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Abstract. We give an interpretation of the €2 deformed B-model that leads
naturally to the generalized holomorphic anomaly equations. Direct inte-
gration of the latter calculates topological amplitudes of four-dimensional
rigid N = 2 theories explicitly in general Q2-backgrounds in terms of mod-
ular forms. These amplitudes encode the refined BPS spectrum as well
as new gravitational couplings in the effective action of N = 2 super-
symmetric theories. The rigid N = 2 field theories we focus on are the
conformal rank one N = 2 Seiberg—Witten theories. The failure of holo-
morphicity is milder in the conformal cases, but fixing the holomorphic
ambiguity is only possible upon mass deformation. Our formalism applies
irrespectively of whether a Lagrangian formulation exists. In the class of
rigid N = 2 theories arising from compactifications on local Calabi-Yau
manifolds, we consider the theory of local P?. We calculate motivic Don-
aldson-Thomas invariants for this geometry and make predictions for
generalized Gromov—Witten invariants at the orbifold point.

1. Introduction

Theories with N = 2 rigid supersymmetry provide examples in which non-per-
turbative properties of four-dimensional (4D) quantum theories can be studied
exactly. Their topological sector describes the exact low-energy gauge coupling,
the masses and the stability properties of BPS states. This data is encoded
geometrically, typically by a Seiberg-Witten curve C, and the Seiberg—Witten
meromorphic differential A [1,2], which makes it easily extractable and has led
to the discovery of many new phenomena, e.g. 4D QFTs with no Lagrangian
description. Irrespective of the existence of such a description, the geometrical
data of N = 2 rigid supersymmetric QFTs can be constructed from non-com-
pact Calabi—Yau manifolds M, where the role of X is played by the Calabi—Yau
(n,0)-form Q. If C, exists, it can be derived from M, and A obtained from €.
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A non-compact CY manifold is a non-compact Kéhler manifold, with a non-
vanishing holomorphic (n,0)-form which is sufficiently regular at infinity. For
n = 3, this geometric engineering approach relates the topological sector of
the Type II string on M with the one of a 4D gauge theory. The genus one
sector determines the gauge coupling and the properties of the BPS spectrum,
while the moduli dependent coefficients of the higher genus expansion of the
topological string partition function compute exact gravitational couplings of
the 4D field theory.

Recently, much attention has been devoted to a refinement of the genus
expansion which takes the form

(o]

log Z(t,m,e1,e2) = Y (e1+ €2)"(erea)? ' F29) (¢, m). (1.1)

n,g=0

This expression appeared first as an equivariant instanton partition function
of N =2 SU(N) gauge theories in [3,4] and was generalized to arbitrary gauge
groups in [5,6]. The parameter ¢ collectively denotes flat coordinates on the
vector multiplet moduli space, m the bare hypermultiplet masses, and €1, €5
are the equivariant rotation parameters acting on the 4D spacetime in the
so-called 2-background [3,7]. Note that €, €2 have mass dimension 1. Denot-
ing €162 = g2 and s = (€1 +¢€2)?, one can think of the  deformation as opening
up a new direction in the parameter space of the theory, parametrized by s.
We argue in this paper that this direction corresponds to insertion of a field
¢ in the topological B-model. The generalization of the holomorphic anomaly
equations of [8] proposed in [9] follows from this interpretation. We develop
the direct integration approach [9-14] to the B-model further to explicitly
calculate (1.1) in terms of modular functions. The formalism applies to all
N = 2 rigid theories. We solve a selection of such theories, comprising both
non-conformal and conformal QFTs, including an example without an effec-
tive action description, as well as a topological string theory on a non-compact
Calabi—Yau manifold.

The spacetime interpretation of the amplitudes F(™9) occurring in (1.1)
is that they compute gravitational couplings beyond the graviphoton-curvature
coupling captured by the conventional F(0:9) [15-17]. A fluxbrane realization
of the Q-deformation has been given in [18].

In the A-model, (1.1) can be interpreted as a supersymmetric index which
counts refined BPS numbers for D2/D0 bound states on M associated to D2
branes with charge 8 € H;"""(M,Z) labelled by the powers of e’ [19,20]. The
spacetime spin quantum numbers Spin(4) = SU(2); x SU(2)_ are encoded
in the powers of eL = %(61 + €3). Wall crossing properties of these invariants,
which are related to motivic Donaldson—Thomas invariants, have been studied
e.g. in [21,22]. Supersymmetry is not compatible with the e rotation symme-
try unless it is twisted with an extra U(1)g-symmetry [3,7], which should be
realized as an isometry of M [23]. Since non-compact Calabi—Yau manifolds,
as opposed to compact ones, can have such an isometry, it is on these spaces
that the index can be defined. By relating the refined BPS numbers N ﬁ j, to
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modular functions, our formalism allows us to calculate them efficiently, see
Sect. 7.

Equation (1.1) has interesting limits. In the e; = —e3 = ig, limit, only the
F(:9)°5 contribute to (1.1), reproducing the ordinary genus expansion of the
topological string. The ¢; = 0,e2 = h # 0 limit collapses the genus expansion
to the g = 0 sector with, in the interpretation developed in this paper, n inser-
tions of a field ¢. This is called the Nekrasov—Shatashvili limit. At e; = 0, the
4D super-Poincaré algebra is only partially broken and dimensional reduction
leads to a two dimensional theory with a two-dimensional (2D) super-Poincaré
algebra. Living at genus zero, W (t,m,h) = lim¢, €1 log(Z(t,m,e1,€2)) is
readily computed in the present formalism and calculates the twisted super-
potential of the 2D theory. It satisfies 50y, W (t,m,h) = n; with n; € Z
and is identified with the Yang—Yang function of a quantum integrable system
[7,24,25]. Relations to non-commutative Riemann surfaces have been studied
in [23,26]. Properties of the NS limit will be investigated in this paper using
relations between modular functions to all orders in ¢ in Sect. 6.

An explicit link between topological strings and matrix models was estab-
lished in [27]. Such matrix models possess deformations closely related to the
e deformations studied here, taking the form Z = m de)\[D()\)r%
e 7 iV e with measure D(\) = [Li.;(\i = Aj)? for the hermitian
case [28]. These refined N-matrix ensembles reduce to familiar ensembles in
certain limits: ¢; = _%62 corresponds to the standard orthogonal ensemble,
and €; = —2e¢5 to the symplectic ensemble [29]. While the remodelling descrip-
tion has not yet been extended to a refined version of the B-model (see [30]
for a discussion), the compatibility of the refined recursion and the generalized
holomorphic anomaly equations we will present and study in this paper has
already been established in the case of hyperelliptic curves y? = p(z) when
the Seiberg—Witten differential is ydx [31]. Given matrix expressions for sums
over partitions, it is possible to write Nekrasov’s partition function as a matrix
integral [32]. Relations to integrable systems have been found [33].

As a final application of (1.1), we cite the Alday, Gaiotto, Tachikawa
correspondence [34] for SU(2) quivers, which relates gauge theory at (e, €2)
to Liouville conformal field theory at central charge ¢ = 1 +6Q? Q = b+ 1/b,
with parameter b = /€1 /e2. 4D SU(N) quiver theories are expected to arise
as the worldvolume theory of N M5 branes on a Riemann surface X,. It has
been argued that for such theories, a correspondence exists to 2D An_1 Toda
theory [35]. However, in this 4D/2D correspondence, both sides are hard to
compute. Already in SU(3) quiver theories, the conformal theory with Eg fla-
vor symmetry [36] occurs as a building block in the pant decomposition of £,
just as the SU(2)Ny = 4 theories served as building blocks for SU(2) quiv-
ers [37]. The E, conformal theories are associated by geometric engineering
to local del Pezzo surfaces. Since they do not admit a Lagrangian description,
they are currently inaccessible by any other means. We solve a two parameter
deformation of the Eg-theory in Sect. 5.4.
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Regarding 4D gauge theories, the mass-deformed conformal theories are
the most interesting and challenging cases, and will therefore be the main
focus of the gauge theory portion of this paper. Gauge theories with funda-
mental matter become conformal when the number of flavors IV equals twice
the rank of the gauge group. The asymptotically free theories with smaller
Ny can be reproduced from the conformal theory by taking multi-scaling lim-
its in which the masses and the inverse coupling are sent to infinity, holding
combinations of these quantities fixed; e.g. the 7 — 700, my — oo limit with
lm ;oo my—oo €77myg = Ag describes the flow from the conformal Ny =
45U (2) Seiberg-Witten theory to the asymptotically free Ny = 3 theory, with
A3 the QCD scale of the latter. Deriving the Seiberg—Witten curves for the
mass-deformed conformal theories is more challenging than for the asymp-
totically free theories, as the curve depends on an additional dimensionless
parameter, the UV coupling. The definition of this coupling is ambiguous, and
we re-discuss the curves proposed in [2] with regard to this ambiguity. The
conformal limits of these theories at vanishing mass deformation prove to have
several peculiarities. Technically most far reaching is the fact that the gap
conditions, which are necessary boundary conditions to solve the holomorphic
anomaly equations by fixing the holomorphic ambiguity, rely on the non-con-
formal light spectrum at nodal singularities of the Seiberg—Witten curve, and
are trivial in the case of conformal theories. We are hence required to mass-
deform the conformal theories to apply our techniques of direct integration,
and then recover the conformal amplitudes in the massless limit. Interest-
ingly, this leads to different results for the N = 4 and N; = 4 theory, even
though they have the same Seiberg—Witten curve and (up to a normaliza-
tion) differential. In the Nekrasov—Shatashvili limit, however, i.e. at genus 0,
the amplitudes of the two theories are related by a simple rescaling of the a
parameter.

While the UV parameters for the gauge-coupling as well as the mass
parameters depend on various choices, some of them have been unfortunate in
the literature as they unnecessarily break the underlying symmetries.

We find a systematics in the breaking of holomorphicity in the infrared,
summarized in Table 1.

Beside SU(2)N = 2 gauge theory with Ny = 4 massive flavors and Dy
flavor symmetry, the more exotic theory with Eg flavor symmetry and the
N = 2% theory, we also study conformal limits of the massive Ny = 1,2,3
theories with Ag, A; and A, flavor symmetry. We explain in general why the
leading power in the anholomorphic generator grows more slowly in the con-
formal as compared to the non-conformal theories. In this sense, the breaking
of holomorphicity is weaker in conformal theories.

2. The Holomorphic Anomaly Equations

In this section, we discuss and generalize the holomorphic anomaly equations,
which where first derived from the worldsheet point of view in [8]. They were
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TABLE 1. Breaking of holomorphicity (modularity) by the
almost holomorphic (quasimodular) generator X, for the
amplitudes F(™9) of various physical theories

Ampl. n Theory Max. power anhol. Gen.  Recursion
Flug) g Q—background: generic X3g9+2n=3 (2.7)

Flva) g Q—background: conformal Xgtn-1 (2.7)—(3.5)
F(9) - Top. String: generic [11,12] X39-3 BCOV

F) - Top. String: Enriques-CY [12] Xga_sils:XfQigr_el BCOV
F(9) ¢, Top. String: ell. del Pezzo [38] xntg—l1 (1.4) in [38]
F0 4., m deform. N= 2* [39] xn=1 (2.27) in [39]
F(9) - Hurwitz # on T2, 2d QCD [40] X39—3 Unknown

The insertions of the operator ¢« are counted by n. In the case relevant for the
Q-deformation, ¢x is the operator ¢ discussed in Sect. 2.3. For the theory discussed in [38],
¢y, corresponds to the modulus of the base of the elliptic fibered del Pezzo. This is closely

related to the insertions of the mass operator ¢, treated in [39]

interpreted as describing the transformation of a wave function under sym-
plectic basis changes in Hs(M,R) in [41], with the partition function Z =
ef" playing the role of the wave function. The relation between the holomor-
phic anomaly and target space modularity was developed in [10,42] and led,
upon imposing suitable boundary conditions, to the direct integration method
[9,11,12,14].

2.1. The BCOV Holomorphic Anomaly Equations

Naively, BRST invariance guarantees that the topological string partition func-
tion is a holomorphic function on the moduli space of the theory. The argument
for the B-model is the following: the partition function is an integral over the
compactified moduli space M, of genus g Riemann surfaces %,

3g—3
FI(t) = / <H @k5k> <[dm A dim], (2.1)
= k=1 g

g9

where gF = fzg Gk, gk = fzg G~ ¥ contain the worldsheet Beltrami differ-

entials ;¥ € HY(TY,) with corresponding deformation coordinate my, and the
worldsheet supersymmetry generators G, G~. The contraction of the my,, my,
with the genus g worldsheet correlator gives a real 6g — 6 form on M. Deriva-
tives with regard to anti-holomorphic variables (on which the action underlying
the expectation value (-), depends) lead to the insertion of BRST trivial opera-
tors, thus suggesting the vanishing of the expectation value. As noted in [8,43],
this argument fails due to contributions from the boundary of moduli space:
BRST trivial operators correspond to exact forms, and the integral over these
receives contributions from the boundary of the integration domain.

Rather than being a nuisance, the holomorphic anomaly, as the anti-
holomorphic dependence of the partition function was christened in [43], gives
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rise to a recursion relation between the topological string amplitudes at differ-
ent genera,

_ 1_. 9-1
07 F9 = 50;’*‘ (DjDkF-"_l + ZDijDkFg_h>, g>1, (2.2)
h=1

where C¥ = e’ GIIGRFC iy contains the Kahler potential K, the metric G77,
and the complex conjugate of the three-point function Cjj;. The latter data
is determined at genus zero and related by special geometry. The recursion
begins with F'*, which satisfies its own holomorphic anomaly equation in terms
of special geometry data (see next section),

0,0;F" = % kO3 — XT;Gi;. (2.3)
These equations, fortified with modularity and appropriate boundary con-
ditions, can be used to integrate the topological string partition function
[11,12,14,44]. The origin of the two terms on the right hand side of (2.2)
is easily recognizable: the worldsheet degenerates at the boundary of moduli
space. Pictorially, this corresponds to cycles of the Riemann surface pinching.
If the pinched cycle does not sever the Riemann surface in two, we are left
with a Riemann surface with genus reduced by 1. This is the origin of the
first term in (2.2). If, by contrast, the pinched surface becomes disconnected,
leaving two surface components of genus h and g — h, respectively, this gives
rise to the second set of terms in the above equation.

2.2. The Generalized Holomorphic Anomaly Equations

To obtain a similar sets of equations governing the behavior of the partition
function in an Q-background, we would like to argue that in the expansion of
the free energy given in (1.1), upon setting s = (€1 + €2)? and g2 = €1 e,

F(s,t,g5) =logZ = Z 53 g2972F(5:9) (1), (2.4)
n,g=0

the power of s counts the number of insertions of an operator O in the genus
g amplitude F(3:9)(¢). For this interpretation to be possible, n € 27 must
hold. This condition also follows from the interpretation of the amplitudes as
generating functions for the BPS degeneracies N f_ jooasa Schwinger loop cal-
culation (see (3.38) in Sect. 3.7) implies that F' is even under simultaneous
sign flip of €1 and ey [9]. Naively, n € 27Z is incompatible with the Nekrasov
expansion for certain gauge theories with flavor. However, it was pointed out
in [19,45-48] that the masses 7h; in the Nekrasov expansion should be redefined
in terms of physical masses

€1+€2

(2.5)
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This redefinition eliminates the odd terms in the expansion.! Moreover, it
is the amplitudes F("9) defined upon shifting the masses that have natural
modular properties (natural in the sense that assigning complicated transfor-
mations to the masses is not necessary). The physical masses m; are also the
ones featuring in the AGT correspondence.

In [49], a different generalization of the holomorphic anomaly equations
referred to as extended holomorphic anomaly equations was proposed, which
does generate odd terms and reproduces the Nekrasov partition function in
terms of the m;. It involves the so-called Griffiths infinitesimal invariant which
appears in open topological string theory. However, since the latter has no easy
modular interpretation, it is not naturally incorporated in the direct inte-
gration formalism, which relies on almost holomorphic generators in the real
polarisation with a non-holomorphic modular completion in the holomorphic
polarisation [42].

Without a string theory definition of the partition function (1.1), one
cannot follow the same route as [8] to derive holomorphic anomaly equations
for the amplitudes F(™9), Instead, in [9], a very simple generalization of the
holomorphic anomaly equations was conjectured, then checked by computing
the partition function of the topological string on local Calabi—Yau threefolds
as well of asymptotically free massless Seiberg-Witten gauge theories, which
arise in a field theory limit of compactifications on certain local Calabi—Yau
geometries [50]. These generalized holomorphic anomaly equations take the
form

0:F9) = ZCI* | ;D F o) 137 p O py plnemig—h)

m,h

n+g>1, (2.7)

1
2

where the prime denotes omission of (m, h) = (0,0) and (m, h) = (n,g) in the
sum. The covariant derivatives will be explained in the next section. The first
term on the right hand side is set to zero if g = 0.

The Eq. (2.7) has passed checks in a variety of physical systems in the
existing literature: topological string theory on the non-compact Calabi—Yau
spaces O(—3) — P? and O(-2,-2) — P! x P! [9], matrix models with the
Eynard-Orantin recursion [31], and SU(2) Seiberg-Witten theory with Ny =
0,2 [9,49]. In the upcoming sections, we will further extend this list, and pro-
vide various checks of our results. Here, assuming that the conjecture is correct,

. .
1 More precisely, this is true for all F(2:9) with odd i save F(2:9). For this latter case, the
instanton part vanishes for Ny = 1,2, is a constant independent of the flat coordinate a for
Ny =3, and for the Ny = 4 case we observe

4
(3:0) 1
Finzstanton = 5 lOg(l - q) Z my. (2.6)
i=1
These expressions however do not enter the integration of the holomorphic anomaly equa-
tions.
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we would like to extract lessons regarding the form an underlying microscopic
worldsheet description of the 2-background must take.

The generalized equations are reminiscent of the holomorphic anomaly
equations derived in [8] for correlators. Indeed, consider a genus g amplitude
with n field insertions

39—3

Fm9 () = / <on 11 ﬁk5k> - [dm A drm). (2.8)
o k=1 g
To preserve conformal invariance, the operator O should take the form of a
2-form field integrated over the Riemann surface O = fzg #®, where ¢

emerges as usual by the descent equations from a O-form field ¢(®). These
insertions must correspond to the appropriate vertex operators inducing the
Q-background deformation from the worldsheet point of view. The arguments
underlying the holomorphic anomaly equations (2.2) can now be repeated with
M, replaced by the moduli space of punctured Riemann surfaces, M, ,,. The
pinchings that disconnect the worldsheet must here be distinguished by how
the punctures are divided among the two resulting surface components. This
gives rise to the second sum on the right hand side of (2.7). Note that the
covariant derivatives are not modified, indicating that contact terms between
the operator ¢(°) and the marginal moduli field operators ¢§0) should not exist.
Other boundary components of M, ,, can contribute due to short distant sin-

gularities ¢<0>(z)03§°) (w) ~ |£%|2 as z — w, where the index 0 in the two-point
correlator G labels the operator ¢(?). As no such contributions arise in (2.7),
we must also require Go; = 0 as a condition on ¢(?).

For the case g = 0, we conjecture
FOTE0 = (0(0)61* (1)¢1* (00) 0" )g—o. (2:9)

Note in particular that this identification implies that F'(1:) is holomorphic, as
the boundary of the moduli space ﬂom is due solely to coincident punctures,
and 3 points can be fixed by SL(2,C) transformations to arbitrary values, as
indicated in (2.9).

