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Kurzfassung

Diese Dissertation befasst sich mit topologischer Stringtheorie und ihrer Beziehung zu Matrix-
modellen und Instantoneffekten. Topologische Stringtheorie ist ein Sektor der Stringtheorie.
Sie wird konstruiert, indem in einem AN = (2,2) supersymmetrischen Sigmamodell auf dem
Worldsheet durch den sogenannten topologischen Twist die Lorentzstréme neu definiert wer-
den, bevor es an zweidimensionale Gravitation gekoppelt wird. Das Ergebnis ist eine String-
theorie mit metrikunabhéngigen Observablen. Da der topologische Twist auf zwei konsistente
Weisen definiert werden kann, gibt es zwei topologische Stringtheorien, das A- und das B-
Modell, die mittels Mirrorsymmetrie zueinander dquivalent sind. Thre Amplituden entsprechen
effektiven Ladungen in der Typ ITA beziehungsweise IIB Theorie, kompaktifiziert auf der Calabi-
Yau-Mannigfaltigkeit, in die das Sigmamodell das Worldsheet abbildet. Vom mathematischen
Standpunkt aus beschreiben sie die Gromov-Witten-Invarianten des betreffenden Calabi-Yaus.

Das B-Modell zeigt die sogenannte holomorphe Anomalie, die sich durch rekursive Differen-
tialgleichungen ausdriicken ldsst, die die B-Modell-Amplituden erfiillen. Die durch diese Gle-
ichungen beschriebene Nicht-Holomorphizitdt der Amplituden steht in enger Beziehung zu ihrer
Modularitat. Ein Resultat dieser Arbeit ist eine Methode, die holomorphen Anomaliegleichun-
gen effizient zu integrieren, wobei die modulare Struktur der Amplituden genutzt wird.

Ein weiterer Aspekt der topologischen Amplituden ist ihre Bedeutung in Verbindung mit
der Dualitédt zwischen heterotischer und Typ II-Stringtheorie. Wir berechnen die topologischen
Amplituden auf der heterotischen Seite fiir eine grosse Klasse von vorgeschlagenen Paaren von
heterotischen und Typ II-Theorien. In einem Teil der Falle sind die Gromov-Witten-Invarianten
der betreffenden Calabi-Yau-Mannigfaltigkeit bekannt und stimmen mit unseren Ergebnissen
iiberein, was einen weiteren prazisen Test der Dualitat darstellt.

Gegenstand des zweiten Teils dieser Arbeit ist die Verbindung zwischen topologischer String-
Theorie, Matrixmodellen und Instantoneffekten. Es wird seit einigen Jahren vermutet, dass
das topologische B-Modell in vielen Fallen dquivalent zu einem Matrixmodell ist. Andererseits
besteht eine klassische Beziehung zwischen dem asymptotischen Verhalten der Stérungsreihe und
der Zustandssumme der Instantoniibergéange. Wir zeigen, dass diese Beziehung auch fiir Matrix-
modelle gilt. Mittels der Dualitat zwischen Matrixmodellen und topologischen Strings kénnen
wir aus der Instanton-Zustandssumme im Matrixmodell auch Vorhersagen fiir das asymptotische
Verhalten topologischer Stringtheorien machen, unter Umgehung der zugehdrigen Instantonam-
plitude innerhalb der Stringtheorie. Wir testen unsere Vorhersagen fiir eine Reihe von Matrix-
modellen und topologischen Stringtheorien und finden in allen Féllen hervorragende Uberein-
stimmung. Die Matrix-Formulierung des B-Modells liefert so eine moégliche nicht-perturbative
Erweiterung, die mit perturbativen Methoden tiberpriifbar ist.

Abschliessend zeigen wir, dass Losungen von Matrixmodellen, die die Eigenwerte auf Gebiete
um mehrere Extrema des Potentials verteilen, sogenannte Multi-Cut-Modelle, sich mithilfe eines
Multi-Instanton-Formalismus aus den Single-Cut-Modellen heraus beschreiben lassen.






