).

M, =STS™, M., = (TS)T (T29)!,

In particular,
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with

0 -1
s= (0.
For u = oo, the degenerate fiber is of type I}, the monodromy matriz M_! is —T*.

The three monodromy matrices M, around the three boundary circles v € m;(UP)
satisfy

M—h Mla M;)l € F0(4) ’

where T'o(4) is the subgroup of lower triangular elements in SL(2;Z) modulo 4.

3.4 The u-plane

In this section, we describe the modular parameter and the discriminant for the family
of elliptic curves defined in Eq. (3.1) in terms of the Jacobi ¥-functions.
The inverse relation between the modular parameter 7 and m in Lemma 3 is

m= A7),

where M is the elliptic modular A-function invariant under I'(2). The A-function is
defined for all 7 in the upper half-plane H by
93(7)
MT) = 2.
") =550

The J-function is defined as

,19(27 R) — Z e1rin2R+27riz ,
and the Jacobi ¥-functions ¥;(7) are
() = duolR) = e 0 (5.R) = QU (3.145)
2
neZ
93(R) = Boo(R) =9(0,R) = > _ Q" , (3.14b)
nez
1 n2 n
94(R) = oa(R) = 0 (5, R) A (3.140)

with Q = e™2. In general, we write

N, b
Oap(R) = e RE+2mie g (gR+ 3 R) :

42



The I'(2)-modular invariance of A\ means that

Ar+2)=A1), A (2711) = (7).

Thus, choosing the square root /m it follows that

_l( e LY L9 400
v (f+ m) 2 a(7) O5(T )

and from Eq. (3.10) that
w = V2m B5(1) ¥5(7) .
We also compute the discriminant

1

_ o-14 J4(7) 2__ )12 [%192(7-) U3(7) Da(T )]
4 (A0 - en

(1) 93(r [2v/27 ¥ (7) F3(7)] 2
12 7 ( ) 1 U4(7) 1
- e (5

where we have used the identity
93(R) = 93(R) - 93(R) ,

and the Dedekind n-function

)
H 2mn R

that satisfies
1
773(R) = 5192(R) Y¥3(R) 94(R) .

We have the useful identity

mt du\? (i du
A=— 918 == - .
wt (") (da) (7r dr)
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We have the following transformation rules for the ¥-functions and the n-function

and

1rza

Jap(R+1) = e 4 ¥4 (p1a+1)(R) ,

ﬁab (

R

+1) =efi y(R),

—l> — ™0 VR Oyu(R)

n( ) vV-iRn(R),

D(atan)br2m) (R) = €™ Igp(R) .

In conclusion, we have the following transformation rules:

T = tr=T-1 = 7+1

’192(’7') > 192(7'7*) = \/;192(7')
U3(7) = J3(7r) = Uy(7)

Va(7) = Ua(7r) = 793(7')4 .
u=J(r) = ur=J(m) e
T — T2 =1T%-T = 7+2

’192(7') — '1.92 (TT2) = 1 192 (T)
‘193(7') — ’193(TT2) = 193(7')

¥4(7) — P4(772) = Y4(7)
u=J(1) — up=J(rr2) = —u

T — Tps =151 = 743
u=J(1r) — ups=J(rrs) = —ur

T = Tpa=T%T = 7+4
u=J(1) — up=J(re) = w

T = Tg=S5-T = —1/7

o (T) = 99(7g) = /—iT94(7)
V3(7) — U3(7s) = V=it ¥;(7)
Y4(7) — Yq(T5) = \/——47 1924(7)
RSN TREC
T — Treg=12%S-T

u = J('r) = Up2g = J(’I‘Tzs) = —Uus

(3.19a)
(3.19b)

(3.19¢)
(3.19d)

(3.20)

(3.21)

The function w is defined on H/T'¢(4). Since we have picked a square root of A(7) in

the definition of u, the function is defined on H/T'z(4) as opposed to H/T'(2).

Remark 2. The fundamental domain for T'y(4) is

H/To(4)
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1.5

000K

-1
o

=l ] 1 2 3 -5 -1 05 0 0.5 1 15

Figure 3-4: The mapping from H/I'4(4) (with the six copies of the fundamental
domain) to the u-plane (with the points v = 1 (J) and u = —1 () removed)

The T'(4)-invariant bijective map

J:H — UP=CP'—{-1,1,00}

T = Uu.

1s depicted in Fig. 3-4, where the u-plane is covered by siz charts.

The isomorphism in Eq. (3.3) is the action 7 — 7+2 or u — —u which corresponds
to the projective action of the matrix

(01)

For Im 7 — oo and Re 7 fixed, we have ¢ = €™ — 0. The first terms in an asymptotic
expansion of v and w are
1 Y qll‘

u ~
8qi 2

+ O(q%) . we~ 2v2mgd +4\/iwq% +O(q%) .

Thus, we have u — oo, for In7 — oo and Ret fixed. On the other hand, for
T = a + 13 we have

—a + 10

o? + ’82 ’

whence 7¢ — 0 for Im7 = # — oco. The first terms in an asymptotic expansion of ug
are

Ts =

us ~14+32¢+0(¢?)
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Thus, we have ug — 1 for 7¢ — 0.
If we define the vectors of the periods and the quasi-periods (cf. Lemma 3)

Q= (J(1),w(r))*, (3.22a)

H = (ap,a) = (2% W'(1) + 327/ (7) 2u

>y w(7) + 32 77(7')) , (3.22Db)

one can check that they transform in the representation 71 (UP) — SL(2;Z) deter-
mined in Lemma 4:

T — T+4

u —  lim,_,_; u e

QH - M QH= ( "01 :‘f ) -Q,H

T — STS._lT = =13 »

u — 1+ lim;q(u— lie : (3.23)
QH —- M- -QH= 11 -QH

T o TSTST 7 ==H

u — =1+ limg;(u+ 1) e2m

QH - M_,-QH= ( j §>QH

3.5 The integrable system

In this section, we describe the Seiberg-Witten curve as an integrable system for the
universal curve H/To(4).

Let (z,7) be the complex coordinates on C x H, and w : H — C a holomorphic
function of 7 with some additional properties specified below. We also set w'(7) =
Tw(7). Let Z x Z act on C x H trivially on H and by translation by 2n; w + 2ny o’
on C x {7}. Then,

33=(CxH)/(ZxZ)— H

is a holomorphic fibration with fiber C/ (2w, 2w’). Locally, we can use the com-
plex coordinate z € C to define the holomorphic differential dz. The cohomology
H°(E,, K) is one-dimensional for all 7 where K = T*(1:9F, . They fit together into
a line bundle, and dz is a local holomorphic section with norm square 4 Im 7 | w(7)|2.
Equivalently, we have a family of positive polarizations given by dz A dz on each fiber
such that

/ dz Adz=—8iIm7 |w(T)|” .

-

For all 7 we can define a symplectic basis A = {a,, 5,} € H1(E,) as the images of
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[0,2w(T)] x {r} and [0,2w'(T)] x {7} such that

/ardz=2w('r), /fdz=2w'('r).

The action of the modular group PSL(2;Z) on 7 € H lifts to an SL(2; Z)-action on 3.
Conversely, a change of the symplectic basis {a;, 8} transforms 7 by an element of a
discrete subgroup in SL(2;Z). In the case of the family of elliptic curves considered
by Seiberg and Witten, the discrete subgroup is I'g(4) C SL(2;Z). We obtain as the
well-defined quotient the modular elliptic surface of index six

3=3/To(4) — H/To(4) .

We identify this modular elliptic surface with the holomorphic fibration Z — UP as
follows: we identify the base space with H/I'o(4) by the map J : UP — H/T,(4).
To identify the holomorphic fibration Z — UP with 3 — H/I'x(4), we need a holo-
morphic symplectic two form n € Q29 (Z) which identifies T*UP with the invariant
vector fields along the fibers. As shown by Witten [30], for the Jacobian family of
elliptic curves in Eq. (3.1) there is such a global holomorphic two form 7, given by

n = duA ‘;—”” , (3.24)

where (z,y) are the Weierstrass coordinates in Eq. (3.6) on the fiber. 7 is a holo-
morphic two-form 7 and n A 7 the volume form. We have shown in Lemma 3 that
[n] € H*(Z;C) is trivial.

Now, we change our point of view and fix the square torus on which SL(2;Z) acts
by diffeomorphism. Then dz = 2wdr + 2w’ ds is the holomorphic differential, and
dr A ds is the relative Kahler form. The matrix

M:(‘c" Z) € SL(%2)

acts on the coordinates (7;s,7) € H x R? and the periods in Eq. (3.22) by

T = T=M-71
r — r=ar—>bs
s

— s =ds—cr
_ () i (@) ) w'(7)
a=(50) o= (20))=v- (40
The induced action takes dz to dz. Thus, we can canonically identify the holomorphic
differential dz with du of the cotangent bundle 7*UP. The metric on Z — UP is

g = dudi @ x(u,7) ((dr)*® (ds)?) .
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with x(u,%) = Im7 |w|?%. x vanishes if and only if u = 41 or u — co. At the nodal
points u = =1, the metric becomes singular. We also determine the differentials
invariant under the monodromy action of M; and M, and the whole one-parameter
groups in PSL(2;R) generated by them. For MZ' the action of the one-parameter
group is the flow of 4 = —27iu on the upper half plane. The invariant differential
W, is du/u. Similarly, wa, = du/(u — 1). This construction can be summarized in
the following Lemma:

Lemma 5. The family of elliptic curves constructed by Seiberg and Witten is a mod-
ular elliptic surface denoted by

m: Z—UP,

where the generic fiber is a two-torus T? and 7 is holomorphic. We have the following
description as the polarized universal family of elliptic curves:

z=P(2| 92,93)

Z =11, B) &2 3 =] (v, €/ 2w(r),26/(r)) ) /To(4)

I !

u € UP L T € H/To(4)
lju:«:u) j(ﬂ
(C frmmm— C

The family of positive polarizations is given by dzAdZ, and the holomorphic symplectic
two-form is n = du A dz/y.

3.6 Topological invariants of the Seiberg-Witten
curve

In this section, we compute several topological invariants of the elliptic surface defined
in Eq. (3.1) and of its minimal resolution.

We need to understand the divisors and sections of the rational elliptic surface
Z — UP. The Mordell-Weil group MW () is the Abelian group of sections with the
zero-section S as the identity element. The Neron-Severi group is the image of divisors
modulo linear equivalence in H?(Z;Z). We can explicitly describe the Abelian group
of sections and the divisors in the positive Kahler cone. We determine the surface
singularities of Z — C'P!. To do so, we start with the polynomial in (u, (X:Y: W])

given by

2 3
_ e s, (w1 o, (¥ _ 20\ s
F (X, Y,W)=-Y*W +X +( 3+4) XW +(12 27)W.

The elliptic surface is the hyper-surface F' = 0. The singular points are those at
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which all the partial derivatives simultaneously vanish. We observe that the system
of equations

OF OF _ OF _  OF _

a—X=0’ 8_Y—0, _aW: , a_u—O)

has no solutions. Thus, Z has no surface singularities for |u| < co. Similarly, we can
look at the polynomial

2 4 5 3
_ 2 3 v v 2 v__2_v_ 3
F(X,YYW)=-Y"W+ X +( 3+4> XwW +<12 27)W .

We observe that the system of equations

OF OF OF oF _

ax- 0 awY w " G

ow 0,

has the solution
('U,[X:Y:W]) = (O,[O:O:l]) .

Thus, the point (v =0,[0: 0 : 1]) is the only singular point of the surface Z — C'P!.
It is always the case given a Weierstrass fibration which is rational that the minimal
resolution of its surface singularities is a smooth rational surface that dominates the
plane, i.e., s blow-up of CP? at nine points. However, these points may be infinitely
near to each other!. This is because on such a surface, the anti-canonical class —K is
the fiber class, and is therefore effective and moves in a pencil. Therefore any rational
curve C on the surface must have C? > —2, since C?2 > C?+C-K = —2asC-K < 0.
Hence, since self-intersection numbers can only rise when one blows down, it must be
the case that any rational curve on the minimal model has C? > —2. This means
that the minimal model is either one of the Hirzebruch surfaces Fy, Fy, or CP2. But
one blow-up of Fy or F, gives rise to a surface which also can be blown down to CP2.
The result is that all such rational elliptic surfaces with section are blow-ups of the
plane with exactly nine blow-ups.

The rational elliptic surface obtained by the minimal resolution of the Jacobian
elliptic surface described above has the following Hodge diamond

1 1
q q 0 0
Pg hlt pg = 0 10 0
q q 0 0
1 1

The signature of the elliptic surface is given in terms of its Chern classes ¢; = ¢;(K)

1We thank Rick Miranda for explaining this point to us in great detail.
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and ¢; = ¢»(K) as

C% — 262
3 .

sign(Z) =

The anti-canonical class —K is the fiber class, thus ¢ = 0. The Euler number is
given by the Euler numbers of the singular fibers F; by ¢y = ) e(F;). Thus,

sign(Z2) = —g(e(F_l) +e(Fy) + e(Foo)) .

Let us compare the situation with the standard elliptic surface Zyq — C P! obtained
by blowing up 9 general points in the plane. Each exceptional fiber is a nodal cubic,
and the singularity type is I;. Each of these singular fibers F' contributes equally,
sign(F) = 0 and e(F') = 1. For the singular fibers in an elliptic fibration, one can
define the Meyer’s signature invariant (cf. [80]). It is the quantity

[M,] = G(M,) = Ze(F) + sign(F)

where v € m1(UP), [.] denotes the congruence class of M,, and F, is the exceptional
fiber of the elliptic fibration encircled by 7. The geometric meaning of the quantity
as monodromy of the determinant line bundle of an elliptic operator along the fiber
will be discussed in Sec. 3.8. We obtain ¢(M_,) = ¢(M;) = 2/3. Atiyah [80] also
showed that ¢(MZ!) = ¢(—T*) = —4/3.

Finally, it is always the case that for a rational elliptic surface, the zero-section S
and the smooth fiber-class F' generate a two-dimensional lattices that splits off the
Neron-Severi group which is I @ —I where I is the one-dimensional lattice generated
by a with a® = 1. The two orthogonal generators are S and G = S + F such that

5?2 = —1 (generates-I), G>*=1 (generatesI), S-G=0.

In particular, this is not a hyperbolic plane over Z. The surface is extremal in the
sense that the zero-section and the components of the fibers generate the Neron-
Severi group over the rational numbers Q. It has an order two Mordell-Weil group
MW (r); there is exactly one other section - other than the section at infinity which
we have taken to be the zero-section of the Mordell-Weil group. In the u-chart, we
can compute this section. We know that MW () is generated by sections of the form

(ct. [68])
z = bou? + biu + by, Y= c3u® + cou? + cru + ¢

Substituting into the Weierstrass equation yields the rational solution

We take as the generator of MW () over the rational numbers Q the section with
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x = —3. This proves:
Lemma 6.

1. The minimal resolution # : Z — CP! is CP?#9CP1, i, e., the complez projec-
tive space blown up at nine points.

2. The section S and the smooth fiber-class F' generate a two-dimensional lattices
that splits off the Neron-Severi group which is I & —I (where I is the one-
dimensional lattice generated by T with 2 = 1). The two orthogonal generators
are S and G = S + F such that

S%=—1 (generates-I), G*=1 (generatesI), S-G=0.

3. The Mordell-Weil group MW (7)) has order two and is generated by the Spin-
structures (P, A) and (P, P).

3.7 The determinant line on an elliptic curve

In this section, we discuss the determinant line bundle of the G-operator coupled to
a flat holomorphic line bundle on the elliptic curve E, where u is fixed.

We consider the elliptic curve E, with periods 2w and 2w’ and 7 = % Let
£ = €' + i&? be the complex coordinate on the normalized elliptic curve with periods
1 and 7, and z with £ = = the complex coordinate on the elliptic curve with periods
2w and 2w'. The functions ¢ with the periodicity

P(E +1,€7) = —emrpl(gl €
W(Vl,uz)(gl + Re T, §2 4 Im 7_) — __eﬂ"illzgo(lll,llz)(§17 62)

are
QL) (gl €2) =

. 1—v 1 1-—-v 1—v
exp2m{(n1+ 21>§1+m(n2+ 22—Rer (nl—!— 21))52}.

They constitute a complete system of eigenfunctions for 40¢0; with 20; = Og1 + 10g2.
The eigenvalues of 20; are

2 1- 1-
A — Fnﬂ;{(nl+ 2'/1)7— (n2+ 2V2)} : (3.25)

Since 20 = 28, = 19, the functions {"#?) are eigenfunctions of 28 for the eigenval-

ues
T n+1—1/1 Jr1—1/2
Im7w ! 2 T n2 2 '
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The holomorphic line bundle of positive spinors on E, can be interpreted as a holo-
morphic square root K/2 of the bundle of (1,0)-forms K = T*19F,. The chiral
Dirac operators are

§7=08: C*(KY?) - C®KVQK),
d =-0: C°(KY?) — C®KV2QK).
Equivalently, we view the situation as follows: we take the preferred odd Spin-

structure (P, P) as a reference Ké/ ? and then twist the Dirac operator by a flat
holomorphic line bundle Wy, ., of order two. The twisted chiral Dirac operator is

(v1,v2)

=B C ( KV g W(,,l,uz)) ~ ™ ( K @ Wi ®F) (3.26)
If we set
Pt (2) = Viz o (1) € 0 (K @ Wonm)

v1,V2) — V1,V 00 _1/2
P (@) = VT (1) € 0 (K" ©Winim)
it follows

+ va)+(5) = A2 ) () \/dr @ dz,

(v1,v2)Pni,n2 ning Pnina

B @D~ (2) = AD l) () Viz @ dz .

ny,n2

Using the Kéhler form, we can identify Vdz ® dz with v/dz. Thus, the operator
(—400)(1,,.,) has the eigenvalues

2 2
T n+—1_—y1 T — n-l—l_’/2
Im 7 |w| ! 2 2 2

The (-function regularization gives

2
Indet(—409) 1) = —C'(O)—l—ln( ) ¢(0),

Im 7 |w|

where

Conam(8) =Y .

7 [+ 150 Ity (o + 558) Rer — (ma+ 52))°]

. (327)

which is absolutely convergent for Res > 1. When (v,v2) = (1,1) it is understood
that the summation does not include n; = ny = 0. It was shown in [84, Sec. 5A and
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App. E] that ¢(0) = 0 for (v1,v2) # (1,1), and ¢(0) = —1 for (v1,15) = (1,1), and

det(—409) 1,1y = Im? 7 |w|? |n(7)|*, (3.28a)

Yoy (T) 2

det(—45'5)(,,1,u2) = 77(7-)

(3.28D)

3.7.1 The Quillen metric

The chiral Dirac operator 9y, ,,,) has numerical index zero. Since it is also a skew-
symmetric operator it has a mod-2 index, which is dim ker 9, ,,,). For the odd Spin-
structure (P, P), we have

dim ker 5(1,1) =1 y
and for the even Spin-structures (P, A), (A, A), and (A, P), we have
dim ker 5(,,1,,,2) =0.

The operator is invertible for (v1,v2) # (1,1). The canonical section det(29)(, .,)
trivializes the determinant line bundle such that

” det(25)(ul,u2)“é = det(—465)(,,1,,,2) .

For (v1,12) # (1,1),

= Yoy 0, (O]
det(23)(,,1,,,2) = —T(—’l(')l—) .

There is an extension to the Quillen construction by Belavin and Knizhnik (cf. [41,
85]) when the operator has a kernel and cokernel. We pick a holomorphic varying
basis (¢) for kerd;,. The kernel consists of the constant functions: we take the
constant zero mode ¢ = 1 such that [[¢||? = vol(E,). By Serre duality we can identify
the cokernel ker 6_1‘,1 with the dual of the space of holomorphic one-forms. We pick
X = dz/w as a basis of the holomorphic one-forms with norm ||dz||2 = Im7. We
obtain for the Quillen norm of the section s

det (—485)(1 1)
sl12 = ¢ ) 5|12 = n(r 415012 .

llx||* appears in the denominator because of the Serre duality [41]. It is again possible
to factorize the RHS holomorphically in 7 given the explicit holomorphic trivializa-
tion. By choosing a different trivialization given by x = dz with ||dz||?> = vol(E,) we
obtain

2
Is]f* -

n(r)*

2
2
sl|“ =2
5| llsli?=2n

lsll3 = |

Ba(7)
77
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We will consider the Seiberg-Witten family of elliptic curves. As shown above dz/(2w)
does not transform trivially under the action of SL(2;Z) whereas dz does. Only the
second trivialization gives a global trivialization on the elliptic surface.

3.7.2 The skew-adjoint operator

If Wy, ,.0) is an element of order two, then the operator éﬁ;h,,z) is the chiral Dirac
operator with respect to a different Spin-structure. It follows that

)\(Vl,llz) _ _)\(VLVZ)

n1,M2 —n1+1-2v1,—n2+1-2v;

in Eq. (3.25), and thus the spectrum of #~ @ consists of eigenvalues | An1,na) > With
multiplicity two. The determinant of the Dirac operator has a natural holomorphic
square root, and det d" is the square of a function pfaff d". The square root in
Eq. (3.28b) is given by the relations

_ )\
Yoo(7)/n(7) = (W> ’

e = (L2),

)

. . . 1/2 - .
The metric on E, induces a metric on K, KO/ , and W, ,,), and it gives rise to an
anti-linear isomorphism

Yo(T)/n(T) = (exp(iWT/S)

§: C2(K? @ Wiy ®K) = C®(Ky" © Winym)
by (m,j(m)) = / M
where 7, € C®(K)* ® W) M2 € Co(Ky> @ Wiy, ® K), and (.,.) is the

Hermitian inner product on C'°°(Ké/ ’® Wi vs))- The first order elliptic differential
operator

. gt oo/ 1-1/2 oo/ 1-1/2
P(l/l,uz) =J° a(ul,uz) :C (KO/ ® W(U],uz)) —C (KO/ ® W(V1,V2))
is a complex anti-linear, skew-adjoint, bounded Fredholm operator with respect to
Re(.,.). This is often denoted by P, .,) € F2R (cf. [47)).

We describe the flat holomorphic connection a(L) on the bundle L, = O(Q.— Fy)
given a point @, € E,. The coordinates of the points ¢),, — P, are

v = 4P (20, 02(w) 95@)) . 1= 4P (0l 2(w) gs(w) . (3:29)

2g, is only defined modulo multiples of 2w and 2w’. The holonomy of the flat bundle
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L, = O(Q.— P,) is characterized by their transition functions around the A-cycle o,
and the B-cycle 3,, which can be taken to be constant phases. We identify a section
along a, with €™ times the section, and the section along 3, with e~2™¢ times the
section. A dual basis A* is comprised by the one-forms p and o such that

Sl = 1, Jop =0,
b0 =0, fﬂua = 1,

with

T dz T dZ
p = — _—-+ _——_=d7‘,
T—T2w T—T2W
1 dz 1 dz
o = —_ —— — ={s.

The holomorphic connection on L, = O(Q,—P,) is described in terms of the harmonic
one-forms on F,

a(L)y = 2mif p — 2midpo

_ 20w + 20w 20w+ 20
-7 (‘ ol % T T vol(Ey) dz) (3.30)
™

- vol(E,)

(=Zg, dz + 2q, dZ) ,

with vol(E,) = 4 Im 7 |w|? and zg, = 2¢w + 20w’. We obtain L, = Ké/z Q@ Wi, va)
for

. +1+ 141
==

_il'—'ljg

0 )
2

¢

20, = —hw+nw + (twt ).

We have proved:

Lemma 7. For zg, = 0 which corresponds to the Spin-structure (P, P) in each smooth
fiber it follows

(1) 2

det(—400)1,1y = Im®7|w|? [n(7)|* = vol(E,)? e

2
= vol(E,)? ]A(T)%

For zg, = W' which corresponds to the Spin-structure (P, A) in each smooth fiber it
follows

N L 21C Y  TCo IO P o T
det(—00)(0,1y = nr) | = W —8l27r 2w ‘
= 8}A(T)11_2 :

We also write down the content of the bozonization theorem [115, Thm. 1.3] as it
applies to the Seiberg-Witten family of elliptic curves:
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Lemma 8. For each spin-structure (v1,v,) on the elliptic curve E, with u fized, it
follows

19(1/1 v2) (7') 2

vol(E,) ImT _ ot
( 77(7-) = det(a a )(V1V2) .

% 2
m) |9 01) (7))

3.8 The vertical Dolbeault operator

In this section, we discuss the determinant line bundle of the vertical O-operator
coupled to a flat holomorphic line bundle on the elliptic surface Z — UP. We also
compute the global anomaly of the determinant line bundle.

3.8.1 The line bundles on Z — UP

Let us examine when the bundle of the form O(Q, — P,) with zg, = 2¢w + 20w’
where ¢, 0 are constants lifts to a globally defined line bundle. As we encircle the
singularities at u = +1 in a cycle 7 the periods transform as

Qz(t:}’) . Qr:Mv.(‘:}') (3.31)

20, = (20 2¢) - 0, (3.32)

With

¢ and 0 transform as
(20 2¢) — (20 2¢)- M (3.33)

In order to give a well-defined section zg, on UP, zg, can only be shifted by multiples
of 2w and 2w’ which still gives the same coordinates z, and y, in Egs. (3.29). Let us
define the vectors

vi=(m0), voi=(—-d2d), ve=1(0c¢c), (3.34)

with m,d, ¢ € Rt. v; is the eigenvector of the monodromy matrix M;* with eigen-
value 1 with respect to multiplication from the right. Similarly, v_; is the eigenvector
of the monodromy matrix M~} with eigenvalue 1. Finally, v is the eigenvector of
the monodromy matrix MZ! with eigenvalue —1. We observe that

vl-Ml'l—vl = 0,

vi-M7{—vi = (2m —4m),
vi-MZ'—v, = (=2mdm),
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and
V_l'Ml_l—V_l = (2d0),

V—1'M:11—V—1 = 0,
V_1'Mo_°1'—V_1 = (2d —Sd),

and

Voo M{' —ve = (c0),
Voo - M7} — Voo (¢ —2c),
Voo M' — v = (0 —2¢).

Since we need invariance under the monodromy action up to multiples of two we have
to set m,d € Z and ¢ € 2Z. We obtain v; = (1 0), v_; = (1 — 2). Thus, the only
non-trivial element that gives rise to a globally defined line bundle is zg, = w'. The
line bundle O(Q, — P,) corresponds to the even spin structure (P, A) in each smooth
fiber.

3.8.2 The vertical J-operator coupled to a line bundle

We determine the Quillen metric of the determinant line bundle of the Dolbeault
operators along the fiber coupled to the line bundle O(Q, — P,). For the vertical
canonical line bundle of 7 : Z — UP for all |u] < R < oo, we apply the results
of Bismut and Bost [82] to show that we can include the nodal fibers at v = %1.
We denote by UP = UP U {#1}. We have a proper, surjective, holomorphic map
of complex manifolds 7 : Z — UP such that for all u € C the fiber E, = 7~ !(u) is
a reduced curve with the singularities at u = +1 being ordinary double points. We
set wygp = wz ® (m*wgs) ! where wy, wgp denote the canonical line bundles of Z
and UP respectively. w, /G Testricts to wg, on each smooth fiber. Eq. (3.13) shows
that wy is trivial whence w,gp = (7*wgp) ™ . A choice of a Hermitian metric ||.|| on
wy o Testricts to the Kahler metric ¢dz A dz/ vol(E,) on each smooth fiber.