2.3. The Local Limit and a Proposal for the Insertion ¢

A hint towards the nature of the worldsheet insertion ¢ which induces the -
background comes from the observation that this deformation requires taking
the local limit of the target space Calabi—Yau manifold.

The theory underlying the topological string is twisted N = 2 super-
conformal field theory coupled to topological gravity. Of all the operators
in this theory, U(1) charge conservation only permits non-vanishing corre-
lation functions involving the marginal fields of the matter sector and the first
gravitational descendant of the puncture operator, the dilaton, in the gravity
sector. The coordinate directions on moduli space, denoted by t; above, corre-
spond to the marginal fields. The dilaton plays an important structural role in
the topological string, via its contact terms with the marginal operators: The
holomorphic (3,0)-form © on a compact Calabi—Yau manifold M is a section
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of a line bundle £ (called the vacuum line bundle in [8]) over the moduli space
M of complex structures on M. The cohomology class of the Kéahler form K
on this moduli space is the Chern class of the line bundle, hence K = %851C
in terms of the Kéhler potential KC(¢,%) = logi [,, QA Q. The choice of section
induces a metric on the line bundle, with connection 0. The physical manifes-
tation of this geometric setup is that holomorphic coordinate transformations
on the line bundle L,

0 —e TOQ, (2.10)

induce Kéahler gauge transformations on the Kéhler potential /C,
K(t1) — K1) — £(2) — F(D). (2.11)
Insertions of operators inducing marginal deformations naively correspond to
taking derivatives with regard to the appropriate coordinates. Contact terms of
the operators amongst themselves however covariantize this derivative; acting
on a correlation function of k operators, one obtains the covariant derivative
on the bundle Sym*7 (19 M. Contact terms of the insertion with the dilaton

operator covariantize the derivative further, with regard to the connection 9K
on L [8]. In total, one obtains

Dy =0, — (Ty)* — (2 - 29)0K. (2.12)

In particular, this reasoning allows one to deduce that the topological string
amplitudes F'9 on compact Calabi—Yau manifolds are sections of the line bun-
dle £2729.

In the local limit of Calabi—Yau manifolds, the line bundle £ becomes
flat. In this limit, the contact terms between the dilaton and the marginal
fields must hence vanish. The dilaton thus becomes a candidate for the field
¢. A question we have not addressed in this section is the implication of such
insertions for the physical string. The study of this question is under way [51].

The local Calabi—Yau setting may also offer some insight into the mass
shift (2.5). A general feature of the non-compact limit is that the holomor-
phic (3,0)-form Q reduces to a meromorphic form A\ with a distinguished
non-vanishing residue. This corresponds to the constant solution of the
Picard-Fuchs operator D (an example of such an operator can be found in
Sect. 7 in Eq. (7.3)), which we may normalize to

/A = /s (2.13)

Tp

The 3-cycle of M which degenerates to v, € Hi(C1\{p},Z) is the T° of the
Strominger—Yau Zaslow construction, whose period corresponds to D0-brane
charge at the large-volume point in which the non-compact limit is taken. In
the geometric engineering limit with bare hypermultiplet masses, other resid-
ual f%_ A = m; appear as limits of A-cycles in a symplectic basis of Hs(M,Z)
whose associated Kahler moduli ¢; become non-dynamical in the field theory
limit [50]. From this point of view, (2.5) is just a linear transformation on
Hi(C:\{p,p:},Z). Since v, in (2.13) is singled out in the construction, one has
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a canonical choice of residue to identify with /s. In order for the action of
the symplectic monodromy group on Hs3(M,Z) to descend naturally to the
non-compact limit, the classes of A-cycles must descend to non-intersecting -,
and -y;, respectively. Up to flavor symmetries, this defines the choice of physi-
cal masses in the B-model. Starting with a random choice from the geometric
point of view, redefinitions like (2.5) might be necessary in order to make the
underlying symplectic symmetries of the theory manifest.

Finally, as we will elucidate in Sect. 3.6, the prepotential of the Q2-unde-
formed N = 2* theory in the treatment of [52] exhibits close parallels to the
F(:0) amplitudes studied in this paper. The deformation in [52] is that of
N = 4 theory by insertion of a mass operator ¢,,, and the prepotential in an
expansion in the mass can be shown to satisfy the same holomorphic anomaly
equations as F(™0) see Eq. (3.36). The similarity between the two theories
is what motivated in part the conjecture (2.13), in particular the square root
which mimics the relation between the residue ~ m in the N = 2* theory, and
the expansion parameter m? of [52].

2.4. The Wave Function Transformation of Z

Following the logic presented above, we can define higher point correlation
functions as

m 39g—3
Fi(f.’??im = / <(’)”H(’)il H ﬁkﬁk> - [dm A dm). (2.14)
k=1 p

- =1
Mg

In the following equations, we will assume that the non-compact limit has been
taken, such that the operator ¢ does not have contact terms with the chiral
operators ¢;, . Insertions of ¢;, hence still correspond to covariant differentia-
tion, also in the presence of ¢ insertions,

F™9, =Dy ...D; F™9. (2.15)
As the Kahler line bundle becomes trivial in the non-compact limit, the covari-
ant derivative is with regard to the bundle T("h% M and its symmetric powers.
The correlation functions satisfy a simple generalization of the holomorphic
anomaly equations of [8],

0 png)  _ %Cg"“

6{; 11 yeeeslm
x| Fmeh L3 L po'a) pna")
0,081, 5tm m ! Ble) s sto(m!) T Dita(1)sla(m!)

’ "
’ " +g /:g "
n'+n"=n, m'+m’=m

—(2g-2+m-1)> Gy F"Y : (2.16)

U1 yeenybpr— 104 1eenim
r=1
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Note that in this sum (m/, ¢’) run from (0,0) to (m,g) and for ¢’ =0or ¢’ =g
either n > 0 or m > 3. Defining

oo

> 1 _(n ) )
W(gs,s,z,t,t) = Z Z gfgfz%Fi(h_’??imm“ coatms™ (2.17)

n,g=0m=0

the holomorphic anomaly equations for the Fi(:"? )

';, can be summarized by a
heat kernel like equation for exp(W),

Dheat €xp ( W)

2 2 .
i _ gic_']kai _ G;jxj <gs 6‘?}

T ot 27" 0widLhk T ozk

0
+ 2" )] exp(W)=0. (2.18)
Applying the heat kernel operator to exp(WW), evaluating at x = 0, and invok-
ing (2.15) yields

0 _ 9

Dheat exp(W)|,_o = L’%_- 5 CZkDiDJ} U = 0. (2.19)

As observed in [41], this equation supplemented by the fact that ¥ = exp(F)
is a holomorphic function in #;, considered as a new variable, independent from
the t;, is equivalent to the infinitesimal wave function transformation property
of U = exp(F). In fact, as explained in [41], the fact that Dyeat defines a pro-
jectively flat connection on the simply connected space of base points can be
used to (projectively) identify all wave functions defined upon such a choice
of base point, thereby restoring background independence of the topological
string.

We will need the wave function transformation property to extract the
generalized orbifold Gromov-Witten invariants of local P? from our modular
expressions in Sect. 7.2.2. In particular, the arguments of [42] that the change
from real to holomorphic polarisation of the wave function corresponds to
the change from quasimodular to almost holomorphic functions extend to the
refined case, consistent with the modular invariant form of the F(™9) in terms
of Ey in holomorphic polarisation.? The holomorphic limit of the counting
function F in various regions of moduli space is obtained as follows. One uses
the wave function transformation to change to the symplectic basis appropri-
ate for the definition of local flat coordinates in terms of the global symplectic
basis of Hy(Cg4,Z). In the new local flat coordinates, one uses the wavefunction
transformation of Z again to change to the real polarisation in which F is a
holomorphic counting function.

2 This is not true for the results obtained with the holomorphic anomaly of [49] as it generally
breaks modular invariance.
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3. Integrating the Holomorphic Anomaly Equations

In this section, we will discuss the integration of the holomorphic anomaly
equations (2.7) for rigid N = 2 theories. The most familiar member of this
class are N = 2 Seiberg—Witten gauge theories. The data defining such a the-
ory with gauge group SU(r+1) is a family of Riemann surfaces C,(u) of genus
r parametrized by uq, ..., u, moduli and a meromorphic (1,0)-differential A of
the third kind with the property (;% =w;,i=1,...,r, with {w;} furnishing a
basis of the holomorphic 1-forms spanning H*(C,.).

For ease of exposition, we will use the gauge theory language in this
section. The formalism discussed applies however without modification to the
B-model description of the topological string on local Calabi—Yau geometries,
irrespectively of whether the geometry can be reduced to a Riemann surface
and the holomorphic (3,0)-form to a meromorphic differential.

We will mainly focus on the gauge group SU(2), and correspondingly on
local Calabi—Yau threefolds with genus 1 mirror curves, such as for example
the total spaces O(—Kg) — S of the anticanonical line bundles over del Pezzo
surfaces S. The direct integration formalism extends also to the higher rank or
higher genus case, but concrete computations then require deriving and solving
Picard-Fuchs equations, a complication we circumvent in the rank one/genus
one case by using well-known general formulae for periods of elliptic curves.
Aside from N = 2 gauge theories [14,53] and topological string theory on non-
compact Calabi-Yau geometries [44], the original formalism has been applied
to matrix models with more than two cuts and polynomial potentials [54]. The
F(m9) for the latter theories should also be covered by the formalism described
below.

3.1. Rigid Special Kihler Geometry

The Coulomb branch or vector multiplet moduli space of N = 2 supersymmet-
ric Yang-Mills theory is a Kahler manifold governed by rigid special geometry.
In particular, this implies that the Kdhler metric on this space is derived from
a holomorphic function F(%:9) called the prepotential. This is the leading quan-
tity appearing in (1.1). From the topological string perspective, it is determined
from the genus zero sector of the theory. The vector multiplet moduli space is
coordinatized by the expectation value of the adjoint scalar field u = $Tr(¢?)
sitting in the NV = 2 vector multiplet. Locally, a flat coordinate ¢ can be intro-
duced on this moduli space which plays a crucial role in describing the IR
physics.? Geometrically, the flat t coordinate is determined in the neighbor-
hood of a singularity by the period of C;(u) with the most regular behavior

3 The connection vanishes in this coordinate in the holomorphic limit; more on this limit
below.
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at the singularity. The dual coordinate tp is geometrically the symplectically
dual period. In terms of the prepotential, it is given by*

_¢o AF(©0 with {co =1 theory with fundamental matter, (3.1)

tp =—5—
P 2mi Ot co =2 theory without fundamental matter.

The flat coordinate defined in the neighborhood of the singular point cor-
responding to weak coupling of the non-abelian gauge theory is called a by
Seiberg and Witten, and its dual ap.® The gauge coupling and theta angle of
the gauge theory are conveniently combined into a complex gauge coupling 7,

1 /60 8mi
=—|—-4+—. 3.2
== (245 (32
In terms of the local flat coordinate, the exact IR complex gauge coupling of
the theory is given by
D*FO0 ot
T:—C—O,iz—D. (3.3)
2w Ot? ot
The Kéhler metric on the moduli space follows from the Kahler potential
Re (10, F(0:0)) via
o (0,0) 4
Gt{ = 28t8t-Re (t@tF ’ ) = —T9. (34)
Co
The three-point function, which already made an appearance in the holomor-
phic anomaly equations in the previous section, is the third derivative of the
prepotential,
93 F(0.0) 2mi OT

Cue = o e O (3.5)

Note that it is this quantity, rather than the prepotential, which most readily
is computed from the topological string [8] as a three point correlator on a
sphere. As the moduli space of the three punctured sphere is a point (hence
has no boundary), the three point function and hence F(%:0) is a purely holo-
morphic section over the moduli space.

We take the existence of F(%0) with the local Eqs. (3.3), (3.4), and (3.5)
as the definition of rigid special geometry. In addition, we have a symplectic
electric/magnetic charge lattice spanned locally by ¢ and ¢p.

4 The different normalizations for theories with and without fundamental matter come about
due to the rescaling ne — 2ne in the presence of fundamentals, to avoid half integral charges,
see [1]. While the physics is of course invariant under the choice of normalization of n., the
Seiberg—Witten curve depends sensitively on it, as the monodromy group does. The overall
normalization of the prepotential trickles down into the holomorphic anomaly equations, it
is coupled to the normalization of the central charge which enters the gap condition. In par-
ticular, changing the normalization of the prepotential by rescaling cg,co — k co, requires
rescaling ¢ in Eq. (3.51) by t — ﬁ

5 We will distinguish strictly between the weak coupling periods (ap,a) and general periods
(tp,t) in this subsection. In the following subsections, to conform to existing literature, we
will generically use the letter a in our discussions of field theory and the letter ¢ in the
context of string theory.
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3.2. The Family C; (u), its Periods, and its Degenerations
In N = 2 theories with fundamental matter of bare masses m;, the masses
of BPS states of electric, magnetic, and U(1) flavor charge (ne, nm,, S;) follow
from the central charge formula®
s
Z =nea+ npap + ZSZ-—Z
i

\/57

by m = |Z|. The flat parameter t and its dual tp in the limit of vanishing
bare masses m; can be identified with the periods of the meromorphic 1-form
A along an appropriately chosen” symplectic basis (X4, g) of Hi(Cy,7Z),

t:/)\, tD:/)\. (3.7)

ZA EB

(3.6)

Upon considering m; # 0, the bare masses appear linearly and with an integer

structure in the residua of the meromorphic form A as Res A = 2’:;:‘/5 with

n' € Z. The integrals (3.6) then no longer merely depend on the homology
class of the integration path.
The fundamental relation

d\

du
with w denoting the holomorphic 1-form of the curve, together with the special
geometry relation (3.3) determining the IR gauge coupling of the theory yields

(3.8)

_dtp _dip dt_ Jp, @
dt du du_fEAw'

(3.9)

The ratio of two symplectically dual periods of the holomorphic 1-form w of the
curve takes values in the upper half-plane, ensuring the positivity of the gauge
coupling by the above identification. This ratio determines the complex struc-
ture of the curve up to SL(2,Z) transformations. Note that unlike (¢p,?),
the derivatives (%7 3—5) do not pick up path dependence upon considering

The periods of the holomorphic 1-form on elliptic curves are readily cal-
culable starting from the Weierstrass form of the curve

y? = 42° — ga(u)z — g3(u). (3.10)

We have indicated only the dependence on the global coordinate u of the mod-
uli space of the theory explicitly. In Seiberg—Witten theory, the curve depends
in addition on either the UV parameter ¢,, = exp(2mit,,) in conformal cases

6 Note that this formula is written in terms of (ap,a) rather than (¢p,t), as the charges are
defined with regard to the weak coupling point. Due to monodromy, they are not uniquely
defined in the interior of moduli space.

7 A different choice of basis will generically be required in the neighborhood of each singular
point in moduli space in order to guarantee that the regular period ¢ is the period along the
A cycle.
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or the renormalization scale A in asymptotically free cases, and potentially the
bare masses m; of the matter hypermultiplets in the theory. A quartic curve

y? =ax* +4ba® +6ca? +4dx +e (3.11)
can be brought to Weierstrass form via a variable redefinition [55], such that
g2 = ae — 4bd + 3¢2,

3.12
g3 = ace + 2bed — ad? — b%e — 3. ( )

Note that go and g3 are not absolute invariants of a curve; under a rescaling
of © by r, they scale as

g2 =192, gz —17gs. (3.13)
For all ensuing computations involving g, and g3, care must be taken to work
with a consistent normalization throughout.

As introduced above, a parameter 7 equal to the ratio of two symplectical-
ly dual periods of the holomorphic 1-form w completely specifies the complex
structure of an elliptic curve. Two such tau parameters related by an SL(2,Z)
transformation describe the same complex structure. A more easily accessible

quantity encoding the complex structure is the J-invariant of the curve. When
the latter is given in Weierstrass form (3.10), the J-invariant is computed via

g2(u)*
= .14
Aw)’ (3.14)
where A is the discriminant of the curve,
A(u) = ga(u)® = 27g3(u)?. (3.15)

Unlike g and g3, J is an absolute invariant of a curve. It is related to the tau
parameter via a quotient of Eisenstein series of weight 4 and 6,

_ Ey(r)?
 By(1)® - Be(1)*
As the RHS is a quotient of modular forms of weight 12, J in fact descends
to a function on the SL(2,7Z) orbits of 7. As such, it contains less information
than the gauge coupling of the theory.

At weak coupling, corresponding to 7 — ioco, the J-invariant has the
expansion

J(7) (3.16)

1
J(7) = 1T28J(7) = -+ T4+ 196884q + 214937604

+864299970¢° + O(¢*), (3.17)

where we have introduced the quantity ¢ = exp(27i 7).

The moduli space of the theory is parametrized globally by the parame-
ter u. Locally, 7 or ¢ can serve as coordinates, but both undergo monodromy
upon circling points in moduli space at which the curve degenerates. As ¢t as
well as its dual coordinate tp are periods of the Seiberg-Witten differential,
they satisfy the Picard-Fuchs differential equations. For Seiberg-Witten the-
ory with Ny = 1,2,3 massive flavors, these degree 3 differential equations
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can be found in [56,57]. However, it is more convenient to use the well-known
formulae for the periods of the holomorphic differential w involving modular
forms and compute the relevant periods of A by integration. At degeneration
points ug in the moduli space at which J(ug) = oo, i.e. A(ug) = 0,w develops
a period with a logarithmic singularity, while the dual period is finite [55].
Such points hence exhibit monodromy of infinite order. Physically, this is an
indication that a particle in the spectrum of the theory is becoming massless.
The finite period is uniquely determined, and obeys the Eq. [58]

dt - g2 (u) E(; (T)

a_ — 33, af BalD)
du

g3(u) Eq(7) g2(u)

(3.18)

The form of this equation reflects a general fact about the periods of ellip-
tic curves: the normalized periods, which are the appropriate integrals over

g—z w, are invariants of the curve, in that they only depend on its complex

structure, not its embedding in CP?. One can derive a second order differen-
tial equation in J for these normalized periods [55] and obtain (3.18) as one
solution. To identify this solution as the constant period, it is enough to note
that it cannot develop a logarithmic singularity. We note furthermore that this
period is non-vanishing at the singular points ug if we rule out singularities
for which not only A = 0, but also go = g3 = 0, as the zeros of the Eisenstein
series F4 and Ejg in the fundamental domain are of unit norm (in particular,
for F4 and Eg, they lie at 7 = exp(27i/6) and 7 = i respectively), hence do
not lie in the SL(2,7Z) orbit of 7 = ico, the values the effective coupling can
take at J = co. In integrating (3.18), we can hence arrange the integration
constant such that ¢ ~ (u —ug), consistent with the physical requirement that
a particle becomes massless at this point. At the weak coupling point © — oo,
the physical boundary condition is®

\/g theory with fundamental matter,
a= (3.19)
v2u theory without fundamental matter.

The two expressions for % in (3.18) hence imply go ~ u?, g3 ~ u® at u — oo as
a condition on the Seiberg—Witten curve for any SU(2) theory. The constant
c1, reflecting the normalization of A, can be fixed by requiring the correct pro-
portionality constant between a and u at u — oco. As pointed out above, care
must be taken to fix the normalization of g and g3, as these are not absolute
invariants of the curve.