Abstract

This thesis is about topological string theory and its relation with matrix models and instanton
effects. Topological string theory is a sector of string theory. It is constructed by redefining the
Lorentz currents on the worldsheet of an N' = (2,2) supersymmetric Sigma model by means of
a so-called topological twist, before coupling it to two-dimensional gravitation. The result is a
string theory with metric-independent observables. As the topological twist can be defined in
two consistent ways, there are two topological string theories, the A model and the B model,
equivalent to one another by mirror symmetry. Their amplitudes correspond to effective charges
in the type ITA and IIB theories, respectively, compactified on the Calabi-Yau manifold which
is the target of the Sigma model. In mathematical terms, the topological string describes
the Gromov-Witten invariants of that Calabi-Yau manifold. The B-model exhibits a so-called
holomorphic anomaly. This can be expressed in recursively defined differential equations which
are satisfied by the amplitudes. The deviation of the amplitudes from being holomorphic, as
described by the differential equations, is closely related to their modularity. A key result of this
thesis is a method for integrating the anomaly equations efficiently by exploiting the modular
structure of the amplitudes.

Another important aspect of the topological amplitudes is their role in the duality between
heterotic and type II string theory. On the heterotic side, we calculate the topological amplitudes
for a large class of conjectured pairs of heterotic and type II theories. In some of these examples,
the Gromov-Witten invariants of the appropriate Calabi-Yau manifolds are known and agree
with our calculations. This provides further data in favor of heterotic-type II duality.

Furthermore, we explore the connections between topological string theory, matrix models
and instanton effects. In recent years it has been conjectured that the topological B model is
equivalent to a matrix model. On the other hand, there is a classical relationship between the
asymptotic behavior of the perturbation series and the instanton corrections to the partition
sum. We use this relationship to make predictions concerning the asymptotic behavior of the
perturbation series based on the partition sum. By means of the duality between matrix models
and topological strings, we are then also able to make predictions for the asymptotic behavior of
topological string theories, avoiding the corresponding instanton amplitude within string theory.
These predictions are tested for some matrix models and topological string theories. In all cases
tested we find precise agreement. In this way, the matrix formulation of the B model leads to a
possible nonperturbative extension which can be tested with perturbative methods.

Finally, we show that solutions of matrix models which distribute the eigenvalues over regions
around several extrema of the potential (multi-cut models) can be described in terms of the
single-cut models by means of a multi-instanton formalism.
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Motivation

The search for a unified theory of particle physics and gravitation has occupied theoretical
physicists since the early days of quantum mechanics and general relativity at the beginning
of the last century, and is likely to continue for a long time to come. This is due to the
very different nature of general relativity and quantum physics. In order to be unified with the
standard model of particle physics, we surely need a quantum theory of gravity. However, general
relativity defies quantization. A simple argument for this comes from dimensional analysis. Since
the gravitational coupling Gy is of dimension mass~2, the one-graviton correction to the zero-
graviton amplitude is of order Mé? - Accordingly, the gravitational interaction grows weaker
at low energy, but diverges at higﬁ energy. We therefore need either a nontrivial UV fixed
point or new physics at the Planck scale to soften the divergence. One way to “smear out” the
divergence is offered by string theory: if the graviton is generated by a vibrating string, the
graviton-fermion vertex is not a point, but a one-dimensional object, and the divergence coming
from coincident graviton vertices is softened.

The idea to introduce strings as the fundamental building blocks of particle physics came
out of the observation that seeing particles as vibrational modes of strings could explain the
Regge behaviour of resonances arising in strong interactions, and at the same time remove UV
divergences. String theory was thus proposed in the late 1960s as a theory of strong interactions.
However, experimental data from SLAC soon disposed of this idea, since it confirmed the com-
peting parton model of hadrons as composite objects that ultimately led to QCD. Still, research
in string theory continued, and it eventually emerged as a candidate for a theory unifying the
four fundamental forces. With the advent of string dualities during the 1990s, it became clear
that the various versions of the theory are all connected to each other and are nothing but
descriptions of one theory in different regimes. Accordingly there was hope that string theory
would ultimately lead to a unique description of nature, with the standard model with all its
masses and charges as the only possible solution.