A vertical nowhere-vanishing differential holomorphic one-form is given in the
coordinates of Eq. (3.6) by dz = dx/y. The metric on w, 55 is ||dz| = 1. In
particular, it is a nowhere vanishing section of w, /0P and defines a trivialization. It
follows that

& (wzgom 1) = 0.

Let (L, ||.||) be a holomorphic line bundle with Hermitian C*-metric over Z. Then
there exists a unique connection a on L which is compatible with the holomorphic

structure and the metric. The Hermitian metric ||.||¢ on L|g, determines L*-scalar
products on the fiber F, for C*(E,; L) by

idz ANdz

(01702)L2=/ (01,02) mu—),
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The O-operator on E, with coefficients in L is

Opu:C®(Ey; L) — C*(E,; L wEg,),

its adjoint is gz,u. We can form the following holomorphic line bundle
— -1
ML) — UP  with fibers A(L)y = A™HY(E,, L) ® (Ama"HO(Eu, L)) .

Using the results of [82], the bundle A\(L) extends across the points with nodal fibers.
For u # +1 we can interpret A(L) as the determinant line bundle DET 9y, ,, as follows:
the line bundle A(L) is the determinant line bundle DET 9, ,, over C — {£1} with

HY(E,,L) = kerdy,, H(E,L)Xkerd;,.

The Quillen metric ||.||g of the determinant line bundle is given by the regularized
determinant

Il = 4/ det'(67,,0,,.) Il-llz2 -

Since L and wy gp are equipped with a Hermitian C*°-metric, the Quillen metric is a
Hermitian C*-metric on the holomorphic fibers A(L), for v € UP. The currents 6(4,)
on Z are defined by saying that for every differential form a with compact support

the equality
/ 5(:{:1) Na= / (0%
A Ey=11

holds. One defines the first Chern-class c;(det 9.4, ||-|l@) as a current of type (1,1)
by

_ 1.
c/(DET Op.u, [|-ll@) = 500 log ol (3.35)

where o is a local non-vanishing holomorphic section. The results of [82, Thm. 2.1]
and [83] can the be applied to the situation with L — Z and Z — C'P'. Thus,

c1(DET 9z,4, |I-ll@)
rank(L) rank(L
= - / [ch(L) A Todd(wz, 5P lI-ll)] w0 ——12(—5(1> - 12( )5<—1> (3.36)

rank (L) rank(L)
=/62(L,|I-|Ig)— 12( 0y~ —15 9D -

We have proved:

Proposition 8. Let L, = O(Qu — Py) be the flat holomorphic line bundle L — Z
with T, = —%, yu = 0. Let U be in UP, and o be a non-vanishing C*-section of

58



(L) normalized such that ||o|| = 1. It follows
lole =1A(n)]= .
There exists a ¢ € Rt such that
lollg ~clutlfs  (u—£1).
The holonomy of the section o around u = +1 is €™z, and

= 1 1
a(DET O [l le) = —159w — 5% -

So far, we have considered the family of operators dy,,. Since L is not trivial, 5L,u
is invertible, and we have computed the determinant of the Laplacian

D4(7) |7

n(7)

det 8} 8, , = |AT(T)]2 =

The RHS is a holomorphic function of 7. We have the canonical section det 0, . The
holomorphic section

n(r) 5
194(7_) det GL,u

is the flat trivialization of the determinant line bundle on H with norm 1. The
line bundle is acted on naturally by SL(2;Z), and the canonical section is invariant
up to roots of unity. It follows that we can consider the determinant line bundle
on the quotient H/T'y(4). For u € UP the local anomaly, i.e., the curvature of the
determinant line bundle vanishes. Thus, the fundamental loops in H/T'¢(4) give rise to
well-defined monodromies around u = %1, 0c0. The global anomaly is the monodromy
of the canonical section det 5L,u after quotienting out I'o(4). The bundle DET 5L,u is
isomorphic to a trivial line bundle on the universal covering space 613, the section
becomes a function on the universal covering space UP.

If we consider the operator J,, we have to separate out the zero eigenvalue [80,
Sec. 5]. There is a factorization of the determinant line bundle DET 9, as the tensor
product of £ and H, corresponding to the non-zero and zero eigenvalues respectively.
The bundle £’ has a holomorphic section det’(2)(1,1y whose norm was computed in
Eq. (3.28) to be

VVI(E,) |A(r)®

On the other hand, we can identify H* as the bundle given by the holomorphic differ-
ential dz along the fibers. Thus, H has the holomorphic section (dz)~' whose norm
squared is 1/(4 Im7 |w|?). The product (dz)~! det’(20)(1,1) is therefore a holomor-

phic section of £ with norm |gi((:)) |. Viewed as a elliptic surface over H/T'4(4) we can

- ozl [ 22
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identify dz/2w with d7 as they have the same behavior under the action of SL(2;Z).
This point of view was taken in [80]. However, as dz = dX/Y is globally defined, only
the first choice gives us a global trivialization of ker 0*. Identifying H* with T*UP,
by identifying dz with du, it follows that (DET 8,)* can be identified with 7*UP with
a norm for which the section

n*(7)
20(r)

(3.37)

has norm 1. The line bundle £* is acted on naturally by SL(2;Z). The section (3.37)
is invariant up to roots of unity. It follows that we can consider the determinant
line bundle on the quotient H/M, of the upper half-plane by the group generated
by a monodromy matrix M. Now, if wy is the natural My-invariant differential it
defines a standard trivialization of the determinant line bundle on the quotient. In
this trivialization the section is given by

n*(r) du
2w(T) wa

(3.38)

For A = M3}, we find using the results of Sec. 3.5

n(r) du _ n*(r) du_ m(r)
20w(T) wa 2w(r) W 2w(T)

Uu

For 7 — 7+ 4 we have w(7) = —w(7), u — u, and 7(7) — exp(4mi/12) n(r). We
obtain

T—>T+4
L) i), PO mi(-y) , () (3.39)
2w(T) 2w(T) 2w(T)
For A = M;, we have
2r) du_ ) du ()
2w(T) wa  2w(T) ot (v—1) 2w(T)

For 7 — STS~ 't =7/(1 — 7) we have w(7) - (1 = T)w(7), u =1 —u —1, and

n<_ ! )=er—5 =) n(r).

—r+1
We obtain
T—7/(1=T)
w1 20 ) oy 0 (3.40
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Eq. (3.40) determines the holonomy of the holomorphic section around u = 1 (and
similarly around u = —1). The computed monodromy is equal to the monodromy of

(1) _ A\
2w(T) = Ar)=.

For u — oo, we have 7 — 00, ¢ — 0, and find the asymptotics

u = g% (1 + O(q)),

1
I = —— Inlq|%,
mT o n|q|

I3(1T)94(1) = 1+0(g%.

In terms of the S-dual variables, we find ug — 1, and 7¢ — 0 and find the asymptotics

ug—1 = 32q(1+0(q)),

_ us — 1 _
¢ = Z—(1+0us-1),
1
Imr = - Injug — 1| (1+o(us—1)),
Im7s [w(ts)|? = 27 In|ug— 1] (1 + o(ug — 1)) i

since Im 75 |w(7g)|? = 27% Im 7 |93(7) 94(7)|?. We have proved:

Proposition 9. For the Dolbeault operator 8, along the fiber of Z — UP, the deter-
minant line bundle of the scalar Laplacian A, has a standard trivialization around
the loops encircling u = +1, defined by the one-parameter groups for My,. Since the
determinant line bundle is flat it gives rise to a well-defined logarithmic monodromy.
The (-function reqularized determinant is

det' A, = vol(E,)? |A(T)[¢ .

In particular, there ezists a ¢ € Rt such that
2
det' A, ~ c(lnlu:l:l]) PESIG (u— +1).

Remark 3. The signature operator is D = 0 + 0, where 0, is the O-operator on
(1,0)-forms. But on each fiber E, multiplication by dZ converts 0 into 0,. Their
determinant line bundles are isomorphic and so the the determinant line bundle of
D is flat. The operator D is essentially two copies of 0, and the holonomy is twice
the holonomy computed in Egs. (8.39) and (3.40), which is half the Meyer’s signature
tnvariant.

Remark 4. The results of Prop. 8 and Prop. 9 are in agreement with [82, Thm. 2],
/83, Sec. 13(c)].
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3.9 The Yang-Mills connection on the family of
elliptic curves

In this section, we discuss the rank-two holomorphic vector bundles V with trivial
determinant on the Jacobian elliptic fibration Z — UP. We will consider bundles V'
for the more general gauge group SU(2)/Z,. We will compute the rational instanton
number using the global anomaly of the d-operator along the fiber coupled to V.

Let V be a vector bundle with a Hermitian Yang-Mills connection such that V is
semi-stable. This case was described in [70]: in the generic case, we have a reduction
V0|z, & L, ® L;! where L, is a holomorphic line bundle on E,. The analogue of a
Yang-Mills connection in two dimensions is a flat SU(2)-connection on V. Because of
the semi-stability, the line bundle L,, has degree zero. We equip V,, with a connection
and first consider the case that the holomorphic structure is decomposable. We use
the base point P, to identify the bundle L, with O(Q, — P,) for a point Q, € Z,.
Similarly, we have L' = O(—-Q, — P,).

Let us denote the coordinates of @, — P, as (zy,y,). Then, the point —Q,+ P, has
coordinates (z,, —y,). The coordinate z,, can be described as solution of the equation
Wy = Qo + G2,7 = 0 with w, € H°(E,, O(2P,)). The function w is meromorphic
with a pole only at the point at infinity P,. To generalize this construction to all
fibers, we have to promote a; to a section of N ~®, and @, becomes a section of
the dual elliptic fibration. Moreover, the fiber over u = %1 degenerate to a node.
Therefore, we consider @, a section of the open sub-variety of points regular in their
fibers, and then give an appropriate toroidal compactification at the nodal fibers.
The spectral cover C is the two sheeted (possibly branched) cover of UP given by the
hyper-surface w = 0 in Z.

The bundles produced in this way have the property that the restriction to most,
but not all, fibers carry a flat SU(2)-connection, i.e., the unique holomorphic connec-
tion determined by Q. € Z,. At the branch points with 2Q, = 0, we obtain for the
restriction of V to Z,

V|Zu = O(Qu - Pu) ®F, s
where F5 is the unique non-trivial holomorphic extension bundle of C by C, i.e.,
0—-C—-F,—-C—0.

This bundle does not admit a flat SU(2)-connection [70]. This means that one has
to replace these fibers by non-isomorphic, S-equivalent bundles. Then fitting these
together we can produce a stable bundle which carries a Hermitian Yang-Mills con-
nection, the Yang-Mills connection on V — Z [70].
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3.9.1 The Poincaré line bundle

The connection A, on Vg, = O(Q, — R,) ® O(—Q, — P,) in the generic case with
2Qu # 0 is
T
Au= vol(E,)

1 _ 01 2 0 —: 3 __ 10
"‘(10)’ o_(z‘0>’ "_(0—1'

The application of the results in [70, Sect. 2.3 and Sect. 7.4] shows that conversely
any generic rank-two vector bundle V' with vanishing first Chern class on the elliptic
fibration Z — UP can be reconstructed from its spectral cover C defined by +Q,,—P,:
we start with C xgp1 Z C Z Xgp1 Z. The two-fold covering map 73 from C x¢p1 Z to
Z is obtained by forgetting the first coordinate. We define the Poincaré line bundle
P — £*Z by the commutative diagram

(—Zg, dz® 0® + 2o, dZ® 0%) | (3.41)

with

Jac(Ey)
—

z
B | = .| (3.42)

up 2By

&Z —— P

It is the unique holomorphic line bundle whose fiber over (u,€) is the flat bundle
W — E, for the character £ = o+ 78 — €*(@0=B9) for £ = ¢ + 70 € Jac(E,).
Over (u, ), it is the flat line bundle W_¢ — Jac(E,) for the character £ = ¢+ 76 —
?mi(e0=P%) for £ = a + 78 € E,. The flat metric on E, is the metric along £*Z/Y
which lifts to the constant flat metric along the fibers of Y x C — Y, so the curvature
QE"Z/Y) of the vertical line bundle vanishes. The local coordinate

F=2wé=20w+20u .

does not lift to the total space Y, however, dZ is well-defined. The unitary curvature
of the Poincaré line bundle P is

OF = VOIZTE j (d2 N dZ—dz \dz)

Locally, the unitary connection is

P _ ™ = < I= £ = g
w _vol(Eu)( Zdz+2dz+2dz—Zdz) .

The bundle V' — Z is the push-forward of the the Poincaré line-bundle restricted to
C X¢p1 Z to Z which we denote by 7y, (P). Thus, in the semi-stable case the bundle
V' is defined by the spectral cover as V = my,(P). For a generic connection over a
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smooth fiber, i.e., u # %1, 0o, the kernel of ker 5u(u) vanishes. The dimension jumps
only when either @, is a point of order two (and then V|g, = Fy and it jumps by
one) or @, = P, (and then V|g, = C® C and it jumps by two). From index theory,
we know that the number of jumping points counted with multiplicity is computed
by the first Chern number of the index bundle. From [70, Eq. 7.67] we also have

CQ(V) = —%71'2* (Cl(P)2) .

It remains to explain how we treat the singular fibers over u = £1, co. The Yang-Mills
density is

—2tr(FA/\*FA) = |F14|2 x1.

We will require the gauge connection to approach an asymptotic state close to the
singular fibers. An asymptotic state is a trivial flat connection Ag, on a topologically
trivial split bundle

T

Aou = vol(By) (—Zgo. d2® 0° + 2, dZ® 0°) |

for 2g,, = 2¢ow + 26p w' with ¢g, 0 constant. The connection is of pure gauge since
Aoy =2mi0p dr @ 0% — 2miy ds @ o .

In the remainder of the section, we will determine the possible asymptotic states for
the gauge connection.

3.9.2 The behavior for u — oo

We look at the generic connections A subject to the following condition: The connec-
tion becomes pure gauge for |u] — oo and A approaches a trivial flat connection A
on a topologically trivial split bundle over Zj,~1 such that for |u| — co we have

|A— Ao| = O(lu|™ In|ul]) . (3.43)

The constant flat connection on each fiber E, determines uniquely a holomorphic
structure on the restriction of V' to the fiber. The bundle must split holomorphically
as the sum of two line bundles uniquely up to +1. The assumption (3.43) implies
that

|Fal = O(lu|™%) -
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Then, we have a finite-energy contribution for |u| — oo, i.e., there exists a ¢ € Rt
such that for R > 1

1
/ LYM = / du/\d’l_l// dZ/\dZ'FA|2Sc/ dU/\du Illllll‘l'llF |2
Z|u|>R |u|>R u |’u]>R

\ \
<cf il cone [ arl <oo,
lu|>R |ul >R T

We have used the asymptotics for © — oo

u = 8\/_(1+O(q))

= 641 ; (1+06™),
w = 2V2mgs (1 + O(q)) = % (1 + O(u’l)),

_ ! 2_2 -1
Im7 = —— In|q| —Wlnlul (1+O(u )),

27
(1 + O(u-l)) ,

In |ul

Im7 |w*> = 27 ]

Because of

n léQu - éQOu,
A— Aol = '
| o vol(E,)

we have to have

In?(u
2q. — 2g,.] = O ( u(2 ))
to satisfy the bound in Eq. (3.43). The interpretation of such a choice is that over
the region in which |u| > R is large the bundle becomes the trivial holomorphic split
bundle. The restriction of the extended bundle to the added divisor is the split bundle
of the flat trivial line bundle. The condition of having a trivial bundle over the fiber
at infinity can be viewed as follows: having a rank two vector bundles on the singular
I;-fiber, each component is a smooth CP!. Thus, on each component one will have a
split bundle with the unique holomorphic structure. Now the question is, how these
bundles are glued together. If each bundle is trivial, then there is no issue, as the
result is a trivial bundle which splits. This is because the gluing data would have no
homology, as there are no cycles in the dual graph. However, if there are non-trivial
bundles on the components, then in order for the global bundle to split there should
be more sophisticated matching conditions at the intersection points.
Let us determine which asymptotic states zq,, = 2¢ow + 26y w’ with ¢y, 6y con-
stant are possible. As we move around the point © = oo, the periods transform
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according to
Q - Q=M,-Q.
¢o and 6y transform as
(260 2¢0) — (260 260) - Mg' = (=200 ,—860 — 20) ,
whence
(200 2d0) — (200 2¢0) - M' = (460, 86y + 4¢h) .

The allowed asymptotic states are obtained for ¢, 8y € {0, %} since multiples of two
will shift zg,, by multiples of 2w and 2w'. If we exclude the trivial connection ¢y =
6o = 0, the allowed asymptotic states correspond to the non-trivial spin-structures
(P,A), (A, P), (A, A). This can also been seen from the fact that the coordinates
(Ty,yy = 0) in Eq. (3.4) remain unchanged for u = lim;_,; Re* ** with R > 1.

In physics, the spin structures are called BPS-states for |u| — co. The states
with zg,, = W' +2nw and zg,, = '+ (2n + 1)w are two families of BPS-states
(momnopoles) they correspond to the spin structures (P, A) and (A, A). The spin
structure (A, P) corresponds to an electrically charged particle with zg,, = w. This
explains a remark in [30, Lec. II-18, Sec. 1.7] which describes the BPS-states at infinity.
The spin structures (A, P) and (4, A) only define a SU(2)-bundle for |u| > 1 and
transform into each other when going around u = +1.

The bundle V — Z with V,, = O(Q,— P,)®O(~Q, — P,) is well-defined if @, — P,
for |u| — oo approaches asymptotically an order-two point or the trivial bundle in the
fiber. The asymptotics of the Quillen metric for the coupled Dolbeault operator dy,,
for |u| — oo can be computed from the Quillen metric for the the coupled Dolbeault
operator 5‘/0,“ where V; is the well-defined bundle on Z},)~; given by an asymptotic
state. We have proved:

Proposition 10. The Quillen metric for the Dolbeault operator 5‘/0,“ coupled to an
asymptotic state is given by

det(35, . Ow.) = |5

with b = 4 for zg,, = W', and b = 2,3 for zg,, = w,w + w'. The flat holomorphic
trivialization of DET 0y, for u > 1 gives

2 2
det By,,, = 3285 AryE = B0)

For 7 — 7+ 4, the monodromy of the canonical section around u = 0o is trivial since

P2(T+4) V(1)

V21 +4)  93(r)
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The regularized determinant

A% — 4 12
det(33, . By,.,) = lol* |A(M)

for the possible asymptotic states for |u| — oo are summarized in the table (3.44).

(v1,12) | (6, ) | Spin —struct. | 2g,, |[]o]*

(1,1) 1(0,0) (P, P) 0 vol*(E,)

(0,1) (%, 0) (P, A) W' 1 (3.44)
LD |G| (A4 |wt+w|[0(r)/da()l*

(1,0) [(0,3) (4,P) |w |[92(7) /Fa(T)|*

3.9.3 The behavior for v — +l1.

We look at the generic connections A subject to the following condition: The connec-
tion becomes pure gauge for |u| — +1 and A approaches a trivial flat connection Ao
on a topologically trivial split bundle over Z 41/ such that

|A— Ao| = O(ju 1) . (3.45)

The constant flat connection on each fiber E, determines uniquely a holomorphic
structure on the restriction of V' to the fiber. The bundle must split holomorphically
as the sum of two line bundles uniquely up to 1. The assumption (3.45) implies
that

|Fal = 0(1) .

Then, we have a finite-energy contribution from a small punctured ball B.(+1) of
radius € around u = +1. There exists a ¢ € R* such that

/ Lym = / du/\dﬁ/ dz Ndz |Fal?
ZB,(+1) lutl|<e E.

< —c/ duAdi In|u+1] |Fy)?
Jutl|<e

< —c/ du A du ln|u:i:1|§—c/ drlnr < oo.
jutli<e 0<r<e

We have used that for u — %1 the volume of the fiber E, has the asymptotics
Im7 |w(7)]? = —27 Injuz1] (1 +o(u £ 1)) :

Let us determine which asymptotic states zq,, = 2¢ow + 20y w’ with ¢, 8y con-
stant are possible. As we move around the singularities at v = %1 the periods
transform according to Eq. (3.31) and Eq. (3.33). Let us examine when the bundle of
the form Vg, = O(Qou— Pu) ®O(—Qon— Py) over Z — B(+1) C UP is well-defined.
Let us look at the more general question of which covectors (26 2¢o) are invariant

67



under the monodromy action up to action of the center Z,. The Z,-action is the
action of the constant gauge transformation io? on B((+1) that changes the sign of
the gauge potential

Aoy — —Agu= (2'02)Jf Ao (i02) .
For the vectors defined in Eq. (3.34) we check that
vi- Mt +v, =0, vi- M} £vy=(4m —4m),
and
vo - Mt v = (04d), v M7l Ev_ =0.

Since we require invariance under the monodromy action only up to the action of Z, it
follows m, d € 1Z. The non-trivial central charges 2(™? = 1w’ and 24/ = —w+ 1o/
give rise to a SU(2)-bundle on a small disc around u = +1.

Remark 5. The central charge 2™? = %w' defines a bundle with trivial holonomy

around u = 1, and 2% = —w + L' defines a bundle with trivial holonomy around
u = —1. The bundle for 2™? (and 2¥? respectively) have a non-trivial holonomy
—1 around u = 00 and u = —1 (and u = 0o and u = 1 respectively). This explains a

remark in [30, Lec. II-18, Sec. I1.7] that the BPS-states around uw = £1 do not exist
for |u| — oo.

Remark 6. The bundle V — Z with V,, = O(Q, — P,) ® O(—Q, — P,) is well-
defined if Q, — P, for u — 1 (and u — —1 respectively) approaches Q&m/ 2_p, (and

@ _ P, respectively).

3.9.4 The SU(2)/Zs-bundles on the Seiberg-Witten curve

In this section, we will compute the asymptotics of the Quillen metric for the coupled
Dolbeault operator dy,, for u — £1. It can be computed from the Quillen metric
for the the coupled Dolbeault operator Oy, where V; is the well-defined bundle on
B(+1) C UP for the asymptotic states Qo determined in Sec. 3.9.3.

We describe the case involving the quarter periods. Qo coincides with an order
two point if and only if v = £1 or u — 0o. Thus, we have

Vu € B(£1) C UP: 2Qo, #0.

Let us compute the coordinates of the points on the Jacobian for

R R C J %w' :
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An identity [1] for the Weierstrass function implies

P (30102, 0s0) = 0 = s,

where H2 = 2e2 + e; e = 1/64. Thus, we obtain

U 1

P (300 o 0s0) = ~f5 5.

The points :l:Q,(fn/ 2 P, for +2m/?) = :l:% w’ have the coordinates

xm2) - % L s — & L T
u 12 8
Similarly, for 242 = —w + %w’ we use the identity

P () + 30/ a0 0a) ) = o + .

Thus, we obtain

u 1

1, _
P (-t + 3/ ) ) =~ 5+ 3
The points £(Q/? — P,) for 2/ = +(-w + sw’) have the coordinates

xem — %L e P LT
v 12 8’

The bundles

VM = 0@ - P& O(-Q" - P,),
VO = 0@QE - P)®O(-Q¥ - )

do not exist as SU(2)-bundles on UP because of the non-trivial monodromy. However,
the associated adjoint bundles AdV exist as SO(3)-bundle. For the gauge group
SU(2)/Zs, the first homotopy group is m(SU(2)/Zs) = Zs

Going around the point v = 1 leaves the bundle V(™ invariant whereas the
monodromy action around v = —1 and v = oo is the non-trivial element [—1] in
71 (SU(2)/Zy). Similarly, going around the point u = —1 leaves the bundle V(@
invariant whereas the monodromy action around v = 1 and u = oo is [—1]. Thus, we
have proved:

Lemma 9. The BPS-state for u = +1 define non-trivial SU(2)/Zs-bundles on Z —
UP.

For the asymptotic states +2(/2) = :i:% W', we find vy = :F% and v = 1in Eq. (3.28b),
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and thus for the (-regularized determinant

I N U_1,(7) Iy V11 (1) D11 (T) |7 |94 (7)
det(ﬁv,uav,u) n(7) n(r) Ia(T)  4(7) n(T)
19,%1(7) 19%1(7') ’ 2|?
= 194 7') 194(7_) \A(T) 12

For +2(%?) = +(—w + sw'), we find 1, = F1 and 1, = 0, and

2

9_10(r) V1o(r)

det(g?}’u(f—?v’u) 7;45 5 0.0)

Therefore, we investigate the logarithmic monodromy of the section

~U_1p(7) F(7)
on(r) = a(m)  Va(T)

with b = 0,1. Eq. (3.19) implies that for 7 — 7 + 4

79—%()(7 +4) 19%1)(7 +4) B ﬁ—%b+6(7) ﬁ%bm(ﬂ _ v_
194(7"1'4) 194(T+4) N 194(7') 194(7') B 194(’7') 194 ’7') .

Thus, the monodromy around u = oo is trivial since
op(T +4) = 0y(7) .
Eq. (3.19) implies for 7 — STS™!7 that
ﬁ_%b(STS_lf) ﬁ%b(STS_lT) ﬁb_%(TS—lT) ﬁb%(TS‘lT)

Gu(STS™ 1) 94(STS 1) — 05(TS'7) 0o(TS17)
ST b-1) Dy 140y (STIT) Dy a4y (S71T)
292(5_17') 192(5_17')

Using Eq. (3.20) and b = 0, 1, we obtain

94(STS-17)  94(STS-1r) 92(S—17) 9o(S-17)
P B (b-1) T9(—§+b)b(7) 19(%—1;)1)(7)

Va(T) 94(7)

Thus, the monodromy around u =1 is

op(STS™'7) = e~ 700 ap(7) -
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Finally, we compute the monodromy for 7 — T2STS™'T—2r. Egs. (3.19), (3.20)
imply that

op(T?1") = —ow (7)),
where b’ = 1 — b. Thus, the monodromy around u = —1 is
o(T2STS™'T~%1) = e~ 7% (1) .
We have proved:

Proposition 11. For the Dolbeault operator Oy, coupled to V, = OQu— P,) ®
O(—=Qu— P,) on Z — B.(£1) C UP restricted to a small ball in vicinity of the nodal
points u = 1, the Quillen metric is given by the (-function reqularized determinant

ﬁ-%b(T) 19%1;(7')
'194(7') ’194(7')

2

. (3.46)

2

INGE

Q. — P, must approach either Z'Sl,m/ 2 = %w’ (b=1in Eq. (3.46)) or z,(‘d/ D _u+ % w'
(b=0 in Eq. (3.46)) to give a SU(2)/Zy-bundle over Z. The first Chern class of the
indez bundle in Eq. (3.35) is

1

Sy . A7
501 (3.47)

_ 1
(det il lo) = maca(V) — 56 -

The logarithmic monodromy of the holomorphic section of the determinant line bundle
determines the current contributions to the first Chern class

ié(_l) Zf b= 1, and u0=—1
T4 Co (V ) = %5(1) sz=0, and U0=1
Be(uo) 0 otherwise

Remark 7. Eq. (3.47) generalizes [70, Eq. (7.72)] to include the case of nodal
fibers. The current contribution to Chern class is 1/4 and agrees with a result in
[31, Eq. (8.37)].