An example for the period with logarithmic behavior for |J| > 1 and
arg(l —J) < 7 is [58]

8 The factor of 2 between the two cases is the same as the one in Eq. (3.1).
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= 5~ 2 (log(J]) +3log(12)) + [(1 = /)T 3w (/1) 4, (3.20)

@7

where w; () is a holomorphic power series.’

3.3. The Amplitudes F(™9) for g +n =0

Relations (3.14), (3.16), and (3.18) are sufficient to determine the prepotential
of the theory at weak coupling as a function of a, up to two unphysical inte-
gration constants as follows: equating J in Egs. (3.14) and (3.16), one obtains
7 as a function of the UV parameters of the theory. Substituting into (3.18)
and integrating yields the period t as a function of these parameters. Solving
this relation to obtain u(t) and plugging into 7, we can obtain the prepotential
by integrating twice with regard to ¢,

t t
FOO /dt/dt T. (3.21)

Note that generically, all of these steps will only be possible computationally
to a given order in g, or A.

3.4. The Amplitudes F(™9) for g+ n =1

For the genus one case, F'(O1) follows from the genus one holomorphic anomaly
equation (2.3), while F' (1.0) " as we have argued above, should have no holo-
morphic anomaly,

1
FOL — -3 log(Gual Al3), (3.22)

1
24
Here, A is the discriminant of the curve C;. The first expression comes from
integrating (2.3) using the simplification of rigid special Kiahler geometry. Such
expressions first appeared in the context of local Calabi—Yau manifolds in [59].
A derivation from the point of view of gauge theory instantons can be found
in [5]. The exponent of A is fixed by the boundary condition (second line of
(3.49)) at single zeros of the discriminant A = (u — ug)A, using the fact that
the local coordinate goes like ¢ ~ (u — ug) + O((u — ug)?) at such points. In
the holomorphic limit, we get

F0) log(A). (3.23)

1
Fégil) = —ilog <du> T log(A). (3.24)

The exponent of A in the second equation follows similarly from the boundary
condition (3.49).

9 The above expression at n = 0 is a period of w linearly independent from (‘%. We have

added the n-dependent term (with n to be determined) to justify calling this period the
dual period to é%'
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3.5. The Amplitudes F(™9) for g + n > 1 and Modularity

As u is a global coordinate on the moduli space of our theory, by definition,
physical quantities should be invariant under the monodromies that arise by
circling singularities in this moduli space (otherwise, the correct moduli space
would be a cover of the u-plane). The partition functions F(™9) for n 4+ g > 1
(n4+ g =0and n+ g = 1 are special cases, as it is their derivatives that
are physical) should hence be modular forms of weight 0 with regard to the
monodromy group I' C SL(2,Z). u by definition must be invariant under
I' as well.'% The naive assumption of holomorphicity is known to be invalid
(either by recourse to string theory or to path integral regularization argu-
ments [60,61]). We hence make the assumption that the F(™9) are almost
holomorphic forms (see e.g. [62] for this concept) of the group I'. These are
functions on the upper half plane that transform like modular forms, but are
polynomials in % with holomorphic coefficients. A prominent example is the

modular completion Es of the quasi modular form FEs of weight 2,
- 3
E 7T)=F - —. 3.25
2 (T7 T) 2 (T) Ty ( )

In fact, it is not hard to show that the polynomial dependence on % can be

replaced by a polynomial dependence on Eg, with coefficients that are holo-
morphic modular forms (see Prop. 20 in [62]).

The assumption that the F(™9) are almost holomorphic forms is consis-
tent with the holomorphic anomaly equations. This can be seen as follows.

Note first that upon retaining only the constant piece with regard to the
variable ;12 of an almost holomorphic form, all other terms can be reproduced
by modularity. Hence, the ring thus obtained, called the ring of quasimodular
holomorphic forms, is canonically isomorphic to the ring of almost holomorphic
modular forms [62]. In the presentation in which almost holomorphic forms are
written as polynomials in E, this isomorphism is induced by mapping Es to
FE5. This map from almost holomorphic to quasimodular forms is referred to in
the physics literature as taking the holomorphic limit 7 — oo (the mnemonic
rooted in the occurrence of 7 in the denominator of % = %) In this limit,
the coordinate a is flat (the connection in this variable vanishes) and therefore
a convenient choice to express the holomorphic anomaly equations in. They
become [14]

HF(.9) 92 (ng—1) 1 §F(m:h) g (n—m,g—h)
om —\ T X da

m,h

24 (3.26)

To study the general structure of the F("9) it proves convenient to intro-
duce the variable

(3.27)

10 There is a sense in which u is a weight 2 modular form in the conformal theories and their
mass deformations. We discuss this at length in Sect. 5.
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Rewriting (3.26) in terms of X and the global variable u, we obtain

F(m9) g2(u) Eg (du>282F(”’91) )

24 - e
0X €0 g3(u) Ey da ou? * da? ou

du\? F(m.h) g (n—m.g=h)
+< u) Z'a 0 (3.28)

da ou ou
m,h
A glance at (3.18) reveals the utility of introducing the variable X, particularly
since using the Ramanujan relations
dE, E3—E4 dEy FEE4— Es dEs  FEyEs — E?
Tag = 12 T4 3 0 g 2
(3.29)

and relations (3.16) and (3.18), one can show that

d2u 1 gg(u) E4
@ = Zgg(u) Epl(x)v (3-30)

where p,, (X) is an nth degree polynomial in X with coefficients that are poly-
nomials of derivatives of g2(u) and gs(u).
We are now in a position to discuss the modular properties of the

Eq. (3.28). By (3.18), (3—2)2 is modular of weight -2 under the full modu-

lar group SL(2,Z) (note that ?TZ is modular only with regard to an index 2
subgroup), as is (di% by (3.30). The weights in the Eq. (3.28) thus add up to 0
correctly on both sides, demonstrating the consistency of our identification of
the amplitudes F("9) as almost holomorphic forms with this equation. From
this discussion, one might be tempted to conclude that the symmetry group of
the theory is the full modular group SL(2,Z). This is incorrect. The holomor-
phic anomaly equations as written in (3.28) depend on both UV parameters
(u, potentially bare masses, and the UV coupling 7, or the dimensional trans-
mutation scale A) and IR parameters (the effective coupling 7, the argument
of the Eisenstein series contained in X). To draw conclusions regarding the
symmetry group, one should re-express it fully in terms of IR parameters.
That this reduces the symmetry group to a subgroup of SL(2,Z) can be seen
explicitly e.g. in the massless asymptotically free cases of SU(2) gauge theory
with Ny < 4 flavors, in which u can be obtained explicitly as a function of
7 (see e.g. [14]) and proves to be modular only under the monodromy group

I' c SL(2,7Z).
Analogous calculations that led to (3.30) show that
dX 1 d’X 1
= (X —— = —p3(X). 31
du Apz( ) duz A2 ps(X) (3:31)

Starting from the form of the genus 1 partition functions given above, an easy
induction argument shows (for k>0, k=0 will be taken up in Sect. 3.7) that
the partition functions take the form
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1 3g+2n—3

n,g) _ k, (n.9)

a g)_m > X (w), (3.32)
k=0

where p,(Cn’g )(u) are polynomials in derivatives of go(u) and g3(u). As presented

in (3.32), F("9) is a quasimodular holomorphic form. The map to the ring of
almost holomorphic modular forms is induced by

g3(u) By (7)Ey(7)
g2(u)  Eg(r)

Note that the leading power of Fs (and hence X) in F(™9) can be obtained
from (3.26) by inspection: derivatives with regard to a acting on the Eisen-
stein series act via %%. By the Ramanujan relations, and the fact that 3—2 is
holomorphic, each such derivative hence increases the power in E5 by 1. The
first term in the holomorphic anomaly equations then implies a contribution
3g to the leading power, and the second term a contribution —3. Taking into
account that F(19 has no holomorphic anomaly to fix the power in F(2:0)
then yields the final result 3¢ + 2n — 3.

The leading power of X can be lower in theories where the leading p,(cn"g )
vanish identically—this happens in the conformal cases studied in this paper,

X—X= (3.33)

massless Ny = 4 and N = 4. The above derivation fails as §- = 0 in the
conformal cases. Likewise, the leading negative power of the discriminant can

be lower if all p,(Cn’g ) contain powers of the discriminant, as turns out to be the

case for mass deformed N = 4.

All coefficients p{™* (u) are fixed by the holomorphic anomaly equations

save p{™® (u). This coefficient gives rise to a meromorphic term in F(™9 anni-

hilated by the antiholomorphic derivative on the left hand side of the holomor-
phic anomaly equations, referred to as the holomorphic ambiguity. It can be
fixed by imposing appropriate boundary conditions on the partition functions:
finiteness of the holomorphic ambiguity at large u, and the gap conditions at
the singularities at A(u) = 0 in moduli space.

3.6. The Conformal Limit of the Holomorphic Anomaly Equations

The defining feature of the conformal limit is that the infrared gauge coupling
T becomes independent of the scale a. Since the derivatives in (3.26) with
regard to a do not act on 7, the argument outlined in Sect. 3.5 is modified:
differentiating with regard to a no longer entails an increase in the power of
E; (by two) on the RHS of (3.26). As a consequence, the highest power of
Ey ~ X in F(™9) grows as F("9) ~ E$T""! rather than exhibiting the generic
growth F(:9) ~ E§9+2”73, see Table 1. More precisely, in order to have (1.1)
dimensionless with 1, €5 of dimension one, the scale dependence of the F(7:9)
in the conformal limit can be extracted into an a-dependent prefactor,'!

1A similar argument leading to the correct prefactor proceeds via imposing the correct
modular weight.
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1 (n,9) .
Fng) W%g_(? if (n+g) > 1,

(3.34)
—2log(a)f™9 (1) if (n+g)=1.

The functions f(™9)(7) carry neither scale nor a-dependence, but they can

have an interesting dependence on the gauge coupling. With the a-dependence

thus extracted, the holomorphic anomaly equations governing the conformal

theory becomes algebraic, taking the form

afmo 00(n+g—1)(( ) (n.g—1) (n.g") p(n” ”>)
_ _ +g-—2 n,g— + n',g n'',g
I . g2 >

n’ +n =n
g'+9"=g

(3.35)

These equations govern the gauge coupling dependence of the F(9) in the
massless limit of the NV = 2* and the Ny = 4 theories discussed in Sects. 5.1.2
and 5.2.5. For the conformal theories at the simplest Argyres—Douglas points,
the equations also hold, but are less interesting as the infrared gauge coupling
at these points is fixed as well.

Considering only the genus 0 equations (the Nekrasov—Shatashvili limit),
we obtain

o f(:0) n+ 1) (m,0) (n—m,0)
— = E ) plrmmnl) 3.36
0F, / ( )

This is exactly the form of the holomorphic anomaly equations presented in [39]
for the mass deformation of F'(*:9(a,m) of the SU(2)N = 2* theory, with n
labeling the number of insertions of the mass operator ¢,,. The analogous
equation for the Ny = 4 theory was derived in [63]. We will comment further
on this connection in Sect. 5.1.1, focussing on the N = 4 case. What is more,
Egs. (3.36) are, up to a shift in the label k in F(%:0) by 1, the holomorphic
anomaly equations for the elliptically fibered T, — S — P! del Pezzo surface
S discussed in [38]. k here labels the deformation ¢, with respect to the P
base modulus. These holomorphic anomaly equations are closely related to the
holomorphic anomaly for N = 4 rank n gauge theories on del Pezzo surfaces.
The anholomorphic generator here is the completion of a Mock modular rather
than just an almost holomorphic form [64,65].

3.7. BPS States and Fixing the Holomorphic Ambiguity

As we have reviewed above, the singularities of an elliptic curve lie at the zeros
of its discriminant. At each such point, a period of the Seiberg—Witten differen-
tial vanishes. The physical meaning of these singularities is that BPS particles
in the spectrum of the theory are becoming massless. This determines the
leading behavior of the F("9) at these points. As we shall demonstrate in this
subsection, imposing this leading behavior at each singular point as boundary
conditions is sufficient to fix the holomorphic ambiguity.
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3.7.1. The BPS Amplitudes. The BPS interpretation of the amplitude is
obtained by computing it via a Schwinger loop integral with BPS states run-
ning in the loop [19,66]. The latter are in a representation R = [j_, j] of the
little group of the 5D Lorentz group SO(4) ~ SU(2)4 x SU(2)- and have
a mass m related to their charge by the BPS formula. In the BPS-saturated
amplitude, the BPS states couple to insertions of the self- and anti-self-dual
part of a background graviphoton field strength G' = e;dz! Adz? + exdz® Ada?
and two insertions of the background curvature 2-form R respectively Passing
to spinor notation for the field G, one gets €2 = — det G, 5 and e+ =detG, FE
with e4 = 1 (e1%€3). The anti-self-dual and self-dual parts of the field strength
couple to the left and right spin j_ and j; of the BPS particle respectively.
The Schwinger loop calculation for these amplitudes yields, with g+ = e~2¢*

3
SO _ SO'+

7d5 Trn(fl)"iJrUiefsmq_ q;

s 4 (sinh® (%5) —sinh? (°5%))

fhol(ei) — _

(3.37)

2
€

The importance of this formula for our purposes is that if something is known
about the BPS spectrum associated to a geometrical singularity at a special
point in the moduli space, one can read off the leading behavior of the F(™:9)
at this point. We discuss this first for large radius singularities in non-com-
pact Calabi—Yau spaces. Such points can be relevant also for field theory, if
embedded in a Type II string non-compact Calabi-Yau geometry. Then we
address the behavior at the conifold, which universally applies for the geomet-
ric description of field theories and for string theory on Calabi—Yau spaces.
At large radius in the A-model on non-compact Calabi—Yau spaces the
relevant BPS states are D-brane bound states with charge (Qg, Q4, Q2, Qo) =
(1,0, 8, m) where 8 € Hy(M,Z). A Poisson resummation over m gives rise to a
sum (over k in (3.38)) of delta functions against which the s integral in (3.37)
can be evaluated [66]. One can thus write a generating function for the mul-
tiplicity of BPS states N L €24 of given charge ( and spin representation

[j—.j+] as
.7-'h°l(e, t)

oo B J— km_ it km.y
= Z Z (_1)2(j7+j+)NJ'—J'+E _=—j_9- my=—j; 9+ o kB

2j- 2i4 =0 BEH2 (M 2) k 2sinh (451) 2sinh (£52)

- 72 Z T Frng = Y (14 @) (@162)? T FO (1), (3.38)
€1€2 g=0m=0 n,g=0

The sum over m4 is taken in integral increments both for ji integral and
half-integral.

It is sometimes convenient to change from the irreducible highest weight
representations [%] to a basis given by

o [) -5 ((2) () B o

2
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because
2n

Tryn (—1)278e 2735 = (—1)" (2 sinh g) . (3.40)

The multiplicity of BPS states in the I,,_ ® I,,, basis also gives rise to integers
which we denote nf .- Unlike the N ﬁ j,» these exhibit alternating signs. The

nj, . specialize to the index n} = n?o, defined by

S onfrr = STNE (<)% (244 + D) [ ], (3.41)
g9=0 J+

which is usually calculated by the topological string and is invariant under
complex structure deformations. Formula (3.38) can easily be exponentiated
upon expanding the sinh(z). This yields the following expression for the par-
tition function [19],

[e%e} J+ [e'e]
z=11'11 1T 1I
B 2j+=0mi=—j1r mi,ma=1

(_1)2(J’7+J+)+1N§3_j+

(1= g7 e mgtma )

(3.42)

We note that no information about the large radius expansion of the
F(n.9) (t) is needed to fix the holomorphic ambiguity up to an additive con-
stant to F(™9)(¢). This constant is unphysical in the Seiberg-Witten cases and
depends on a regularization of the Euler number in the non-compact Calabi—
Yau cases. Up to this regularization, it is nevertheless possible to work it out
from the BPS sum (3.38).

Define the Bernoulli numbers by their generating function t/(e — 1) =
Z:ZO Bm%. Note that the B,, vanish for m odd, except B; = —%. Dividing
the generating function by ¢ and taking the derivative establishes

t2 - m—1 BQm 2m
T @) = 2:30(—1) lam i (3.43)

The constant (i.e. 8 independent) term in the usual topological string ampli-
tudes F(*9) is calculated from (3.38) by setting ¢; = —ey = ig,. In this limit
the self-dual insertions decouple from (3.38) and the right (+) spins contrib-
ute with their multiplicity and a sign according to their spin statistic. The
evaluation of (3.38) then reduces to the calculation of [66]. Note that the con-
stant term comes exclusively from the D0 brane contribution which takes the

X(;V[). Using (3.43) with the argument scaled by

m,((x) = > o -1, and the regularized values {(—n) = _1273:—117 we obtain

the constant term of F(*:9) from (3.38),

(U?gl),o =(-1) @ / C:ggfl = (—1)9X(éw) 29(2|L(]qu2332<(72;2| ol (3.44)

universal form (8] N§, = —

My
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On the LHS, we have included the mathematical expression which yields
this contribution [8,67].

The constant term in F(™9) comes about by noting a similar expansion
for

1 2g9—2m Qm
BayBag—amey”” : 3.45
4smh( )smh 52 gz%?;:o 2gD2g—2m€7 ( )
with
A~ 1 Bm
P = <2m-1 N 1) ml (3.46)

It follows that the constant part of Fy, 4 is

<1>]L[ — X(M) B?g—mBmB2g—2
m.9,0 2 29 — 2

(3.47)

The constant part (1)% g0 11 F(9) is obtained by changing the basis of the
symmetric polynomials in €1, €2 in the second line of (3.38). For example, one
has for the Nekrasov—Shatashvili limit

X(M) BQnB2n72

M —
<]‘>(n,0),0 - 2 9 (348)

and as expected (1 >(0 90 = <1>?§),0.

Using the gap condition at the conifold, which we discuss next, the
direct integration method gives a very efficient method for calculating the
N, [’g i € Z, which are related to motivic Donaldson-Thomas invariants. We
demonstrate this in Sect. 7 for the simplest non-trivial local Calabi—Yau space
O(-3) — P2

A nodal singularity of C, occurs at the conifold point in moduli space.
It corresponds to a cuspidal point in the fundamental region of the modular
group. Such a singularity arises due to a single dyon of charge (ne,nm,S;)
becoming massless at this point in moduli space. Geometrically, a period t =
Nea + Nypap + S; \/éé, whose local expansion can be obtained from (3.18), is
vanishing here. Expanding the Schwinger loop formula assuming a single dyon
of vanishing mass [¢| in €1, €2, and % gives us the leading behavior of each F(:9)
near the conifold point from the corresponding coefficients of g% = (e1€2) and
s = (€1 +€)? [9]

oo
ds exp(—st)
s 4sinh(se;/2) sinh(sey/2

F(s,\t) = +O(tY)

)
S 1( + 1
= 12 Y €1 62 6162 Og

1 (29 — 3)! & .
+——2 1292 Z 29 Bag—amer? G 4

g=0 m=0
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11, 1, T T, 1
= |+ 5972 | log(t) + | — g2+ 5 — —— =
{ [PRIPTRE } og(t) + [ 240% * 1aa0® " 5760° 0 | 2

1 41 1 1 1
+{ 4 2 31 3 32}—}-0@0)

100875 ~ 20160°% " 26880°  161280° % | ¢
+ contributions to 2(g +n) — 2 > 4. (3.49)
Hence, e.g.,
11
02 _ __~ ~ 0
240 2 +0),
701
(1,1) - = 0
oz Ho, (3.50)
71
F(Q,O) - __ = O 0
sre0z T O

The leading behavior of (3.49) is the same as that of the S compactification
of the ¢ = 1 string,'? where the same integral appears [69)].