It is by now far from clear whether this will ever happen. It seems rather that one has to
get used to the idea of a landscape of string vacua, among which ours may be entropically or
anthropically favoured but by no means unique. Even though there has been some progress in
making string theory a consistent, testable theory of nature with research on topics such as flux
compactifications, orientifolds, and metastable supersymmetry breaking (see e.g. [1] and [2] for
reviews), and there may even be some hope of seeing traces of it at the LHC in the near future
[3], string theory still has to find its place in our picture of the world.

It is thus all the more important to understand the many fundamental aspects of string
theory that still remain unclear, rather than look for the standard model within the zillions
of vacua as for a needle in a gargantuan haystack. At the same time, this approach can push
progress in both physics and mathematics as indeed it has done over the last 30 years.

On the physics side, one of the most dramatic developments has been triggered by the AdS-
CFT conjecture due to Maldacena [4], a concrete realization of the general idea of gauge/string
correspondence due to 't Hooft [5]. In mathematics, string theory has made important con-
tributions to various fields such as algebraic topology, differential geometry and representation
theory.

One particularly fruitful area where new findings have emerged is topological string theory
[6, 7, 8], the main focus of this thesis. There are several ways to look at the topological string. It
serves as a toy model of string theory, useful for studying fundamental properties of more general
string theories in a simplified setting. Indeed, this aspect has led to deep insights about string
dualities, the gauge/string correspondence, and nonperturbative effects. Furthermore, since it
captures and organizes topological information about the target space, topological string theory
can be seen as a mathematical construction which is interesting in its own right. As such, it has
been a source of new developments in enumerative geometry and algebraic topology. Finally,




it is intimately related to physical amplitudes of type II string theory, and this connection has
led to many new insights not only about string theory, but also about supersymmetric gauge
theories and black holes.



Chapter 1
Topological Strings

This chapter contains a brief review of the topics most relevant to this thesis, focusing on the
topological string. For more detailed surveys, see e.g. [9, 10, 11, 12].

1.1 String Perturbation theory

In the following, we will briefly sketch the main ideas on which perturbative string theory is
based. For a textbook treatment, see [13, 14, 15].

In relativistic quantum field theory, particles are generated by fields in four-dimensional
space-time. A moving particle can therefore be seen as a map from a one-dimensional worldline
to four-dimensional Minkowski space, and its classical action is equal to the length of this
worldline,

S(y) = / |/de. (1.1.1)

String theory merely adds one dimension to this picture, generating particles by fields living on
one-dimensional strings sweeping out a two-dimensional worldsheet 3. The classical action of
the bosonic string is the surface of the worldsheet, analogously to (1.1.1),

S = / ViR g0, (X) 90 X195 XV dordr. (1.1.2)
In the above action, the string tension appears as a new parameter o’. The perturbative ex-
pansion is therefore always twofold, in o and in the string coupling g;. String theory is thus
constructed as a two-dimensional conformal field theory on the worldsheet, mapped to a higher-
dimensional target. In order to include fermions in the picture, one has to incorporate super-
symmetry, a symmetry relating bosonic and fermionic degrees of freedom. The requirement
of anomaly cancellation upon quantization of the above action restricts the target space to be
26 dimensional for bosonic strings, or 10-dimensional for superstrings. The supposedly “physi-
cal” string theory comes in five versions, called type I, heterotic with symmetry group SO(32),
heterotic with symmetry group Eg x Eg, type IIA and type IIB. They are related by various
dualities, as shown in Fig. 1.1. Since at least at low energies, our world certainly appears
four-dimensional, the extra dimensions have to be compactified. This can be done preserving
supersymmetry if the compactification space is a complex Kéhler manifold of vanishing first
Chern class, a so-called Calabi-Yau space.