3.10 The geometric quantization

In this section, we apply the results of [71] to the Seiberg-Witten family of elliptic
curves. This will give a quantum mechanical description of the BPS-states found in
Sec. 3.8.

There is a globally defined, real, closed non-vanishing two-form form Q on UP. In
terms of the holomorphic two form 7, ) is given by

Q=/ nAT=8iIm7 |w(u)]® duAdz .
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We integrate 1 over the A-cycle and B-cycle to obtain

/ n=2wdu, / n=2wdu.
A-cycle B-cycle

They supply a set of holomorphic sections in every patch of the u-plane UP. Such
a basis is unique up to SL(2;Z)-transformations. Under a change of the coordi-

nate chart on U N U C UP the basis must transform according to the fundamental
representation of SL(2;Z) by

ﬁ:(%):M.(g). (3.48)

s]=u(u)du=(10)-2Qdu, sy =wu)du=(01)-Q®du

Therefore, the sections

define a basis of non-vanishing holomorphic sections of a rank-two SL(2;Z)-bundle
$* — UP where € was defined in Eq. (3.22). We set da = wdu and dap = w'du
such that

;= w . daD

w  da

This notation should not suggest that da is integrable, i.e., that we can find a globally
well-defined function a. On an open set U C UP, we can always integrate and find
holomorphic functions (a, ap) such that on U we have w = j—: and W' = %—D. However,

U
the transition functions are (a priori) of the form

ﬁ:(gal’):M-(a;)Jr(;), (3.49)

where M € SL(2;Z) and ¢,d € C, ie., they transform in the fundamental represen-
tation of ISL(2;Z). We have locally a Kéhler potential & such that Q = 100K for

R = 3 Im(apa). We can integrate again to obtain a local holomorphic function F,

called the holomorphic prepotential, such that
L _oF
b~ 8a
3.10.1 The special Kahler connection

A basis of holomorphic sections of the dual bundle $§ — UP is given by d/0a and
0/0ap. We have the identity

dz/\de—/ dz/ dZ—I-/ dZ/ dz .
E. A-cycle B-cycle A-cycle B-cycle
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By choosing dp = Rew du and dg = — Rew' du, we find
1 _ _ .
Q=2dp/\dq=§(daD/\da—da/\daD)=zIm'rda/\d5.
We check that
b _1(0_ 0y o _12
da 2\0p 0q/)° dap T Oa’

and

o0 1 2 B ﬁ E _ 7 0 B 0
d¢ Im7 \fa &a)’ dp Im(-1/7) \Gap 0dap/’
A flat torsion-free connection V of HR is defined by

8 ]
Vo =Va =0 (3.50)

and dV(id) = 0 in each chart. We view (), V,Q) as a special Kahler structure
on UP (cf. [71]): in the context of the special Kéhler geometry, the collection of
coordinates {a”} over the patches U C UP of an open cover is called the adapted
special coordinates. {aV} is called conjugate special coordinates, and {p¥,q"} flat
Darboux coordinates. The form (2 is a Kahler form on UP and V is a torsion-free
symplectic connection on the Kahler manifold (UP, §2). The connection is symplectic
since the Kahler is locally of the form 2 = 2dp A dq. One checks that

0 1 0 0 1 1 0
g e tdre= —  =—d(--|®=.
Vaa 2 7-(X)é9q’ vé’ap Qd( T) ®8p

The expression V% is a $-valued one-form, and it follows

a7 (v%) - dV(ng—D) =0

which proves flatness. Let 7(19 € Q0 (T UP) be the projection onto the (1,0) part
of the complexified tangent bundle. 7(1% is a one-form with values in the tangent
bundle T(UP). The flatness of V implies dVn(:?) = 0. There is a holomorphic cubic
from = on on UP which encodes the extent to which the flat connection V fails to
preserve the complex structure

2=-0(x"9, va®9) e T (UP,Sym* T*(UP)) . (3.51)
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In local coordinates, the section = is

_ ) 9
- — (o 2v (w0 l))

Thus, we have

(1l
I
[

I~

8

o
[+

The canonical section Z,,, is invariant under the monodromy action as w? dr is
invariant under SL(2;Z).

3.10.2 The Levi-Civita connection

We compare the connection V with the Levi-Civita connection D on the tangent
bundle of UP. The Levi-Civita connection is defined by

0 0 0 0 0 0
d [”(%’55)] ““(Daﬁ)‘“(a%) -

In contrast to Eq. (3.51), it follows that the Levi-Civita connection satisfies
~Q (79 D0 = 0

since it is the unique connection which is compatible with the metric and the complex
structure. We compute

0 i 0 D8 { 0

da 2Im7d7®5;’ 0a 2ImT ®8§'

From the relations

0 3 0 0 7 0
(V_D)£_2IdeT®5§’ (V_D)gg_~21m7dT®5;’
it follows that D cannot be flat. We find

0 1 1 0 i 0

D
Yy =t - = _ D—
d (D8a> 2d<ImT)AdT®6a 2Im7’dT/\ Oa

1 0

74



The Riemannian curvature R of the Kahler metric is

Raaa& 0
R-( W g )da/\da.

a ad

We check that

0 1
®E = b D— ay Ua = -
Baa da{d ( Ba) (@ ,8)} 4 Im?7

Pulling down the summation-index using the Kahler metric we find

orl?

da

2

a 1 or
R = Im7 R'sa = 317 |5
Similarly, we obtain
0 1 0
P{D—) = — dr Nd7 ® —
¢ ( Ou 4 Im?7 T T®6u’
1 2
Ruuuﬁ = 77 .2 a—T
4 Im*7 |Ou
1 or?
R = “4ImT w’a}]

The scalar curvature is obtained by contracting the summation-indices using the
inverse Kahler metric

2

A r R =L |07
po= —4Im™T Reea = Im37 |0a
3.10.3 Prequantization
The expression
1 0 0
¢= 5 (aa_p - aDa_q) (3.52)

defines locally a complex vector field that satisfies
1 0 0 0 0
V = — d _— d _— = _— = _— (1’0) .
¢ 2(a®8p aD®8q> da®8a du®8u i

Egs. (3.11), (3.12) show that a and ap can be computed as integrals over the basic
cycles of a globally defined holomorphic one-form Agy,. Thus, a and ap are globally
defined on the whole UP. The vector field ¢ in Eq. (3.52) is globally defined on the
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whole u-plane and equals

The fact that V¢ = 7(19 is the Legendre relation for the periods in Eq. (3.9). We
consider ( the trivialization of a holomorphic line bundle £ — UP whose holomorphic
sections are of the form s = f(u) (. We check that

Vs = Vo, (f(4) ¢) = f(u) Vol = 0.
We define a holomorphic inclusion £ — $ by mapping ¢ — 0,. Since we have
V(%C = 8a )

the holomorphic inclusion is an immersion. An Hermitian metric on £ — UP is
defined by

- 1 . _ '
H<”2 = Q(Ca C) = _E(aaD —ap 5) =—1 Im(aaD) = -2 R 5
with & = Im(adap)/2. R is the Kahler potential on the Hermitian line bundle since
Q= %aéugu? = 0% .

£ — UP is a holomorphic Hermitian line bundle with connection V and curvature
—2mi Q. (UP,Q, £) is called a Hodge manifold. In physics, it is called the geometric
prequantization. Because of Eq. (3.50) the flat sections in $* are locally given by

s, = —nedp+nndq,

Nom,MNe

where n., n,, are constants. In physics, the flat sections (3.53) are called prequantum
states. Using the holomorphic symplectic two-form the corresponding flat section s
of H is
0
S5nmne — Nm % + ne —85
it (_ 0 0
- o (oo gm)

where zg, = n. + Tny, is called the central charge. The Kéhler form defines a skew-
symmetric, non-degenerate real form ¢) on $r — UP by

’ ’ _1 ;n
onona o) (1 1) (%)

€
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$ — UP is a flat holomorphic rank-two bundle with a non-degenerate skew-symmetric
form @ of type (1,1) with respect to the complex structure that satisfies VQ = 0.
We define a flat sub-manifold A C $r which intersects each fiber in a full lattice such
that

CZ.
AXA

In physics, A is called the charge lattice. The space of solution for the scalar field
of the low-energy effective field theory are sections of A. Under the identification
of dz with du by the holomorphic two-form 7 the state s;,_, is an invariant vector
field along the fibers of m. For 2, defined in Egs. (3.32), (3.34) the connection on
the bundle V' — Z can viewed as local flat sections of the flat sub-manifold A which
intersect each fiber in the integer charge lattice or prequantized states of the classical
field theory.
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Chapter 4
The N =2 Yang-Mills theory

One of the main results of the work and Seiberg and Witten is that moduli space
of supersymmetric states of the twisted, pure, N = 2 supersymmetric SU(2)-Yang-
Mills theory on a compact four dimensional smooth manifold decomposes into two
branches, the Coulomb branch and the Seiberg-Witten branch. Both branches can be
interpreted as the moduli spaces of simpler physical theories, and the contributions
to the Donaldson invariants from each branch can be computed separately [21].

The Seiberg-Witten branch is the moduli space of the solutions of the Seiberg-
Witten monopole equations modulo gauge transformations. It has been studied in
great detail (cf. [9] for an introduction). A generating function for the Seiberg-Witten
invariants can be defined. For CP? or C P? with a small number of points blown up,
the manifold admits a metric of positive scalar curvature, and by theorem due to
Witten the contributions from the Seiberg-Witten branch vanish in some chamber
[10, Lemma 21). If b < 9 there is no wall-crossing at all, and the contributions from
the Seiberg-Witten branch vanish [8]. We will not discuss the contribution from the
Seiberg-Witten branch any further.

Thus, for CP? the Donaldson invariants are determined by the Coulomb branch
alone. In this chapter, we will derive the partition function for the Coulomb branch
as the stationary phase approximation of the low-energy effective field theory thus we
obtaining an interpretation of the u-plane integral in terms of determinant line bun-
dles. For the product of the determinant line bundles, the local and global anomalies
vanish.

4.1 The topological gauge-fixing and reduction

In this section, we start with the Lagrangian for the twisted, pure, N = 1 super-
symmetric SU(2)-gauge theory considered in [26, Eq. (21)] that we have described in
Sec. 2.4. We look at the gauge group reduction to U(1) and relate it to the Lagrangian
for the N = 2 supersymmetric, high-energy field theory.
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4.1.1 The longitudinal part of the action

Let us assume that there is a reduction of the SU(2)-bundle E — M to NON~ — M.
The Q-exact term in the Lagrangian in [26, Eq. (21)] which was introduced in Sec. 2.4
becomes

1 Im7 (1 o) 1 Lo v 2
S = 2/M tr {871’ (2*<FA /\FA) 5*(D/\D)+§(dAOB)
—_ 1 = 1 — — _—
+ 3ADs + 5 Cdhda C — 1[0, 9] - %[4% CllC, @]
oy L
+ *(X/\dA\II)+HdA\II 2*([<I>,X]/\X)
P i
_ 5>.<([c1>,\11]/\>|<\11)——§[<I>,H]H>}volM,

where the fields take values in the line bundle Ad E. We use the capital letters
(H,¥,X) for the fermionic fields. We fix a reference connection Ay on the bundle
E — M, such that F), is harmonic. B is the one-form B = A — Ay. The Lagrangian
is identical with the one presented by Witten in [16, Eq. (2.13)] extended by the
contributions from the ghost fields C, C. From the reduction of the SU(2)-bundle E,
it follows that

AdEX N?®R.

where R is a trivial real oriented line bundle with the trivial, flat connection. The
bundles N®? and (N!)®? are different as SO(2)-bundles, but canonically isomorphic
as O(2)-bundles by reversing the orientation. Reversing the orientation on N®2 and
R is a SO(3) bundle automorphisms. Let L denote the line bundle L = N®2. A
section 3 € C*°(M, Ad E) can be decomposed as

3=1" (i0") =5’ (i0®) + (3" —43”) (io™) + (3" +5") (i07) ,

3t 3

where i0% = 1/2(ic*) F 1/20? are local sections of L (plus sign) and L™! (minus
sign). The following relations hold:

[i0%;i0%] = £2i (ic%),  trliotiocT) = -1,  tr(icT icF)=0. (4.1)

Remark 8. The decomposition for the U(1)-reducible connection A ® ig® is given by

dA.3=d, dA.+:8+2iA, dA‘_=3—-2’L'A.
io io —f'—’dL v io d—'\f—’— o

The connection reduces to a connection on the line bundle L = N®2 — M.
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4.1.2 The high-energy field theory

Let us assume that the fields take values in the trivial bundle R of Ad E. Thus, the
non-vanishing components of the fields are proportional to io® with tr(io®)? = —2.
Thus, the fields are differential forms on M and their corresponding ghost fields. We
denote the fermionic fields that take values in R by (1,1, x). We call the contribution
to the action from these fields the longitudinal part. The Lagrangian of the gauge-
fixed action (2.12) simplifies to

1
OV = —bA (Fj{ + pr) — X Amidy (4.2)
+ (—n &+ AP+ AQc —pa*A - %P - ad*«p) volys .

The Euler-Lagrange equations for ¢ are di) = 0 and d*1) = 0. Since the manifold M is
simply connected, the field 9 vanishes classically. In the semi-classical approximation,
¥ is a form in the orthogonal complement to the kernel of d + d*. By definition, the
ghost field ¢ does not have a zero mode and c is in the orthogonal complement of the
constant functions on M. In the path integral in Eq. (2.16), we shift the integration
variable ¢ — ¢ — A~1d*y. The field b appears in the action without derivatives. The
Euler-Lagrange equation of bis algebraic, and the field b can be integrated out. The
action (4.2) becomes

1
—bA (F;+§pb)—xmr+d¢+( nd*y +dAQ¢ +zAOc+ 2(d*A) ) volp .

The first term can be diagonalized by introducing a selfdual two-form D with b =
—F%{ + D and p= 1. It follows

1 -
V=3 { —(x, D+ FF)y+23dp - ad*A} voly |
and the action in Eq. (4.2) becomes

— 1 1
oV =3 /\F+—-2—D/\D+x/\7r+d¢

(n Y+ dAOp + = cA(O)c + (d*A) ) voly . (4.3)

We have shown:

Lemma 10. For b, = 0, the gauge-fized topological action after reduction of the
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gauge group to U(1) becomes

ImT

S = i7r<Re'rc1(L)2,[M]>—§/ To- L6 D+Ff) —26d") +2d"A} voly
M

i Ret ImT 1 - 1
_ Ft + " (Pt gt (0) L% A\2
o /M TAF+ o /M(2 (FI,FHY+¢A ¢+2(dA)

1 1
- 3 (D, D) + (x, md¥)) + nd* + 3 EA(O)c) volps .

The BRST-transformations in Sec. 2.4 with b= —F§ + D and p = 1 become

QA = —de+y, Oy = —do, Q9 = 0,

Qe = ¢

Q¢ = —d*A, (4.4)
Ox = —-Ff+D, 0OD = OFf =nr.dy,

Qb = n, On = 0.

4.2 The Coulomb branch and the low-energy ef-
fective field theory

The Coulomb branch is the moduli space of a family of a N = 2 supersymmetric U(1)-
theories called the low-energy effective field theory. The family of the U(1)-theories
is parameterized by a complex coupling constant in the upper half-plane 7 € H. In
this section, we describe the low-energy effective field theory on the Kahler manifold
M + CP2. The low-energy effective field theory can be derived from two conditions:
the positivity of the free field theory in the variations around a critical point and the
absence of a local anomaly.

4.2.1 The field content

The family of N = 2 supersymmetric U(1)-theories has the following field content:
For each coupling constant 7, let A be the connection on a line bundle L — M with
curvature Fy. We assume that ¢;(L) € H%(M;Z) = Z and even. A is the space of
unitary U(1)-connections on L — M, G the group of smooth maps g : M — S*. If p
is the choice of a base point in M, G is the group of pointed gauge transformations
with g(p) = I. The group Go acts freely on .A. The space of gauge equivalence classes
of connections is B* = A/Gy.

The other fields of the theory will be differential forms on M. The gauge group
acts on the connection and trivially on the other fields. In addition to the connection,
the classical bosonic fields of the theory are a complex valued scalar and its conjugate,
and a selfdual two-form

$,6€C=(M;C),  Der™(M).
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The selfdual two-form D is an auxiliary field without any dynamics, and will be
integrated out. The fermionic fields (7,1, x) are Grassmann-algebra valued forms.
The corresponding commuting form — denoted by — — are

n—C®(M), ¢—A (M), x— AT (M).

A super-multiplets in the twisted, N = 2 supersymmetric theory consists of a N =1
vector multiplet and a chiral multiplet consisting of the collection of fields

(vt}  {@x0 @D}

The remaining U(1)-gauge invariance of the action requires the additional gauge fix-
ing and the introduction of the Faddeev-Popov ghost fields c,¢. Classically, every
field satisfies an Euler-Lagrange equation. In addition, every field has a semi-classical
contribution which is the linear fluctuation orthogonal to the classical field configu-
ration.

4.2.2 The descent procedure

From the BRST-transformations (4.4) one can build local functions in the fields which
are Q-invariant modulo d-exact terms. This is called the descent procedure [16]. A
short calculation confirms:

Lemma 11. The general form of the local functions in the fields are given by a set
of holomorphic functions P = {Po, P1, P2, Ps} and the following family of invariant
polynomials

95’ = Po(@),
9 = -Pd)e,
G5 = PO~ Py(6) Fa—Pr(@) b,
55 =~ PO+ PGB A Fa
+ PUA) YA+ Pi(4) dx + Pa(¢) *dn,
G5 = LPG) ¥~ S PYO) A Fat s PY()

1
— i PL@ Y Ab—Pi($) FaNb—Pi(§) % A dx

— Py(®) ¥ Axdn+ Pa(¢) d * dp + Ps(¢) b
such that
993" =0, QHyH=doi 7 0=d§",

with1 < j < 4.
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Proof. The proof follows from
(d+0) (.7.)4’0 + B34 B2 4 Gle +53°’4) —0

Since (d + @)? = 0, it follows that d and @ anti-commute. O
Similarly, the general form of a topological gauge-fixing term can be determined:

Remark 9. The general form of a topological gauge fizing term is given by a set of
anti-holomorphic functions A = { Ao, A1, Az, A3} and

Vi = A@)xAFa+Ai(¢) x Ao+ As(d)d o + As Ed x A+ Au(g) X° volu

such that

OV = Ao(¢) bAFa— Ao(9) x N + Ay(d) nx A Fa
Ai(@) DAL+ AL (9) nx Ab— Aa(P) d* dop+ A3(P) nd * 9

As(¢) (d*A)d*x A+ Az ed*xdec— Az ed*vp — Ajend+* A
3. _ o
§A4(¢) (x> Cox) voly + Ay(8) nx* voly .

+ o+ +

For x = 1/2 x,, dz* Adz” and b= 1/2b,, dz* A dz¥, we have defined

X3 = Xuv Xyp Xpu 3 (CbX);w = bp[uX,,]p .

The general action is given by the sum of the four-observable, constructed from P
and the Q-exact term from the general gauge-fixing. After shifting the integration
variable ¢, we obtain the following result:

Lemma 12. The general form of a supersymmetric topological gauge-fized action is

8rS = / ('l ﬁ%‘l + ZQVA) = Sbose + Sfe'r'm,i + Si.a-
M

with
s18ue = [ (3P0 F2+ PO P - PI(O) Fant
+ (:{) b/\FA+A1(¢)b/\b .A3 (d* ) VO].]\,[
— Pa(¢) *xAd+ Ax(P) * Agp— A3 € * AC) )
and

87 Sporms = /M (—Py(8)% A xd"x — Py($) ¥ A xdn
— Aol@) X At — Ay(@) m + d0)
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and

PY(8) ¥ A Fa— 5 P ()4 Ab

N =

8m Si.a. = / (_
M

+ Ay(9) 77X/\FA+-"I’1(¢—5)77X/\I’+;A4($) (x, Cs x) VOIM) :

We obtain the following result:

Proposition 12. The family of topological actions

iRer
F
/M Tor L4/ 4

1s tnvariant under all orientation-preserving diffeomorphisms. Thus, it requires addi-
tional topological gauge fixing. We require:

1. The free field theory in the variations of the bosonic fields is described by a
self-adjoint second order elliptic operator with positive-definite symbol.

2. The free field theory in the variations of the fermionic fields is described by a
skew-adjoint first order elliptic operator D with skew-symmetric real symbol.

3. The determinant line bundle of D has no local anomaly.
Then, the gauge-fixed action is

iReT ImT .
ons = [ (S5ran s {50 (IFEP + 1aar)

1
+ Imr (d¢, d¢>+% (de, d&) — ImT D?

-

+ Im7 (,d*x) +Im7 <w,dn>—-;-d—;nxA(D+F;)
tdr o B i dF

- 2d_¢w /\(D+FA)_Z'\/_§&ZXACD—-FZX}VOIM)

Proof. 1If we fix the coefficient of the scalar field to
i (= Pale) x A+ Ao(@) x A8) = Im7 (do,dd) ,

it follows that

riy T A
Let 7 be given in terms of the prepotential F by
0*F(¢)
T(¢) = oz
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If one diagonalizes the terms in Spese involving F4 and D by choosing b= —FF + D,
it follows that the unique solution is

Po=F, P =r1, 7>3=—%,

and

such that

87 Spoge = /M (%sz + %ng —Im7 D*+Im7 (do,dp) voly

+ (terms involving As))

. . )
_ /(ZP;GTFA/\FA+%F-FI2+ImT (d$,dp) — ImT D?
M

+ (terms involving ./Tg)) :

Relaxing the assumption b, = 0, the same argument gives

87 Shose = /M (iR;TFA A Fa+ g |FF || voly +Im T (do, d) volys
— Im7 D?+ (terms involving /13)) :
The part in the action Sgem; involving 1 and 3 becomes
i (= Py@) wAxdn— Ay@)n xd"$) = Imr (Y, dn) volus .
The part in the action Sgem; involving the anti-commuting fields 7 and x becomes
i (= PO WA X — Ao(@) x Axdp) = Tmr (p,d")) voluy -
The integrand in the interaction terms becomes

i(—{)(&)nx/\FAJrﬁ&(q‘b)nx/\b) — iA($) nx A (Ff + D)
i dT
= —iggnx/\(FZ-i-D).
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Similarly, we obtain
. 1 " 2 1 ”" 2 ] " 2 _
i( = SPHO) 9 A Fa— 5 PL@) ¥R AL) = == PY(9) 4 A (Fy + D)

(¥, xDAY) .

. i dT _ _sz
= 2d¢¢ A(FA+D)—2d¢

We set A3 = —1 Im 7 so that the linearization of

Im~
2

Imt

— (| Fall® + lla*All”

is a positive definite elliptic operator. The Pfaffian of the ghost contribution ¢, ¢ will
cancel the determinant of the scalar field. We observe that all kinetic terms and
interaction terms in 1? and ny are fixed. The only remaining term is the interaction
term x2. This term can be chosen such that the local anomaly vanishes. We will
prove this statement in Sec. 4.8. O

Remark 10. The additional topological term present in the action of Moore and
Witten is related to the family of topological actions

im (ReT ci(L)?, [M]) .
by a shift T — 7+ 1. Since
<01(L)2a [M]> = ai(L) - wa(M) (2),
the family of topological actions becomes

im (Re(t +1) er(L)%, [M]) .

4.2.3 The different normalizations

Let us assume that the bosonic part of the action in Prop. 12 is fixed. Rescaling the
supersymmetry operator by @ = uj@ and the fermionic fields (n, ¥, x) according to

1 (7 Ko U
X - ‘_Xv - ux X )

Y ¥ s/ \ ¥

and ¢ = c/ug changes the BRST-transformations in Eq. (4.4) to

04 = —dt+9, Q) = -, 9 =0,
Ox = 2 (-F{+D), QD = QFf=mdy, (4.5)
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The supersymmetric action then changes to

8rS — /M(iR;TFA/\FA-I-{ImT (1751 + la 41

|
+ Im7 (d¢,d¢) + 27—- lugl® (dc,de) — Imr D?

* d_
+ Im'r S (d'x >+ImT@<¢, dr) — 2uxund¢nx/\(D+F+)

41 d d

For pg = —2v/2i, py = 2v/2, and p, = 2/+v/2, the BRST-relations (4.5) are the
relations used in [25]. Choosing g = —v/24, py, = V2, and p, = 1/+/2, we obtain
the following result: :

Corollary 2. Under the hypothesis of Prop. 12 and with the BRST-transformations

QA = —de+y, Qp = V244, 04 = 0,
Ox = i(F{-D), @D = QFf=m.dy, (4.6)

the twisted, N = 2 supersymmetric action becomes

s = [ (ZRGTFA/\FA+{ImT (1P + llaA1?)
M

+ Im7 <d¢, d¢> —I— — (dc de) — ImT D?

7
1d7
—\j—i(x/ilmrw,d* )+ Im (i) = 5 55 XA (D + F)
1d 1dr
5;1%\/51/)2/\(D+FA-)_ZEEXACD‘WX)} volM)

4.3 The source terms

In this section, we derive the gauge invariant observables for the action in Cor. 2 by
integrating the local function $) in Lemma 11.

We denote the vacuum expectation value of ¢ by a. On the Coulomb branch the
expectation value of the Higgs field breaks SU(2) to U(1) by the Higgs-effect. One
maps the observables of the Donaldson theory to the observables of the low energy
theory. Let us start with the general zero-observable

HY —ip 90 =ip 1&;‘) (4.7)
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For b; = 0, the next non-trivial observable is obtained from integrating
HY = / 2= — [\/ﬁ u"(a) ? — 24/(a) (b + FA)] : (4.8)
)

There is an additional source term Hy.5, called the contact term, connected to the
intersection X - ¥. For a Kahler manifold, the Kéahler class w gives a canonical coho-
mology orientation, and ¥ € H**(M;Z) is determined by the integer S = [, w. The
contact term is

Hg.z; == 52 T(a) , (49)
with
T(¢) = (2u ¢3 ¢) (4.10)

The following Lemma was proved in [29]:

Lemma 13. The insertion of exp(i f,, H%*) followed by integrating out the field D
is equivalent to the insertion of the contact term exp(Hs.x).

In the remainder of the section, we will consider the two cases of the high-energy
action and the low-energy effective action that correspond to two different choices of
the prepotential F

4.3.1 The high-energy field theory
The high-energy field theory is given by

1

F)=gnd,  ul$)=36

It follows T = 0 in Eq. (4.10). The action in Cor. 2 becomes
S = im Ren (ai(L)? [M])

I
+ mT"/{ (F;,F+)+ (d*A)? — 1(D,D)
87T M

+ ¢>A<°>¢+ cAOc+i (x, mydy) +~\;—§nd*¢} voly .

The observables are

g - P2

P 327
H2? — _ a /

= 8t Jy,
Hg.z =0
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4.3.2 The low-energy effective field theory

The low-energy effective action is obtained as follows: 7(u) is the modular parameter
of the elliptic curve E, in the elliptic fibration Z — UP. The vacuum expectation
value of ¢ is a from Lemma 3. with w = da/du in Eq. (3.9) and

0.
_16miu(e) = 27(4) % | (411)
We obtain the source terms
40 _ tpu
Hy 16m ’
g2 — v /
z 877' ):u D)

HE-E = 52 T(U)

One still has to integrate out the auxiliary field D. Because D is a selfdual two-form
the algebraic Euler-Lagrange equation for the field D yields

Im7D=2iSv w. (4.12)

If we replace the auxiliary field D in the action by its critical value, we obtain

I -~
/ ———112 T (D,D) + HZ® + Hyx = S* T(u)
M v

with

27 Im 7

T(u) = %(-ﬂ—+2u—au'>.