We note that the coefficients of the leading singularities at the conifold,
N9 diverge in arbitrary directions of large (n,g) exponentially at twice
the rate of the ones at infinity, cf. e.g. (3.44,3.48).1% This suggests that (1.1)
is an asymptotic, presumably Borel summable expansion everywhere in mod-
uli space. This is different for the conformal cases, where x(M) = 0 and the
absence of conifold singularities could allow for much better convergence prop-
erties.

The fact that near singular points in moduli space, the relation

g _ N(:9)

t2(g+n)—2
holds, i.e. the absence of subleading poles in the ¢ expansion, is referred to as
the gap structure of the F(™9) at these points [11,53]. We will discuss next
that this behavior is sufficient to fix the holomorphic ambiguity also for the
deformed models. For the undeformed models, this discussion was presented
in [44].

3.7.2. The Completeness of the Gap Boundary Condition. From (3.51) and
t ~ u — ug near a zero ug of the discriminant A, we see that the holomorphic
ambiguity as a function of u can at worst have a pole of order 2(g +n) — 2 at
ug. When A ~ u — ug, we can hence parameterize the ambiguity as

+0(t?) (3.51)

n 1
F}Eoffmb. = A(U)Z(QJF”)*Q p(u), (352)
with p(u) a holomorphic function of u. Demanding that the ambiguity be finite
in the limit « — oo implies that p(u) is in fact a polynomial in w of degree
(2(g +n) — 2) da, where da denotes the degree of the discriminant. There are
hence (2(g +n) — 2) da coefficients to be fixed to determine p(u) (recall that
the constant term of F(™9) ig unphysical), and exactly this many boundary

12 As was noted for ¢; = —e2 in [68].
13 In the NS and the topological string limit one has N0 = (=1)"=1(2n — 3)!By,, and
N(©:9) = Boy/(29(2g — 2)) respectively.
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conditions, (2(g +n) — 2) via the gap condition at each of the da zeros of the
discriminant, at our disposal.
To proceed calculationally, one could determine the da zeros of A, expand

the right hand side of (3.51) as well as F(9)" 4 F}(lzlg) ,,. around each of these

am
zeros, with F(:9)" the solution of the holomorphic anomaly equations, set the
two equal and compare coefficients. Already the first step, determining the
zeros of the discriminant, is difficult in general.
Instead, we can multiply both sides by A(u) , set u = ug+x, and
expand in z to order (2(g +n) — 2)da — 1, arriving at an equation

Z qi(uo)z’ = Z ri(ug)z’, (3.53)

%

2(g+n)—2

where ¢;(u) and r;(u) are rational functions of u. Note that this calculation
requires expressing 7 in terms of UV quantities. This can be achieved by invert-
ing (3.14), invoking 1/J as an expansion parameter at the singular points.
Again, if we explicitly knew the roots of A, we would set ug equal to these in
(3.53), and obtain a system of equations to determine the coefficients of p(u).
Lacking this information, we instead mod out both sides of the equation by

A(ugp). For example, for ¢;(u) = g gz;, this means that we solve the equation

fi(w) = ai(u)A(u) + bi(u)gi(u) (3.54)

for a;(u) and b;(u). This is always possible when ged(A(u),g;(u)) = 1. We
write

bi(u) = ¢;(u) mod A(u). (3.55)
Likewise, set
di(u) =r;(u) mod A(u). (3.56)

As A(ug) = 0 by definition of ug, we finally arrive at the following polynomial
equation in both ug and =,

Equating coefficients of uyg and x now allows us to solve for the coefficients
of p(u).

So far, we have assumed that a single particle becomes massless at each
singularity. In fact, as moduli are varied, singularities can merge. These higher
degeneracies of the Seiberg—Witten curve correspond to roots of the discrim-
inant with higher multiplicity, the order of the root indicating the number of
particles becoming massless (the N = 2* theory requires an exception to this
rule, as we discuss below). As long as these massless particles are mutually
local, this situation requires only a slight modifications of the above analysis:
to begin with, the boundary conditions (3.49) given by the Schwinger calcu-
lation at each multiple root ug; must be multiplied by the degeneracy of this
root. Also, for each wug ;, the calculation leading to (3.57) must be performed
with a reduced discriminant A; which satisfies A; ~ u — ug ;.
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4. Seiberg—Witten Theory: The Asymptotically Free Cases

4.1. Exact Results

The Seiberg—Witten curves for SU(2) Seiberg—Witten theory are families of
elliptic curves that can be parametrized as follows,

y? = Cl2)* - G(x), (4.1)

where the functions C(z) and G(z) for different numbers of flavors are given
by

Ny=0:C(z) =2° —u, G(z)=A%

Ni=1:C(x) =2%—u, G(x)=A(z+my),
2

]\/'f:2:C’(nc)zgcz—u—i—j%7 G(z) = A%(x +my)(z + mo),
T R Y )

G(z) = Az 4+ mq)(x + ma)(z + m3).

Here, m; are the bare mass parameters of the fundamental matter, and A
is the low energy strong coupling scale which enters the infrared physics via
dimensional transmutation for asymptotically free theories.

The g2(u) and g3(u) functions for the Seiberg—Witten curves given above
are easily computed using (3.11,3.12),

42
Ny =0: ga(u) = == - A*,
1
g3(u) = ?(—SU3 + 9uA?),
42
Ny=1 QQ(U):—;L fm1A3,
8ud 1 5 AS
9olu) = =y Fgmeh = gg
42 A4
Np=2: — AT
f g2(u) 3 P2 +16’
g(u):fﬁ+1pu/\2——pzA4 —uA4
3 27 2 1671 24
(p1£m1+m2,p25m1m2)
4u? 4 A2 A A2 1 A4
N;=3: =0 T D (R —2p) o
! g2(w) = =3~ = g ~An L2
8u 5 LA 1 [AY A2 A
g(u) = — 220 6p2 — 12 12
gs(u) = — 57 —g¥ g Tt (44+(p1 Pt p34)
2 4 4 2 3 2 6
pi A pa A 5 A p3 A A 1 A
S S ) [,
LA T PEt3 s TPE g

(p1 =m1 +my +m3, p2 = mimg +mims +mams, p3 = mimams ).
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Notice that go(u) and g3(u) are polynomials of degree 2 and 3 respectively for
all of these theories, consistent with the requirement derived in Sect. 3.2. A
is a degree 2, 3,4,5 polynomial of u, respectively, for the cases Ny =0,1,2,3
(anticipating the upcoming section, the discriminant for the Ny = 4 will be of
degree 6 in u, likewise for N = 2*).

By computing the J-invariant of the curve via (3.14) and comparing it
with (3.16) and the expansion (3.17), we can easily extract the asymptotic
behavior of ¢ near the weak coupling, large modulus point u ~ oo and the
singular points u ~ wug, where ug is a root of the discriminant, A(ug) = 0.
These are the loci where monopoles or dyons become massless. The asymp-
totic behavior near the large complex modulus point u ~ oo is

q~ulNrTt g~u’ for N =2* (4.2)

thus reproducing the correct (weak coupling) behavior of the SU(2) gauge
coupling,

log —. (4.3)

Invoking the algorithm introduced in Sect. 3, we can now obtain the par-
tition function for n + ¢ > 0 in closed form, in principle for arbitrary high
n + g. In practice, computing time poses an upper limit. We have computed
the Ny = 0,1,2,3 case with general mass parameters up to g +n = 4,4, 3,2,
though these by no means represent a fixed upper bound. We note that the
case of Ny = 1 and €; + €2 = 0 has been considered earlier in [14]. As an
example, we reproduce here the formulae for Ny = 1 at g +n = 2. For better
readability, we have set the dynamical scale to a constant, specifically A = 23
(this choice is to simplify comparison with Nekrasov’s results, see below; the
analogous choice for Ny = 2,3 are A = 2, A = 4). The dynamical scale can be
recovered by dimensional analysis.

(2,0) _ X 2 2 2
F ——@(Gu —4dmiu —9m1)
1 5 2 4 3 3
— 12 —2ma(1 1
+ 135A2 {36u’ 4+ 312m7ju mq(16m7 + 1593)u
+ 108(28m} + 45)u® — 6m3 (400m3 + 567)u + 27ma (184m’ — 189)},
(4.4)
3x?
FOD F(3u —4m?)(6u® — 4miu — 9m,)

+ 2f)g{24u4—:sznﬁui”+16m‘1‘u2—3(40m‘§’+27)“+m§(64"1:1)’“89)}

2
+ T35 Az 11080 = Td4miu’ +14mi (16mY +243)u” —9(272m1 +675)u”
+ 6m3 (400m7 + 729)u — 6696m] + 6561m: }, (4.5)
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45X
FO2 — _725A2 (3u — 4m3})®
3Xx? 2 2 4 3
4A2 {252u° — 648miu® + (352m7 + 54ma)u + 27(8m? — 9)}
-5 A2 {324 — 528miu® + 4ma (T6m} — 27)u” — 36(26m; + 27)u
+ 3m7(128mS +729)} — {684u° —3192m3u’ +2m1 (656m] +4293)u®

405A2
— 378(8m7 + 45)u” + 54m7 (80m} + 183)u + 27m1 (729 — 664m3)}.  (4.6)

The formulae become increasingly lengthy as the number of flavors increases.
We provide a sample formula for F(29 in the N ¢ = 2 case. Denoting symmet-
ric polynomials in the mass parameters as

p1=m1+ma, p2=mims, (4.7)

the formula for F(9 in the case of Ny=2is

2,0
F](\,f:)2 = 24A2{16u 12(p3 — 2py)u®
+ (8p2 — 40p2 = 4)u+9(p] = 2p2)(2p2 + 1)}
6
+ 135A2 ——{32u" 4+ 108(p? — 2ps)u

+ 2(9pT — 36pap? — 4(68p3 + 233ps + 77))u’
+ 3(p? — 2p2)(52p2 + 676py + 1207)u* + [—27(59py + 187)p]
+ 108p2 (59p2+187)p? —2(8pa+2008p3 + 7824p2 + 1246p, — 151)]u’

27
+ = [360pF — 2160pap] + (224p] + 4312p3 — Sp2 — 1)pi

3
+ 2po(—224p5 — 1432p3 + 8py + 1)]u? — g(4p2 — 1)[567(2ps — 3)p]
— 2268p3(2p2 — 3)p? 4 4(200p5 + 2584p3 + 336p3 — 503py — 25)]u

27

— 16 /378(4p2 — 1)pY — 2268p; (4p; — 1)p)

+ (—1472p3 + 12032p3 — 2244p3 + 92ps — 65)p?

+ 2p2(2ps + 1)%(368p3 — 352ps + 65)]}. (4.8)

4.2. Argyres—Douglas Points

One very interesting feature of the massive SU(2) cases is the existence of con-
formal points where mutually non-local dyons become simultaneously massless.
As specializations of the SU(2) models with Ny = 1,2, 3, these conformal the-
ories exhibit U(1) effective gauge symmetry and Ao, A1, Ay flavor symmetry.
The degeneration of the curves has been analysed in [70]. The corresponding
points in the moduli space are called Argyres—Douglas points. The general
decoupling of the scale at these points should imply the vanishing of the high-
est powers of X, cutting down the generic leading X39t27=3 power behavior
of the amplitude F(™9 to the conformal leading X9+t"~! power behavior of
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Table 1. This is easily checked for the various SU(2) Argyres—Douglas points.
The simplest one appears for Ny =1 at m; = %A and u = %A2. We can see
from (4.5,4.6) that the vanishing indeed occurs. Here, we follow the conventions
of [14], where more about the local expansion of F(*:9) around these points can
be found. We have performed similar checks for Ny = 2,m; = my = A and
u = %A2 and Ny =3 at m; =mo =m3 = A and u = S%Az. The vanishing of
the

pl(cmg):() for g+n—-1<k<3g+2n-3 (4.9)

in (3.32) provides an increasing number of consistency checks on the prescrip-
tion for fixing the holomorphic ambiguity presented in Sect. 3.7.

4.3. Comparison with Nekrasov’s Formula at Weak Coupling

We can compare our results against the Nekrasov instanton counting formula
(A.2) which is valid at weak coupling. The latter is expressed in terms of the
flat coordinate a at the weak coupling point. The two relations (3.16, 3.18)
allow for the computation of the parameters ¢ = e*™ and a in terms of
asymptotic power series expansions in the complex modulus u near the infin-
ity and monopole/dyon points, and vice versa. To perform the comparison,
we hence invoke (3.16) and (3.18) to extract asymptotic series around a ~ 0o
from our formulae, while expanding the Nekrasov expressions in accord with
(1.1). Upon proper fixing of normalizations, the results match; explicitly, for
N¢ =0,1,2,3, we have checked up to instanton number 5, 5, 3, 3. Predictions
for higher instanton number are easily extracted from our formulae.

Recall that one of the boundary conditions we impose when determining
the holomorphic ambiguity is that they be regular at large u. The explicit
evaluation of the Nekrasov functions at a given h = g + n shows that, in fact,
these vanish in this limit, scaling as a®>~2" ~ u!~". Assuming that this scaling
holds for a given h, the holomorphic anomaly equations allow us to conclude
that the anholomorphic contributions (i.e. the coefficients of positive powers
of X) to all F(9) at g+n = h+ 1 also obey this scaling, hence implying that
the scaling holds separately for the anholomorphic contributions and the holo-
morphic ambiguity. Finding a physical rationale for the scaling ~ u!~" at large
u (rather than extracting it as an experimental observation from Nekrasov’s
expressions) would hence provide over-determined boundary conditions on the
holomorphic ambiguity, and thus a consistency check on the computation.

5. Seiberg—Witten Theory: The Conformal Cases

In [2], the deformations of two conformal theories were discussed, SU(2) with
four massive fundamental flavors, and mass-deformed N = 4 theory, referred
to as N = 2*. These theories require slightly different ideas compared to the
asymptotically free cases, as due to conformal invariance in the massless limit,
they depend on a massless coupling constant 7,, rather than a dynamically
generated scale. The definition of the UV coupling is ambiguous. We will revisit
the curves proposed by Seiberg and Witten [2] in this section, paying special
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attention to this ambiguity. What is more, both conformal theories together
with their massive deformations are conjectured to exhibit an invariance with
regard to an SL(2,7Z) action on the UV parameters of the theory [1,2]. The
direct integration method in contrast relies on the symmetry of the theory
under the monodromy group I' C SL(2,Z) acting on the complex structure 7
of the curve, which corresponds to the effective coupling of the theory, hence an
IR parameter. We will establish the relation between these two group actions
in this section.

5.1. The SU(2) N = 4 Theory and its Deformation to N = 2*

Coupling N = 2 SU(2) super Yang—Mills theory to a massless hypermultiplet
in the adjoint representations yields N = 4 SU(2) super Yang-Mills theory,
which is expected to be exactly conformal. To apply the holomorphic anomaly
equations to solve the theory in general (2-backgrounds, we are required to
study the mass-deformed case to have recourse to the gap condition to fix the
holomorphic ambiguity. The Seiberg—Witten curve for this theory has been
identified in [2] as follows,

1 1 1
y2 = (m —eu — Ze% m2> (x — eol — Ze% m2> (ac — egu — Zeg m2) .

(5.1)

The e; form a modular vector of weight 2 and are sometimes referred to as
half-periods in the literature.'* Aside from the weight, the SL(2,7Z) action on
the half-periods is via a homomorphism

¢:SL(2,Z) — Ss (5.4)

into the permutation group on three objects {s, v, c}. This map is given by the
mod 2 reduction of the SL(2,7Z) matrices; one explicit realization is given by

0 1 1 1 1 0
(1 0>:U<—>S, <1 0):v<—>c, (1 1):s<—>c, (5.5)

14 The name stems from the fact that they can be expressed in terms of the Weierstrass
p-function of periods wi, w2 as

61:K9<%)7 ezip(%>, 63:p<w1;w2>. (5.2)

They satisfy the relation e; + ea + e3 = 0, and can be expressed via #-functions as follows:
2
T
er —ex = (*) 03(0|7),
w1
a0\ 2
e3 —ex = (—) 03(0|7), (5.3)
w1
2
T
e] —e3 = (—) 03(0|7).
w1

Note that of the three Egs. (5.3), only two are independent due to the relation 03(0|7) =
04(0|7) + 03(0|7). The convention chosen by [2] is w1 = 7, hence w = 77.
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with the following action on the half-periods,

TU(—)S : 61 A 627
Tv<—>c P €y > €3, (56)

T9<—>c c €1 < €3.

In the massless limit, the curve (5.1) is parametrized by its complex structure,
i.e. the argument 7 of the half-periods coincides with the tau parameter of
the curve being parametrized by the Eq. (5.1). This is possible as the complex
structure for the massless curve is independent of u. To see this, note that a
shift of z and y removes the u-dependence of the curve all together, or simply
note the u-independence of the J-function for this curve. The u-independence
of the complex structure was a main justification for identifying the m = 0
limit of (5.1) with the Seiberg-Witten curve of the massless N = 4 theory, as
it implements the constancy of the effective coupling along the RG flow. The
deformation away from m = 0 breaks conformal invariance and yields a curve
whose J-function does depend on u, as well as on the mass parameter m and
the argument of the half-periods. If we wish to keep these parameters inde-
pendent (as we should, since the mass deformation breaks N = 4 to N = 2
supersymmetry, enough supersymmetry to forbid a potential for u), we can
hence no longer identify the argument of the half-periods with the complex
structure of the curve, and we shall henceforth denote the latter by 7,,. We
therefore have two possible SL(2,Z) actions in the theory, one on 7, and one
on the 7 parameter of the curve. We will refer to the former as SL(2,Z),, in
this section. Let us examine the relation between these two actions.

Away from the massless limit, the curve as given in (5.1) is no longer
invariant under SL(2,Z),, if one assumes that u and m are invariant, as the
half-periods, in addition to (5.6), also transform via a weight factor (7, +d)?.
To correct for this, it is often assumed that u also transforms as a weight 2
modular form [2,71,52]. We will here make this proposal more concrete. We
ask how 7 transforms under SL(2,Z),,. As the curve (5.1) is invariant under
this action (assuming the transformation of w), so must its complex struc-
ture be (we can verify this explicitly below after calculating the J-invariant),
hence 7 must remain within its SL(2,Z) orbit under an action of SL(2,Z) .,
on (Tuy,w). Given that in the massless limit, 7 and 7, can be taken to coin-
cide, the discreteness of the group action makes it natural to require that 7,
and 7 in fact transform identically under SL(2,Z),,.!5 Assuming this in turn
enables us to exhibit a weight 2 expression for u explicitly. To this end, let
us compute the J-invariant of the Seiberg—Witten curve. It proves possible
and computationally highly beneficial to replace the dependence on the five
parameters (u,m, ey, es,e3) by the dependence on three parameter (@,m,q),

15 In fact, [52] invoke this property to derive the recursion relation for the prepotential in an
expansion in m? which we juxtaposed with the generalized holomorphic anomaly equations
of the conformal theories at g = 0 in Sect. 3.6.
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given by

1 —
d=u+—eam?, m?=(e;—e)m?, = S (5.7)
2 €1 — €2

Upon shifting = and rescaling both z and y, the curve (5.1) can be expressed
as

1 1
v =z (1: + a4+ 4m2> (x + g + 4@%2) : (5.8)

The J-invariant of this curve coincides with that of (5.1), and is given by
4 (Mt (1= + ) +4m2 (2—G—32 +2¢%) i +16 (1 — G+ ¢2) @2)°
27(—1 4 §)2¢ (M2 + 40)* (MAG(1 + §) + 16a2 + 4m2(a + 2qa))°
(5.9)

J(r)=

Equating this expression with the universal J-invariant (3.17) now yields
a sixth order equation for u. Of the six solutions, the one given by

o e1(Tuv)*(ea(7) — es3(7)) + e2(Tuv)*(e3(7) — €1(7)) + e3(Tuv)*(e1 (1) — e2(7))
e1(Tuv)(e2(7) — e3(7)) + e2(Tuv)(e3(7) — e1(7)) + e3(Tuv) (€1 () — e2(7))
(5.10)

is distinguished, in that it indeed transforms as a weight 2 modular form in
Tuw under a simultaneous SL(2,7Z),, transformation of both 7 and 7y, .