Thus, from the algebraic point of view string theory is a two-dimensional conformal field
theory on the world-sheet coupled to two-dimensional gravity, mapped to a target space. If the
correlation functions of the conformal field theory in question do not depend on the worldsheet
metric, we call it topological and the resulting string theory topological string theory. We will
here take the target to be a Calabi-Yau manifold. There are essentially two ways to construct
such a topological field theory. Either one starts with a theory whose action does not contain
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Figure 1.1: The web of string dualities

the metric at all, therefore metric independence of correlation functions is trivial. One example
for such a theory is Chern-Simons theory. The other option is to construct the theory in such a
way that even though the metric does appear in the action, the metric dependence drops out of
physical quantities such as correlation functions. Theories of this type are called cohomological
field theories, for reasons which will be explained below.

1.2 Twisting N = 2 theories

One way to obtain a topological field theory is to take a two-dimensional N' = (2, 2) superconfor-
mal field theory, here a sigma model, and redefine its symmetry currents in a specific way called
twisting. Let us start with some basic facts about theories with N = (2, 2) supersymmetry®.

1.2.1 Supersymmetry and Superspace

A supersymmetry transformation is a transformation of the form
OXH =eypt
oYt =p®*0q XFe,

. < - > (1.2.4)

is an infinitesimal constant Majorana spinor. A convenient way to make supersymmetries mani-
fest is the superfield formalism. In addition to the world-sheet coordinates o®, we introduce four
fermionic coordinates 64, 60+. 4 and A4 are anticommuting Grassmann coordinates forming a
Majorana spinor. Note that since

(1.2.3)

where

{04,605} =0, (1.2.5)

the anticommuting variables square to zero. This motivates the rules of Grassmannian integra-

/de 1=0, /de 0=1. (1.2.6)

We can now organize the bosonic and fermionic fields of the theory into “superfields” ® with
a finite expansion in 6, since §3 = 0,

D(z",0,0) = d(yF) + 0°Ya(y™) + 0107 F(y5), (1.2.7)

tion

'For a review of N = 2 special geometry, see section 2.1



where y* = 2 —1#T0*. An important property of supersymmetric theories in general is the
localization of certain correlation functions. If both the action and the inserted operators O are
invariant under some supersymmetry transformation generated by Q, the path integral [ e %0
reduces to a sum over local contributions from the fixed points of Q [16]. The reason for this
simplification is that for all other configurations, one can introduce coordinates in which Q acts
by shifting one of the fermionic coordinates in the integration measure. Since the integrand is
invariant under the transformation, the coordinate does not appear and the integral vanishes by
(1.2.6) .

In the following we will consider a non-linear sigma model defined by an action of the form

/d2zd2eK(<1>,ci>), (1.2.8)

where K(®, ®) is the Kihler potential, giving rise to the Kihler metric
9ij = 81651( (1.2.9)

Note that the action (1.2.8) involves an integral over both ordinary and Grassmanian coordinates.
The sigma model describes maps ¢ from a Riemann surface X, the worldsheet, into a target
manifold X with a metric g. Locally, the maps ¢ are described by configurations of bosonic
fields ¢'. If we denote by K, K the canonical and the anticanonical bundle on ¥, fermion fields

. 1
% on ¥ transform as sections of K2 x ©*(TX) and K? x o*(TX) respectively, where ¢p*(TX)
is the pullback of the tangent bundle on X.