By integrating out the auxiliary field D we obtain through the interaction terms
of D and ny a perturbed skew-adjoint operator Pg in the fermionic path integral
(cf. Sec. 1.4). In Sec. 4.7, we will describe the operator I as an operator coupled to
an external gauge potential proportional to S.

Remark 11. When integrating out the auziliary field D there is also an additional
contribution in Eq. (4.12) proportional to the zero-modes noxo. We will show in
Sec. 4.11 that for M = CP? this term does not contribute to the path integral in the
semi-classical approximation.

4.4 The Kahler geometry and heat kernel coeffi-
cients of the Laplacian

In this section, we describe some geometric and analytic consequences of the Kahler
property for a four-dimensional manifold.
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Let g denote the Kéhler metric on a complex two-dimensional Kéhler manifold
M. Let the real, harmonic Kéahler form be K = g,;dz* A dz*. The volume form is
volyy = $K A K. The Ricci curvature p is

Puv = Ityowp gaﬂ ’

where R is the Riemann curvature tensor. The natural line bundle L, — M is related
to the Kahler form by

i 1
w=a(ly) =5-9(L,)=_K.
The operator d can be decomposed as d = 8 + 0. The adjoints are
O = —%0x=—x#0xH#, 0" =—x0x=—x#0x#,
where the Hodge star-operator maps AP4 into A2 927P, and # is the complex con-
jugation. An operator of type (1,1) is given by Lg(z) = K A z and its adjoint is
denoted by Ag. The Kéahler identities [62] are
—ix (K Aa®D) = o0 i (K Aob0) =0 (4.13)
It follows that
[Ak, 8] = i0* , [Ak,0] = —i0* . (4.14)
Since K is closed it follows [L,, 8] = [L,, 8] = 0, it follows that
Ag= 205=2(00" +5°8) = 20,
and
[Li,A5]=0.

(0.p) .
For t > 0, e A5 " are operators with C*-kernel. The heat traces

PR Il
h [t, A(O,p)] = trpe o tACP =Z e | n ’

n=1

exist and are analytic for ¢ > 0. There exists an asymptotic series for ¢t — 0+ of the
form

1
¢ A(_O,P) _ (0p) 4n
h [, 5 ] (2nt)? nE)() a,”t (4.15)
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We define the (-function
1 *° s—1 —tA0:p) (0,p)
(_,'(o,p)(s) = _F(s) 777 trge [6 - Fy ] ,
0

where Péo’p ) is the projector onto the set of zero modes. From Eq. (4.15) and I'(s) =
s+ O(s?) for s — 0, it follows that

1 o0 I (o2
Goo(0) = 7507 =1, Con(0) = 708" —°?,

and

__1 o

1
(sConls +1)| = 730 (sConts+2) | _, = g0l

472

In [53], the following proposition was proved:
Proposition 13.
1. The scalar curvature T = p,, g* is a spectral invariant of order one.

2. The spectral invariants of order two are
2
=, oll® = e IRI® S AT = Risae

Moreover, tt was shown by Donnelly in [53] that

a(OO,O) -1 : a(()O,Z) =1 ’
and
00 1 2 1
ag ) = 7 a,(l0 ) = —67‘ , (4.16a)
0o _ 1 o 2 2, LA 4.16b
0 _ L o 1y, o 1 ypo 1, 4.1

4.4.1 The complex projective space CP?
The Kéhler metric on C'P? is the Fubini-Study metric

5 2od2%d2®  2%dzt 2bdzb
14>z (14D 2e20)2

The Ricci curvature is p,, = 6gu,. The scalar curvature is 7 = 24. The spectral
invariants of order two are

=576, lol’ =144, IRI> =192, Ar=3 Rypux=0
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The Kahler form satisfies fc pzw Aw = 1. The Chern classes of the tangent bundle
are ¢;(CP?) = 2w and c(CP?) = 3w? such that

C12=/ C%=4, 02=/ 02=3.
CcP2 CcpP2

w2 2
/ volcpz=/ —wAw=—.
CP2 CP2 2 2

Our conventions for the Fubini-Study metric and the curvature agree with the ones
used in [54]. We also define a form & = K = Zsw such that volgpz = &% and

It follows

(0, 0) =% (@WA*w)=1.
The coefficients in Eqgs. (4.16) are

0,0 0,2 00 31 02 16
a§)=2, a§)=—3, a§)=ﬁ, a§>=ﬁ.

4.5 Scaling and N = 2 supersymmetry

In this section, we describe the action of the global supersymmetry on the field content
of the twisted, N = 2 supersymmetric, pure, low-energy effective field theory on
M = CP2. The word ‘pure’ indicates that we will describe a theory with the minimal
field content without additional matter fields. The word ‘twisted’ indicates that
the field content consists of various differential forms of different degrees instead of
spinors. N = 2 supersymmetry refers to the global supersymmetry.

4.5.1 The critical points

The family of bosonic, gauge-invariant actions on M for the U(1)-connection A and
the complex valued function ¢ on M is given by

Sbos(T)[Aa ¢7 wZ(M)]
1 1 - .0 2
= 2_92 M§FAA*FA+d¢A*d¢+Z327T2/MFAAFA+Z/MFAAw2(M)

which equals

iT T
— | FfANFf+—

A -
167 Ju, a N

167 Jp,

Im~

i —
+Z/MFAAw2(M)+_87/Md¢A*d¢ (4.17)
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with 7 = /(2m) + idn /g% € H, and wx(M) € H?(M;Z/2Z) is the second Stiefel-
Whitney class. The action is defined on B* x C®(M;C). Since ¢;(L) = [5=Fa) €
H?*(M;Z), it follows that

Im Seee(7)[4, ] = %o (L), 1M)) + 7 ea(L) - wa()

The minima for Re Spes(7) under the constraint of fixed Im Spos(7)[A, ¢] were deter-
mined by Moore and Witten [25]: 1) For the fermionic fields (7, %, x) the zero-modes
(Mo, Yo, Xo) are given by the equations

d770=0, d¢0:0’d*¢0=0’ dXO=O

Since x is a selfdual two-form it must be harmonic and a constant multiple of the
Kahler form xo = fyw for a Grassmann-algebra valued constant 6, with 62 = 0.
Similarly, 7o is a Grassmann-algebra valued constant, and 1y = 0 vanishes since
b; = 0. The ghost-fields ¢, ¢ have vanishing zero-modes by definition.

2) For the bosonic fields (4, ¢, #) the zero-modes (Ag, a,a) are given by the equa-
tions

dp=0, Fy=0.

Since b; = 0 vanishes, the unique non-trivial minima in B* x C*°(M;C) for each 7
are given by a complex constant ¢ = a and a gauge equivalence class of a connection
[A] such that the curvature F is self-dual. The Kahler class w is a selfdual harmonic
two-form normalized such that [,,w Aw = 1 and wy(M) = sw since CP? is not
Spin. We assume that the class [A] satisfies 5-Fper = 2k w and C(L) = 2k. The
zero-mode Dy is fixed by integrating out the auxiliary field D. Using Eq. (3.14), the
instanton sum becomes

o oo
T e Soal A 0] _ § TR _ (4.18)

k=—oc0 k=-00

The linear fluctuations of the fermionic fields are

n = "o + 677',
Y = €Y',
X = 90‘4) + GXI,

with

/ volys 7' =/ voly (w, x') = 0.
M M
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The variations of the bosonic field are

A = Ao + GAI,
Fy = FZO + edA’,
6 = a +ed,
6 =a + e,
with
/VO].Mgb’:O.
M

We expand the action S in powers of € up to order two:
S = SO 4 esW 1 28@ L 0(d) .

where S = 0 since we have expanded around a critical point.

4.5.2 The behavior under rescaling

The full quantum theory is expected to be invariant under rescaling of the metric.
Thus, it will be important to determine how the action and the field content change
in a one-parameter family of metrics g — #2g for £ — co. This means that the inverse

and the determinant of the metric tensor, and the volume form scale as

gt —t2g7t, detg —t3detg,  voly — t* voly .

We write a p-form a in local coordinates as a = a"l—p,"ﬂ dz"* A---Adx*?, and the wedge

product of a p-form a and g-form b as

a/\b=M’”—"dm"l/\---/\d:c””/\da:“l/\---/\dx“”.

plq!
The Hodge-star operator acts on a p-form by

1 Vi 9 a”t v drPr A - Adat

TEop g e

For two k-forms a, b we define

(a,b) = x(a A xb) = (b,a) = 1

E a'Vl...Uk

(a,b)=/Ma/\*b=/MvolM {a,b) ,

V1.V
b

(4.19)

(4.20)

(4.21a)

(4.21b)

where voly = *1 and ** = (—1)* on k-forms. The zero-modes (a, Ag, 7o, Xo) of the
fields (¢, A, 7, x) can be normalized in a way invariant under rescaling of the metric
since the equations of motion are conformally invariant. Similarly, w has a topological
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interpretation and remains invariant under rescaling. The Laplace-Beltrami operator
on a real function ¢ is
1
Ajp=d'dp=——=0, ( lgl 9" 8, 99) :

Vldl
It rescales according to Ay — t=2A4, and so do the eigenvalues 2]A|2. On a com-
pact manifold, Ay is a positive definite selfadjoint operator with discrete spectrum.
We denote the pairwise L?-orthogonal eigenfunctions to the eigenvalues A by ¢},.
We fix the transformation of the eigenfunctions to be ¢!, — t71¢! under rescal-
ing. Because of the rescaling of the volume form we have a transformation under
rescaling of ||¢}||2 — t2|l¢,]|?>. It follows that the kinetic term for a scalar field
lldel )12 = 2| A2 ||, ||? is invariant under rescaling.

We are interested in the spectrum of the Laplace operator At relevant for the
Yang-Mills complex on one-forms and two-forms:

AT =g dl =Ay
A° A0 A0

A(”*‘ = od'n,.d+dd*| |
Al Al

A<2>+) — 27, dd*
AZ+ AZ+
The Laplace operator on a Kahler manifold satisfies A+ = 2Af§0’0) and
2)+ . * * . . ~
AR = (mpdd +myd d)\w - 7r+Ade2+ —2m

On a Kahler manifold, there is the following orthogonal sum decomposition of the
self-dual two-forms

A2+ — A(zao) @ A(111)+ €B A(012) ,
where AVt are the forms proportional to the Kahler form w. Because of the identity
[LK ) Ag] =0,

there is an isomorphism between C*®°(M) and AY+(M) given by the multiplication

with the Kihler form: for each eigenvalue 2 |\ |2 and the eigenfunction ¢/, of AO+ =

2Aj, there is the two-form fﬁ(l’l) = ¢} @. We check that

(@, AP DY = 2B, m Ag f V) = 2(D, AgLogl) = 2 (0, Dg(;,) @)
2
= 2059, =2 2P| ¢},
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We have proved:

Lemma 14. On CP? there is a one-to-one correspondence between the eigenfunction
.. of AO+ for the eigenvalue 2]\ |? and the eigenform f, € ACD+ of A@+ for the

)|2 ’(171)

eigenvalue 2[)\5,0 given by ¢l — f,'l(l’l) = ¢ & and f,'l(l’l) — @ = (fn 7, @) such

that
loull2 = I1FED2,  (AD+FAD TY = A0+

Under the rescaling of the metric g — t2g, the bosonic fields transform as

~

D FD, [~ 0D ¢ i,

Remark 12. If the eigenvector fi of AP+ is a section of A%0 @ A®? it follows
that {w, fi) = 0 for dimensional reasons. Using the real and imaginary part, there are
two orthogonal eigenvectors f,:[(O,‘Z)J], f,;[(o’z)’”] of AP+ for each eigenvalue 2|/\§CO’2)|2.

Remark 13. There is an isomorphism between the eigenspaces of AVt spanned by
the orthogonal eigenforms AL and A'K(_) and the eigenfunctions ¢!, of A+ for the

eigenvalue 2 A2 and i of A®F for the eigenvalue 2|)\,(90’2)|2 given by

d (PI 3 d*f’
r(+) _ n 1 (=) — K
AT AT

and

d* A, d A

N Pn R fk - (4.22)

n K

It follows

AL = 1hl? Ikl = 1A, (A9, 45 =o0.

Applying the Hodge star to a k-form increases the scaling dimension of a field
by the metric dependence in Eq. (4.20) by t*2=%). Thus, we have the following
transformation under rescaling for the terms involving the gauge

A® L @

(Af.(i), A(l)Af.(i)) =A@ 1A S (Ar.(i), A(I)A/.(i)) _

4.5.3 The fermionic fluctuations

For the fermionic fields, the transformation under rescaling is different because the
kinetic terms in the action are different. We define 7/, = 7, AL ¢, //2 where 7, are
Grassmann-algebra valued constants with 2 = 0 invariant under rescaling. Similarly,
we define x = Ok /\g) fic/V/2 where 0 are Grassmann-algebra valued constants with
6% = 0 invariant under rescaling. We have proved:
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Corollary 3. Under the rescaling of the metric by g — t2g, the fermionic fluctuations
transform as

m — t7%n,,
Xk — Xk

The fermionic fluctuations of ¢ are given by

d ¢, 1) - &*fx
P =yl — =y —& (4.23)
\/_/\() )\ﬁ{)
(&) 2

where ¢'£i) are Grassmann-algebra valued constants with e
under rescaling. It follows

(2, @) =0, (v, dn) =0, (D, d%k) =0.

We have the following transformation under rescaling:

= 0 and invariant

CAREE A A
/ volyr (¥, P, dnl),) — / volyr {(¢,), dnl,) ,

/volM (Xoer V20 >> - /volM <XK, V2ay Y
[ ot (o xiy = ¢ [volar (o xi9) |

/ volar (Y5, 4w ATy — 72 / volar (&) xw AP |
/ volar (e Cuxly) — 7 / volur (X Bus) -

We notice that that the kinetic terms are invariant under rescaling:

Lemma 15. Under the rescaling of the metric by g — t2g, the kinetic terms

(0 dnn) s (o V2957)
(A;(i), AW+ A;}i)), (so A+ ,)

are invariant.
We summarize the results of this section:

Proposition 14. The N = 1 global supersymmetry relates the bosonic and fermionic
semi-classical fields in each N = 1 multiplet: there is a one-to-one correspondence
between the fluctuations of A and v,

A& o w:(i) )
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There is a one-to-one correspondence between between the fluctuations of ¢ and 7,
and the two-forms D and x

/ / 7 /
¢nHT’nv KHXK

The N = 2 global supersymmetry relates the bosonic and fermionic fields from differ-
ent N = 1 multiplets: there is a one-to-one correspondence between the bosonic and

fermionic fluctuations

AN oo,

A o X,

w;(+),¢;(~)(1,1) o B,
1/);(_)[(072)111, ,lp;c(")[(ov2)sII] — D;[(Ovz)un, D;C[(012)7II]

by Egs. (4.22), (4.23).

4.6 The Yang-Mills complex

In this section, we present a short review of the torsion of the uncoupled Yang-Mills
complex on M = C'P?. This section is based on the results in [39, 56, 38].
Let the operator

D:AY(M) — C®(M)®A*+(M)

be defined by

_ d*A P\ _ .
DA—(ﬁmdA), D(f>—d¢+\/§df,

where the map 7, denotes the orthogonal projection on the self-dual two-forms. The
operator D fits in the elliptic Zj-graded complex

AV MY B C>(M) @ A2H(M) . (4.24)

The associated Laplace operators are
A(ev) = DD* = A(O)Jr- + A(2)+ , A(Od) =D*D = A(1)+ . (425)

The index of D is

X +o

Ind D = dimker AY — dimker A€V = —(1+5§) = — :
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4.6.1 The heat kernel

The Laplace operators in Eq. (4.25) are self-adjoint, second-order elliptic operators.
Their leading symbols are positive definite. Then, for ¢ > 0, e*2°? and e~ *2“? are
operators with C*-kernel. The heat traces

ALAC] = i et = 3
Aod)

exists and is analytic for ¢ > 0. There exists an asymptotic series as ¢t — 0+ of the
form

(d) od) 4n
h[t, AL 7r2t2 > alhy (4.26)

n>0

As the Laplace operators have the same spectrum except for the zero modes, it follows
that

X+o
2

Ind D = dimker AY —dimker A®) = —(14+ b)) = —

d v
= hlt A<°d>] - h[t A(e")] a? oy
’ ’ An? 4m?

We define the (-function
—_— 1 O
Caca(s) = _F(g) [J 571 trpa [e—tA( a Péod)]

where PéOd) is the projector onto the set of zero modes. We also set
> —S
Cs) = 3O+ Z (2p2r) (4:27)
n=1

where { ZIASLO)P} are the eigenvalues of AD* on functions and {2|)\§?|2} the eigen-

values of A®+ on self-dual two-forms on M. The non-zero spectra of A? and Al
are identical, and it follows that {(s) = Cawa (s) and (o (s) = ¢(s) — 2.

4.6.2 The rescaled Laplace operator

The (-function regularized determinant is defined by

d '
det A (0d) — ‘—Zs‘ CA(Od) (8) .

For o € Rt the positive definite, self-adjoint Laplace operator on one-forms

aD*D = a ALD
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has real and positive eigenvalues aA2. The eigenvalues are rescaled by a positive
constant. In terms of (-functions the functional determinant changes as

In det [a A(°d)] = —¢'(0) + In(e) ¢(0) ,
which implies
det [a ACD] = o€©) det ACY = o€ et/ AO* det! AD* .
Remark 14. The difference between det[a ACY] and the functional determinant
det [a (dd* + d*7r+d)]

is a real number independent of a. 1/+/det{a AlCd)] is up to a normalization the
contribution of the path integral over variations of the gauge potential A.

A family of operators
D,: C®(M)® A>T (M) A' (M) — C®(M)® A>T (M) ® A (M)

for & € R™ is defined by

n n
D, | x = « ( —(l))* 103 ) x |- (4.28)
(2 Y
The positive definite, self-adjoint Laplacian
add 0 0
A, =DiD, = 0 2am.dd” 0
0 0 aldd* + 2d*m,d]

has the (-regularized determinant

1
det’ Aa = Eﬁ (a2C(O) det’ A(O)-!- det’ A(2)+)2 '

4.6.3 The determinant line bundle

For the family of operators D,, the determinant line bundle
DET D, — Rt , (4.29)

has a canonical section det D, since the numerical index of D, is zero. The Quillen
metric is defined by

[det Dq |7, = det’ A, .
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As « is a real variable, the determinant line bundle is flat. It follows:

Lemma 16. An orientation of H'(M) ® H*" (M) determines a canonical trivializa-
tion of the determinant line bundle of D,. It follows that

det D, _ l
det’ (a2 A("d)) S a’

(4.30)

On a Kihler manifold, C*®(M) is isomorphic to ALY+ (M) by Lemma 14. Thus,
the eigenvalue )\%0) occurs with multiplicity two. Using the complex conjugation on

M, it follows that the eigenvalue )\,(60’2 occurs with multiplicity two as well. Thus,

=23 AP 2 3 (207F)
n=1 k=1

0,2)

and since b 0 we have

(oo (s) = Z DO -1, (oa(s) = Z AP
n=1 n=1
where ((0,0)(3) = CA%O'O) (S) and C(0,2) (8) = CAg_o,z)(S). It follows
2
det [0 00D = (V2a)® (det AP det’ AD?)" .

4.6.4 The Pfaffian line bundle.

The operator D,, is a real skew-adjoint Fredholm operator. The space of real skew-
adjoint Fredholm operators is often denoted by Fi R (cf. [47]). The determinant line
bundle (4.29) has a natural square root, the Pfaffian line bundle

PFAFFD, — R* .

It is a flat R-bundle defined by the homomorphism 7 (F;R) = Zy — End R which
takes [1] to multiplication with —1. Geometrically, as the parameters of the operator
vary a number of pairs eigenvalues that switch their sign. This number (mod 2) labels
the class of m(F1R) = Zy [47, Sec. I1I]. The holonomy is the number of eigenspace
rearrangements (mod 2) [47, Sec. VI]. For the operator D, the class is [0]. Thus,
the Pfaffian line bundle has no local nor global holonomy. We denote the canonical
section by pfaff D,. We have proved:

Lemma 17. The Pfaffian line bundle of D, has no local nor global holonomy and
such that

faff Dy 1
b - (4.31)

\/det' [a2 A(Od)] Ve
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4.7 The determinant line bundle for the u-plane
integral

In this section, we explain how the uncoupled Yang-Mills complex on C P? is modified
in the low-energy effective field theory.
A family of complex operators

Dog: CO(M;C)® AZT(M) @ Af(M) — C™(M;C) @ AZH (M) ® AL(M)

is defined by

n ~ n
Doe | x | =[Da+€CP —ECP +¢CP] (x) :
Wb P

for & € R*, £ € C*. The operators C are

0 =*(@Ae) 0 00 0
c = | e 0 0], CP=v2100 0 ,
0 0 0 00 x@Ae)

CcO® = (

1 v ~Q
Cox' = ol (%X')W dzt A dz” (CGX’) = 0% Xyja s

uv

with

and & was defined in Sec. 4.4.1. One easily checks the following Lemma:

Lemma 18.
1. V2@ A% = —z'Al’o 2 o
2. 0=—i| @i
A2,0 A0,2

3. The operators Y gre skew-adjoint.

The adjoint operator of Dg ¢ is
D¢ =-Da—ECY +£CP - ECH .

Lemma 19. The following relations hold for the skew-adjoint operators cl.

1.¢P.cP@=cP cP=cP-cP=c c=cP.cP=c . c =0
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2. If Pu(,Q)Jr is the projection on the self-dual two-forms proportional to w then

1 0
P = —P ;o= 0 ,
0 —1
0
o®2 _ _ (1 _ LL()2)+)
\ 0
Proof. The Lemma follows from (s = 0, (©,Czx’) = 0, and Eq. (4.13). 0

Lemma 20. The following relation holds
D, (CV+C¥)=CPD,.

Proof. We compute

0 0 O
D, (CP+Cc)-cPD= 0 0 0|,
X3 X3 0
with
X31 = \/id*<a.)+\/_2—*<&)\/\d.>’
Xy = —d*(QA0)+2*(@Ad*O>—\/§d*C@0.

Since w is closed, it follows X3; = 0. We apply X3, to an eigenfunction ¢/, & to obtain
X32(¢;@> — —d¢), — 2 [a A *(a A d¢;)] ,

which vanishes by Eq. (4.13). We apply X3, to an eigenfunction x’ *? of type (2,0)
and obtain

X (X’ (2,0)) — _94 [@/\ *@X/ (2,0))] 24Ty 20
- V2« <5X/ (2,0)) FV2id 20 =

Using the complex conjugation the same follows for (0, 2)-forms whence X3, = 0. O

The following Lemma is a consequence of Lemma 19 and Lemma 20:

Lemma 21. The positive definite, selfadjoint Laplacian A, = Dig/aDa’g 18

0
A0+ 0 0 )fIZ
Ane=a 0 AP+ 0 - (4.32)
0 0 AW+ @
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For the family of operators D, ¢ for the parameters (o, §) € Rt x C, the determi-
nant line bundle

DET D, — R* x C*

has a canonical section det D, ¢ since the operator is invertible. The Quillen metric
is defined by

[[det Dyell? = det Age - (4.33)

The functional determinant will be computed in Eq. (4.39).

Lemma 22. For the operator Dq¢, there is the skew-adjoint, complez anti-linear
operator

e C R (434

where # denotes complex conjugation. The operator

—z'—\/% O ad*
Qo= V2 0 -z% ad

—ad —-ad* z%

acts on the sections
1

\/i(COO(M,(C) + iAaA(l,lH-) D A(2,0) ® A(l’o) ,

and

P.c =2 0 2\3/-5_ ad (4.35)
—ad —ad* ——2%

acts on the sections
1
V2

Proof. First, it follows that

(COO(M, C) — iAOA(1,1)+) @ A(0,2) ® A(O’l) .

(Dago#) =# oDic=Di o = —Dago#,

as =P} . = Qq¢. On a Kéhler manifold, the operator D, ¢ acts on sections that can
be decomposed in the components

C™(M;C) @ AUD+ @ AZD g A©D g ALD g AOD
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as the operator

( 0 Ex(WAe) 0 0 ad* ad* \
—&w 0 0 0 V200 * (A D) /200 * (W A Oe)
0 0 ¢Cs 0 V220 0
0 0 0 ¢Co 0 V2ad
—ad —2a0* | —v/2a8* 0 —£&x (@A) 0
\ —ad —v2ad" 0 —V200* 0 —Ex@Ne) )

Using the Kahler identities
V2% (@ AFp1D) = —io* M0 | V20" (@f) = idf ,

and identifying C*°(M;C) with AD+ = 5 C*°(M;C), the operator can be written
in the form

0 £ 0 0 ad* ad*
—£ 0 0 0 —iad* il
0 0 y: 0 V2ad 0
0 0 0 i€ 0 V2ad
—ad —iad|—v2ad* 0 i€ 0
—ad iad 0 —v/2 0.0 0 —i€
The decomposition of the operator given in Eq. (4.34) follows. O

Lemma 23. The operator Py ¢ is of the form z — (A +iB)Z where A and B are
real skew-adjoint operators. The space of complexr skew-adjoint, anti-linear Fredholm
operator on a complex Hilbert space is denoted by FoR (cf. [47]). The kernel of Po¢
1s a Clifford module with the Zy-index

indy(Pae) = dimcker Dy mod 2 € mo(FoR) X Zy .

For by = 0, the kernel is H'(M;C) ® H?*(M;C) at £ = 0, and no kernel otherwise.
For b =1, it follows inda(Pae) = [1 + bF] = [0].

The natural function to consider is the the complex Pfaffian (cf. [47]). We construct
the complex Pfaffian line bundle

PFAFF D, — Rt xC*.

with induced metric and connection. We denote the canonical section by pfaff ang.
The Pfaffian is constructed by setting pfaff P, ¢ = det Py ¢. The complex determinant
on the RHS is obtained from

||det Paf]]é =det Ag,e

for the positive definite, selfadjoint Laplacian Ag, ¢ = P7; jaP o
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4.8 The vanishing of the anomaly

In this section, we prove that the local and global anomalies for the u-plane integral
vanish.

4.8.1 The Bismut-Freed connection

Let us recall the construction of the Bismut-Freed connection [43]: For each point
(a,&) we have the spectrum of the associated Laplacian A,¢. On an open set U
around (a, §), the sums of eigenspaces of A, ¢ below a cutoff A, form smooth vector
bundles H;; and H;,. The operator Do maps H;; to H;. There is a canonical
isomorphism over U

(AmaxH;{-) -1 ® Ama.erL—{ o g .

The Hilbert space geometry defines standard connections and metrics on H;; and
H;;. However, these do not patch together on the overlaps. Instead the L2-metric
||l has to be modified to obtain the Quillen metric which agrees on all overlaps. The
L2-connection V of the determinant line bundle is modified. It is changed to the
connection Vg = V +I' with

Vo[ det Do) =Tq det Dy , (4.36)

where I is the Bismut-Freed connection. The connection Vg is compatible with the
Quillen metric

d ” det Do

: =2 <det D, VQ(det Da,5)> .