Note that the monodromy group I' of the theory is not the full modular
group SL(2,Z). I acts only on 7, not on 7,,, and the explicit expression (5.10)
demonstrates that u is not invariant under this action.

5.1.1. Calculating the Amplitudes from the Curve. In the massless limit, the
J-invariant is independent of u (hence of a), therefore T must be likewise, and
we obtain the prepotential by trivially performing two a integrations,

a a 1
FOO o /da/daT = §a2 T. (5.11)

As 7 here is identified with the UV coupling 7,,, we thus conclude that
instanton corrections are absent in this case. When we break N = 4 super-
symmetry by giving a mass to the adjoint scalar, the corresponding prepo-
tential does exhibit instanton contributions. To calculate these invoking in
particular (3.18), we must take care to correctly identify the Seiberg—Witten
differential. The rescaling of z and y that transforms (5.1) into (5.8) rescales
the Seiberg-Witten differential to

dx 1 V2da

du ez —eg dr y
Note that the factor \/ﬁ is crucial for maintaining the symmetry (5.6) in
the amplitudes F(™9),

(5.12)
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We can compute the instanton corrections to the effective coupling T by
equating (3.14) and (3.16), and invoking (3.18) (with the constant ¢; fixed by
the boundary condition a ~ v/2u at u — o0) to express u as a function of a.
The first few terms are reproduced here,

m? + 2a* m? 3m*(24a* 4 80a?m? + 35m*)
27717'—10gq—|—210gT+6a—4q+ 10

¢* +0(g%). (5.13)

The prepotential (5.11) is obtained by integrating twice with regard to a. The
instanton corrections agree with the ones computed in [52]. As was pointed
out in Sect. 3.6, the coefficients of the mass deformation of F(%-%)(a,m) satisfy
the same holomorphic anomaly equations as the F(™0) in the conformal limit.
More precisely, defining

1 m? T 2n
F(0,0) _ .2 1 ey 5.14
(a,m) 2aT+4m' S\ 4mzn—1( ) » )

the f,(7) satisfy (3.36) with ¢y = 1. The first few read

R | ) »  175E3 + 84E,Es + 11Eg
= 2 = -— = —_— E E = .
fl ) f2 3 ) f3 45 (5 2+ 4)3 f4 3780

(5.15)

Solving recursively for the amplitudes F(™9) proceeds as before. Note
that the discriminant A of (5.1) is a perfect square given by the denominator
of (5.9). The one loop [-function for the mass deformed theory at a singu-
lar point comes from one hypermultiplet with mass m ~ (u — ug) running
in the loop, where ug is a simple root of the discriminant. This determines
the leading behavior F(9 ~ Llog(u — ug), FOY ~ —Llog(u — ug) and
F9) o (y — ug) 20+ +2 Tt follows that the formulae for the boundary
behavior (3.51) and in particular (3.22,3.23) apply after defining A¢pere = VA.
This adjustment is necessary because in spite of the discriminant having a
double zero at ug, a single particle is becoming massless here. The boundary
behavior then fixes the ambiguity completely as discussed above.

To emphasize the symmetry properties of the amplitudes, we will express
them in the untilded variables u,m,eq,es,e3, though our computation pro-
ceeded with the tilded variables. We can then express the F(™9) as

3g9+2n—3

1
(ng) -~ k ,g)
F Regrn_2 E Y®p (5.16)
where
Y =(ea —e1)X (5.17)

and A denotes a reduced discriminant
A = (m? +4a) (MG + 4a) (MG + m® + 44)
U

= (4u — eym?)(4u — eam?)(4u — e3m?).
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Both Y and A are separately invariant under the permutations of the half-peri-
ods e; under the SL(2,7Z),, action as described above. Y is hence a modular
form of weight 4, A is modular of weight 6.

As a sample, we reproduce our results for n 4+ g = 2:

37E4*m! — 11232E°*m®u? — 96 B, (TEgm®u + 2376m2u*)

i =
116640
—4Egm* (13Egm® + 20736u?)
8 116640 ’
o) (Eam* —14402)°
by == 432 )
a1 m?(—E’m® + 216 E.*m*u? + 64 (EgmSu + 1728u*)
Po = 2430
+Egm? (Egm® + 2592u?))
8 2430 ’
pitt = ﬁ (5E4m® + 288 Eym*u? + 96Egm®u + 20736u*),  (5.18)

1
pit = 3 (144m>u? — Eym®)
02 m? (4E,°m® + 216 Ey*m*u? + 18, (TEgmCu — 5184u*)

Po = 43740
+Egm? (Bgm® — 14688u?))
X
43740 ’
1
P02 = ~5 (Bs*m® + 144Eym*u® + 24Egm®u) ,
3
P = Sm? (Eym' — 1440?)

péO’Q) = —45m*.

Note that the argument of the Eisenstein series E4 and FEg occurring in the
polynomials pgn’g) is the UV parameter 7,,, whereas the argument of the Ei-
senstein series and half-periods hidden in the variable Y is the tau parameter
7 of the curve. One easily verifies that the weight factors under SL(2,Z),,

transformations cancel in (5.16) for each k.

5.1.2. The Massless Limit of the N = 2* Theory. The massless limit is very
interesting as the theory becomes conformal and the qualitative dependence
of the amplitudes on the anholomorphic generator changes.

We can determine the F(™9) for n 4+ g = 1 from the massless limit of
(3.22) and (3.23),

1
FO(g) = 1 log(a) + a-independent terms, (5.19)

FObY(a) = 0 + a-independent terms.
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The latter equation expresses the fact that the gravitational anomaly cancels
for the N = 4 spectrum.

As we have emphasized throughout, the scaling of the highest power of
Fy ~ X in F™9) with n 4 g is modified in conformal theories, from F(™9) ~
Eg’g+2"_3 to F(m9) ~ E§+"_1, see Table 1. Explicitly in this example, this can
be seen from the m — 0 limit of (5.19). We immediately obtain the n 4 g = 2
results from (5.19) and (3.34,3.35),

B pay - E
32062’ 3242’
since there can be no holomorphic ambiguity, due to the absence of holomor-

phic weight 2 modular forms. For n 4+ g > 2, the ambiguity must be fixed by
the gap condition for the mass-deformed case. We obtain up to g +n =4

FZ0 — FO2) =, (5.20)

1
3,0) _ 2 2,1) _ 2
FOO = — g (BFF +13E1), FOU = soaney (25F3 + 20E4),
1
POD = (B34 Ey), FO9 =0, (521)
as well as
1
F&0 — ST o8 (175E3 4+ 1092E> E4 + 3323F)
1 2347 2231
FOY = — (1B + =~ —EE, + -~ F
99346 5>+ 5 2 4+5.7 6> ( |
5.22
1 3-151 1199
(2,2) _ 53 27191 fulniti
F 55310 (2 B3+ = E2E4+5.7E6),

1 22
F13 = ~ 535 aE <5E§ + 3B, By + 7E6> , FOY =,

The argument of the Eisenstein series here is the 7 parameter of the Seiberg—
Witten curve, which in the N = 4 theory coincides with the UV coupling of
the theory.

The vanishing of F(:9) = 0 for all g follows from the holomorphic anom-
aly equations in conjunction with the fact that the one-loop amplitude F(©:1)
has no a-dependence: F(®2) = 0, as modularity rules out a holomorphic ambi-
guity of weight 2. More generally, assume that F(©:9) = 0 holds for ¢’ < g. It
then follows easily from the holomorphic anomaly equations that F(%9) van-
ishes as well, up to possibly the holomorphic ambiguity. To fix the ambiguity,
we must mass deform the theory. Upon mass deformation, we have pZ’g ~m!
with [ > 0 for £ < 1. One can argue that the gap condition then implies
pg’g ~ mP with p > 0. Therefore, the ambiguity vanishes in the massless limit
as well and we can conclude inductively that F(%9) = 0 in the massless limit.

The amplitudes match Nekrasov’s expressions (A.3) in the massive case
after the shift m — m + (€1 + €2)/2, followed by setting m = 0. The massless
limit from the point of view of (A.3) is hence m = (&1 + €2)/2.

5.1.3. Comparison with Nekrasov’s Formula at Weak Coupling. Matching our
results at weak coupling with Nekrasov’s requires rescaling various parameters.
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Specifically,

F9 (s g2 a,m) = F{59) (23, 292, % m) (5.23)

for n4+¢ > 1. In addition to these rescalings, the cases n+g < 1 require special
attention as it is the derivatives of these amplitudes with regard to a that is
physical. The a independent terms that are required to obtain a matching are
the following at n 4+ g = 0,

FPO  (a,m) = FOO (V2a,m) + mity,a® — m? log (n(@;)) + const.,

Nekrasov o4
24
quv

(5.24)

where const. indicates an m dependent constant.
At n+ g =1, we must add simple g dependent terms to our general for-
mulae (3.22) and (3.23) to obtain a match with Nekrasov’s results as follows,

e uv
Fidtasos (@) = FO0)(V2a,m) + log <H> Tconst.  (5.25)
qu

and

Flithsoe (:m) = FOD (V2a,m) — log (’7()> +const.  (5.26)
quv

We have performed the check of (5.23) up to g +n = 4 and to inst-

anton number 3, and found agreement. Note that the recursion leading to

these expressions takes F(1:0) F(0:1) ag obtained from (3.22) and (3.23) (with

Athere = VA, as explained above) as its starting point, not (5.25) and (5.26).

5.2. The SU(2) Ny = 4 Theory

Motivated by the vanishing of the beta function, Seiberg and Witten argued
that the UV coupling of the massless SU(2) Ny = 4 theory receives neither
perturbative nor non-perturbative corrections, and should hence be identified
with the IR-coupling, as in the N = 4 case. Indeed, for the massless case,
they propose that the two theories share the same Seiberg-Witten curve (the
Seiberg-Witten differentials differing slightly in their normalization). Discrep-
ancies between this ansatz and explicit instanton computations were pointed
out soon after [1,2] appeared, e.g. in [72]. These were traced to a freedom in
defining the UV coupling and modulus u of the theory in [73,74].

In [12], by matching calculations in the field theory limit of the type ITA
string compactification on the Enriques Calabi—Yau to the results of Nekrasov
for amplitudes for massless Ny = 4 gauge theory, an exact functional rela-
tion ¢(7) between the UV coupling ¢ which serves as the instanton expansion
parameter and the effective coupling 7 of the theory was conjectured,

- €3 — €2 ) = 9%(7’)
alr) = 61—62( )= 05(1)"

(5.27)
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As realized in [37], this choice of UV coupling fits into a larger framework. For
a large class of quiver conformal gauge theories based on the Ny = 4 theory
as a building block, [37] identified parameters on the moduli space of mar-
ginal couplings with coordinates on Teichmiiller spaces of punctured Riemann
surfaces. For the case of SU(2)N; = 4 theory, the relevant surface is a 4-punc-
tured Riemann sphere, and the natural coordinate is a cross-ratio ¢ of the
location of the punctures. Under conformal transformations, these punctures
are permuted, resulting in the following transformations of g,
1 1 q qg—1

P R Rl P Kt (5.28)
q(7) as defined in (5.27) indeed transforms as (5.28) upon an SL(2,Z) action on
7. Upon turning on masses, the argument 7 in (5.27) is no longer the effective
IR coupling of the theory. When required for clarity, we therefore refer to it as
Taux 10 the following. In the next subsection, we review the curve proposed by
Seiberg and Witten for SU(2) SYM with N; = 4 massive flavors, and discuss
its symmetry properties. This curve depends on T,,x. Then, in Sect. 5.2.2, we
offer a rederivation of this curve as a function of ¢, taking the transformation
properties of ¢ as a defining property of the UV coupling. The curve we thus
arrive at proves to be equivalent to the curve proposed by Seiberg and Witten.

5.2.1. The Curve of Seiberg and Witten. Seiberg and Witten propose the fol-
lowing curve to describe the massless Ny = 4 theory,

y? = (x — uep)(x — ues) (x — ues). (5.29)

As noted above, this coincides with the massless limit of the N = 2* curve
given in (5.1). The argument of the half-periods coincides with the complex
structure 7 of the curve, and the SL(2,Z) action on this parameter, upon
invoking the modularity properties of the half-periods reviewed above, clearly
leaves the curve invariant.

To obtain the massive theory, Seiberg and Witten describe how to deform
the massless case such that the deformation parameters m;, the masses of the
fundamental matter, appear as the residues of the Seiberg—Witten differential,

4
n;m;
ResA=» ——  mn€Z (5.30)
Py 2mi/2

They thus obtain the curve

y2 = W1W2W3 + A(W1T1(62 — 63) + W2T2(63 — 61)
+W3T3(€1 — 62)) - AQN, (531)

with

W,=x—eu—elR, A= (e —ea)(ea—e3)(es—er), (5.32)
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and

1
= 5 Ei ﬂ@%
_:l:l 1 2, 2 1 4
3= il,lmi_ﬂ,g,mimj—’—@ % m;,

1 (5.33)
= 12%} ’ Zm
Z m m? mk % Zm m —|— Zm
z>]>k

The argument of the half-periods e; is Taux- Upon considering m; # 0, it can
clearly no longer be identified with the complex structure of the curve, as this
depends in addition on the value of the masses m;, as well as on u. The fact
that the argument of the half-periods is equal to the effective coupling of the
theory only for vanishing masses is analogous to the N = 4 case studied above.
Unlike that case, the argument of the half-periods in the massive theory is not
identified with 7,,. Rather, ¢ = exp 2mity, in (5.27), with the argument 7 in
that equation given by 7 = Taux.

Note that upon setting m; =msq = %m, m3=my =0, the Ny = 4 curve
(5.31) reduces to the N = 4 curve (5.1), hence both theories have the same
discriminant with double zeros. In the Ny = 4 case, two particles are becom-
ing massless at these singularities (which can be separated by breaking the
degeneracy in the bare masses). In the N = 4 theory, as pointed out above,
a single particle is becoming massless here. Therefore, the starting points of
the direct integration of the holomorphic anomaly equations, F(1:9) and F(0-1)
differ, explaining the difference of even the massless limit of the two theories.

SL(2,7Z)y, (following the same nomenclature as in the N = 2* case)
acting on T,ux is clearly no longer a symmetry of the curve. As Seiberg and
Witten point out, this is in accord with the physics of the Ny = 4 theory,
whose spectrum is not quite SL(2,Z) symmetric. The quarks (n,,,n.) = (0, 1),
monopoles (1, n.) = (1,0), and dyons (ne, n,) = (1,1), which lie in the same
SL(2,7Z) orbit if one takes the tuple (n,,,n.)T to transform in the fundamen-
tal, lie in different representations of the flavor group Spin(8); they transform
in the v, s, and ¢ representation respectively (the spinor representations arise
by quantizing fermion zero modes of the quark fields in the monopole back-
ground).!® The representations of other stable dyons with coprime (n,,,n.)
are determined by the reduction of the charges modulo 2. At best, one can
hence hope that SL(2,Z),, combined with a permutation of the representa-
tions of Spin(8), SL(2,Z)x Aut(Spin(8)), be a symmetry of the theory (we drop
the subscript in the semi-direct product, as it is only the UV SL(2,Z) that
occurs thus). Permutations of the three fundamental representations v, s, ¢, of

16 The attentive reader will have noted that the SL(2,Z) action in question here is the TR
SL(2,Z) that acts on the complex structure 7 of the curve, rather than on the UV parameter
Taux; the justification will be as in the N = 2* theory, as we discuss below.
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Spin(8) induce all outer automorphisms of the group, i.e. Aut(Spin(8)) & Ss.
The homomorphism SL(2,Z) — Ss required to define the semi-direct product
SL(2,Z) x Ss is the one given in (5.5), based on reduction mod 2. This action
on automorphisms of Spin(8) in fact induces a transformation of the masses
m; under Ss. To see this, consider the central charge formula
Z = nea + npap + Z Siﬂ.
K3

V2

The masses generically break the flavor symmetry down to U(1)*, with the
S; the corresponding U(1) flavor charges. Identifying these with the Cartan
generators H; of the full flavor group Spin(8), we see that the m; must trans-
form inversely to H;. The Cartan generators in turn transform inversely to
the dual basis e;(H;) = §;;,4,7 = 1,...,4 in which the weights of Spin(8)
can be expanded. The m; hence transform as the basis vectors e;. In terms of
this basis, the weights for the vector representation v are {£e;}, while for the
spinors representations, they are {3 3" n;e;} with n; = +1 and H?zl n; = 1 for

(5.34)

the s and H;l:l 1; = —1 for the c representation. The transformations of order
2, two of which suffice to generate Ss, act as follows on the masses [2],

1
Tyes :my = 5(m1 +my + m3 +my),

mlz = §(m1 + mg —m3 —Mmy),
, 1
my = 5 (m1 —maz +mz —my),
mly = §(m1 — Mg — Mg + my),
1
Tyese : mll = §(m1 — M9 — M3 — m4)’ (535)
, 1
may = 5(—7711 +my — m3 —my),
, 1
ms = 5(—7711 — Mg +m3 — my),
, 1
My = 5(—7711 —mg —mg +my),
Tosmly=—my and wf=m; forj=1,...3

Indeed, the linear combinations of masses R, T;, N were chosen by Seiberg and
Witten such that R and N are invariant under the action of triality group
on the masses (5.35), while the T; are permuted in the same fashion as the
half-periods. The invariance of (5.31) under SL(2,Z) x S3 is thus manifest, up
to one concern. The half-periods are not merely permuted under the action
of SL(2,7Z) v, but also transform modularly with weight 2. To accommodate
this behavior, we must hence demand that u transform as a weight 2 modular
object as well, just as in the N = 4 case. With somewhat more work, an anal-
ogous expression to (5.10) should be derivable which transforms as a weight
two modular form upon SL(2,Z) x S3 action on the UV parameters combined



Vol. 14 (2013) The Q Deformed B-model for Rigid N = 2 Theories 465

with the induced action on the tau parameter of the curve. Following the same
logic as in the N = 2* case, we can argue that 7 should transform in the same
manner as Taux under an action of SL(2,7Z) x S3. This was indeed required by
the consistency of the above argument leading to the identification of the S3
factor in the symmetry group, as it is the SL(2,Z) transformation of 7 which
acts directly on the spectrum by acting on the periods of A. Motivated by the
AGT conjecture [75] present an analysis of the action of the triality group on
the solutions the Picard—Fuchs differential equations.

5.2.2. The Curve in Terms of the UV Coupling. The massless curve
We will parametrize our curve in terms of the UV coupling!”