In terms of component fields, the action (1.2.8) reads

8=g/¥4%ww%W—%W<m+DQM+%ﬁﬂmenmeRmmw&w%y
(1.2.10)

where D), are covariant derivatives
Dty = 0,0 + 0,0 T 00k (1.2.11)

and we have eliminated the auxiliary fields F, F using their equations of motion. We also have
introduced the parameter ¢ as a coupling constant. The Christoffel symbols Fé»k, and Rieman-
nian curvature R are defined with respect to the Kéahler metric. Symmetries of superspace
are generated by operators that leave the measure of integration invariant and we can orga-
nize the generators of U(1)-Lorentz symmetry together with the operators generating fermionic
coordinate shifts into the combinations

Q:I: - aoﬁ + iéia:t
— 0
Q= ——— — 070
gei 7 (1.2.12)
_ o .
Dy = —aoﬁ + 10iai.

The conserved charges Q+, Q. acting on a superfield ® generate the supersymmetry transfor-
mation

P=€¢Q —€ Q,—6,Q +e. Q.. (1.2.13)

An (anti-)chiral superfield is defined as a field ® satisfying D+® = 0 (D+® = 0). There are two
more U(1) symmetry groups compatible with superfields of fixed chirality, generated by left-and



rightmoving currents Fr, Fr. They combine into vector and axial R-symmetry currents Fy, F4
defined as
Fy =Fr+ F, Fjy=Fr— Fy, (1214)
and act on the superfields as
eiaFVf([I}“, ei’ éi) :eiaq\/j:(xu’ efia6i7 eiaéi)
IOFA F(gh % 0F) =04 F (gt e 100% 60%), (1.2.15)

Note that these are internal currents acting only on the Grassmann variables §,0. We obtain
the following (anti-)commutation relations for the N' = 2 supersymmetry algebra:

{Qﬂm@i} =H+ Pa
{Ja Qﬂ:} = i%Q:‘:? {‘L@:ﬁ:} = i%@:ﬁ:u

1 _ 1 (1.2.16)
{FV7Q:E}::E§Q:E7 {FV7Q:E} :iiQﬂ:a
{FAaQi} = i%@i? {FAa@i} = :F%Qj:a

and all other combinations vanish.

1.2.2 Twisting

So far, we have been considering flat worldsheets. However, in order to couple to 2d gravity we’ll
need to sum over worldsheets of arbitrary geometry. All it takes to formulate the theory on a
curved worldsheet is to endow the surface with a spin structure such that spinors on the surface
are well-defined objects. In order for supersymmetry of the action to be preserved, we would
need a covariantly constant spinor € in our definition of the supersymmetry transformation.
However, such an object does not exist on a general Riemann surface! The way out is to define
a new generator of Lorentz symmetry by either

Ja=J—Fy (A —twist) (1.2.17)

or
Jp=J+Fs (B— twist). (1.2.18)

Note at this point already that if one changes the sign of Fr, Fy gets replaced by —F4 and vice
versa, thus exchanging the A- with the B-twist. This is what happens under mirror symmetry,
one of the central ingredients of (topological) string theory.

From the supersymmetry algebra (1.2.16), one sees that in both cases a new scalar super-
charge, also called topological charge, can be defined:

O4=0:+ 9 (A— twist),

= _ (1.2.19)
Qp=0++ 9_ (B — twist).

It also follows from the supersymmetry algebra that the new topological charge is nilpotent and
the Hamiltonian and momentum are O-exact:

1 — 1 _
QQAZO, HAzi{QAaQJr—i_Q*}a PA:§{QA7Q+_Q*}7
(1.2.20)

1 1
Q0% =0, Hp=5{Q5 Qs +Q},  Ps=5{Qs Qs -Q}

The effect of this twist, as we will see in a moment, is to make all physical observables metric
independent! The new, twisted sigma models turn out to be topological quantum field theories.



They are of the cohomological type? mentioned above, by definition quantum field theories with
a scalar symmetry Q acting on the fields in such a way that the correlation functions are metric
independent. The physical observables are the Q-invariant operators. Since Q-exact operators
have vanishing correlation functions, they decouple from the theory and one can restrict the set
of observables to the cohomology of Q;

B KerQ

- ImQ

For both the A- and the B-model, one can indeed show that not only Hamiltonian and mo-
mentum, but the complete energy-momentum tensor is Q4 p-exact. This immediately implies

topological invariance, as for any set of Q-invariant operators {O;} and T, = {Q, G} for
some tensor G,

(1.2.21)

1)
dghv

= :|:<Q01 s Onsz/> + <Ol e OnG,uI/Q> = 07

since @ annihilates the vacuum.