To make our notation more compact we introduce the operator

0 D*
_ o
Pes (Da,é 0 ) '

We define a purely imaginary one-form v with the components

v = LIM | dt Str |, f/aﬁ(lpag) etlaPig
e—0 € ’ 86 s
d 0

o 00 d 9 2 \7! _zmi,
= — LM ¢/a d g [w""fc‘)& (Pecs) (175 “75) ° E}

a,ea% (Do) (wi,g)_l e—e/wi’g} ;

I
=
—
=
w2
-+
H
—
=

and
Yo = LIMStr | 9 (B )(122 )'le—e/awi,f
a 0 a)gaa Q,E a!{ 1
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where LIM denotes the limit for £ — 0 after subtracting the poles. Str is the supertrace

ale]-n ().

where Tr is the combination of the L?-trace and the matrix trace. It follows from [43,
Prop. 2.4] that the one-form of the Quillen connection in Eq. (4.36) is

Lo =—j (1+dCa, 0))

The following proposition holds:

Lemma 24. The purely imaginary one-form -y satisfies v, = 0 and
- 2
_ 5A—1 ,—€Age| _ 2
% = ELIMT: [[°AzLe ]_5,

and g = —7¢ where

= 1
-1

Proof. Since A, is diagonal the eigenvalue 2 a| A2 + |¢]2/a has multiplicity four.
The eigenfunctions are (¢, 0,0)%, (0,0, A,*) and (0, 0D oy, (0,0, A;l(l’l)_)t. Simi-
larly, the eigenvalue 2 a|,\§c°’2’|2 + |€]?/ @ has multiplicity four. The eigenfunctions are
0, £2©@2-0 0yt (0,0, Oy and (0, 2190, 0)¢, (0,0, AY®P77)E. The eigen-
functions containing ¢’ and f’ are eigenfunctions of I'® for the eigenvalue 1, the eigen-
functions containing A’ are eigenfunctions of I'> with the eigenvalue —1.

There is also the eigenvalue |£]2/a of A, ¢ with multiplicity two, and eigenfunctions
(1,0,0)?, (0,w, 0)* which are also eigenfunction of I'> with eigenvalue 1.

Because of D, , = —Dg¢ it follows that Ape = Di¢/aDj ¢ A short computation
using Lemma 19 yields

Yo = LIM Stx [{ _£ (Cf}) + O}j”)D1 +£D,C?
+€D; (05,” + C§,3>) - §053>D1} (@ Agg) ™" e_fA""E] —0. (4.37)
Similarly, one computes
7% = —&LIMStr [(C’f}” +CP? - CS"”) (0 Agg)™ e“‘A“’f]
- g IM Ty [TPAL e e8me]

For all eigenvalues of A, ¢ except |£]?/a the eigenfunctions come in pairs which have
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the eigenvalue 1 of I'® so that these contributions cancel when taking the trace.
Thus, the only contribution comes from the eigenvalue |£|?/a. It follows

- 1 2, 2
= 26 LIM —e /e =2
* =0 [e? ¢

4.8.2 The curvature of the determinant line bundle

It follows from [43, Prop. 2.5] that the curvature of the Quillen connection in Eq. (4.36)
is

1
Qaogy) = dTo = ~5 dv . (4.38)

An immediate consequence of Lemma 24 is the following Lemma:

Lemma 25. The curvature of the Bismut-Freed connection on DET Dy ¢ vanishes.
In physics, this is called the vanishing of the local anomaly.

Remark 15. The vanishing of the local anomaly is a consequence of the fact that w
is a harmonic, self-dual two-form. The existence of the form w is the condition for
the N = 2 global supersymmetry in the semi-classical limit explained in Sec. 4.5.

4.8.3 The holonomy of the determinant line bundle

Lemma 26. The operator Dq ¢ is invertible for £ # 0 and there is a trivialization of
the determinant line bundle such that

2
det Do ¢ & L niele) -Gy (4.39)

det’ (a A(°d)) a

8=

withn1(|§|,a)=(sC(s+1))’ K (s¢(s+ )| _ andma = (s¢(s+2))

s§= s=

Proof. The (-function for A, is

ot . 0 1
CAQ, (S) — __S+4Z s+42 3 -
S a0 i) (20 0] 4o
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The expansion of the {-function yields

o

2a° 4 1 1
Canls) = m%*@akéﬂn %P+(mﬂ2

(20)* [A,ﬁ"’”(zs [1 - (Iél/ (V2a l’\fco'Q)l)ﬂ

)+ |£|4 (&

il

2a° 2 2 |€)?

— e +&—s((s)— a|s+l1 sC(s+1
S 2m

+ Z 2a|§| am(8) s((s+m)

s+m
m>3

s"+5)((s+2)

where ¢,, are polynomials of degree m — 1 in s. Since the (-function ((s) has simple
poles only at s = 1,2 [49], it follows

o =2+2¢0) - 2L (o5 1|+ KL
A, (0) = o 5 (sC(s+2))| o (4.40)
and
Indet Agg = —(a, (0) = —2('(0) +2 In([€]?)
+1In(a) [ —2+2¢(0) - 21¢° (sC(s+1)) , + 11 (sC(s+2))
o s=0 o2 s 5=0 (4.41)
2 4
_ (IfJ (s¢s+2)|
O
Lemma 27. There is a trivialization of the Pfaffian line bundle such that
PlaffiDag  _ £ 10 ea) ~Lyn (4.42)
oot (aden) Y
with n1(J€], @) = (s¢(s+ 1)) |s=0 - % (s¢(s+2)) o and ny = (s (s +2)) 0

Proof. The positive definite, selfadjoint elliptic operator of Laplace type is

a ALO 4 L 0 0
2
Aé,a,g = - [PLE/aPa,E] =2 0 @ A%°’2) + % 0
0 0 a ADD 4 K8
(7] a
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Thus, it follows

1
Cagoe(0) = 5¢a. (0.

a

Remark 16. Since € has an integer ezponent there is no holonomy when encircling
€ =0 by & — lim;_,, &e?™. In physics, this is called the vanishing of the global
anomaly.

Corollary 4. For bJ = 1, the limit of the ratio of determinants of under the rescaling
E—t2 andt — oo is

1283 pfaff Dy, 42,

i §
T —= (4.43)
o \/ det’ (a A(1)+) Ve
Proof. It follows from Lemma 27 that
+
lim 2% pfafi Day2e € lim #93-1 o ser m1 (2 16h0) o~ 55 2
t—o0 \/det' (a A(1)+) \/-a t—o0
- £
va©
O

4.9 The coupling to gravity

In this section, we determine the gravitational corrections in the definition of the u-
plane integral for M = CP2. We discuss the relevant terms in the action, show that
they can be obtained from determinant line bundles, and compute the trivializing
sections.

4.9.1 The transversal part of the Yang-Mills Lagrangian

First, we consider the transversal part of the gauge-fixed action. The discussion will
hold for the high-energy theory as well as for the low-energy effective field theory.

The quadratic approximation contains only terms with purely bosonic or fermionic
variations. Since we want to determine the gravitational part of the action only, the
coupling to the line bundle is irrelevant [16]. This means we will replace all sections
of the line bundle L®2 — M in Sec. 4.1 by sections of the trivial C-bundle over M.
For a section £ = &% (i0*) with real coefficients £, it follows that £t = £~ is a section
of a trivial complex line bundie. The hermitian metric on the line bundle is

(€1,&) = —tr(€7&5 + &7€7) = Re(67 &) .
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The transversal contributions from the quadratic approximation in the ghost fields
C#*, C* will cancel the transversal contributions from the scalar fields ®*, ®*. The
remaining terms stem from the transversal components in the gauge-fixed action:

1) For the high-energy theory, an expansion ® = a/2i0% + O(e) and A = €B using
Egs. (4.1) gives the mass term

—tr (AP0 =—1 al?> tr(BYB~ + B B*) + O(e) .
A 2

We obtain for the gravitational contribution of the transversal parts of the action in
Eq. (2.12) the terms

o[, (3 )

+ V2 (X7, md¥U) + (H™, d*TH)
+ (X7, axt) + (U9, 3UF) + (H, aHY) ) voly .

2) The generalization to the low-energy effective action is obtained by replacing the
interaction terms in ¢ by the same interaction terms but in u/(¢) where u is a holo-
morphic function. The action becomes

gt = / voly (B, (A0 +W[?)BY) + V3 (X7, dU*) + (-, d"0*)
M
+ (XWX + (U, W) + (H, W HY)) .
Two families of operators
DI : C®°(M;C) @ AL (M) ® AL (M) — C®(M;C) @ A2+ (M) @ AL(M)

for a € C* are defined by are

H* H*
Df | xt | =D, +£B)]{ &t |,
ot ot

with

O O P
o w O
o /R )

B@:( )

To treat the low-energy effective field theory we only have to replace a by u/(a).
The operator
0 -D;
E a — ( D: 0 ) o #
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is self-adjoint and complex anti-linear since
(DI o#)*=#o0Dy*=#0(-D1+B(a)) = —#0(D:1—B(a)=-D;o#.

For a # 0 the operator has neither kernel nor cokernel. At a = 0 the dimension of
the kernel and cokernel jumps by 1+ b§ = (x + ¢)/2. The canonical orientation of
these complex vector spaces gives rise to a canonical trivialization of the determinant
line bundle.

Lemma 28. The following relation holds
B(a)D1 = D]B(a) .

Lemma 29. The positive definite, selfadjoint elliptic operator of Laplace type satisfies

P = ~D; D} 0 (A, O
a™ 0 -DiD; )\ 0 A,

with
AOH 4 |a)? 0 0
A, = 0 AP+ 4 |a]? 0
0 0 AW+ 4 |af?

For the family of operators [P, the determinant line bundle
DET D} — C*, (4.44)

has the canonical section det D} = pfaff Jp, which is the Pfaffian of Pa. The Quillen
metric is

[[det D} = det A, .

The L?-connection V of the determinant line bundle is modified. The connection
Vg = V + T satisfies

vQ(detD;;) = Tg detD} ,

where I' is the Bismut-Freed connection compatible with the Quillen metric. From
[43, Prop. 2.4] it follows that the one-form of the Quillen connection on (4.44) is

1
Te=—3 (v +d¢a,(0) -
From Lemma 28 it follows

Lemma 30. The Bismut-Freed connection on the determinant line bundle (4.44)
vanishes v = 0. The curvature of the determinant line bundle vanishes.
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Lemma 31. For a € C*, we have the trivial flat determinant line bundle
DET (A<1>+ + la!2> ~C,
and the flat determinant line bundle of the family of Dirac operators IZ):
DETD; — C.
For x + o even, the product bundle
DETD! ® [DET (A(l) + ;am)} C L

has a holomorphic trivialization such that

det D} o
—e = a' (4.45)
det (A(1)+ + |a] )

Proof. There are also the eigenvalue |a|? of multiplicity 1+b5, and |a|? of multiplicity
by. All eigenvalues are strictly greater than zero. We define the following (-function
for Re R

> 1
2\ __
(s ) =2 (2\2 + R2)°

n=0

It follows from

4

C(s, R*) = ((s) — R*sC(s + 1) + %— (s> +5) (s +2) + O(R?)

that

4

o+ % (SC(S v 2))

7
s=0

CO.R) = ¢(0) =R (s¢(s+1))
C0,R) = C(0)+ R* (s(s+2)

S5=

)
=0

as the (-function only has poles at s = 1,2. The determinant of the generalized
Laplace operator A, is the regularized product of its eigenvalues

Indet A, = —C4_(0),
with

1
'a}Zs ’

Caa(s) = 2¢(s,lal?) + (1+bf) + by

}aIQS
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We obtain
exp~(a,(0) = [a’"%) Jal*™ exp {~4¢'(0,]a)} .
Similarly, we obtain ford the determinant from the bosonic fields
det (A<l>+ + |a|21[) = Ja]* exp{-2¢(0,]a?)} .

It follows that

det |DJ| xte
= Ja®
det (A(1)+ +|a| )
By Lemma 30 the curvature of the determinant line bundle vanishes. a

Remark 17. The curvature of the determinant line bundle vanishes. In physics,
this is called the vanishing of the local anomaly. Since —’%ﬂ is an integer there is
no holonomy a — lim;_,; ae®*™®. In physics, this is called the vanishing of the global
anomaly. The contribution to path integral from the transversal part of the high-energy
theory is

det D}
det (A(1>+ + |a|2)

= / [DBt DH* DU+ DXt ™S =a™s" |

The contribution to the path integral from the transversal part of the low-energy ef-
fective field theory is

det D, v -X%3=

v (a) - / [DBt DH* DU DXt 5" = (d—a) . (4.46)
det (AW + |u/(a)|2) du

4.9.2 The Seiberg-Witten contribution

There is another gravitational renormalization term coming from the Seiberg-Witten

monopoles. In this section, we determine the Seiberg-Witten contribution for C P2.
On a Kahler manifold, there is a canonical Spin®-connection whose square is the

anti-canonical bundle. In [10, Sec. 3.7], the Dirac operator was shown to be

o o0 &
d=v2| 0o 0 0 |, (4.47)
-5 -8 0

and act on the sections

ST(M) @ S~ (M) = (C®(M,C) & A®?) @ ACY .
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If we include a complex mass-term, we obtain the operator

im0 5_*
$u=Vv2| 0 im 9 . (4.48)
—§ —-& —im

We will determine in Sec. 4.11 that
m = (w* A(r))5 = V7 d4(7) .

From Eq. (3.18) in Sec. 3.9.2, it follows that m has an asymptotic behavior

w2 \3 VT
mN($m> = — (foru—>oo),

2v2

4 2(1F u) s
m ~ ((\/iw) —mﬁ—) (foru — £1) .

(4.49)

The Seiberg-Witten monopoles become massless at © = £1. The proofs of Lemma
22 and Lemma 26 also prove the following Lemma:

Lemma 32. The curvature of the determinant line bundle DET @y, vanishes. There
is no global holonomy for m ~ lim,_,; me?*™®. The contribution to path integral is

(0,2) (0,1)
det am N m1+b ﬁb o 1-p@Dgp02)
pon o m =

det (AW* + m}?) " |m|

m° . (4.50)

4.10 The partition function

In this section, we determine the topological part of the path integral for the twisted
N = 2 supersymmetric, pure U(1)-gauge theory on CP? in the semi-classical approx-
imation.

Remark 18. The path integral including the source terms for the twisted N = 2
supersymmetric, pure U(1)-gauge theory on M = CP? in the semi-classical approzi-
mation 18

Z,(p,S) = Z /da da /[D¢’ D¢ DA’ DD Dec Dé DH Dy Dy
LE2HAM;Z) (4.51)

X exp(— S+2pu+S2T(u)) ,
where S is the action determined in Sec. 4.2, Cor. 2, and 2pu + S?T(u) are the
observables obtained from the descent procedure in Sec. 4.3.
The path integral (4.51) has the form which was described in Eq. (1.2) in Sec. 1.3:

the evaluation of the path integral in the semi-classical approximation consists of the
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integral over the continuous moduli a, a, and the sum over the discrete moduli, the
lattice points of 2H%(M;Z). For the further evaluation, one first has to integrate out
the field D: the selfdual two-form D appears in the action quadratically without any
derivatives. Following the formalism of the path integrals, one can integrate D out
by a Gaussian integration. The effect is to replace D = 2i.Sv/(a)w/Im7. Secondly,
the integration [D¢’ D¢'] over the variations of the complex scalar field orthogonal
to the zero mode gives the functional determinant

It cancels the same term in the numerator from the integration over the ghost-fields
[De De] which by definition do not contain any zero modes. It follows that

Z.p,9)= Y. / dada / [DA' DH Dy Dy

Le2HX(M;Z) ¢ (4.52)
X exp ( ~S® 8@ L 2pu+ S? ’f(u)) ,

where the action at a critical point is given by
© — T ypnesl(pr 4

The quadratic approximation S of the action is given by a skew-adjoint first-order
operator of Dirac type in the fermionic fields, and a second-order, positive definite,
self-adjoint operator in the bosonic fields. The free field theory defined by S® con-
sists of three contributions: the longitudinal part and the transversal part of the
gauge-fixed action under the dimensional reduction of the gauge group. These two
contribution were discussed in Sec. 4.8 and Sec. 4.9.1. The third contribution comes
from the Seiberg-Witten monopoles which were discussed in Sec. 4.9.2. Each factor in
this product has been shown to have a vanishing local and global anomaly (cf. Lemma
27, Lemma 31, and Lemma 32). Thus, we have proved:

Lemma 33. The path integral in Eq. (4.51) is

~ 2 _s(0)
Z,(p,S) = / dada  ePu@+S T e~S
N ——— N~
LG 2H 2(M Z) ¢ source terms action at stationary point
sum over Pontryagm sectors,
integration over zero-modes ( 45 4)
det a det Du’ (a) pfaﬁ lb ImT,£
det [ADY 4+ m(7)P]  det [ADF + [u/(a)/?] Vdet[Im 7 AD+H
one-loop approximation, one-loop approzimation, one-loop approzimation
Seiberg- Witten contribution transversal contribution longitudinal cont’m’butio;z
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where

2v/2i 8

7 ImT

T oy 1T
¢= 355 (0+F09) =3 (R0

u'(a)) . (4.55)

The linear theory of the quadratic approximation is not topological [25]. However,
the metric independent part of the partition function can be extracted by looking
at the behavior in a one-parameter family of metrics g, = t2gq, for fixed gy with
t — oo. We observed in Sec. 4.5 that the different interaction terms in the linear
theory defined by Dy ¢ are not invariant under rescaling. The interaction term
€@ is invariant under rescaling from its definition as a topological quantity. On the
other hand, & scales in the same way as the metric does, @ — 3@ from its definition
(@ AD) = 1 which involves the metric. Accordingly, £ scales as £ — ¢t~2¢. Moreover,
the zero-modes g are invariant under rescaling, but the fluctuations x’ are scaled by
¥ — t=2x’. This introduces an additional factor of £ . The action S© in Eq. (4.53)
at the stationary point is invariant under rescaling. We have proved the following
proposition:

Proposition 15. The topological invariant part of the path integral in Eq. (4.51) is

Z.(p, S) = lim Zy(p, 5)

= lim z dada epr@+5*Tw SO
o0 | (4.56)
Le2HXM;Z) ¢
« det @, det D:’(a) 1263 pfaff P, T, t-2€
det [AD+ + |m(7)]?] det [AM+ + |u/(a)]?) V/det[Im7 AD+]

4.11 The evaluation of the path integral

In this section, we evaluate the topological part of the path integral for the twisted
supersymmetric, pure U(1)-gauge theory on M = C'P? in the semi-classical approxi-
mation in terms of the Jacobi ¥-functions and related functions.

Using Eqs.(4.42), (4.46), and (4.50) and Cor. 4, one evaluates Eq. (4.56) and
obtains

xto
du

25 2
Z.p.S)= Y. / dada P Tw 8O o (35) S (457)

Le2H2(MZ) & Imr

Since H**(M;Z) = Z it follows Fi = 4nkw for k € Z. Tt follows

SO — jr7k? + z% )
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€ in Eq. (4.55) depends on & since

_ldr o~y LdT 2v2iS
¢ = —3=(D+FL,0)= 2d5(4\/§k+ ~ u(a)).
Because of
Z k C_S(O) _ Z k e—i7r’r'k2_i7rk'uJ2 =0 , (458)
kezZ kez
it follows
£  _so V2i _, d7u/(a) 1 1l —
e =——378 — Fwel|T) = & — Fws|T) .
I‘:GZZ\/-IHI—T T da Im+ Tm 7 (2‘) EO\/I—HI—T' (2‘)
Eq. (4.56) simplifies to
Z.(p,S) = / [dada] e2pu+s*T) —l—mm(f) (@)2 & - (4.59)
“ J vimT da

The defining property of the family is that the group SL(2;Z) acts on it by electro-
magnetic duality. The electro-magnetic duality is realized as follows: the coupling
constant Im 7 of each U(1)-theory in the family is viewed as the modular parameter
7 = 7(E,) of the elliptic fiber of the rational surface Z. The action of the modular
group on T is the electro-magnetic duality transformation that relates different U(1)-
theories in this family. The transformation on the coupling constant is accompanied
by a duality transformation on the fields of the U(1)-theory to specify the isomorphism
between the full physical theories. The expectation value of the scalar field transforms
in the monodromy representation of 'g(4) and thus is a section of the Jacobian elliptic
fibration over the u-plane. Eq. (4.59) simplifies to

ldT|2 2pu+S2 T(u) 9 () da ’ du ’
Z,(p,S) = Tor? e’? VIimTmdy(r) Im7 7| (7 &
To(A\H
O |d7’|2 = _ i du du\ 2 (4.60)
-—vas [ et vminnm (15) (5) -
wdr
1"0(4)\H
Remark 19.

1. To ensure the invariance of the integrand under the T'y(4)-transformation in
Eq. (3.23) the source terms have to be invariant. In particular, it follows that
u = u(7) is invariant under To(4).

2. The contribution from the U(1)-photon partition function to the path integral in
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Eq. (4.59) is

’194(7‘) .

Im~

It is not invariant under the I'g(4)-transformation in Eq. (3.23). In physics, this
is called the Konishi anomaly. Together with the contribution from the Seiberg
Witten monopoles, the U(1)-photon partition function combines to

vVIim7Tm 194(7’) R
which is invariant under T'o(4). We set m = J(wy|T). It is the section of the
dual of the bundle O(©) — H with ©-divisor © = wy and with the metric

invariant under T'o(4) is given by

1o |I> = VIm 7 |9(w,|7)|* .

dduy (du)®
mdr da/) '’

FEq. (3.18) proves the invariance under the action of T'g(4).

3. For the term

We have proved:

Proposition 16. Eq. (4.51) simplifies to

Im 72

dr|” 27
Z.(p,S)=C S / Jrl”  2purset VIm7 |[94(1)]> A,
To(A\H

for a constant C. The integrand in Eq. (4.61) is invariant under T'o(4).

Remark 20. The u-plane integral Eq. (4.61) has to be regularized. We will explain
its reqularization in Sec. 5.6.

Remark 21. The physical theory as defined in Sec. 4.2 depends on the special Kahler
structure of the rational elliptic surface Z. The special Kihler geometry on UP does
not define a classical field theory for the N = 2 vector multiplet; instead it describes
a famaly of U(1)-theories. For every special coordinate patch, one obtains a classical
Lagrangian and a classical field theory. The change of special coordinates must be
accompanied by a duality transformation on the gauge field in the vector multiplet.
This duality transformation only make sense as the holonomy of the special Kdhler
connection in Sec. 3.10 is contained in the integral symplectic group.
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4.11.1 The strong coupling limit

The strong coupling limit is the limit of the family of supersymmetric U(1)-theories
for u — 1. Using a duality transformation S € SL(2;Z) one can relate this limit
to the weak coupling limit « — oco. Let the line bundle L, — M be the complex
line bundle with the first Chern class ¢;(L,) = w. Let A, be a connection on L with
F4, /27 = w. The instanton sum for ws =1 in Eq. (4.18) is

[o.¢]
Z = Sbos(TIAR), a,wa(M)] _ I4(7) . (4.61)

k=—00

We have assumed that the family of the twisted N = 2 supersymmetric, pure U(1)-
Yang-Mills theory on which the electro-magnetic duality is realized as I'o(4) acting
as follows: on the coupling constant Im 7 of each U(1)-theory, the action of I'y(4) on
7 is the projective action given by Eq. (3.23). The action of S € SL(2;Z) on 7 is
T — —1/7. The transformation on the coupling constant is accompanied by a duality
transformation on the fields of the U(1)-theory to specify the isomorphism between
the full physical theories:

L - L=L®L,,

2—17;}7':(%) =2kw — %FE@HI) =2k+1)w,
a — a=-ap,
wy — wy—1,
Sbos(T)[A, 2, wa(M)] —  Spes(T)[A+ Aw, —ap, wa(M) —w] .

The Poisson re-summation formula for the ¥-function implies
1
oA (—;) =04(S-7) = V—iT 9(7) .

After carrying out the electro-magnetic duality transformations on the vacuum fields
the instanton sum becomes

o0
E e_sbos(T)[A(zk)+Aw7 _aDva(M)_w]

k=—00
0o

_ Z e i T (b a)Pim (kt3) (=) = (1) | (4.62)

k=—00

This shows that the partition function for the electro-magnetic dual fields corresponds
to the partition function for the S-dual coupling constant S -7 = —1/7.

Remark 22. The instanton sum in Eq. (4.18) as the sum over line bundles whose mod
two reduction is zero. Equivalently, this is the sum over all squares of line bundles.
The dual instanton sum corresponds to a sum over all line bundle whose mod two
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reduction is wo(M ). Equivalently this is the sum over all squares of Spin® -structures.
The physical picture is that the U(1)-gauge connection from the Coulomb branch for
u — 00 1s the magnetic dual of the U(1)-gauge connection used in the definition of
the Seiberg- Witten monopoles for u — 1.
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Chapter 5

The dual theory on the boundary

In this chapter, we will construct a conformal field theory on an elliptic curve E, for
large |u| > 1 as a heterotic o-model with target space CP! xU(1). We will modify the
action by varying the holomorphic structure and comparing different regularizations
of the theory. This defines a family of action densities parameterized by H°(E,, K®?)
and HOV(E,) whose standard complex coordinates are denoted by a and 3. When
u is varied, there is no local or global anomaly present, and it make sense to ask
what the limiting partition function is for u — oo. We will show using (-function
regularization that the limit of the partition function is well-defined and gives in fact
the u-plane integral.

5.1 The blow-up function as a current on an ellip-
tic curve

In this section, we compute certain ratios of regularized determinants on the elliptic
curve FE, which will later play a central role in the evaluation of the partition function
in Sec. 5.5. The computations are carried out in this section and will be continued in
the next section. We learnt about this method of regularizing functional determinants
on Riemann surfaces from ({99, 98].

On the fixed elliptic curve F, with u # £1, we compute the ratio of functional

determinants
3 _ _widz
det (a vol(Eu)) (v1,12)

det 5(1,1 v2)

(5.1)

R(Z,1,1p) =In

We have set the (0, 1)-part of the connection equal to —w2/ vol(E,) dz (cf. Eq. (3.30)).
We also assume that for Z = 2¢w + 26w’ we always choose —1 < 2¢, 26 < 1. The
expression in Eq. (5.1) makes sense as long as v; and v, are integers since then
Hom(K 1, K ”%) is canonically isomorphic to K~*, so 1 denotes a canonical section of
Hom(K?2,K~2)® K (cf. [92, Ex. (1.5)]).