0 4
q = exp[2miTy,] = exp {2%1’ <271- + zg;r) UV} , (5.36)

The normalization of 7, is chosen to yield the canonical form of the SYM
Lagrangian with 6 multiplying the integer-valued instanton contribution
75z | F A *F. Following [2], we choose the normalization of the IR coupling
such that the induced electric charge of a magnetic monopole of charge n,,
is ”’”Ter This normalization convention introduces a relative factor of two
between 7., and 7;. at weak coupling, i.e. for ¢ — 0, which is the point in

moduli space where the two can be compared directly,
2L logq+ (5.37)
Tir=2—1o e )
2m &4

This implies a monodromy by T2 acting on the periods of the holomorphic
1-form at weak coupling.

A curve with monodromy 7™ around ¢ = 0 can be brought into the form
(x — 1)(2? — t") [2], hence n can be read off from the order of vanishing of
the discriminant A = (1 — t"/2)(1 + t"*/?)4t™ at t = 0. A T? monodromy at
q = 0 hence implies A ~ ¢%. Imposing weak-strong duality of ¢ as defined in
(5.36) while maintaining the interpretation of ¢ as a cross-ratio [37], we are led
to require the symmetry ¢ — 1 — ¢, yielding A ~ (1 — q)?¢%.*® The simplest
polynomial with this discriminant is F(z) = z(z — 1)(z — ¢). We can now fix
the u dependence by requiring the relation a ~ /u at weak coupling, thus
arriving at

y? = z(x — u)(x — ug). (5.38)

17 Contrary to previous sections, where we distinguished between UV and TR coupling by
introducing the notation ¢, and g respectively, we will speak of ¢ and g;, in this section,
in the interest of economizing subscripts.

18 Note that of the 6 forms (5.28) the cross-ratio takes under permutation of three elements,
given ¢ as in (5.36), only 1 — ¢ continues to correspond to real gauge coupling g, which is
why we only demand symmetry of the discriminant under the action ¢ — 1 — q. We will
rediscover the full action of the permutation group Ss as a symmetry of the full theory.
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The g, and g3 functions for this curve are

92 =35 (@ —q+1)v?,
(5.39)
N S N 3
9 = 73 (2¢° = 3¢° = 3¢+ 2) v,
yielding the J-invariant
4 2 1 3
_ (¢ —q+1) . (5.40)
27(q — 1)%¢?

In contrast to the curve (5.38), its J-invariant is invariant under the full action
of S5 on gq.

Note that J is independent of u. Hence, ¢ is a fixed function of the infra-
red coupling, the tau parameter of the curve. To obtain this function, we first
invert (3.16) around weak coupling,

31
2miT = —logJ —3log12 + — + -+ . 5.41
T og og +72J+ ( )

Inserting the J-invariant (5.40) yields
2 3 29 4
256 256 8192

where we have defined ¢;, = exp(2mit). As was first observed in [12], the
inverse function of this series is given by a quotient of Jacobi theta functions,

_ 92 (Qir)4
7 Oalg)®
From (5.42), we see that to obtain (5.37) without a constant term, we should
rescale ¢ — 16g. We opt for retaining the normalization of ¢ which transforms
simply under Ss.
Invoking the relations (5.3) between #-functions and the half-periods, we
can rewrite (5.43) as

+o (5.42)

(5.43)

€3 — €2

q(t) = p— (7). (5.44)

Tt is then not hard to see that our curve (5.38) is intimately related to (5.29),
via a shift of z together with a rescaling of both = and y.
From (5.44), we easily conclude

Tyes:q—1—gq,
Toese 1 q— L, (5.45)

Note that unlike the behavior of the e;, the weight factors upon an SL(2,Z)
transformation cancel in the definition of ¢q. The transformations (5.45) are
evidently not a symmetry of the curve (5.38). But as shifts and rescalings of =
and y, relating (5.29) to our curve, do not alter the J-invariant of a curve, the
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J-invariant of (5.38) must be invariant under (5.45), and one quickly checks
that this is the case.

Before concluding that SL(2,Z) is a symmetry of the theory, we must
specify the Seiberg—Witten differential A and study its modular transforma-
tions. A natural guess for its defining equation would be

_

wWo =

y2de
du 8ty

(5.46)

To determine the periods of A, it is easiest to use the relation between our
curve and (5.29). This yields

[a=L v, [w=Y e e
P B

and hence

2 — \2 —
/)\01L(C21€2), ap,o = )\OZMT. (548)
Ya 3B

Note that the transformation of the vector (apo,a0)T is complicated due to
the factor of \/e; — ea. Canceling this factor, and taking into account that u
is to transform with weight 2, yields a vector under SL(2,7Z), as expected. We
hence modify our proposal of the Seiberg—Witten differential as follows,

_ D _v2dz 1 (5.49)
du 8m Yy e — e

Unlike the case of the curve given by Seiberg and Witten, (5.29), this is
the first instance in the present formulation in which the half-periods e; enter
explicitly, i.e. not in the form of a cross-ratio identified with g.

The choice (5.49) defining A is in fact the one that follows from rewriting
the proposal of [2] in the variable g. Thus, the only difference between the
discussion in [2] and the current one turns out to be the identification of the
UV parameter.

The massive curve

We next wish to determine the deformation of the curve (5.38) in the pres-
ence of non-vanishing masses. One can easily follow the procedure outlined in
the last section of [2] based on identifying the masses with the residues of the
Seiberg—Witten differential.
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This procedure yields

4
v =l — e = qu) = a1 0

4
—4z(1 — q)q 21+qH +(1-q)) mim?
i=1 i<j
4
+16(1—q)¢* | u ][ — (1 —q) > mimimi |,  (5.50)
i=1 i<j<k

with m; = %mi Vver — es. The argument of the half-periods e; is obtained by
inverting (5.44) for a fixed parameter ¢. In contradistinction to the N = 2*
case, it is this parameter rather than ¢ that will play merely an auxiliary role
in the following.

As to be expected following our discussion above, this curve coincides
with that given by Seiberg and Witten, upon a redefinition of the
u—parameter,19

1
USW = Uys — §€2R. (5.51)

We should hence expect to find the same SL(2,Z) x S3 symmetry underlying
the curve (5.50). As an explicit check, taking into account the transformation
of u that follows from (5.51),

1
Tyoss: U— U+ 5(61 —e2)R, (5.52)
1
Tpee: u—u-+ 3 qR, (5.53)
Tsero: u—u, (5.54)

one can easily verify the invariance of the J-invariant of (5.50) under the
SL(2,Z) x S action given by (5.45), (5.54), and (5.35).

Note that not only the curve, but also the Seiberg—Witten differential A
transform under SL(2,Z) x Spin(8).

5.2.3. Calculating the Amplitudes from the Curve. As the massless curves for
the N =4 and the Ny = 4 theories are identical, we again obtain

1
FOO o §a27' (5.55)

for the massless theory, with 7 the low energy effective coupling and a inde-
pendent of 7. Here, however, we do not conclude that instanton corrections
are absent, as unlike the N = 4 case, we have identified the UV coupling for

19 In fact, the choice of frame for the masses, different frames related by the transformations
(5.35) (while keeping all other parameters fixed), must also be adjusted between the two
curves. The definition of the T; given in (5.33) is permuted with regard to the definition in
[2] to this end.
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the Ny = 4 theory not with 7, but with log ¢, with ¢ given in (5.44). Inserting
the expansion (5.42) yields

1 2 13 2
FOO o ~42 <log 2% +q+ 3;1 + 0(q3)) - (5.56)

2

Deforming the theory by considering m; # 0 breaks conformal invariance and
introduces u dependence into the J-invariant and thus into the effective cou-
pling. The computation of the prepotential then proceeds as usual via integra-
tion of the effective coupling obtained by equating equations (3.16) and (3.14)
and substituting u(a) as obtained from (3.18).2°

The computation of the partition functions F(™9) via the holomorphic
anomaly equations proceeds exactly as in the asymptotically free cases. The
only difficulty that arises is the excessive computation time due to the large
number of parameters for the massive Ny = 4 case. One can cut down on
computation time and solve the general problem by invoking the permutation
symmetry in the four mass parameters, as we describe in the next subsection.
To make the direct calculation feasible, one can consider special cases, such as
setting all masses equal, or some to zero. These cases are in fact non-generic,
in that the discriminant of the curve acquires multiple roots, requiring the
modifications in determining the holomorphic ambiguity described at the end
of Sect. 3.7.2. As a proof of principle, we here reproduce the partition function
FD for the case my # 0,mg = ms = my = 0:

€1 — €2

i =S (=62 [ (¢ + 5q — 4) + 2im3(50 + 2)u + 24rmdu?]

+ 2X [4m] (13¢° + 20q — 8) u® + 4m§ (2¢° + 9¢° — 10g + 4) u

1
+ §m§ (¢* + 8¢ + 10¢* — 40q + 24) + 32/ (5¢ + 2)u® + 192u*]
1

270
+ 2411 (95¢" + 158¢% — 142¢° — 414q + 412) v

+6mS (61¢° + 258¢" — 156¢” — 84¢ — 556¢ + 552) u
+ 1 (22¢° + 183¢° + 204¢* — 628¢” + 252¢° — 420q + 416)

+6528 (¢* — q + 1)u4)),

2 (32m% (197¢° + 15¢% — 411q + 410) u®

with A the reduced determinant
A = (2u+ m?)(16u> + 8gmiu + (¢* + 4q — 4)m}). (5.57)

5.2.4. The Case of 4 Generic Mass Parameters. For the case of Ny = 4 with
generic mass parameters, it turns out to be computationally intensive to fix the
holomorphic ambiguity with the gap conditions directly. Instead, the symme-
tries of the theory in the mass parameters can be used to fix the holomorphic

20In the context of D-brane instanton calculations as well as the AGT conjecture, the
expansion of the prepotential in masses is given to rather high order in [76].
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ambiguity by computing the anomaly for various one parameter mass defor-
mations. More precisely, one must fix the coefficients of the powers of the
following symmetric polynomials in the masses,

4 4
Gy=>» mi, Gi=][[mi, Fi=) mimi, Gs= > mimimi.
i=1 i=1 i<j i<j<k
(5.58)
These are the polynomials that appear in the Seiberg—Witten curve (5.50)
parametrized in terms of the UV parameter q. Now consider the general form

of a higher genus amplitude as given in (3.32). Singularities of the theory on

the u-plane occur at zeros of the discriminant. The numerator pé"’g )(u, m, q)

must hence be a polynomial in u. We shall make the ansatz that it is also a
polynomial in the symmetric polynomials (5.58)%! and a rational function in g.
Keeping in mind that F(™9 has mass dimension 2 — 2n — 2¢ and « has mass
dimension 2, dimensional analysis leads to the following ansatz

pg)n’g) = Z unGZQI sz Fzg Fé4 : dn,i1,i27i37i4 (q)7
2n+2i1+4(i2+i3)+6i4:22(n+g71)
(5.59)

where the dy, i, iy.i5,is () Deed to be determined by the gap condition.

For example, for (n = 0,9 = 2), there are 45 unknown coefficients
do.iy ,is,i5,i4, SO We need to compute the holomorphic ambiguity for at least
45 independent one mass parameter deformations of the conformal theory
to fix them. We can choose (my,msa,ms,my) = (0,0,0,m), (0,0, m,nym),
(0,m, nym,nam), (m, nym, nom, ngm), where ny,ns,ng are positive integers
such that 1 < ny; <ng <nz <5.

Using this method, we are able to fix the genus two amplitude for four
generic mass parameters, and successfully compare with Nekrasov’s results
at low instanton number. Let us reproduce here e.g. the coefficient of X? in
F(©:2) whose vanishing is a necessary condition on the conformal points in
parameter space. To emphasize the symmetry properties of this expression, we
rewrite it in terms of the Seiberg—Witten parameters (5.33), and introduce the
variable Y = (e; — e2) X, as in the N = 2* theory above. Y transforms with
weight 4 under the action of SL(2,Z) x Spin(8). We then obtain in the notation
of (5.16)

P = 4564 (1 - g)*p?, (5.60)
with
p=9 [(e% +e3+ e%) (ele + e T2 + €3T32) — 3erezes (T12 + T2 + T32)]
+9 (el + €5 +e3) Nu— 6u” (e1Ty + eaTs + e3T5)
+ R (27€1€2€3N — 3u (ele + e%Tg + 6§T3) + u3)

21 We should mention that it is not obvious from the gap conditions why the p,(cn’g) (u,m,q)

cannot be rational functions of the mass polynomials. Our polynomial ansatz however leads
to consistent expressions that coincide with Nekrasov’s results at weak coupling.



Vol. 14 (2013) The Q Deformed B-model for Rigid N = 2 Theories 471

1
+ §R2 (e% +e2+ e%) (e1T1 + exTo + e3T3)

1
— §R3 (el + €3 +e3) u— R'erezes.

p is clearly invariant under simultaneous permutation of the e; and T;, and
thus transforms with weight 6 under SL(2,Z) x Spin(8). The discriminant
takes the form

A=q¢*(1-q)%A, (5.61)

with A of weight 12 under SL(2,7Z) x Spin(8). As required by our analysis
above, the total weight thus vanishes. The expression for the discriminant
as well as for the other p,(cn’g) are too lengthy to reproduce here, but can be

supplied upon request.

5.2.5. The Massless Limit of the Ny = 4 Theory. As in the N = 4 case,
the massless limit of the N; = 4 case is conformal, and again, we can write
down modular expressions for the partition functions solely in terms of the
IR parameters. As the massless curves for the N = 4 and Ny = 4 theories
coincide, one might have expected their partition functions, expressed in IR
parameters, to coincide as well. Interestingly, this turns out to not be the case
as far as the F("970) sector is concerned. As pointed out above, fixing the
holomorphic ambiguity requires mass deforming the two theories in different
ways. The massless limits of the mass deformed amplitudes do not coincide
in general. However, in the Nekrasov—Shatashvili limit, the amplitudes are
related by a rescaling,

n 1 n
F%(a,m =0) = 5F}Vfﬂ)4(2a,7n =0). (5.62)

The a-independence of the coupling 7 in the conformal limit leads, just
as in the N = 4 case studied above, to a weaker anholomorphicity of the
amplitudes than in non-conformal theories, given by F(%9) ~ EY 91 These
conformal amplitudes obey the recursion relations (3.35), using (3.34) with
f(1,0) = =1 and f(1,0) = 1. They are exhibited below up to g +n = 4:

E E E
20 _ =2 (L) — _ 2 02 _ 2 5.63
25302’ 233a2’ 25q2 "’ (5.63)
3,0) _ 2 2,1) _ 2
FGO = ~ 35,1 (OF3 + 13Ey), F = Segzeg (10E;3 + 17Ey), 560
1 1 '
FO = — oo (553 + 04Es), FO9 = o (2B + Fa),
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1
F#0) — m(I%ES + 1092E5 By + 3323E5),
1 .
FED = fm(zsng + 15332 By + 2777Ej),
1

F22) — W@O%ES + 21084E5 By + 22431E5),  (5.65)
P03 _ 11(70E3 + 189E, Ey + 131Eg)

N 28335 - Tab ’
F04) _ 11E3 + 16E>sEy + TEg

a 211346 '

The F(©:9) expansions in Fs, E4, Fg coincide up to a rescaling of a = % with

the ones displayed in [12]. There, an expansion of F©.9) in terms of modu-
lar forms was suggested by the gauge theory limit of type II string theory
on the Enriques Calabi-Yau space. In [12], the coefficients in front of the
modular forms, however, were fixed in general by comparing with Nekrasov’s
result. Here, we have calculated F(™9) independently in the B-model, which
to all orders in n + g yields a definite expansion in terms of modular forms. It
remains to prove to all orders in g that Nekrasov’s sum over partitions can be
rewritten in a modular way.

5.2.6. Comparison with Nekrasov’s Formula at Weak Coupling. To compare
our results with the weak coupling results of Nekrasov, we must express them
in the same basis for the masses, related to each other via the transformations
(5.35), in which Nekrasov’s partition functions are given. It turns out that the
two frames are related by the action of T}, on the masses. At g+n # 1, we
reproduce Nekrasov’s results via

F9)(s, g2 a,m) = F9) (25, 22, \@a,Tstm) . (5.66)

Nekrasov

Again, the amplitudes at n + ¢ < 1 match up to a independent terms. Specif-
ically, at n 4+ ¢ =0,

Nekrasov

o F00) (a,m) = F©0) <\j§, UHsm> + TiTya?

+ = Z m; log (0304) + Z m;my; log(1 — gyy) + const.

1<j

where const. indicates an m dependent constant. The argument of the #-func-
tions is such that the relation (5.43) holds.
At g+mn =1, we obtain

1,0 a 1 (1-q)*
FIEIekr)asov(a’ m) - F(LO) (\/i) v<—>sm> + ﬂ log T (567)
and

a 1
FIET(:klr)asov(a’ m) - F(O’l) <\/§; v<—>sm> + 6 IOg(]. - Q)q, (568)
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where F(10) and F(®1 on the right hand side follow from (3.23) and (3.24)
with A the discriminant of the curve (5.50).

We have performed the check of (5.23) up to g +n = 2 and to instanton
number 3, and found agreement.

5.3. The SU(N) Ny = 2N Curves

In Sect. 5.2.2, we derived the Seiberg-Witten curve for the Ny = 4 SU(2) the-
ory by imposing strong-weak duality for the UV coupling. Our result proved
to coincide with that of Seiberg and Witten [2], requiring solely a different
identification of the UV coupling. In [77], a curve is presented for Ny = 2N
SU(N) theories for general N, derived using factorization arguments reduc-
ing the problem to the SU(2) curve of Seiberg and Witten. By performing
the same re-identification of the UV coupling, we hence expect this curve to
allow for the generalization of our results to higher IV, and in particular to
reproduce, in the weak coupling limit, the corresponding results of Nekrasov.
In this section, we present the curve of [77] in terms of the UV parameter ¢
(see also [78]) and identify the parameter redefinitions required in the N = 2
case to relate to our results above.

The curve of [77] in a convenient normalization, and with the dependence
on the UV coupling ¢ made explicit, is

Ny
4q . 2q
2_(p 2 _ i — .
y? = (Py(a,u)) (Hq)gg s ), (5.69)
with
N—-2 _ 1 Ny
Py = det(z — (®)) = 2V — Z un_ix', p= A M. (5.70)
i=0 Fi=

® is the scalar field in the N = 2 vector multiplet, such that the u; are sym-
metric polynomials in the diagonal elements of the VEV of this adjoint valued
field (recall that the potential of the N = 2 theory implies that this field can
be diagonalized by gauge transformations in a vacuum). The first term in this
curve is based on the pure SU(N) generalization (79) and (80) of [1], while
the mass dependent terms are fixed by requiring the correct residua of the
Seiberg—Witten differential. This is identified as

2q

A= %d [log (IP;Z “;)] : (5.71)
such that
dA _ 1 dPydz _ LxN_id:c (5.72)
du; 2midu; y  2m oy
and the residua of A at its poles x; are
Res A, = £ o2 (5.73)

2
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For the SU(2) case, a redefinition of masses via triality, given explicitly by
Tyes 0T, together with a redefinition of the v parameter given by

4
Uour curve = 4(q + 1)uhelre + 1 + q Zm - m Z: m; m] (5 74)
equates the J function of the curve (5.69) to that of (5.50). Notice that the
masses m; are those defined below (5.50), hence T, s acts in addition to (5.35)
by multiplication by a factor i due to (5.6). As before, to ensure triality invari-

ance of the theory, we should modify the definition (5.71) of A by a factor of
1

Vei—ez’
5.4. Superconformal Field Theories with F,, Global Symmetry

At a singular point of the moduli space where the discriminant of the Seiberg—
Witten curve vanishes, a charged particle becomes massless. We may tune the
mass parameters in Seiberg—Witten theory to special values such that some
roots of the discriminant collide. If the massless particles at the colliding roots
are mutually local, then the gap condition at the degenerate root is still valid
and our method for solving the higher genus amplitudes applies. However, if
the massless particles at the colliding roots are mutually non-local, the gap con-
dition fails. To solve the model, we must then first deform by mass parameters
to split the degenerate root, then recover the original theory by considering
the limit of degenerate root of the mass deformed higher genus amplitudes.