In the case (v1,v,) # (1,1), the operators in Eq. (5.1) do not have any kernel or
cokernel. We have the holomorphic standard trivialization of the two determinant
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line bundles which will allow us to write R as function on H®Y(E,). Formally, we
would like to write

5 —_ nzdZ 1 (V 7'/) nZ
det (6 VOI(Eu))(Vl,I/z) _ I—Inl,n2 (55)\1),11,11.22 - VOl(Eu))
det’ 0 B ER\EY
o H ni,nz 2——w>\n1,n2 (52)

T . . ! Z+ 5(!/1 va)
= — v 1 PR v .l
VOl(Eu) (Z + 21y, 2)) H ( in,nz

n1,n2

where Z(, ;) = (1 —12) w—(1—11) W' and Qy, n, = 21 w+2n3w’. The prime denotes
the omission of the zero mode eigenvalue. The expression (5.2) is divergent. If we
employ a cutoff NV the ratio of determinants is

det (5 _ —;(LE—))

7 (v1,v2) - 7T 0(2 + 2(‘/17’/2) w, w,)
det’ 81,1y vol(E,)
N N
L s | (Z+ 2 m)* v 1
e —(Z+Z(V1,V2)>Z . B ;1 2) Z 02 } )
e LN nimg | MLN2

where o(z |w,w’) is the Weierstrass o-function given by

oo/ 2
, 2 2 2
o(z|w, ) = H [(1—Q )exp(Q + 503 )]
nin2 mning

n1,N2=—00 ninz

The Weierstrass o-function satisfies

o'(z]w, ') ,
—— 2 =((z|w, W),
oz ]w ) ((z|w, w)

where the Weierstrass (-function ¢ was defined in Sec. 3.2. ¢ is an entire function
which vanishes at the origin. The Weierstrass o-function is not an elliptic function
since it is not periodic, but quasi periodic. We also define the functions (for i = 1, 2, 3)

e 02 ], )
o(w; |w, w')

oi(2) =

In Sec. 2.3.2, we used the notation o3(u, z) to exemplify that the periods are sections
of a flat line bundle over the u-plane, and o3(u, 2) is a function in the two variables u
and z. The entire issue revolves on how to handle the diverging sums when N — oo.
The above expressions tells us that the ambiguity in different regularization is a
quadratic polynomial in Z + %, ,,). We define the regularized determinant by the
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differential equation

det (5 — ——”5—>
033 det 8(,,1,,,2) nm (2 + 2(1/1,1/2) - Qn1,nz)3
= P (é + Z(v100) | W5 w') :

This allows us to express the ratio of determinant as

/) nZdZ . .
det (8 - vol(Eu)) (1,v2) _ U(z + Z(Vl,uz)
det Oy u)

w, W' )
P

b
w, w’)

where P is the quadratic polynomial p, 32 + p; # whose coefficients depend on vy, vs.
There is no constant coefficient in P if we impose R(0,v1,15) = 0 for 2 = 0. It is
easy to resolve the ambiguity in the definition of the determinant. If we go around in
a cycle Zu; ) — Z(v1,05) + nm 0N the torus the ratio of determinants has to remain
unchanged. This shows that p; = ((2(,,,)| w, w'). Thus, R equals

o (2(,,1,,,2)

a __ _widZ . .
det (a vfl(E"))(w,uz) — U(Z + 2
det 8(,,1,,,2)

7
w, w ) paz2+¢ <i(u1,u2)
€

w, w’)

w,w’) z

0(2(,,1,,,2)
R satisfies the identity
R(El v+ 2m, vy + 2n) = R(él 1/1,1/2) ,

and the initial conditions
R(0| v1,15) =0, R'((0]|v,15)=0,

R'(0| vy,v) = 2pq — p(g(ym) | w, wl) ' (5.3)

Since P is an elliptic function the coefficient p, does not depend on vy, 5. We have

= n2dZ
det (8 - vol(Eu))(ul,V2)

det 5(,,1‘,,2)

22

- e |2p- 1= mea+ (0 -wa) T +0()]

where we have used that e; = P(w| w, ') and e3 = P(v' | w, ).
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In the case (11,12) = (1,1), let 1 denote the subspace in A°(E,) spanned by the
constant functions and 1+ its orthogonal complement. For (vy,v;) = (1,1) the ratio
of determinants is formally

§ — _mzdz_
det1L (a vol(Eu))(l,l) _ H’ <1 d )
det’ a(l,l) el Qm,nz
which is divergent. We define the regularized determinant by the differential equation
= wZdZ
5 detq1 (5 - vol(Eu))(l,l) 2 Z

ni,n2

= ~P’(2'w, w’) —-2—25.

Oy n2)3

Thus, we have

- —d— ~
detys (6 - "glz(Ei))(l,l) U(z ’ v wl) p2 2
— e .

det’ 5(1’1) - Z

The linear coefficient in the exponential vanishes because we require that the deter-
minant is odd under # — —Z. Then R satisfies the initial conditions

R(0|1,1)=0, R(0|1,1)=0, R'(0|1,1)=2p,. (5.4)

Since P(z) — 272 is analytic in a neighborhood of the origin and vanishes at z = 0
the initial conditions (5.4) are the regularization of the initial conditions (5.3) for
21 — 0. If we drop the restriction to 1+ we obtain

a_ _mZdZ
det (a Vfl(Eu) ) (1’1) — s 0_(2 ,) ep2 32 (5 5)
det' 8(1’1) VOl(Eu) ’ ’

We can fix p; once and for all, by requiring R”(0|%,5) = 0 for some fixed v; = 4
and v, = j. If R"(0|0,1) = 0 we obtain 2p; = ez which is invariant under I'y(4).
The value (v1,v,) = (0,1) corresponds to the Spin-structure (P, A) in each smooth
fiber. this point was explained in Sec. 3.9. Moreover, O(Q, — P,) is a non-trivial
holomorphic line bundle which is well-defined on UP. We have proved:

Lemma 34. For the bundle L, = O(Q, — P,) where Q, — P, is given by

2Qu = Rnim) T %
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and the coupled Dolbeault operator 5L,u, the ratios of reqularized determinants

det gL,u
det (9(,,1,,,2)

eR(zvul 7"2) —

and

9 wZdZ

\(E, =
Vo ( ) det 0(1,1)
are given in the table (5.6):
(v1,12) | (0, @) | Spin-struct. | 2, 1) exp R(Z, v, 12)
(1,1) |(0,0) (P,P) |0 ~T  €exp 122—63 0(2 ' w, w'
0,1) |(3,0) (P,A) W’ exp 12—2‘33— o3 2| w, w (5.6)
L) |G| A4 |w+d exp (£2)  oy(2|w, W
(LO) [(0,3)| (4P) |w exp (£2)  oy(2|w,

We have imposed the initial conditions
R(O|vy,16) =0, R(0|v,)=0, R'0|v,v)=0.
for (v, ) # (1,1), and
R(O|1,1)=0, R(0|1,1)=0, R'(0|1,1)=e;3.

Remark 23. Using e3 = u/6 we obtain

52 52
exp (z 263) 03 (2‘ W, w’) = exp (—%) 03 (2 ' w, w') : (5.7)

As explained in Sec. 3.2, the Seiberg- Witten family of elliptic curves was also used
in [5]. Fintushel and Stern used the family of elliptic curves with the parameters x
and t with x = u/2 and t = 2. We obtain in Eq. (5.7) the blow-up function for the
SU(2)-Donaldson invariants of [5, Thm. 4.1]. (v1,v3) = (1,1) corresponds to the
trivial Spin-structure (P, P) in each smooth fiber. In this case,

o (552 ofe|wn o) =emp (52 o3[ w) 658)

is the blow-up function for the SO(3)-Donaldson invariants of [5, Thm. 4.1]. Thus,
the blow-up functions of the Donaldson theory arise naturally in evaluating the ratio
of functional determinants on the Seiberg- Witten family of elliptic curves.
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5.2 The variation of the determinant of the Lapla-
cian
In this section, we evaluate the ratio of determinants

det O(2)

det’ A (5.9)

where we have used the operator

— = TZdZ
3) = - . A0 — ALY
D(%) (8 vol(Eu)) : AYYN(EY) AV (E,)

to define
0(2) = %D(2)0 : A®O(E,) — AOCO(E,),

and A = 0(0).

The determinant line bundle DET D(%) — Jac(E,) was described in [100, Sec. 6.2].
Taking the standard covering map = : H®)(E,) — Jac(E,) we have a pull-back
line bundle which can be trivialized by the standard trivialization. If we write z =
2¢w + 20w’ then (2¢,20) are real coordinates of the Jacobian torus looked at as the
square torus of period 1. It follows that the Quillen curvature two-form is 2wd¢ A df
(cf. [100]). The operator D varies holomorphically on H%'(E,).

The (-function regularization gives

det’ O(3)
In ( det’ A )
! ™
= = [¢a@(5) — Can)(8)] 4y + 21In (w) [¢o) (8) = Cany(8)] op
where the difference of the (-functions (cf. Eq.(3.27)) equals

Ca(s) — Ca(s) = Z, . ————5 Z/ :

St [(nl + NaT — 2—2(;) (n1 + nzT)} ol |ny + nlezs '

Using the identity for the hyper-geometric function

(1- 1—) 5l /Z dr (s +)T(=r) (‘n) ’

n1,ny
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we compute

o

Cu(i)(s)_C(l,l)(S) = Z 2s Z (2k)! 2w52ik:1+n27) k

— |ny + n27'| !
- Y R 1
A (20) Qw)* A ng T (na + mgT)E

In particular, we have

[Caga(8) ~ Cany(8)] 0 =0

Since Os|s=0(8)2x = (2k — 1)! we obtain

[Con(s) — Can(8)] 0y = ZW lim @y (7, 25)

52k

PICHE Ga(q?) + g % () Gar(q?)

where we have used the almost modular functions

! 1 1
lim ®or(7,25) = lim
s—0 Zk( ) s—0 nlznz lnl + n27'|28 (n1 + TLQT)Zk
Go(?) = Go(¢?) — (= ifk=1
Ga(g?) ifk>2

for the Eisenstein functions Gx(q?) with ¢ = €™". Qur notation follows the notation
used in [95]. We have the following identity (cf. [95, Eq. (7.8)])

D(v|7) w2 2y 5 nv?
v97(0]7) ermr = o ; 2k Gorlq) + 2ImT

2 ~~
= exp (—%—Gg(q ) exp( Z % ng )
_ v? A 2 1 /
= exp (—?GQ(Q )) - U(w I w, w)

where v = 3=. Thus, the ratio of determinants in Eq. (5.9) is

det'0(z)  ¥y(v]|7) ey
det' A v9,(0]7)
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with v = #/2w. Using the normalized Eisenstein series Ga(g?) = %2E2(q2), we obtain

2ImT

det/ A v (0]7) N z
52 Bl
=e—£835224%l %U(?:’\UJ, w') .

z

det'0(2) _ 01(v|7) =2 _ [ (&) B la(élw ')
(5.10)

Combining Egs. (5.5) and (5.10) we have proved:

Lemma 35.
, — .. vol(E,)
det det D(2) ———~«
t'(9) det D(2) 357505
_ 2 Ey¢?) | 2 e L 25
= —7rzexp(—§24h2+ 5 =-—7Ze ,
with

~ 1 (B¢ A0
T——24< T 966 | = —o [ 20 —8u )

Corollary 5.

\/ det'(9) det D(z) a:-ﬁ%% det’(0) det D(3.) it%_EéS

= 2V27xS eszf,

with zp = +£2v/24 S.

5.3 The o-model with target space U(1)

In this section, we derive the partition function for the heterotic o-model on E,
with the target space U(1) coupled to a gauge background. This computation is an
application of a more general computation carried out in {96, Sec. 3] if we specialize
the target space to U(1).

5.3.1 The action of the c-model

Let z be the complex coordinate z on E,, z a map from E, to U(1). We also introduce
a fermionic field A. It is a section of I—(é/ ? with the square root Ké/ ? of the canonical
bundle K determined by the trivial Spin-structure. The chiral Dirac operator on the
Riemann surface F, is

8: A2 (B — AL (R, .
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The action for the N = % supersymmetric, o-model in the trivial gravitational back-

ground is
dzdz

E. 47i

(0z 9z + A 0A) . (5.11)
The supersymmetry transformation is
d0x = €A, dA =€z, (5.12)

where € is a local holomorphic section of R’é/ ?. Note that because E, is a torus the
supersymmetry transformation laws in Eq. (5.12) and z is periodic around any cycle
in E,, it follows that A must belong to the odd Spin-structure on E,,.

We couple the right moving system with a N = % supersymmetry to a left moving
sector. The boundary conditions for the left sector can be chosen to be any of the
odd or even Spin-structures on F,. None of the choices will spoil the topological
character of the result since the topological invariance is entirely governed by the
supersymmetry of the right sector [98, Sec. 4]. The left moving fermion is a section of
KS/ >®z*(V) with the square root K/2 of the canonical bundle K determined by the
trivial Spin-structure on E,. V = TU(1)®" = R®" is the nth power of the tangent
bundle of U(1) with the trivial connection. The action of the heterotic o-model on
FE, with the target space U(1) coupled to a gauge background is

SV — L LE (om a -+ xox+ (w,30) ) (5.13)

e

We also include the effect of diffeomorphisms on E,. The operator A generating
diffeomorphisms is simply A = A g—x. Since V is connected to the tangent bundle

of U(1), A also acts by a gauge transformation (Aap) on the fermions ¥#. The
generalized action was computed in [96, Eq. (4.1)]

SV _ / dzdz (8:5 8z + A0 + (v, )
B, 4me (514)

1 .
+v—01(—E;5[2A3:L'+AAB’I/)A’l/)B]>.

We look at the quadratic fluctuations of the action around the critical points. The
quadratic term %%‘3:’ Ox' arising from A Oz in the action is a total derivative and
vanishes because of the periodic boundary conditions for z (cf. [96, Sec. 4]). The

quadratic part of the action is

dzdz [ - ~ Aup dz
U(1).(2) — AB
S /E o (ax Oz + A OX + <w, (a ® I, + VOMEU)) w> ) . (5.15)

Performing the Gaussian integration over the fermions, the contribution to the path
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integral is

1
U _ _sUM, @) _ , 5 Aapdz\ |2 516
Zeo i / [DyY DA e [det (0) det (8 L, + (B (Eu)>] ,  (5.16)

where we have removed the fermionic zero modes of A. The explicit computation of
the determinants was carried out in Sec. 3.7.

5.3.2 The instanton contribution

For the bosonic part, there is an instanton contribution which comes from the eval-
uation of the action at the critical points, and summing over all of the topologically
different critical points. The computation of the instanton contribution is well-known
in the literature (cf. [88, 115]). We show in this section that the bosonic contribution
to the o-model defined in Sec. 5.3.1 is the bosonic theory considered in [88] coupled
to the line bundle L, — E,.

Due to the marking of the elliptic curve E, we have a homology basis A of H;(E,)
with the periods (2w, 2w’) and the modular parameter 7 = % The one-forms p and
o comprise a dual basis A* such that

faup = 1, fﬁup = 0,
Joo =0, Jo0 = 1.

The flat holomorphic connection a, on the line bundle L, = O(Q, — P,) is given by
the point @, € E, with

a, = 2mifp—2migo.
The image of a, in the Jacobian of E, is
HYE,;R)/HY E;Z) — Jac(E,)=C/(1,71)

a, =2mibp —2mipo — §'=z2?: =¢+780.

On the Jacobian, there is a natural hermitian norm H given by

H(él,€2) = iln&j = <€1,£2> + (51,52) )
for &, &, € Jac(E,) where
o = . o I = .
(6,6) = RL8) g g IELE)
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We evaluate the partition function

/ Dé e~ SYP (@)
[

over the space of fields ® = {¢ : E, — U(1)}. As proved in [115, Sec. 1.3], we can
decompose the space of fields

. ¢~'d¢
&= |J @, with @wh={¢ —
heH(Ey;Z)

The measure of the path integral decomposes into

=2k

H(Ew;Z)

If we choose a ¢, € ® with ¢! d¢,, /(2mi) = wy, then

B, =B ¢u,, with Bo= {¢ = emiely

:Eu—>R},

where z is the map used in Sec. 5.3.1. We set

(Wh, wh) 4 (dz,dz) 4 (wp, + dz, €)

gv (¢wh62nm) - . : 5 ,

bos

(5.17)

with £ € Jac(E,). The action in Eq. (5.17) includes the instanton contribution and
quadratic approximation

SU(l) (¢w e27ria:) SU(I) (0)(w )+SU D, (2)( é—')
h 7 )

bos bos bos
with
U O, ) = L)y (o) (518
SUD: Oy &) = (dx’Qd“’") +i (d‘g’ &) . (5.18b)

The action Sgésl ) @) (wp, €) is the bosonic part of the action in Eq. (5.16) for A = 2wé.
It was also considered in [88, Sec. 4.C] where its partition function was computed.
For £ = 1 the path integral becomes

(w W . (wp, &) %, dx
Zﬁ£)=LD¢e‘S§'§)“”)= DN R /Dx e (5.19)

H1 (Eu.;Z)

The instanton part of the partition function was evaluated in [88, Eq. (4.13)]. For
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E=1 we obtain

Wp W . (w ,- 2
3 R X Y o IMT)‘ , (5.20)

HY(Ey;Z)

Carrying out the Gaussian integration in Eq. (5.19) yields

U@) _ 1 VOl(Eu) % 2
Z,,. = NS ( o A VimT ’194(7’)' . (5.21)

5.3.3 The ghost contribution

The action in Eq. (5.13) is an action in which the general coordinate and N =
supersymmetry gauges have been fixed. Thus, we have to introduce the following
ghost fields [96, Sec. 3]: the general coordinate ghosts and anti-ghosts b,c and b, ¢
and the chiral supersymmetry ghosts and anti-ghosts 3,y. The presence of the gauge
fields does not affect the ghost sector. Thus, the action is

N[ =

v _ [ __B4E e bde B
S = /E mivol(E,) (b02+bc+5 o) - (5.22)

Here, b, ¢ are sections of K/2 with the square root K/2 of the canonical bundle K
determined by the trivial Spin-structure on E,. Similarly, v is a complex function on
E,, and 3 is a section of A®Y(E,). The path integral over the ghost fields is (cf. {96,
Eq. (4.14)])

ZV0) / [Db Db De De D Dy] e S [volt(:i(@?)) % E ;] (5.23)
- [z

5.3.4 The partition function
The full action of the heterotic o-model on E, with target space U(1) is

SU(I) SU(l + SU(I ,

where SX(I) and Sgh(l) are given in Eq. (5.14) and Eq. (5.22). To avoid the problems
in defining the path-integrals we will treat the partition function as the one-loop
Gaussian approximation of a string field theory. The Spin-structure (P, A) on E, gives
a well-defined holomorphic line bundle L, — Z. The corresponding ¥-characteristics
is ¥4(7) and corresponds to A = w in Eq. (5.14) and € = 1/2 in Eq. (5.17). We also
set n = 24. It follows:

Lemma 36. The path integral of the heterotic o-model on E, to U(1) with the target
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space U(1) coupled to a gauge background V = C'?* — U(1) described in Sec. 5.3.1 is
1 2
vy
v/ m\/lmr ]194(7)| A7) . (5.24)

Proof. We have used that

_ Appdz _ n/a
det (3 L, + m) = det (8L,u) )

where L, is the even Spin-structure (P, A) on E,. Combining Egs. (5.16), (5.21),
(5.23) it follows

Zg(l) -

vol(E,) det (®1,+Aas) |’
det'(0)

1

y [vd(it(éag] '\ Vimr 97|

=+vImT

194(T)‘2 det? () .

The equality of the determinant of 8 coupled to the line bundle L, and the discrimi-
nant of E, was proved in Sec. 3.7. O

Remark 24. The cancellation of the det'(d)-terms in Eq. (5.16) is called the world
sheet supersymmetry in physics.

5.4 The o-model with target space CP!

In this section, we evaluate the partition function for the o-model on E, with target
space CP'. The evaluation is an application of the computations in [100] where we
have chosen the target space Y = SU(2)/U(1) = CP. The o-model with target
space SU(2)/U(1) has first been considered in [107].

We will use the following normalization: deleting the point at infinity, we may
stereographically project S2? onto the complex plane and use the complex projective
coordinate w = z'+iz®. The Kéhler form can then be written as K = 99 In(1+ww).
On CP!, we can choose the vierbeins e! and e? as in [54, Examples 3.4 (2)] such that
the Kéhler form becomes K = e!' A e’ On CP!, we have K = volgp1 (cf. [54,
Examples 3.4 (2)]). We also have ¢;(CP') = 2K and thus [,,, K = 7 [54, Examples
6.3 (2)].

5.4.1 The action

Let z be the complex coordinate z on F,, dr the differential of a map from TF, to
TY. We also introduce a fermionic field A. It is a section of K'(l,/ > @z*(TM) with the
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square root Ké/ 2 of the canonical bundle K determined by the trivial Spin-structure.
The chiral Dirac-operator vﬁi"’) on the Riemann surface E, is

(vg}"’u)" = O+ O T\

where I is the Christoffel symbol of the Levi-Civita connection on 7Y.

Remark 25. Since the target space is complex one-dimensional every three-forms on
Y wvanishes. In the framework of [100], it follows that C = dB = 0 where B is a real
two-form on Y .

The action for the N = % supersymmetric, non-linear o-model is

/ dzdz . (axﬂ Bz” + (VL \)- )\u) . (5.25)
E

. 4mi
The supersymmetry transformation is

0z = €A, S\ =€0r , (5.26)

where € is a local holomorphic section of I_{é/ ?. Note that because FE, is a torus the
supersymmetry transformation laws in Eq. (5.12) and z is periodic around any cycle
in E,, it follows that 1) must belong to the unique odd Spin-structure on FE,.

We couple the N = % right moving system with a left moving sector. The bound-
ary conditions for the left sector can be chosen to be any of the odd or even Spin-
structures on F,. The left moving fermion ¢ is a section of Ké/ > @z*(TY) with the
square root K, 3/ 2 of the canonical bundle X determined by the trivial Spin-structure.
The action of the o-model on E, with the target space Y = C P! coupled to a gravi-
tational background is

1 dzdz i
§°F = /E o [ (80 82" + (VEONP N+ (Vg ) -
« 27

+ Ruua[?)\'u)‘u ¢a¢ﬂ] )

where R is the Riemann curvature tensor of the Levi-Civita connection I on Y.
We look at the quadratic fluctuations of the action around the critical points. We
must exercise care since £ and A have zero modes. We write

.’L’=IE()+CCI, /\:Ao—l—)\,.

The quadratic part of the action is

1 dzdz = nv
0 [ (2 [0

(5.28)
+NEONY 4+ [(+R) w]") ,
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with
p_ 1 " ayB v
(R w) = ER vaf A0 /\0 d) .

Performing the Gaussian integration over the fluctuations in the fields, the path
integral becomes

_sort | det’ (0 ®1Tp) det (B+R) |°

/[Da:' Dy DXN] e = eV 90+ R , (5.29)

which agrees with [98, Eq. (4.7)]. The bosonic part of the measure for the full path
integral at o re-expressed in terms of the normal bundle data is (cf. [100, Eq. (4.5)])

[Dz]

ol(F,
= %—) d’zy [D2') ,

where [Dz'] is the measure on the space of maps orthogonal to the constant map.
Similarly, —¥Y%&_ e A/ 20)(E,) is a normalized holomorphic spinor since

<\/d_z_, \/d_z> = vol(E,) .

Thus, we choose M = 3 ® —Y%Z_ and conclude that

v/ vol(Ey)
[DA] = d®X [DN] .

The path integral is

ZCF' = / [Dz DA DY] 57

1
N VOl(Eu) d2;L' dzx det'(8 X Hz) det (5 + R) 2
C2n om0 det' [-9(0 + R)] (5.30)
1
vol(E,) . TS det (0 + R) z
= det’ (0 d*xo d°)\ —
27r € ( ) CPI x[) 0 detl [_a(a + R)] )
where
2 _ 0 1 "1 ’\2 dZ
(R” )u,u=1 - ( -1 0 ) Aodo ® vol(E,)

137



The eigenvalues of R are +200E with r = 27 AL X2, Tt follows that

. vol(B.) -
ZCP' _ "_O.g_) det'@) [ d’zo d®ho
Yis CP!

det (8 + 3;1(’;3) : det (5 — %%) 3 (5.31)
o[-0 (9+ )] | Lot [0 (0 655)]

Applying Lemma 35 and Lemma 5, we obtain

X

~

2wir dz
or 1 [ o e VOUB) det'(9)det (0+ )
Z 2 d Zo d AO ; omir d
T Jop det [-a (a+ ;;;,3)] (5.32)

-~ ﬁ“‘
=/ d2$0d2)\0'r62T.
cpl

Using the correspondence A A2 > e! A €2 = K, the partition function in Eq. (5.31)
can be evaluated
7O = / re7 T —on?, (5.33)
cpt

We have proved:

Lemma 37. The path integral of the non-linear o-model on E, with target space
SU(2)/U(1) coupled to a gravitational background is

7P = on?. (5.34)

Remark 26. The partition function in Eq. (5.32) is known as the string theoretic
derivation of the Euler characteristic of the loop space of Y [98].

5.5 The one-loop amplitude

The combination of the the two o-models defined in Sec. 5.3 and Sec. 5.4 determines a
heterotic o-model on the elliptic curve E, with target space N = SU(2)/U(1) x U(1).
The classical bosonic fields are maps X : ¥ — NN and the classical action is

Sbos:/d:dzgpuaXu 8X“

The Lagrangian for the N = 1/2 supersymmetric theory consisting of only right-
moving spinors is

dzdz =
— " v ypuxr(1,0)yv
S / T [aX BXY — AV ,\].
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with M\ € K’é/ > ® X*(T'N) where the square root of the canonical bundle K is given
by the trivial spin structure. The connection is given by

(VBN = +0X T, N

where I is the Christoffel symbol of the Levi-Civita connection on N. The N = %
supersymmetry is often referred to as a (1,0)-supersymmetry in the right-moving
sector [109]. It has been proved in [108, 110], that parallelised group manifolds carry
an extended supersymmetry due to their complex structures. In the general setting
of the heterotic o-model [109], we treat the U(1)-factor in N as an internal manifold
and CP! as the space-time of a string field theory. The N = % supersymmetry is
enough to preserve the supersymmetry of the space-time. The topological invariance
of the path integral is entirely governed by this supersymmetry [98].

The o-model on E,, with the target space U(1) is coupled to a gauge background.
The left-moving fermions are section ¥* € K2 ® X3, (V) with V = C? — S
The o-model on E, with the target space CP?! is the non-linear o-model used for
computing the Euler characteristic of the loop space of the space-time. It follows
from the results in Sec. 5.3 and Sec. 5.4:

Lemma 38. The path integral of the heterotic o-model on E, with target space C P! x
U(1) coupled to a gravitational and gauge background described above is

1 2
Z. = ZCP 7V = Vim 1 ‘194(@} A7), (5.35)

where C' s a constant.
Under the change of u, there are anomalies which would give rise to inconsistencies:

1. There is no local anomaly. The Quillen determinant line bundle for the Dirac-
operator for a non-trivial Spin-structure is flat [77]. Thus, we do not have any
local anomaly.

2. On each elliptic curve E, with u € U we have the standard holomorphic trivial-
ization of the various determinant line bundles. These canonical trivializations
patch together to give a canonical trivialization. The issue is whether there is
such a canonical trivializing section for the kernel and the cokernel of the un-
coupled J-operator. Such a trivialization is given by the holomorphic two form
n in Lemma 3.

3. There is no global anomaly. We can evaluate Eq. (5.35) and obtain that the
action is invariant under the action of I'((4). Encircling the non-trivial loops
in 71 (UP), the monodromy acts as described in Egs. 3.23. However, one can
check that Z, does not acquire a phase.