It is expected that some non-trivial superconformal theories appear at
singular points with mutually non-local massless particles. These theories do
not have a local Lagrangian description in terms of proper physical degrees of
freedom. Some of these superconformal field theories were found in [70]. They
exhibit U(1) gauge symmetry and global Ay, A1, Ay, Dy symmetries, and can
be obtained by taking special values of mass parameters in SU(2) Seiberg—
Witten theory with fundamental matter. Since we can solve the higher genus
amplitudes for SU(2) Seiberg—Witten theory with generic mass parameters,
we can obtain the higher genus amplitudes for these superconformal theories
as well by taking the appropriate limits.

It turns out that there exist other U(1) superconformal theories that have
global Eg, E7, Es symmetries, and that cannot be obtained from conventional
Seiberg—Witten theories. The elliptic curves describing these theories without
mass deformations are [81,82]

Eg: y* =a" —p,
Er: y? =23 — 20z, (5.75)
FEg : y2 =3 — 2p5,

where p is the expectation value of a scalar field that lives on a complex plane

identified with the moduli space of the theory. The Seiberg-Witten 1-form
Asw satisfies, as usual,
disw dx

~ = 5.76
" (5.76)
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The higher genus amplitudes of the theory can be computed as for the conven-
tional gauge theories above by integrating the holomorphic anomaly equations
and imposing the gap condition, provided that there are no common roots
between g2(p), g3(p) and the discriminant A(p). This should coincide with the
condition that the massless particles appearing at any root of the discrimi-
nant are mutually local. It is easy to see that the discriminants of the above
massless curves (5.75) have only one degenerate root at p = 0, which is also
the root of ga2(p) or gs(p). To solve the theory, we should hence turn on mass
deformations that split this degenerate root.

The relevant mass deformations of the curves are described in [81,82]. Tt
is quite complicated to solve the model with all possible generic mass deforma-
tions. We shall here content ourselves with studying some simple deformations
sufficient for ensuring that A(p), g2(p), and gs(p) not have common roots. Let
us illustrate the idea for the Fg curve. In this case, the parameter p has mass
dimension 3. We consider the subgroup U(1) x SO(10) C Eg and deform by
two mass parameters T» and 7 which are the degree 2 and 4 symmetric poly-
nomials of the masses m;,i = 1,...,5, in the Cartan algebra of SO(10) as well
as the scale A of the U(1) [81]. The deformed curve is

T2
y? =2 — <p2 (12)\% + Tp) + —+ + 8/\pT4> T — (p3 (AT — 16X° + p)

3
1 2T¢ 8
+ §p2T4 (60A% + T2) + 2774 + 3)\pr> : (5.77)

When either A = 0 or T, = 0, g2(p) and g3(p) no longer have common roots,
and our methods apply. For example, for A = 0 we can use the reduced dis-
criminant

A = p(27p" — 4p*T3 — TFT; + 18p*ToTy + ATY) (5.78)

in (3.22) to set up the direct integration procedure. Setting also Ty = 0 for
notational simplicity, we obtain for n + g = 222

2,0 1 2,0 3 2
po " = —osp T3 (630" +1713) L pi*" = —pt (T - 9p°)7

20

pyY = ;—OpﬁTg (207p% +38T3) , piY = 2,;4 (243p" + 4T — 450°T3) ,
piY = %p‘*TQ (90* - 75) . pi"? = —%PGTf (96p” +1973) |

Y = fgp“ (108p" + 215 —17p°T5) . p§"* = *%P“B (63p” — 2T5),
p02 — 405 Jupa (5.79)

s 64
These expressions obviously satisfy the consistency conditions for the con-
formal limit 75 = 0. It would be interesting to compare them against the

22 The Ty dependence on this slice as well as the results on the other subslice 75 = 0 have
been checked for consistency up to n + g = 5, and are available on request.
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Ws-conformal field theory that arises in the AGT conjecture for SU(3)
quivers.

Let us discuss the expected behaviour of the theory at p ~ oo further.
As in the Seiberg-Witten case, the elliptic parameter 7 of the curve can be
obtained from the J-function of the curve. However, unlike the Seiberg—Witten
theories studied in previous sections, the p ~ oo point does not correspond to
weak coupling 7 ~ t0co where J(7) ~ co. Instead, at p ~ 0o we find for the Eg
curve (5.77) at A=0

J(1) ~p~2~0. (5.80)

The coupling of the curve 7 hence lies at a zero of J (1), given by 79 = e and
0 = o5, Tp 18 a simple root of Fy4, not a root or pole of Fs and Eg, and a
triple root of J(7). The scaling behaviors near p ~ oo are

J(r) ~ (1 =70)° ~p 2 ~0,
, (5.81)
Ey(1) ~ (T —10) ~p 3.

The two periods of the curve Q4 and §2; can be found by solving a Picard—
Fuchs differential equation for the differential df, and as in the Seiberg—Witten
case, we find two linearly independent solutions

dQ Eg dQ E

S0 2z S 9226 (5.82)
g3 By dp g3 Ea

Both Q¢ and €; have the scaling behavior Q1 ~ p%. We can take a linear

combination of two solutions with smaller scaling exponent of p at p ~ co as

dt g2 Es
2B 5.83
P ( 0) 4 B (5.83)

such that the coordinate t ~ p_% . From previous experience with the expansion
of topological string amplitudes around orbifold points in Calabi—Yau moduli
space, we expect that this parameter ¢ should be the flat coordinate around
p ~ 00, hence the expansion of the higher genus amplitudes of the elliptic
curves in terms of ¢ should give rise to interesting topological invariants.

Since no effective weak coupling local Lagrangian description at the
p ~ oo point for elliptic curves with F,, global symmetry is known, we can-
not test our results by comparing their expansion around p ~ oo with known
perturbative and instanton calculations. On the other hand, this challenge is
also an opportunity, as our method can provide previously unknown results
regarding these superconformal theories at p ~ co. We will pursue this study
in a future publication [83].

5.5. The Ambiguity of the UV Coupling in the Light of Geometric Engineering

While the N = 4 and the Ny = 4 conformal theory have the same Seiberg—
Witten curve, we have identified two different bare coupling parameters for
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these theories above,?? the tau parameter or effective coupling of the theory
in the N = 4 case, and the logarithm of the modular function of the tau
parameter given by ¢ in (5.43) for the Ny = 4 theory. The choice of the bare
parameters remains ambiguous [37,84]. In the case of N = 4 supersymmetry,
our identification can be justified by the non-renormalization of the coupling.
For the Ny = 4 theory, the space of marginal deformations more generally
of superconformal SU(2) quiver theories can be naturally identified with the
Teichmiiller space of an n-punctured sphere [37], on which a natural choice of
coordinates is given by cross-ratios of the puncture coordinates. In the case
of Ny =4,n =4 and the transformation of the cross-ratio under SL(2,Z) is
that of ¢ in (5.43). A final justification for these choices is the comparison to
Nekrasov’s results, and this indeed is how the expression for ¢ was originally
divined in [12].

In this subsection, we wish to outline another perspective on resolving
this ambiguity. The N = 4 and the Ny = 4 theory can be obtained as different
limits of a string theory compactification on the Enriques Calabi—Yau. We will
argue that the A-model flat coordinate (corresponding to 7) is the appropriate
choice in the geometry yielding the N = 4 theory, while the B-model algebraic
coordinate (corresponding to ¢) is the appropriate choice in the Ny = 4 limit.

A slight modification of the algebraic coordinate, which can also be moti-
vated from the geometric engineering approach and was presented in [78],
allows us to rewrite our results derived above for the Ny = 4 theory to obtain
the corresponding amplitudes for the N = 2N; = 4 gauge theory with gauge

group Sp(1).

5.5.1. The Enriques Calabi—Yau. The Enriques Calabi—Yau manifold ECY is
a K3 fibration over P!, obtained as a Zs quotient of K3 x T?, with the Z,
involution acting by inversion on the coordinates of 72 and via the Enriques
involution on the K3. Heterotic/type ITA duality, which identifies the heter-
otic string compactified on T# x T2 with the type IIA string compactified on
K3 x T?, survives the quotienting [85]. The Z, involution acts on the five
summands of the Narain lattice of the heterotic string on 7% x T2,

2=t e Bs(-)]e M o Bs(-D eIyt ol eI?2, (5.84)

which is identified with the cohomology ring of K3 x T2, via

|P1, D2, D3, Pas Ds) = €Oy, p1, —p3, pa, —ps).- (5.85)
In the ITA picture, T'}! = H(K3,Z) ® Hy(K3,Z) and the I'?2
lattices encodes the cohomology of T? (see e.g. [12] for more detailed explana-

tions).
As usual in heterotic/Type ITA duality, the complexified Kéahler param-
eter of the base P!, tp1, is identified with the heterotic dilaton S. In the gauge

23 In conformal theories, the nomenclature UV couplings is ill-advised. One can speak of
bare couplings, or of coordinates on the space of marginal deformations of theory. Both
nomenclatures emphasize the ambiguity in the choice of these parameters.
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theory limit, it becomes the complexified infrared gauge coupling

0 8mi
t]pl :Ti,«zf—i-T.
g

The ECY has Euler number zero and is self-mirror. Since there are no
worldsheet instanton contributions at genus zero, as proven in [86], its Kahler
moduli space Mgcy is a symmetric space. It factors into Mp2 x Mg, where
the T? factor is Mp2 = SL(2,Z)\SL(2,R)/SO(2) and the Enriques factor
Mg = CGr(T1?), F%’lo)/O(FE) is related to its total cohomology lattice

(5.86)

210 — pli g 11 (2) @ Eg(—2), (5.87)

the invariant part of the K3 lattice under (5.85). Another consequence of the
absence of instantons is that the gauge field theory limits are conformal,?*
which is reflected in the growth of the power of the anholomorophic generator
in the base, cf. Table 1.

Gauge group enhancement occurs when representatives in homology clas-
ses defined by the lattice vectors e with e? = —2 shrink to zero size. In terms
of the moduli described by the symmetric space GI(H(2),F%10)7 this means
that the two plane II?) is rotated to be orthogonal to the e’s. Two principal
situations occur:

If the €’s are chosen in the lattice of 2-cycles I'y! (2) ® Eg(—2), an N = 4
theory with maximal gauge group SU(2) x Eg can be engineered [85]. Shrinking
2-cycles does not invalidate the geometric description of the compactification
manifold. One can hence remain in the type ITA picture and describe the
physics in terms of the flat coordinate (5.86).2°

The second situation is that e € I'}»'. This choice can only lead to SU(2)
enhancement, with conformal matter spectrum Ny = 4, as argued in [85].
Since the volume of the whole K3 fibre collapses, it is now appropriate to use
the mirror type IIB picture and describe the physics in terms of the algebraic
mirror coordinates. In particular, the base P! of the ECY can be described as
the Z2 quotient under y — —y of a hyperelliptic T2,

4
y? = H(x —fi). (5.88)

Non-redundant complex structure variables yielding the algebraic coordinate
. : warating Si=f)(fe=f) ; arati

for the base are given by cross-ratios = f?)( £l A choice of cross-ratio

_ 05(7ir)

4= 95(rir)

was identified by [12] as the UV coupling with the correct weak

24 The gravitational 3 functions for the coupling between the self-dual curvature and the
graviphoton do not vanish, but seem even in generic directions to break the conformal sym-
metry less than normal, reflected in the slower than generic growth of the power of the
anholomorphic generator in the fiber direction as reproduced in Table 1. In the N = 4
(gauge) theories, these couplings vanish.

25 In the calculation of [12], the F'(9) come from geometric reduction in which the reduction
vector is embedded in Fi’l and becomes zero in the field theory limit.



Vol. 14 (2013) The Q Deformed B-model for Rigid N = 2 Theories 479

coupling behavior 7;,, = 52- log(q/2*)+O(g).2% This is the relation that entered
into the AGT correspondence [34].

5.5.2. The Sp(1) Ny = 4 Instanton Sum. Above we referred to “Su(2) in-
stantons” as the result that is obtained by decoupling of the U(1) part inside
U(2), which is straightforward in the formalism of [3], see e.g. [12].

However instantons of the conformal Su(2) = Sp(1) theory were also
calculated directly by methods similar to [3] in [78]. This calculation is much
more involved and could be done only for low instanton numbers, but it was
concluded that relative to the “Su(2) instantons” the difference is due to a
simple change in the identification of the UV coupling. Relative to the Su(2)
case the relation between IR- and the UV couplings relevant for the Sp(1)

instantons is obtained by doubling both of them, i.e. q%p(l) = 162%2;“:% . Using
3(&Tir

the doubling identities 63(27) = (63 —6%),62(27) = (63 +6%) and the Jacobi
identity, this can be written as

qs
qsu(2) = ( pll) (5.89)

I+ By
with gspa given by (5.43). [78] also argue for this relation by demonstrating
that the SU(2) Seiberg-Witten curve that arises naturally from a brane con-
struction of the theory is the double cover of the corresponding Sp(1) curve,
with this identification of the parameters. Such relations between SW-curves
is also natural from the geometric engineering point of view, where SO and
Sp gauge groups are engineered by Zs monodromy actions on the homology
of ALE fibres (non-compact limits of K3) when moving along closed curves in
the base.

The result of [78] in particular implies that our expressions in Sect. 5.2.5
reproduces the Sp(1) instantons sums in the conformal limit upon substi-
tuting (5.89). Hence, the amplitudes of the Sp(1) theory are determined by
the B-model approach, i.e. (2.2,2.3) and the boundary conditions described in
chapter 3.7.2.

6. The Nekrasov—Shatashvili Limit

In [24], Nekrasov and Shatashvili discuss the limit e; = 0, €2 < 1 of the parti-
tion function (1.1), and they conjecture that the corresponding free energy in
the small e5 expansion is a quantization of the Seiberg—Witten prepotential (in
a sense we make precise below), with €2 playing the role of Planck constant 7.
This so-called Nekrasov—Shatashvili limit has subsequently been studied in a
series of papers [23,87,88]. Independently, it was already considered previously
in the mathematics literature [6].27 [88] implement the conjecture in the case

26 The calculation of the F(9)(7;,.) can be performed in the field theory limit of Borcherds
reduction, in which the reduction vector is embedded into F};’l, up to low g. After using the
inverse mirror map in F(g)(Tir), one reproduces Nekrasov’s results.

27 This paper establishes the equivalence of the Nekrasov partition function in the NS limit
with the spectrum of an associated Schrédinger operator with Toda potential and generalizes
the calculation from the partition function to correlators of surface operators.
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of pure SU(2) gauge theory to obtain differential equations for the amplitudes
F(09) in terms of u-derivative of the Seiberg-Witten periods. With the meth-
ods described in this paper, we are able to check these equations and thus the
conjecture of [24] exactly to a given order in n. We have performed this check
up to n = 2, as we present in this section.

The starting point of these considerations, as explained in more detail
in [88], is relating pure SU(2) Seiberg—Witten theory to the one-dimensional

sine-Gordon model
S = / <;¢2 — ycos ¢) dt. (6.1)

The Schrédinger equation of this theory is the following,

h? 92
<_2&¢2 +’YCOS¢) \I/((ﬁ) ZE\I/((b) (62)
The connection to Seiberg-Witten theory arises by relating the eigenvalues
to the periods of the Seiberg—Witten curve. Specifically, writing the eigenvec-
tor to eigenvalue F as

@

W(E,6) = | 1 / P(E,$)d¢ | , (6.3)

the function P(FE, ¢) can be calculated in a WKB series expansion in small A.
One now introduces the quantized periods

i= § P(E0)6, 0 = § PE.0)0, (6.4)
A B

for appropriately chosen contours A and B. The exact eigenvalues of (6.2) are
obtained by solving the equation

1
a=27h (n + 2) (6.5)
for E. To leading order in the WKB expansion,

P(E,¢) = /2(E — vcos ¢) + O(h), (6.6)

and one can show that the periods a and ap that follow from (6.4) to this
order coincide with the periods of pure SU(2) Seiberg-Witten gauge theory,
upon identifying the energy eigenvalue E with the modular parameter u of the
Seiberg-Witten theory, and the parameter v with the energy scale A2, F = u
and v = A2.28 The quantized prepotential is introduced in analogy to Seiberg—
Witten theory as

OF (alh)

= (6.7)

ap =

28 One noteworthy aspect of this formal identification is that the energy spectrum of the
sine-Gordon equation is discrete, while the modular parameter u in Seiberg—Witten theory
is continuous.
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The conjecture of Nekrasov and Shatashvili is that in the WKB expansion,
the quantized prepotential coincides with the e = 0 limit of (1.1), with ey
identified with #,2°

F(aln) =3 F0a) (Z) . (6.8)
n=0

Denoting the periods (6.4) collectively as IT, and to leading order as T1(%),
one can derive a Picard-Fuchs equation for TI(9) by inspection of (6.6) [88]

[v(0% + 02) + 2E0£0, )T = 0. (6.9)
In the conventions of [88], the period L\;) is a function of %, implying the
relation O (H( )) 8 (H( )) and thus
0
(%H(O) - y _ E@EH(O))
2y
opl1¥  E
Opd, 1) = _ET — —Zo21), (6.10)
Y
0
PO = R EGEH(O) 2 82 (.
! 2 2

Substituting these relations into (6.9) and expressing the result in
terms of Seiberg-Witten variables at A? = 1, the Picard-Fuchs equation
becomes

4(1 — w2 =11, (6.11)

This coincides with the Picard—Fuchs equation used in [53].

Plugging the ansatz (6.3) into the Schrodinger equation, one obtains an
iterative equation for computing the higher order terms of P(F,¢) in (6.6).
It turns out that odd power terms in A do not have a square root cut, and
hence yield vanishing contour integrals. As shown in [88], the non-vanishing
even order sub-leading terms of the periods (6.4) in the WKB expansion can
be computed by acting with certain differential operators on the leading order
period. One finds

K2 K (1
n? = fTZag,YH(O) =51 <zaun<°> + uaf;H(O)) , (6.12)
R~y 2
% — _ZE 2 5. 110
1152 < 5208 +78’*) k0,
4
= oo (7582 ) 1 120003110 +28u233H<0>). (6.13)

29 In fact, we identify ez = % to match our conventions.
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The exact periods to sub—leading orders are therefore

h? 2

4

h 2 3 294 6
+ 23040(758 a + 120ud;a + 28u=0,a) + O(h°),

(6.14)

2

R /1
aD—aD+24< 0aD+u82aD>

h4
+ 33010 (7502ap + 120udiap + 28u*dyap) + O(R°).