In the remainder of this section, we modify the action of Sec. 5.3 and Sec. 5.4 by
changing the holomorphic structure and the regularization and compute the changes
to the partition function in Eq. (5.35).
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5.5.1 The change of the holomorphic structure

In [107], the o-model with target space SU(2)/U(1) & CP' was considered. The
isometry group U(1) is a global symmetry of the nonlinear o-model and can be
gauged [107]. We consider the coupling to an external field 3. The presence of the
external field leads to the modification

omi 28 dz
vol(E,) '’
ror+p, (5.37)

0—-DB) =0+ (5.36)

in Eq. (5.32) where the factor of v/2 has been inserted for normalization. We interpret
the operator D(3) as a flat complexified U(1)-connection of type (0,1) and 3dz as a
holomorphic tangent vector to the holomorphic connection on K 2 where the square
root of the canonical bundle is determined by an even or odd Spin-structure. Then,
Hom(K %, K ‘%) is canonically isomorphic to K!, so 1 denotes a canonical section
of Hom(K2,K~2) ® K (cf. [92, Ex. (1.5)]). On the elliptic curve E,, there is only
one choice for a holomorphic tangent vector up to a constant which is dz [73]. The
O-operator is left unchanged.

Equivalently, we view the situation as follows: let V' — Z be a semi-stable vector
bundle with a Hermitian Yang-Mills connection described in Sec. 3.9. There is a
reduction V|z, = L, & L;* where L, is a holomorphic line bundle on E,. We use the
base point P, to identify the bundle L, with O(Q, — P,) for a point @, € Z,. The
flat connection A, on V|g, = O(Q, — P,) ® O(-Q, — P,) is

n
A= B

(-2, d2®0® + 2, dZ® %) , (5.38)

We define an endomorphism valued (0,1)-form in the adjoint representation h =
Bdz ® io3. The flat connection A, and the holomorphic tangent vector h form a
bosonic Higgs vacuum on FE,

Fy,=[;h*]=0, 38, h=0.

The coupling to the external field is obtained by changing the (0, 1)-part of the con-
nection according to

@I+ A% -+ A% +h.

5.5.2 The comparison of different regularizations

For the quantum theory in the external gravitational field, there are quadratic and
logarithmic divergences that can be renormalized by adding further terms to the
action. Different regularizations will introduce certain counter-terms in the one-loop
amplitude and we obtain a one-parameter family of actions. As explained in [93,
Eq. (2.6)], these terms are proportional to the volume and the Euler characteristic of
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E,. The latter va_n_ishes as F, is a torus.
Let 6k dz? + 0k dz? be a quadratic differential on E,. A quadratic differential
corresponds to a deformation of the metric by a change of the volume form

|dz|? — |dz + 0k dZ|* + O(6k?) = |dw|? .
The new complex variable w on the torus is the solution to the differential equation
0;w = dk. The usual metric on the space of traceless two-tensors is

|6k dz* + 0k dz2||:ym = [ dzAdzdk ok =8 vol(E,) |6k|%.

2(Bu) B,

The identification with a change in the coordinate on the u-plane is given by du =
vol(E,) dk. HY(E,; K™!) is the space of Beltrami differentials on E,. Its dual is the
space of quadratic differentials H°(E,; K®2). For the quadratic differential éx dz? +
0k dz? the corresponding Beltrami differential is u = 6« 8; ® dz. The change in the
action corresponds to the evaluation of the quadratic differential

/ dz*u = 6k vol(E,) = du .

U

Thus, under a change of the regularization of the quantum theory on E,, the action
will change by a term proportional to du. For |u| > 1, the flow generated by the
monodromy matrix M, defines a canonical trivialization of H°(E,; K®?) as u varies.
We showed in Sec. 3.5 that the invariant differential for M, is du/u. Using the
trivialization the additional source term in the action is proportional to

d
/ d2®2,u=7_u1£=u.

u

Let a be the coordinate on the space of Beltrami differentials or its dual H°(E,; K®?)
given by writing the elements as adz®2. Multiplication of the action exp(—S) with
e?®* does not present any problems in the context of local anomalies. Since u is
invariant under the action of I'y(4), it does not give rise to a global anomaly.

It follows:

Lemma 39. Changing the holomorphic structure and the regqularization define a fam-
ily of actions

2 /20 dz

(B | 2w

S[g] — S l:g—l-

parameterized by H(E,, K®?) and HOV(E,) with complez coordinates o and 8. The
change in the partition function (5.35) is

Ty = Zo(a, B) = Zo 20T (5.39)

141



Proof. The modification r — 7 = r + /2 3 leads to

: 5, OB dot(0)det (9+ 35585)

A EIE=D)

vol(Ey)

/\~',,T_2-A 2
=/ Prod®NgTeT T =212 T
CcP1

Using Lemma 34, Lemma 35 and Eq. (3.17) it follows:

Proposition 17. The one-loop amplitude of the heterotic o-model on E, with target
space C P! x U(1) in the presence of the background fields o, (3 is

Z,(a,B)=CoVImr ﬂi(i—;le(i) exp (2 au+ 3 f(u)) , (5.40)

where Cy is a constant and h(7) = 195(7) 95(7) = w(7)/(2v/27) and

2

1 £y
=55 (%)
T(u)=—— — Ey=Fy — .
() 24 (hQ(T) Su) ’ > > rImrt

Corollary 6. The amplitude in Eq. (5.40) is the integrand of the u-plane integral in
Fq. (1.1) if we set &« = p and B =S up to an overall factor of S.

Remark 27. The missing factor of S in Eq. (5.40) means that in the limit S = 0
and p = 0 the generating function Z,(«, 3) gives the Euler characteristic of the loop
space of C P! whereas the integrand of the u-plane integral in Eq. (1.1) vanishes.

Remark 28. The partition function in Eq. (5.40) has the same form as the anomaly
generating functionals constructed in [95, 96]. Through the insertion of the terms
proportional to B we have assembled in the partition function not only the massless,
but also the massive levels. In the limit of vanishing 3, the partition function in
Eq. (5.40) reduces to the semi-classical path-integral derived in Sec. 5.4.

Remark 29. As explained in [96, Sec. 2], we have to integrate Z.,(c, 3) over Re(r)
from O to 4 to impose the left-right mass constraint. Ultimately, it means that only the
massless level contributes since 3 acts only on the left-movers. We will carry out this
step carefully in Eq. (5.44) of Sec. 5.6. If one imposes the left-right mass constraint,
the partition function is

/0; dz Z, (o, ) , (5.41)



with 7 = x +1y. It makes sense to ask what the limiting partition function is in the
high temperature limit Im7 — oo. We will show in Sec. 5.6 that using the (-function
reqularization the limit of Eq. (5.41) is well-defined and gives the u-plane integral.

5.5.3 The blow-up function of Fintushel and Stern

We explain an interesting modification of this procedure. We can modify the connec-
tion of one of the complex chiral fermion that gives a contribution det((?}:u) by the
holomorphic tangent vector yv. We interpret the modification as the gauging of the
U(1) in Sec. 5.3 and the coupling to an external magnetic field v. It follows:

Proposition 18. The one-loop amplitude of the heterotic o-model on E, with target
space CP! x U(1) in the presence of the background fields o, 8, and v is

— det 692(22\/57)
Zu s My = Zu y .
(@, B8,7) (, B) d B
yields N .
Zy(o, B,7) = Zo(a, ) € T o3(7|w, o) . (5.42)

If we sety = E for E = [.(, then Z(a, B,7) is the integrand for the u-plane integral
that gives the Donaldson invariants for the blow-up of CP? in one point in Eq. (2.10).

Proof. Lemma 34 and the comparison with [5, Thm. 4.1] and [25, Sec. 6] shows that
Eq. (5.42) is the integrand for the generating function of the Donaldson invariant for
CP? blown up in one point. O

5.6 The regularization of the u-plane integral

The u-plane integral is

|d7]? 94(7)° Ia(7) 275
C / 3 S exp(2pu+ S*T ) 5.43
‘ H/To(4) Im(7)32 h* p( P (u)) (5.43)

where h(7) and T\(u) were defined in Prop. 17. In this section, we explain how the
integral in Eq. (5.43) is regularized.
Eq. (5.43) is a generating function in the formal variables p and S. If we set

UP = Cy

m

St pm S2n+1 /reg |d7'|2

s r = ppimn) :
=0 m' (2n -+ 1)' H/To(4) Im2 T
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the expansion of Eq. (5.43) yields

m52n+1 reg d 2 2 1)!
vp= Y o I [ My 1)

(2n + 1)! Ja/ro@a) Im* 7 n!
N 92
X 2™ um T (u) ( ‘;L(I)) V4(7) .

Thus, we will be concerned with the integration of the functions

m,n=0

Upmn — (2”“) 2™ V/Im T u" " (u) <i%gi) () -

The integrals are in general divergent because of the behavior of UP,, ,, at u = %1, oc.
Since we will be integrating over a part of the fundamental domain of T'y(4), it is useful
to introduce the variables 7 = x 4 iy. We are only interested in the contribution
coming from the upper part of the fundamental domain for y > yg > 1. We observe
that the z-integration then runs from 0 to 4 and thus

/reg ‘dT'Q B /reg dy /4d
H/To(a) Im® 7 y* Jo

Lemma 40. f04 dz UP™™ = 0 for m +n = 1(2).

Proof. The shift x — x + 2 is the modular transformation 7 — 7+ 2. In Sec. 3.4, we
have shown that

— T U — —Uu T\(u) - —Yl(u) Ua(7) = Ua(T)
T C ) — T A — ()

Changing u — —u is equivalent to changing p — —p, and S — £S5 and multiplying
the integrand with . 0

The next step is to provide an expansion of the integrand in Eq. (5.43) in terms of
4,9, Y.

Lemma 41. The following relation holds:

mAnﬁg(T) —~ 1 (n 1 nom_ Ll o (mn,l
T =3 () e R0,

=0

where the function R is holomorphic in q% and equals

m [ 9
R(m,n,l) (q) _ q n47n+l+1 (7 Y;Lan+f ZR(mnl) %
B um T l199( )
y ( ,n,l) _ —_ 41
with ka = Coeffqg (q it -—h’THI_> s
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Proof. We compute

~ 95(7) u™ 93 (1) 1 1\"
T T T (T+87rh2§)

_ Zl n 1 umTW(7)
= 7 )

] ]
L (87) h2l+4

For ¢ = exp(2mit) all functions have absolute convergent power series expansion
holomorphic in q%. In particular, we have

8

k
2

Eed
(ol
kol
L]
II
onIH
7~ x
! I M 8
nlx

It follows that

a
Thus, the integrand UP™™ can be written as an absolute convergent power series

() (”i,ff )) G

n

4 iz gt b 4e %W ifg=10
0 I 0 .

otherwise

The integration with respect to z is a projection onto the diagonal terms in Upmm»

i.e., the terms with the same power in ¢ and §. As the section only depends on ¢, g,y
the integration will remove the dependence on z. If we define

4
4UPTY (iy) = /0 dz UPmn)

:/04d$(—2n—n—‘!_—122m\/ﬁuan( ) (199(7')) m,

h4
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we write

(m,n) 2mH 2n + 1 - (m n,l)
4Ulpdlag ( ) (87T l Z $2414-1— n—m
=0
—27s?y

(—1)se(sz+z+1-"‘2m) eyl_% . (5.44)

where for k € Z we have

1 fork>0
O(k) = { 0  otherwise

The following lemma follows:

Lemma 42. The diagonal term lUIP’((jl (zy) can be decomposed

iag

v ) = (VPP G) (Wfiﬁ? )( ))mg

3 7la0 ,n l —7l'2
ZU]PS?;;)( ) 11+Z -1 ngﬂg)(S) 2sy’
_ Y2 =0 Y ? s

with

m—1 E}
mmts) _ 27 2n+ DH(=1)° o mun) ) n—m
UPdiog (8m)tl (n — ) R(32+l+1-—"—‘2’ﬂ) © 9

(5.45)

Remark 30. The singular part contains only a finite number of terms which are not
exponentially suppressed. Forl fized, we have the cusp form

OB (i) = 3 UBE) e
s=0
such that

n

N 1 m,n),(l
UP™ (i) = Zyw 4 UPS 0 (iy)
=0

In the remainder of this section we explain the regularization of the u-plane integral.

5.6.1 The (-function regularization.

By projecting onto the diagonal terms we obtain the functions

! UP("’" - () (Ls) -2
fm,n( ) - / dz - Z l+3 ZUPdlag ~oms? v. (546)

=0 ¥ % s>1
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The associated Dirichlet series are

1 o0
9 mmn) — =< n el d .
Ao(er f ) ) F(é) Ao fm, (y) Yy Y
The cut-off Ag is introduced to only include the contributions from the cusp u — oo
while keeping away from u — +1. We define the (-function regularization of the
u-plane integral as

Jim D, (0, fm) - (5.47)

In [25, Sec. 9.1] a certain regularization procedure was applied: the u-plane integral
was evaluated by writing the integrand as total divergence and then picking up the
term at infinity. One uses integration by parts for

o 1/0 ti 0

—=-{\=+iz=]) .

or 2\0x Oy
We will only consider the boundary component coming from the line segment with
z running from 0 to 4 at y = yo. The other boundary components are the singular

contributions from y — 0. Thus, the regularization procedure used in [25, Sec. 9.1]
is defined by

[7 at ey =5 i [ a pw)
T|° —F(z,y) = = lim dz F(z,yo) -
H/To(4) or 2 ’

Applied to the u-plane integral, one uses the identity

%E(l) = 194(7-) Eé)
Y

Nlw

with

l ; .

N T@) (6 __; & C

E® = 2()———2 (—) By —H(r)+ Y —
S\JTG+) \n) 7 or k0 TARE:

for the non-holomorphic Hurwitz function H(7) of weight (2,0). The terms in the
u-plane integral are of the form

/reg IdT|2 7.9491(7_) E% um—n—j m _ /reg ]d7-|2 ?92(7') um—n—j _a__]E(l) [H]

/o) Im? 7 A(T)* ¥ (7) H/To(4) h(1) % b7
reg 8 199 (T) um_n_j
= 2 O [VgT)U™ = 7 (D)
/H/ro(4) jdr] 87"( h(T)4+% E [H]> . (5.48)
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Thus, we obtain
e 2(7) u™ i 99() wmn~d
P = | s BV ) = 5 i valm) U T pay
/H/ro<4) ] or ( h(r )4”’ ]E [H]) 2 yomreo Jo dx h(T)4+% EVH]

=2i lim Coeﬁqo{LE(’)[H]} (5.49)

Yo—00 ( )4"'2J

Lemma 43. The regularization procedure applied by Moore and Witten in [25] is up
to a constant factor the (-function regularization in Eq. (5.47).

Proof. Using the incomplete I'-function [40, Egs. (6.5.3) and (6.5.12)], we compute
forle N

d 1 /°° 1€ 4y (2ms?)tiD(e— - &, 2ms%A,)
dele=oT'(€) vy yti  deleo T'(e)
1
= (rs?)F2T(-1 - 5 2152 Ao)
and thus
. d 1 ° 5_16—27rs Y _ 2\ [+2 1
AI;I—I}O dele=0T'(€) -/Ao Yy Yt (2ms) T2 Tl = 5) '

We also obtain

d 1 o 1
lim —| =—— dyy'—==0.
Aom0 de e=0T'(€) /Ao vy Ytz
An integral function F' for —ﬁ%—y is
y
—2ms2y -3
_ € _ ot [ € .
Fw) = [ a=ee [ S
1 1
= (2ms?) {F (—l — 5) -r (—l — 5 27r32y>] :
Thus, f(y) = F(y) % * and we obtain
reg ) reg ) i
[F e = [t =4 i [ de P
H/[To(4) H/To(4) Yoo

= 2 lim F(yo) = 2 (2r%) F( z--) .

J0—00 2
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We summarize the results of this section:

Proposition 19. The u-plane integral is the generating function

st m Q2n+1 reg 2

a™p |dr|

UP = C — s UP™™
0 Z m! (21’L + 1)' /H/Po(4) Im2 T

m,n=0

with

ppim = Ct Dl om i ym n) (‘9:(7)) Ba(r) -

n! 4

The regularization used in [25] coincides with the (-function regularization

/reg 1477 ptme = & im0, (0, ) (5.50)
H/To(4) Im27' 2 Ap—0 0 ’

where fmn was defined in Eq. (5.46). The only contributions to this integral come
from the exponentially suppressed terms

(UIPg’.';’") (z'y)) n 0
iag 1 2
reg __ § : UP(":’%")yU:S) e—-21rs }
1+ diag
Yy 1=0 Yy +2 s=1

with the coefficients T[J]P’((i'i';g‘)’(l’s) defined in Eq. (5.45).

In the appendix, we present a short MAPLE-program that computes the Donaldson
invariants of CP? using the methods of [25] to evaluate Eq. (5.43).
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Chapter 6

The conclusion and an open
question

In this thesis, we have found an equality between the u-plane integral that computes
the Donaldson invariants on CP? and its blow-ups and the one-loop amplitude in
a heterotic string field theory on the elliptic curve at the boundary of the Coulomb
branch. We conjecture that this equality stems from a superconformal quantum
theory on the six-dimensional space X = T? x M in the two limits where T? is
either much smaller or much bigger than any characteristic radius of M. The six-
dimensional theory would serve as a F-theory and different compactifications lead to
different low-energy field theories. We briefly describe the bosonic field content of the
quantum theory in the two limits.

Interpretation as combined gauge and gravitational anomaly. First, we de-
scribe the partition function for the T2-invariant supersymmetric U(1)-gauge the-
ory on X. The universal U(1)-gauge theory on M that defines the u-plane integral
is naturally defined as a N = 1 supersymmetric topological U(1)-gauge theory on
the six-dimensional space X = T? x M that combines the gravitational and gauge
anomaly.

Let AT be the space of T2-invariant connections H = A + ¢d¢ + ¢df on X
where € is the complex coordinate on the two-torus T? and A is a connection on
L — M, and ¢ is a complex function on M. Then L x AT is the universal line
bundle over M x T2 x AT, The bosonic action is the L2-norm of the curvature G for
the T2-invariant connection H is

G = Fo+doAdE+dondE,
/ volg |G|* = / voly Im7 (|FAl2—|— |d¢|2> , (6.1)
M xT? M

where the torus is oriented and has an area of Im7. The action in Eq. (6.1) is the

bosonic Lagrange density used in the low-energy effective field theory in Sec. 4.2.
Let T? be equipped with a spin structure. On T2, we consider the space of flat

metrics Met(T?) and the principal Spin(2)-bundle § — Met(T?) x T? of Spin-frames
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for the metrics on T?. Restricting to the group of diffeomorphisms Diff(T?) which
preserves the Spin-structure, the action lifts to an action on §. This is the context of
the gravitational anomaly in [111]. The combination of the two constructions defines
a universal Spin(2) x U(1)-principal bundle £ in the commuting diagram

Fx Lx AT — £=(FxLxA")/H

! !

Maaw)xszA4x¢ﬂz———»mv:(MamP)xT2xm1xAV)/H

together with a canonical connection. H is the group of all T?-invariant auto-
morphisms of the bundle L leaving a base point fixed. The action of the auto-
morphisms is diagonal since ¢ is an ordinary function on M. We obtain 9 =
(Met(T?) x T?) / Diffo(T?) x M x A/ Go. The last factor is contractible since M is
simply connected. If we choose as the Spin-structure on T? the unique [o(4)-invariant
Spin-structure (P, A) we obtain in fact the Seiberg-Witten curve times the manifold
M. This shows that the presence of the electro-magnetic duality in the low-energy
effective field theory can be understood in the context of the combined gauge and
gravitational anomaly on X.

Turning to the fermionic part of the action, it is known that the dimensional
reduction of the full, untwisted, high-energy, N = 1 supersymmetric Yang-Mills ac-
tion on T? x R* gives the high energy, N = 2 supersymmetric Lagrangian on R*
[13]. Thus, on a Spin-manifold M the Lagrangian of the untwisted N = 2 super-
symmetric Lagrangian has a natural interpretation as dimensional reduction of the
N = 1 supersymmetric Yang-Mills action on T? x R%. However, we cannot assume
that M is a Spin-manifold and have to use a description which is independent of the
Spin-structure. In physics, this is a topological twisted. The Spin®-structure on M
combines with the Spin-structure on T? and determines the complex chiral spinor
bundles S(f(C on X. We ask whether the N = 2 supersymmetric Lagrangian on M in
Sec. 3 is the dimensional reduction of a twisted, N = 1 supersymmetric theory on X
with both gauge and gravitational coupling.

Interpretation as a theory of 3-forms. We also describe the partition function
for a theory of selfdual three-forms on X which was defined in [114, 115]. This theory
is the three-form analogue of the U(1)-gauge theory on the six-dimensional manifold
X = M xT?[112, 113]. There is no Lagrangian whose critical points are the self-dual
three-forms H with *H = iH [115]. However, there is the action

1

27 MXT2

S HAxH (6.2)

which is conformally invariant since the Hodge star-operator is conformally invariant
in the middle dimension.

A differential character 3 is a two-form modulo gauge invariance 8 — 3 + de®
[114]. The curvature H = d. (3 is the de Rham representative of a characteristic class
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that takes values in H*(X;Z). Using the product metric on X we identify H3(X;R)
with the harmonic forms, and define a Hodge star-operator with eigenvalues 4-i. There
is a Lagrangian decomposition I' = I'; @ I’y of the lattice of H3(X;Z) in H3(X;R)
with Ty = H2(M;Z) ® p and Ty = H*(M;Z) ® o where p, o comprise the dual basis
of the choice of the A and B-cycle on T? in Sec. 3. The lattice I' has a skew-form
(z,y) = [y = Ay. The skew form plus the metric determine a complex structure on
H3(X,U(1)). For M = CP? with the Kahler form w introduced in Sec. 4.4, we can
decompose every element v € I' as 7 = n1(w ® p) + na(w ® o) and define a quadratic
function ¢ : I’ — R/Z by

q(7)=/ MnAY,
MxT?

whence ¢q(z +y) = q(z) + q(y) + (z,y). Since [,,w Aw =1, it follows that
(wa,w®a)=2ImTt.

Moreover, any other quarf differs from ¢ by any element § € I' ® Z/2. Let L, —
H3(X,U(1)) be the line bundle whose curvature is the skew-form (z,y). The partition
function is the path integral

Z = / DB e~ S+1(6:d8) (6.3)

over the group of differential characters 8. It was shown in {115, Eq. (1.7)] that the
path integral in Eq. (6.3) is

] 2 .
Z= (Z e—%(%”rH-%(M)) vol H*(X;R/Z)

~yerl A / det’ d*dlgz/ngl

where
vol H*(X;R/Z) = vol (H*(T?) @ H*(M) @ R/Z) = (vol'l['2)% vol H*(M) .

We can use the Poisson resummation to evaluate the instanton part of the partition
function. If we choose § = w ® p, we obtain

Z:\/mlﬁ‘l(’r)lz VV01T2 VOIHZ(M)

A / det’ d*dlgz/le .

If we restrict Q%(X)/Q2(X) to the subspace of the two-forms fw where f: T2 — R
is a non-constant function on T?, the partition function is proportional to

2
VimT [a(r)f
AV det’ AITZ
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which is equal to the bosonic contribution we obtained in Sec. 5.3. In the limit
with T? much bigger than any characteristic radius of M, the partition function in
Eq. (6.3) reduces to the bosonic part of the partition function on the elliptic curve
at the boundary of the Coulomb branch for Im7 — co. On the other hand, Witten
[116] has argued that in the limit where T? is much smaller than any characteristic
radius of M the important modes of H are invariant under translations of T?, and
the theory is reduces to a U(1)-gauge theory on M with coupling Im 7.

However, to obtain the full six-diemnsional twisted topological field theory, certain
fields must be added for the topological gauge fixing. Following [116], in dimension
six there is for each choice of a simply-laced gauge group G a superconformal field
theory that is a nonlinear supersymmetric version of the self-dual theory of three-
forms in Eq. (6.2). We ask whether the partition function of the superconformal
six-dimensional theory can be computed and the isomorphisms relating the different
quantum theories represented by the arrows in the diagram (6.4) can be determined.

superconformal field theory g(;_zgiﬁwjggfg ef;)cct};ez
on CP? x E for SU(2) wit%m':T(yE)
l (6.4)
heterotic o-model on E
to SU(2)/U(1) x U(1)
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Appendix A

The Donaldson invariants for CP?

A.1 The MAPLE-program

>

>
>

with(LinearAlgebra):

# Definition of the Eisenstein series in q~(1/2)

EE:=[1, -24, -72, -96, -168, -144, -288, -192, -360, -312, -432,
-288, -672, -336, -576, -576, -744, -432, -936, -480, -1008,
-768, -864, -576, -1440, -744, -1008, -960, -1344, -720, -1728,
-768, -1512, -1152, -1296, -1152, -2184, -912, -1440, -1344,
-2160, -1008, -2304, -1056, -2016, -1872, -1728]:

EE1l:=convert(EE, Matrix):
NE:=ColumnDimension(EE1)-1:
E2:=sum(EE[i+1]*q“i,i=O..NE);

E2:=1-24q—72q¢>—96¢> — 168¢* — 144 ¢° — 2885 — 1924”
—360q® — 312¢° — 432¢'° — 288 ¢*! — 67242 — 336 ¢'3 — 576 ¢**

— 576 q'° — 744 q*6 — 432 ¢'7 — 936 ¢'8 — 480 ¢'? — 1008 ¢?° — 768 ¢!

— 864 g% — 576 ¢* — 1440 ¢** — 744 ¢® — 1008 ¢*® — 960 ¢¥7 — 1344 ¢®
—7204%° — 1728 ¢*° — 768 ¢3! — 1512¢%2 — 1152¢% — 1296 ¢4 — 1152 ¢*
— 2184 ¢3¢ — 912 ¢%" — 1440 ¢* — 1344 ¢* — 2160 ¢*° — 1008 ¢*!

— 2304 ¢*2 — 1056 ¢* — 2016 ¢** — 1872 ¢* — 1728 ¢*

# Hurwitz polynomial coefficients
H:=[-1/12,0,0,1/3,1/2,0,0,1,1,0,0,1,4/3,0,0,2,3/2,0,0,1,2,0,0,
3,2,0,0,4/3,2,0,0,3,3,0,0,2,5/2,0,0,4,2]:

Hil:=convert(H, Matrix):
N:=ColumnDimension(H1)-1:
Hurwitz:=sum(H[i+1]*q"1i,i=0..N);
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>
>

\%

Y

1 1 1 4
Hurwitz = —5 + 3¢+ 56 + ¢+ +¢" + 3¢ +24°

3 4

)

# Moore/Witten’s function H_(infinity,0);

HH:=sum(H[4*i+1]*q~(2*1i),i=0..floor(N/4))
+1/2*sum(H[4*i+1]*q~(i/2)*(-1)"1,i=0..floor(N/4))
-sum(H[4*i]*q~(2*%i-1/2),i=1..floor(N/4));

5q2 3 5(]4 5 4(]6 3(]8

- _ 1 -1 2 10 2 12

1 +q° + 5 +q° + 3 + 5 +2q97+2q
18

+2¢" +3¢1 ¢ 5_3__ + 22— % — B2 g5/2) _ 9 g(1/2)

(12 0 qU5/2) _ 4(19/2) _ 3 4(23/2) _

q
HH = =
2+

4 ¢2772)
3

5972
-
1
__3q®U%,~2qBW%__4qBW%__§

# Moore/Witten’s function H_(infinity,0)(q,j)
HHH:=proc(j)

local Z,k; global HH;

Z:=collect(HH,q);

for k from 1 to j do Z:=q*diff(Z,q) end do;
Z:=map (simplify,collect(expand(Z),q));

end proc:

#

assume(q>0) :
Koeff:=proc(Z)
local A; global g;
A:=convert(series(Z,q),polynom);
subs (q=0,map(simplify,

expand (A-convert(series(A,q=0,0) ,polynom))));
end proc:

# Defining the functions h,u,T
h:=1/2*%JacobiTheta2(0, (q) ~(1/2))*JacobiTheta3 (0, (q) " (1/2));

1
h:::EEJacobfThetaQ(O,\/QN)JacobfTheta3(0,\/q~)

u:=1/2#*(JacobiTheta2(0, (q) " (1/2)) “4+JacobiTheta3(0, (q) " (1/2))"4)

/ (JacobiTheta2(0, (q) "~ (1/2))*JacobiTheta3(0, (q) ~(1/2)))"2;
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\%

o . L JacobiTheta2(0, v/¢7) + JacobiTheta3(0, v/g*)*
" 2 JacobiTheta2(0, /¢~ )2 JacobiTheta3(0, /g~ )2

T:=-1/24%(E2/h~2-8*u) :
series(T,q);
gV —2¢GM 4 6476/ — 16471 4 374/
— 78 ¢~(11/4) 4 158 ¢~(13/4) _ 312 ¢~(15/4) 4 594 ¢~(17/4)
— 1090 ¢~(19/4) 4 1952 ¢~1/4) 4 O(g~/49)
Z:=(x,t,j)->JacobiThetad (0, (q)~(1/2))"9
/h” (4+2%3§) *T~ (x—j) *u"t*HHH(j) ;

JacobiThetad (0, ,/g)° T=7) v* HHH(j)
h(4+235)

Z:= ("L., t) j)_)

# Computation of Seiberg-Witten invariants for CP"2

MooreWitten:=proc(k)
local d,SW,t,x, summe,j,sw; global Z;
d:=4%k-3:8SW:=0: for t from O while d-1>=0 do
x:=floor((d-1)/2): summe:=0:
for j from 0 to x do
summe : =summe+1/(x-j) ! *GAMMA (3/2) /

(j'*GAMMA (3/2+3))*1/2" j*Koeff(Z(x,t,j)):
end do:
sw:=-2"(t-1) *(2*x+1) ! *summe;
SW:=SW+sw*xS~d*xp~t:
d:=d-2:
end do:
SW;
end proc:
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A.2 The MAPLE-output

> MooreWitten(1);

38
2
> MooreWitten(2);
13
SS_sSP_ __8_Sp2
> MooreWitten(3);
15 11 141 879
3894 2297, T2 ghp2 Tt g3.3 OlY g
TP T P T g 0P
> MooreWitten(4);
159 51 459
4813 4 94 G1 97 g9,2 4 O g3 297 65,4
b5 + Pt PSP g P
1515 36675
. 93ps T 6
256~ ¥ 2006
> MooreWitten(5);
487 2
2540 S17 + 694 S p + —2— SBp? + —%1 Stp’ + 321_1 Spt
5 3355 143725 850265
#__57 5___55 6 SS 7T 58
16°F "5 7 P T 8192 © P T 32768

> MooreWitten(8);

933208 S2 + 45912 519 p + 10625 517 p? + 3036 S5 p?
41103 1741 5619 920379
513 4 Sll 5 59 6 87 7
T Pty L R TV
AL o 04230 o 10504593

16384 ¥ T 16384 © P T 131072

> MooreWitten(7);

21975543 ,, 15224337 12159687
35825553 5% + T2 S p 4 U S

11621586625 STt 4 15(1)55211 15,5 4 1938;261 §18,8
20676279 0y 7 11107665 o, 28437201 7
16384 65536 262144

169509159 1 T5T633320 oy 4334081031 o,
1048576 4194304 16777216

819 p3
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> MooreWitten(8);

8365418914 5% + 1047342410 5% p + w S% p?

35701364013 . 499:32309 Sy 255;);5259 5199
4232501468455 8 4 24i50266651 — 53;;132;37 519 8
118590007, , 131266019 , ,, 498648655 , .,
37768 ° Pt Thyazmg O P Toasse ° P
1800905323 o 1, 2551074181 oy ;115237180087 _

8388608 b 4194304 P 134217728

> MooreWitten(9);

261
2780195996868 532 + 293334321858 53! p + w 529 p?

67539891519 37480404303 1455758501
S27 p3 + S25 p4 + 523 p5

16 64 16
258640401 ,, . 14239101477 _, . 14274421501 _,, ,
TR v e S T Y

7420640919 7179481275 10830752675
T IR AR T R SR S Ty T
| 218792349 o ., BI25524657 o i, 34310453897 o ,,
4104304 ~ P 4194304 ~ P 16777216

561608698989 _, ., 3135392459541
T g3 pls

Sp16
268435456 1073741824

> MooreWitten(10);

1253558847090600 S37 + 114049802084088 S3%p + 11151310348527 S33 p?

2356052433779 . 43302%72481231 _— 1363028640305 .
19010805303 5969251539 560820990153
8 16 8192
1206;)2133(2)1397 59,5 4 22786158533161585 " 108z11§§g£625 15 i
380576039505 (. 1, 30600508425 o, ;24260489995 o
2097152 1048576 8388608
_ 128245307215 o 3958008534873 o o 3928400321367 oy 1,
16777216 - P 536370012 - © 536370012 = ©
43427017514031 _
4294967296

159



THIS PAGE INTENTIONALLY LEFT BLANK

160



Bibliography

[1]

[2]

(6]

[7]

(8]

[10]

[11]

M. Abramowitz, I. A. Stegun, “Handbook of mathematical functions with formulas,
graphs, and mathematical tables.” John Wiley & Sons, Inc., New York; National
Bureau of Standards, Washington, DC, 1984.

Donaldson and Seiberg-Witten invariants

S. K. Donaldson, P. B. Kronheimer, “The geometry of four-manifolds.” Oxford
Mathematical Monographs. Oxford Science Publications. The Clarendon Press, Ox-
ford University Press, New York, 1990.

D. S. Freed, K. Uhlenbeck, “Instantons and Four-Manifolds.” Mathematical Sciences
Research Institute Publications, Springer-Verlag, New York, 1984.

D. Kotschick, J. W. Morgan, “SO(3)-invariants for 4-manifolds with b+ = 1.
J. Diff. Geom. 39 (1994), 433-456.

R. Fintushel, R. J. Stern, “The blow up formula for Donaldson invariants.” Ann. of
Math. 143 (1996), 529-546.

G. Ellingsrud, L. Géttsche, “Wall-crossing formulas, Bott residue formula and the
Donaldson invariants of rational surfaces.” Quart. J. Math. Oxford Ser. (2) 49
(1998), no. 195, 307-329.

L. Gottsche, “Modular forms and Donaldson invariants for 4-manifolds with b+ =
1.” J. Amer. Math. Soc. 9 (1996), no. 3, 827-843.

L. Géttsche, “Donaldson invariants in algebraic geometry.” School on Algebraic
Geometry (Trieste, 1999), pp. 101-134, ICTP Lect. Notes, 1, Abdus Salam Int.
Cent. Theoret. Phys., Trieste, 2000.

J. W. Morgan, “The Seiberg-Witten equations and applications to the topology
of smooth four-manifolds.” Mathematical Notes, 44. Princeton University Press,
Princeton, NJ, 1996.

J. D. Moore, “Lectures on Seiberg-Witten Invariants.” Lecture Notes in Mathemat-
ics, 1629. Springer-Verlag, Berlin, 2001.

M. F. Atiyah, J. D. S. Jones, “Topological aspects of Yang-Mills theory.” Comm.
Math. Phys. 61 (1978), no. 2, 97-118.

K. Iga, “What do topologists want from Seiberg-Witten theory.” Internat. J. Modern
Phys. A 17 (2002), no. 30, 4463-4514.

161



Supersymmetric Yang-Mills theory

[13] L. Brink, J. H. Schwarz, J. Scherk, “Supersymmetric Yang-Mills theories.” Nucl.
Phys. B 121(1977), 77.

[14] A. D’Adda, P. Di Vecchia, “Supersymmetry and Instantons.” Phys. Lett. B 73
(1978), no 2, 162-166.

[15] D. S. Freed, “Five lectures on supersymmetry.” American Mathematical Society,
Providence, RI, 1999.

[16] E. Witten, “Topological Quantum Field Theory.” Comm. Math. Phys. 117 (1988),
353-386.

[17] E. Witten, “Introduction to cohomological field theories.” Internat. J. Modern Phys.
A 6 (1991), no. 16, 2775-2792.

(18] E. Witten, “On S-duality in abelian gauge theory.” Selecta Math. 1 (1995), 383.

[19] N. Seiberg, E. Witten, “Electric-magnetic duality, monopole condensation, and con-
finement in N = 2 supersymmetric Yang-Mills theory.” Nucl. Phys. B 426 (1994),
19-52.

[20] N. Seiberg, E. Witten, “Monopoles, duality and chiral symmetry breaking in N = 2
supersymmetric QCD.” Nucl. Phys. B 431 (1994), 484-550.

[21] E. Witten, “Monopoles and four-manifolds.” Math. Res. Lett. 1 (1994), no. 6, 769
796.

[22] M. Matone, “Instantons and recursion relations in N = 2 SUSY gauge theory.”
Phys. Lett. B 357 (1995), no. 3, 342-348.

[23] N. Seiberg, E. Witten, “Gauge dynamics and compactification to three dimensions.”
The mathematical beauty of physics (Saclay, 1996), 333-366, Adv. Ser. Math. Phys.,
24, World Sci. Publ., River Edge, NJ, 1997.

[24] L. Alvarez-Gaumé, S. F. Hassan, “Introduction to S-duality in N = 2 supersym-
metric gauge theories (a pedagogical review of the work of Seiberg and Witten).”
Fortschr. Phys. 45 (1997), no. 3-4, 159-236.

[25] G. Moore, E. Witten, “Integration over the u-plane in Donaldson theory.” Adv.
Theor. Math. Phys. 1 (1997), no. 2, 298-387.

[26] L. Baulieu, I. M. Singer, “Topological Yang-Mills symmetry.” Nucl. Phys. B Proc.
Suppl. 5 (1988), 12-19.

[27) M. Marino, G. Moore, “Integrating over the Coulomb branch in N = 2 gauge
theory.” Nucl. Phys. B Proc. Suppl. 68 (1998), 336-347.

[28] M. Marino, G. Moore, “Donaldson invariants for non-simply connected manifolds.”
Comm. Math. Phys. 203 (1999), no. 2, 249-267.

162



29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

37]

[38]

39]

[40]

[41]

[42]

A. Losev, N. Nekrasov, N, S. Shatashvili, “Testing Seiberg-Witten solution.” L. D.
Faddeev’s Seminar on Mathematical Physics, 123-135, Amer. Math. Soc. Transl.
Ser. 2, 201, Amer. Math. Soc., Providence, RI, 2000.

“Quantum fields and strings: a course for mathematicians. Vol. 2.” Material from
the Special Year on Quantum Field Theory held at the Institute for Advanced Study,
Princeton, NJ, 1996-1997. Edited by Pierre Deligne, Pavel Etingof, Daniel S. Freed,
Lisa C. Jeffrey, David Kazhdan, John W. Morgan, David R. Morrison and Edward
Witten. American Mathematical Society, Providence, RI; Institute for Advanced
Study (IAS), Princeton, NJ, 1999. Vol. 2.

E. Witten, “Supersymmetric Index In Four-Dimensional Gauge Theories.” Adv.
Theor. Math. Phys. 5 (2001), no. 5, 841-907.

M. Henningson, “Wilson-'t Hooft operators and the theta angle.” J. High Energy
Phys. 2006, no. 5, 065.

R. Dijkgraaf and C. Vafa, “Matrix models, topological strings, and supersymmetric
gauge theories.” Nucl. Phys. B 644 (2002), 3-20.

F. Cachazo, N. Seiberg and E. Witten, “Phases of N = 1 supersymmetric gauge
theories and matrices.” JHEP 02 (2003), 42.

N. A. Nekrasov, “Seiberg-Witten prepotential from instanton counting.” Proceed-
ings of the International Congress of Mathematicians, Vol. III (Beijing, 2002), 477-
495, Higher Ed. Press, Beijing, 2002.

A. Kapustin, E. Witten “Electric-Magnetic Duality And The Geometric Langlands
Program.” hep-th/0604151.

Determinant line bundles and applications to physics

M. F. Atiyah, I. M. Singer, “The index of elliptic operators. V.” Ann. of Math. (2)
93 (1971), 139-149.

M. F. Atiyah, “Eigenvalues and Riemannian geometry.” Manifolds—Tokyo 1973
(Proc. Internat. Conf., Tokyo, 1973), 5-9. Univ. Tokyo Press, Tokyo, 1975.

I. M. Singer, “Families of Dirac operators with applications to physics.” The math-
ematical heritage of Elie Cartan (Lyon, 1984). Astérisque 1985, Numero Hors Serie,
323-340.

M. F. Atiyah, I. M. Singer, “Dirac operators coupled to vector potentials.” Proc.
Nat. Acad. Sci. USA 81 (1984), no. 8, Phys. Sci., 2597-2600.

D.S. Freed, “On Determinant Line Bundles.” Mathematical aspects of string theory
(San Diego, Calif., 1986), 189-238, Adv. Ser. Math. Phys., 1, World Sci. Publishing,
Singapore, 1987.

D. S. Freed, “Anomalies and determinant line bundles.” XVIIth International Col-
loquium on Group Theoretical Methods in Physics (Sainte-Adele, PQ, 1988), 186,
World Sci. Publishing, Teaneck, NJ, 1989.

163



[43] J.-M. Bismut, “From Quillen metrics to Reidemeister metrics: some aspects of the
Ray-Singer analytic torsion.” Topological methods in modern mathematics (Stony
Brook, NY, 1991), 273-324, Publish or Perish, Houston, TX, 1993.

[44] E. Witten, “An SU(2) anomaly.” Phys. Lett. B 117 (1982), no. 5, 324-328.

[45] L. Alvarez-Gaumé, P. Ginsparg, “The topological meaning of nonabelian anoma-
lies.” Nucl. Phys. B 243 (1984), no. 3, 449-474.

[46] J. Lott, “The eta function and some new anomalies.” Phys. Lett. B 145 (1984), no.
3-4, 179-180.

[47] J. Lott, “Real anomalies.” J. Math. Phys. 29 (1988), no. 6, 1455-1464.

[48] S. W. Hawking, “Zeta function regularization of path integrals in curved spacetime.”
Comm. Math. Phys. 55 (1977), no. 2, 133-148.

[49] C. N. Pope, “Kahler manifolds and quantum gravity.” J. Phys. A 15 (1982), no. 8,
2455-2481.

[50] H. Wospakrik, “Nonrecursive zeta-function regularization of the Fujikawa anomaly
factor.” Phys. Rev. D 40 (1989), no. 4, 1367-1369.

[51] M. Bakalarska, B. Broda, “Three-dimensional low-energy topological invariants.”
Proceedings of the 32nd International Symposium Ahrenshoop on the Theory of
Elementary Particles (Buckow, 1998). Fortschr. Phys. 48 (2000), no. 1-3, 5-8.

[62] T. Asselmeyer, “Generation of source terms in general relativity by differential struc-
tures.” Classical Quantum Gravity 14 (1997), no. 3, 749-758.

[53] H. Donnelly, “Minakshisundaram’s coefficients on Kéhler manifolds.” Differential
geometry (Proc. Sympos. Pure Math., Vol. XXVII, Part 2, Stanford Univ., Stanford,
Calif., 1973), pp. 195-203. Amer. Math. Soc., Providence, R.I., 1975.

[54] T. Eguchi, P. Gilkey, A. J. Hanson, “Gravitation, gauge theories and differential
geometry.” Phys. Rep. 66 (1980), no. 6, 213-393.

[55] H. B. Lawson, M.-L. Michelsohn, “Spin geometry.” Princeton University Press,
Princeton, NJ, 1989.

[66] P. B. Gilkey, “The Atiyah-Singer Index Theorem.” Handbook of differential geom-
etry, Vol. I, 709-746, North-Holland, Amsterdam, 2000.

[57] H. Romer, “Field theoretical applications of the index theorem. A pedagogical intro-
duction.” Geometry and theoretical physics (Bad Honnef, 1990), 224-242, Springer,
Berlin, 1991.

[58] I. M. Singer, “The Geometry of the Orbit Space for Non-Abelian Gauge Theories.”
Phys. Scripta 24 (1981), no. 5, 817-820.

[59] G. Kelnhofer, “On the geometrical structure of covariant anomalies in Yang-Mills
theory.” J. Math. Phys. 34 (1993), no. 9, 3901-3917.

[60] G. Moore, P. Nelson, “The aetiology of sigma model anomalies.” Comm. Math.
Phys. 100 (1985), no. 1, 83-132.

164



Complex geometry and complex surfaces

[61] M. Narasimhan, “Vector bundles on compact Riemann surfaces.” Complex analy-
sis and its applications (Lectures, Internat. Sem., Trieste, 1975), Vol. III, 63-88.
Internat. Atomic Energy Agency, Vienna, 1976.

[62] R. O. Wells, “Differential analysis on complex manifolds.” Second edition. Graduate
Texts in Mathematics, 65. Springer-Verlag, New York-Berlin, 1980.

[63] P. Candelas, “Lectures on complex manifolds.” Superstrings ’87 (Trieste, 1987),
1-88, World Sci. Publ., Teaneck, NJ, 1987.

[64] J. Harris and I. Morrison, “Moduli of Curves.” Graduate Texts in Mathematics,
187. Springer-Verlag, New York, 1998.

[65] R. Miranda, “An Overview of Algebraic surfaces.” Algebraic geometry (Ankara,
1995), 157-217, Lecture Notes in Pure and Appl. Math., 193, Dekker, New York,
1997.

[66] R.Miranda, “The moduli of Weierstrass fibrations over P1.” Math. Ann. 255 (1981),
no. 3, 379-394.

[67] J. Top, N. Yui, “Explicit equations of some elliptic modular surfaces.”
math.AG/0307230.

[68] R. Kloosterman, “Arithmetic and moduli of elliptic surfaces.” PhD theses, Univer-
sity of Groningen, 2001.

[69] J. W. Morgan, “Holomorphic bundles over elliptic manifolds.” School on Algebraic
Geometry (Trieste, 1999), 135-203, ICTP Lect. Notes, 1, Abdus Salam Int. Cent.
Theoret. Phys., Trieste, 2000.

[70] R. Friedman, J. W. Morgan, E. Witten, “Vector bundles and F theory.” Comm.
Math. Phys. 187 (1997), no. 3, 679-743.

(71] D. S. Freed, “Special Kéhler Manifolds.” Comm. Math. Phys. 203 (1999), no. 1,
31-52.

[72] M. A. Flohr, “Logarithmic conformal field theory and Seiberg-Witten models.”
Phys. Lett. B 444 (1998), no. 1-2, 179-189.

(73] R. Donagi, E. Witten, “Supersymmetric Yang-Mills theory and integrable systems.”
Nucl. Phys. B 460 (1996), no. 2, 299-334.

[74] M. B. Jardim, “Nahm transform of doubly periodic instantons.” PhD thesis, Uni-
versity of Oxford, 1999. math.DG /9912028.

Riemann surfaces and applications to physics

[75] M. F. Atiyah, “Riemann surfaces and spin structures.” Ann. Sci. Ecole Norm. Sup.
(4) 4 (1971), 47-62.

165



[76] D. B. Ray, I. M. Singer, “Analytic torsion for complex manifolds.” Ann. of Math.
(2) 98 (1973), 154-177.

[77] D. Quillen, “Determinants of Cauchy-Riemann operators on Riemann surfaces.”
Funktsional. Anal. i Prilozhen. 19 (1985), no. 1, 37-41, 96.

[78] P.G. Zograf, L. A. Takhtadzhyan, “A local index theorem for families of 8-operators
on Riemann surfaces.” Uspekhi Mat. Nauk 42 (1987), no. 6(258), 133-150, 248.

[79] J.-B. Bost, “Conformal and holomorphic anomalies on Riemann surfaces and deter-
minant line bundles.” VIIIth international congress on mathematical physics (Mar-
seille, 1986), 768-775, World Sci. Publishing, Singapore, 1987.

[80] M. F. Atiyah, “The Logarithm of the Dedekind 7-Function.” Math. Ann. 278 (1987),
335-380.

[81] R. Seeley, I. M. Singer, “Extending 0 to singular Riemann surfaces.” J. Geom. Phys.
5 (1988), no. 1, 121-136.

[82] J.-M. Bismut, J.-B. Bost, “Fibrés déterminants, métriques de Quillen et dé-
générescence des courbes.” C. R. Acad. Sci. Paris. Sér. I Math. 307 (1988), no.
7, 317-320.

[83) J-M. Bismut, J.-B. Bost, “Fibrés déterminants, métriques de Quillen et dé-
générescence des courbes.” Acta Math. 165 (1990), no. 1-2, 1-103.

[84] E. D’Hoker, D. H. Phong, “The geometry of string perturbation theory.” Rev. Mod-
ern Phys. 60 (1988), no. 4, 917-1065.

[85] L. Alvarez-Gaumé, G. Moore, C. Vafa, “Theta functions, modular invariance, and
strings.” Comm. Math. Phys. 106 (1986), no. 1, 1-40.

[86] J.-B. Bost, P. Nelson, “Spin-3 bosonization on compact surfaces.” Phys. Rev. Lett.
57 (1986), no. 7, 795-798.

[87] L. Alvarez-Gaumé, G. Moore, P. Nelson, C. Vafa, J.-B. Bost, “Bosonization in
arbitrary genus.” Phys. Lett. B 178 (1986), no. 1, 41-47.

(88] L. Alvarez-Gaumé, J.-B. Bost, G. Moore, P. Nelson, C. Vafa, “Bosonization on
higher genus Riemann surfaces.” Comm. Math. Phys. 112 (1987), no. 3, 503-552

[89] G. Moore, J. Harris, P. Nelson, I. M. Singer, “Modular forms and the cosmological
constant.” Phys. Lett. B 178 (1986), no. 2-3, 167-173.

[90] E. D’Hoker, D. H. Phong, “Two-loop superstrings and S-duality.” Nucl. Phys. B
722 (2005), no. 1-2, 81-118.

[91] M. F. Atiyah and R. Bott, “The Yang-Mills equations over Riemann surfaces.”
Philos. Trans. Roy. Soc. London Ser. A 308 (1983), no. 1505, 523-615.

[92] N. Hitchin, “The self-duality equations on a Riemann surface.” Proc. London Math.
Soc. (3) 55 (1987), no. 1, 59-126.

166



[93] E. Witten, “On quantum gauge theories in two dimensions.” Comm. Math. Phys.

141 (1991), no. 1, 153-209.

[94] E. Witten, “Elliptic Genera and Quantum Field Theory.” Comm. Math. Phys. 109

[95]
[96]
[97]

[98]

(9]

[100]

[101]
[102]
[103]
[104]
[105]

[106]

[107]

[108]

(1987), no. 4, 525-536.
A. N. Schellekens, N. P. Warner, “Anomalies, characters and strings.” Nucl. Phys.

B 287 (1987), no. 2, 317-361.

K. Pilch, A. N. Schellekens, N. P. Warner, “Path integral calculations of string
anomalies.” Nucl. Phys. B 287 (1987), no. 2, 362-380.

O. Alvarez, T. P. Killingback, M. Mangano, P. Windey, “String theory and loop
space index theorems.” Comm. Math. Phys. 111 (1987), no. 1, 1-10.

O. Alvarez, T. P. Killingback, M. Mangano, P. Windey, “The Dirac-Ramond Oper-
ator in String Theory and Loop Space Index Theorems.” Nucl. Phys. B Proc. Suppl.
1A (1987), 189-216.

O. Alvarez, I. M. Singer, P. Windey, “The supersymmetric o-model and the geome-
try of the Weyl-Kac character formula.” Nucl. Phys. B 373 (1992), no. 3, 647-687.

O. Alvarez, I. M. Singer, “Beyond the elliptic genus.” Nucl. Phys. B 633 (2002),
no. 3, 309-344.

Singular connections

K. Uhlenbeck, “The Chern classes of Sobolev connections.” Comm. Math. Phys.
101 (1985), no. 4, 449-457.

K. Uhlenbeck, “Removable singularities in Yang-Mills fields.” Comm. Math. Phys.
83 (1982), no. 1, 11-29.

K. Uhlenbeck, “Connections with LP bounds on curvature.” Comm. Math. Phys.
83 (1982), no. 1, 31-42.

J. Fukaya, “Anti-selfdual equation on 4-manifolds with degenerate metric.” Geom.
Funct. Anal. 8 (1998), no. 3, 466-528.

R. Jackiw, C. Nohl, C. Rebbi, “Conformal properties of pseudoparticle configura-
tions.” Phys. Rev. D (6) 15 (1977), no. 2, 1642-1646.

Y. Choie, M. H. Lee, “Mellin transforms of mixed cusp forms.” Canad. Math. Bull.
42 (1999), no. 3, 263-273.

Quantum field theory in special dimensions

J. Bagger, E. Witten, “The gauge invariant supersymmetric nonlinear sigma model.”
Phys. Lett. B 118 (1982), no. 1,2,3, 103-106.

L. Alavarez-Gaumé, D. Z. Freedman, “Geometrical structure and ultraviolet finite-
ness in the supersymmetric o-model.” Comm. Math. Phys. 80 (1981), 443-451.

167



[109] C. M. Hull, E. Witten, “Supersymmetric sigma models and the heterotic string.”
Phys. Lett. B 160 (1985), no. 6, 398-402.

[110] Ph. Spindel, A. Severin, W. Troost, A. van Proeyen, “Complex structures on paral-
lelised group manifolds and supersymmetric o-models.” Phys. Lett. B 206 (1988),
no. 1, 71-74.

[111] O. Alvarez, I. M. Singer, B. Zumino, “Gravitational anomalies and the family’s
index theorem.” Comm. Math. Phys. 96 (1984), 409-417.

[112] L. Baulieu, H. Kanno, I. M. Singer, “Cohomological Yang-Mills theory in eight
dimensions.” Dualities in gauge and string theories (Seoul/Sokcho, 1997), 365-373,
World Sci. Publishing, River Edge, NJ, 1998.

[113] L. Baulieu, H. Kanno, I. M. Singer, “Special quantum field theories in eight and
other dimensions.” Comm. Math. Phys. 194 (1998), no. 1, 149-175.

[114] M. J. Hopkins, I. M. Singer, “Quadratic functions in geometry, topology, and M-
theory.” J. Differential Geom. 70 (2005), no. 3, 329-452.

[115] M. J. Hopkins, I. M. Singer, “Quadratic functions in geometry, topology, and M-
theory. (The Physics Section)” Unpublished.

[116] E. Witten, “Conformal field theory in four and six dimensions.” Unpublished.

168