These relations can now be used to eliminate the quantized periods in terms
of the classical periods and their derivatives. The definition of the quantized
prepotential (6.7), assuming the Nekrasov—Shatashvili conjecture (6.8), simply
reproduces at leading order the special geometry relation 9,F % = ap. At
order A2, one obtains

OF 0 (a)  2miT (1 0a 9?a 1 /10ap dap
= (2D, 20D 1
da 3 (28u+ 8u2) + (2 ou o ) » (6.15)
92F9 (a)

where we have used the formula === = —4mi7. Similarly, the order e
equation is

(2,0) ’
OF*%(a) _ 1 (18ua + u@ﬁa) P2FLO 4 — mior ( dua+udia >

da 6 18 da
T

+ % (75050 + 120udia + 28u*0;a)

- @ (7505ap + 120ud;ap + 28u*d,ap) - (6.16)

We can check the veracity of these relations explicitly. The periods and the u
parameter of pure SU(2) gauge theory can be expressed in terms of the IR
gauge coupling 7, see e.g. [53],

() + 64 + 8i(0)
303(7) ’
_ 6i(r) + 64(r)
O5(r)

ap = —4miTa — 20,u.

(6.17)

The formula for ap is derived by taking the derivative with respect to a of the
Matone relation F(©:0) — %a% +u = 0. The formulae for F(1:0) and F(20)
determined by the methods described in this paper in [9], are

1
FA0 — 7 log(u? — 1),

1

(6.18)
Ey(7)
4320(u2? — 1)2 (10u2 9;(7_) s — 75u> .

F(Q,O) _
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Using these formulae together with derivative identities for the Jacobi theta
functions and Eisenstein series, we can easily check Eqgs. (6.15) and (6.16) by
invoking theta function identities. For example, we can express both sides of
the order 2 relation (6.15) as follows,

HF(1,0) (a)  2miT 1@ u@ + 1 18(1713 + uazﬂ
Oa T3 2 0u ou? 6 \2 Ju du?
03 () + 04(7)
2 BN T AN
e A (6.19)

7. General Q-Background for the O(—K) — P? Geometry

The formalism developed in Sect. 3 can readily be applied to non-compact
Calabi—Yau manifolds. Our aim is to calculate refined BPS invariants, mathe-
matically known as motivic Donaldson Thomas invariants, and further to pres-
ent refined orbifold invariants. We consider the simple yet non-trivial A-model
geometry O(—3) — P2. The B-model geometry of the mirror curve has been
studied e.g. in [44] in the context of direct integration of the usual topological
string. Some consistency checks for the refined model have been performed
in [9] by comparing with the results of [19] at large radius. In [42,44,89], one
can find a more complete discussion of the properties of the periods at various
points. The mirror curve Cy can be determined by standard methods to be

H(z,y;2) =y* +ay +y + za° =0, (7.1)
with z the modulus of the geometry. The meromorphic differential can be
written as A = log(y)%. We notice that the parameters in this context are

such that zd%)\ = w + exact. From (7.1), it is straightforward to calculate®°
g2 = 33(1 + 242) and g3 = 33(1 + 362 + 2162?) and the J-invariant as

(1 + 242)3

1
J == + 744 + 196884q + 21493760¢% + O (¢°) = — 0 2 (7.2
g T 7t ¢ +0(7) 72851 1 272y )

The parametrization is related to the more symmetric cubic Z?:l 3 — 3
H?:1 2; =0in P2 by z = % The Picard—Fuchs operator for the periods of
s

D=0>+32(30—1)(30 —2)0 = L6, (7.3)
where 0 = zdd—z and L is the Picard-Fuchs operator annihilating the holomor-
phic periods fz- w. The singular points of the theory are at z = 0, correspond-
ing to the large radius limit of the A-model, z = —% the conifold point, and
1/z = 0 the orbifold point. To obtain the prepotential F©.9) in the conven-
tional A-model normalization, we must choose the constant relating it to the

tau parameter of the mirror curve as F(®0) = —1 [dt [dt7. Near z = 0, we
can express the result of this integration in terms of the mirror coordinate

30 We have chosen go, g3 so that (3.18) gives the correct behavior at infinity, as determined
via the Picard-Fuchs equations, with ¢; = 1.
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Q = e’ with 2(Q) = Q + 6Q* + 9Q* + 56Q* + O (Q°), yielding the genus 0
instanton expansion

4502 N 244Q°  12333Q"

FOO — 1 1063(0) £ 30 - +0(Q%). (74)

18 8 9 64
Rigid special geometry implies 9}F(*0 = C,..(0;2)% with C... = —3
W The amplitudes for n + g =1 are
1 1
F01) — _§1Og <G25|Z7A|%) 7 F1.0) — ﬂlog(,zflA) , (7.5)

in terms of A = (1 + 272). The holomorphic limit of F(©1) is F}ggil) =
—%log (%) - ﬁlog(sz). The recursion proceeds as described in Sect. 3.
The anholomorphic object defined in [9,44], the propagator S := =2

CZZZ
0,1 ) . .
EQFT(Z), is related to the one we use in this paper, X = gg‘gféf‘* by

22
§="(0X ~1). (7.6)

For reference, we note that in the real polarization, i.e. in the holomorphic
limit near z = 0, limpy (oo X = 3 +4Q +84Q% + O (Q*). In terms of X, we
obtain for g +n =2

po _ TX(M) 15X — 777622 + 288z — 5

138240 7680A2 ’
Tx(M)  135X2 +60X (542 — 1) — 388822 — 9362 + 5
F(l,l) P .
34560 3840A2 (7D
g2 _ X(M) N 2025X° — 1485X2 + 375X + 259222 + 1442 + 35
5760 7680A2

7.1. Motivic Donaldson—Thomas Invariants

We solved the recursion described in Sect. 3 up to g + n = 84 in order to cal-
culate the BPS numbers up to d = 9, with d the multiplicity of the hyperplane

divisor H in P2, 3 = dH. The BPS degeneracies Nﬁ g = N;f j. are extracted

using (3.38).3! Apart from their integrality and positivity, we note that the
highest spin representation occurs at

2P (d) =g ()= 5 (A~ 1)(d—2) , 2P (d) = ") = Sd(3 + ),

2
(7.8)

with multiplicity one, N4 jmax(g) jmax(d) = = 1. This is in perfect accord with the

analysis of [90] and a highly non-trivial test of the integrality structure encoded
in (3.38) and our method of fixing the holomorphic ambiguity. Further remark-
able properties, e.g.

N¢ . =0 if 2(j; +j,)+dmod2 =0, (7.9)

Jisdr

31 The [j;, jr] notation is used here to compare with [90].
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which implies that the cohomology of the moduli space of the D2/DQ0 is even
on the local P2, or the fact that

d
Njpox(@) - posia) 4 (7.10)
is symmetric in ¢, j and independent of d for j + i < 2d — 4, will be discussed
in [91]. The refined vertex cannot calculate the refined amplitudes for the case
at hand directly. It can however calculate the invariants of the Hirzebruch sur-
face O(—K) — F1, which as a blow up of O(—K) — P? contains the results for
the latter geometry in the class H + F. Our results agree with those obtained
in this manner in [19] up to degree 5, aside from the multiplicity N g =2

9 )
2

which seems to be missing in [19] (Table 2).

7.2. Orbifold and Conifold Expansions

As explained in Sect. 2.4, the generalized holomorphic anomaly equations (2.2)
can be interpreted as guaranteeing the wave function transformation proper-
ties of the partition function Z = e’. We can therefore apply the formalism
described in [42] to define the holomorphic A-model expansion as counting
function of possible A-model invariants.

7.2.1. The Refined Theory Near the Conifold Point. As mentioned in Sect. 3.7,
F' in the strict conifold limit is equivalent to a double scaling limit of the free
energy of the ¢ = 1 string compactified on S*, where the flat coordinate

1162 109863 938954 5
te =0+ =t on t seou +0(8°), (7.11)

with 6 = 1 + 27z playing the role of the cosmological constant A and ¢; =
ﬁ, € = —ﬁ in the notation of [69]. The topological string specialization

corresponds to taking the self-dual radius R = % in units of a’. In real polari-

sation, the holomorphic limit of S, is simpler than that of X, and reads

1 4t.  103t2 317t
Se=—-+—="-
2 3 54 162

+0(t). (7.12)
As (7.7) and (7.6) are global relations, we can obtain X, from the expansion
(7.12) of S, and substitute this as well as z(§(t.)) into the globally defined
F™9(X, z), yielding®?

21
0

1
— 1 33( 3
= s (d

constant ¢1,0 = i(wi + 3log(3)) and cp,1 depends on a further regularization.

82 With o = JEBHL 4y — T 1678699904

2mi

owl

‘—1). The
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TABLE 2. Non-vanishing BPS numbers N]dhjr of local
O(-3) — P?

dlj\jrj0 313233 2435068788900 112 122137 148153162173
1] 0 1
2] 0 1
300 1
1 1
4] 0 1 1 1
1 11 1
1 1
3 1
500 1 11 2 2 2 1
i 1 1 2 2 3 2 1
1 1 1 2 2 2 1
3 11 2 1 1
2 11 1
s 1
3 1
6/ 0] 113 2 6 4 8 5 7 2 2
i 12 3 5 6 9 9 10 7 5 1 1
1 11 3 3 7 7 11 9 9 4 2
3 1 1 3 4 7 7 10 6 4
2 11 3 4 7 6 6 2 1
s 1 1 3 3 5 3 2
3 1 1 3 3 3 1
z 1 1 2 1 1
4 111
g 1
5 1
710 6 6 12 13 19 21 26 26 26 22 15 9 4 2
L]l 4712 17 24 29 37 41 45 41 35 23 13 5 1
1|2 38 11 18 23 33 40 48 50 49 39 25 12 4 1
31134 9 13 21 27 38 44 50 46 38 22 10 3
2 11 3 5 10 14 22 29 38 41 41 31 19 7 2
s 1 1 3 5 10 14 22 27 34 32 26 14 6
3 1 1 3 5 10 14 21 24 26 19 11 3
z 11 3 5 10 13 18 18 15 7
4 1 1 3 5 9 11 13 9 5
g 1 1 3 5 8 8 7
5 1 1 3 4 6 4
4 1 1 3 3
6 1 1 2
L 1
7
12j
dji/jr (03132233 74 5506872897105 11F12213T14F153 162178
P00 _ ao (a1 1 ) 5  olog(ty) £ t
O =00+ Stet | = — 5 | ti+Hti—— — +
’ 3 6 12 6 324 69984
PO log(t.) = Tt. N t 19t} 439t Lo ()
¢ ’ 24 432 46656 314928 = 50388480 c
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log(t.) = 5t. t2 5t 283t4

FO.1) _ _ _ O (#°
e €01 12 916 23328 157464 75582720 ()
peo) _ T 1906189y - 1169t 6130312
© T 192082 3732480 12597120 3023308800
16153t3
—— <1+ O(t)
6122200320 (7.13)
oy _ T 9TA+180x 63l 2989712 :
© 4802 933120 3149280 755827200
72473 .
_ t
1530550080 T ¢ (t)
1 -2 t. 1872 239¢3
poa L 9y — 26 3187 39¢3 oy
80¢2 ' 51840 ' 19440 377913600 = 255091680

The transformations of F(%9(t.) and F(*9)(t,) have been worked out in [44].
It remains a challenge to calculate the coefficients of the finite expansion
from the correlations functions of the ¢ = 1 string at arbitrary radius.

7.2.2. The Refined Theory Near the Orbifold Point. Near the orbifold point,
the predictions of orbifold Gromov-Witten theory made in [42] have subse-
quently been verified by mathematicians, see [92] for a review. One might
hope that the refined invariants that can be defined in the B-model also have
an interpretation in terms of the orbifold A-model. The flat coordinate ¢, is
given by

w  4w” 49w'0  245w!3

fo =30 =5 T 105 ~ 2700 T 23166

O (w'), (7.14)

where w = — . Furthermore, the propagator S, at the orbifold point is

(-3

=13
3z3

simpler than the variable X expanded around this point, and given by

_ty T 1603911

43740 28343520 3535570684800

With these definitions, we extract the orbifold expansions up to n + g = 2

So +0(t). (7.15)

o

3 6 9 12 15
F(0.0) _ ty  tg t, 1093t n 119401 ¢ L0 (tolg)
° 3.3 336! 329! 3612! 3715!
3 6 9 12
Fo(l’o) _ log(3) to‘ Bt L 1319¢,°  114983t, L0 (t015)
8 223331 22346 22379! 223812!
6 9 12 15
PO _ to” 141, 13007t,7%  8354164¢, 40 (tolg)
° 356! 359! 3812! 310151
P(20) _ Tx — 192 to3 B 79t,9 29¢,,9
° 138240 23335.3!  24366!  22325.9!
4656751t ,12 15
_ 0 to 1
24385 - 12! M ( ) (7.16)
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g _ TTx—48 to? N Tt,°  8933t,°
° 34560 22345.31  22356! 22375 9!

1628851¢,'2 15

22385 . 12! +0(%7)

3y —8 to3 13t,5  20693t,°
F(goz): X + _ +

17280 ~ 243105.31  24366! = 243135.9]

12803923t,,2 15

- 24314512 O (7).

Note that the F(%-0) coefficients are calculated independently in the A-model

in [93]. It would be interesting to calculate higher genus invariants for the
topological string and even more so to understand the (2-deformation at the
orbifold in the A-model context or in a brane description.

8. Conclusion

In this paper, we gave evidence that the generalized holomorphic anomaly
equations (2.7) hold for all 4D rigid N = 2 theories for which the B-model
geometry is given by a non-compact Calabi—Yau geometry. The full extent of
the latter class is not known, but it is possible that they exhaust all rigid
N = 2 theories. It does include e.g. all non-compact toric Calabi—Yau man-
ifolds, the 3 dimensional orbifold singularities [94], and the canonical affine
hypersurface singularities classified in [95]. Many specific examples that have
been studied involve additional fibration structures like the singularities of
elliptic fibrations discussed in F-theory, as well as ADE singularities fibered
over P!, familiar from the heterotic/type II dual [96] construction of gauge
theories. Within the class of toric singularities, many reproduce N = 2 gauge
theories with matter [50] on subslices in their moduli space, including in more
general cases a wide variety of quiver gauge theories [97] (arguably all with
special unitary gauge groups).

We showed that the boundary conditions given by the gap condition
suffice to fix the holomorphic ambiguity and therefore determine the refined
partition function if deformations exist that split all singularities into coni-
fold singularities. Our formalism makes strong use of the discrete automorphic
groups acting on the moduli space of the geometries and organizes the refined
partition functions in terms of generators of the latter. In a somewhat similar
context, relevant deformations of a conformal Landau-Ginzburg theory were
recently used to describe generating functions of higher genus Gromov—Witten
invariants on orbifolds of P* [98]. It should be straightforward to calculate the
refined invariants by (2.7).

Note that the amplitudes F(™9) at genus 0—one can think of these as
pure s-deformations of a classical theory deformed along the (s, gs) plane—
can be solved independently by a specialization of the holomorphic anomaly
equations, together with the gap condition specialized to the genus 0 sector.
This subsector of the theory should have a universal meaning in the integrable
models related to the Nekrasov—Shatashvili limit. If one further restricts to
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the conformal cases, the pure s-deformation satisfies the same holomorphic
anomaly equations (3.36) as the mass deformations of F' (0.0), This together
with the observation that unlike all other directions in deformation space, it
by (5.62) appears to only depend on the monodromy group in the conformal
limit suggests that this direction might be described by an isomonodromic
deformation of the geometry.

As a general feature in our study, we saw that the leading power in the an-
holomorphic generator grows more slowly in conformal than in non-conformal
theories. In this sense, the breaking of holomorphicity is weaker in conformal
theories, suggesting a relation between its breaking and the breaking of confor-
mal invariance. Note that the anholomorphicity of the amplitudes F(™9) has
not yet found a satisfactory explanation in the literature from a purely field
theoretic vantage point. The 4D /2D correspondence implies that the holomor-
phic anomaly equations (2.7) govern 2D theories as well, and are perhaps easier
to understand in this context. In related works [60,61], such anholomorphici-
ties are seen to arise due to regularization prescriptions of the path integral.
The softer anholomorphicities we find for conformal theories, which tend to
have better convergence properties, are consistent with this finding.
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Appendix A. The Instanton Partition Function

The Nekrasov partition function is computed by localization of integrals over
the moduli space of instantons. It can be written as a sum over 2D Young
tableaux. A 2D Young tableau Y can be represented by a sequence of non-
negative non-increasing integers Y; > Yo > .- > 0, with the total number of
boxes |Y| = >":2, Y, finite. Denote

EY]Y (@) =a+ea—i+1)—e(Ya; —j), (A1)

where YT is the transpose of the Young tableau, and €; and e, are the defor-
mation parameters of the Q-background. For the SU(2) case, we have a single
period a which is the flat coordinate in the large modulus limit. The instanton
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part of the Nekrasov function can be written as sums over the boxes of Young
tableaux as follows,

E Y1 [+|Yz|
Zlnstanton a 61,62 /\‘ 1]+Yz]
Y1,Ys

11 Tty (a+eali=1) + e —1) +riu)
Y1,Y Y1,Y Y1,Y: Y1,Y;
Ez; 1(0)(e— Ez; ' (0))Ez; *(2a)(e - Ez; *(2a))

(i,7)€Y

I [ (—ateli—1) +ea(i — 1) + ing)
B (0)(e — B2 (0) B3 (<2a) (e — B3 (—2a))

| (A.2)

(1,§)€Y2 1,

where € = €1 + €5, and the my’s are the mass parameters of massive flavors in
the fundamental representation, related to the masses my that appear in the
Seiberg-Witten curve via the shift (2.5). The n-instanton contributions are
given by the sum over Young tableaux Y7 and Y5 whose total number of boxes
is m, [Y1| + |Y2| = n. The parameter A\ keeps track of the instanton number.
It serves as the expansion parameter in the computation of the free energy
F = log(Z). In the asymptotically free cases of Ny = 1,2,3, the parameter
A is a dimensionful parameter proportional to a power of the strong coupling
scale. For convenience, we can set it to a fixed numerical value; it can be recov-
ered easily by dimensional analysis. For conformal theories, it is dimensionless
and is related to the bare gauge coupling constant A = gg = ™",

We can also consider the case where there is one hypermultiplet of mass
m in the adjoint representation of the gauge group. In this case, the theory
is N' = 4 supersymmetric if the adjoint matter is massless. The mass term
breaks the A/ = 4 supersymmetry to N' = 2, yielding a theory referred to as
N = 2*. The Nekrasov partition function in this case is

Zinstanton(a,ﬁl,EQ) = Z )\‘Y1|+|Y2\
Y1,Ys
[[ Do = BT (B (2a — e = B} (20 + i)
i)en LT 0)(e — BT (0) BT Ga)(e — BTV (20)

1 B2 (—i) (e — B> (1)) E} 3" (—2a — ) (e — B2 (—2a + 1))
(.)EYs B (0)(e = B3 (0) B (<20) (e = B3 (—2a))

(A.3)

F,

The perturbative part of the Nekrasov function Z,er = "ot with mas-

sive fundamental flavors is computed via
Foert = —7(2a) — y(—2a) + Z[’y(a + 1) +y(—a + my)],
i=1

[eS)
$5— 1 —ta:
FS /dte 611‘_1( €21‘1_1)|s:0a
0

%\Q

v(x)



Vol. 14 (2013) The Q Deformed B-model for Rigid N = 2 Theories 491

while in the case of adjoint matter of mass m, the perturbative part is
Foert = —v(2a) — v(—2a) + v(2a + 1) + v(—2a + m). (A.5)

The total Nekrasov partition function includes the perturbative and the
instanton parts Z = Zyert Zinstanton-
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