1.2.3 The A-model

Let us now have a closer look at the physical implications of the A-twist. In order to make the
new spin manifest, we rename the component fields of ®

X=vh,  xh=dl
o i i (1.2.23)
Pz =Y, pz =Y.
The Q4 charge acts as
{Qa,0'} = X', {Q4,6} =x",
{Qu, pL} = 20:¢" — Tl plxt, {Qa, pl} =20.6" — Tl b, (1.2.24)

After integrating over the Grassmann variables, the action (1.2.10) reads in the new variables
1 ; Y 7 i ; = . .o 7
Sa= t/dQZ (2Qijaz¢zaz¢3 — 950 D:X — gpiDa X + Riijp%XJpI;XZ> ' (1.2.25)

Next, we need to show that the energy-momentum tensor is Q-exact, such that the theory
really is cohomological. It turns out that the action (1.2.25) is almost Q-exact. Introducing the
operator

Va=g9; (pi@gqbi + 62¢3p2) ; (1.2.26)
we find that S4 can be written as
Sa=t | {Qa,Va} —|—t/ d?zg;; (0,0 0:01 — 05¢"0.7) . (1.2.27)
Zg 29

However, the extra bosonic term is nothing else than the pullback of the Kahler class w =
igijdzi A dZz7 to the worldsheet ¥,! We can therefore write

Sp=t {QA,VA}+t/ go*w:t/ {QA,VA}-i-t/ w. (1.2.28)
Xg g Xy ®

(2g)

Zalso called “Witten type”



Now, since the Kéhler class is a closed form, its integral only depends on the homology class
of p(3y), not on the worldsheet metric. So this term simply contributes a prefactor

e Hemg ¥ = gt (1.2.29)

and we have shown that the A-model is indeed topological. As discussed above, the observables
in a cohomological field theory are the elements of the Q-cohomology. In the A-model, the most
general local operator satisfying the requirement of metric independence is

Ok = Ki1-~.ip31"'jqxi1 XX, (1.2.30)

where K

i1 eipgieg, 1S @ (p, q)—form on X. One can show that

{Q4, 0k} = —Ouk., (1.2.31)

where d is the ordinary exterior derivative, so the BRST-cohomology of the A-model on X, with
BRST-operator Q4, is in direct correspondence with the de Rham cohomology of the target
manifold X, and Q4 can be interpreted as the de Rham differential on X. Note also that
after extracting the prefactor, the action S, is Q4-exact. This implies that for any correlation
function, we find

2:(0) = —(00Sa) = £({Qa,0OVa}) = 0, (1.2.32)

and therefore the correlator is independent of . This means in particular that the semi-classical
approximation ¢t — oo is exact. Hence, the only contributions to the path integral

(0) = / D¢pDyYDx O ¢S4 (1.2.33)

come from configurations extremizing the action, that is, instanton configurations. Because of
the localization principle introduced above, these are precisely those that are fixed points of O 4.
From the variation of the fields under Q4 (1.2.24), one can deduce that the fixed points of Q4
have to satisfy x* = 0 and

0z¢ =0, (1.2.34)

therefore the worldsheet instantons of the A-model are nothing else than holomorphic maps
¢ : X — X. This can also be seen when rewriting the bosonic part of the action as

S, = / 055 (0:6°0:00 + 0:10.60)

= o (1.2.35)

—2 [ g5 (0:00.0) + 8- w2 w5,
b

Since the action is bounded from below and the minimum is reached if and only if the map ¢ is
holomorphic, this is the dominant contribution in the semiclassical approximation, and therefore
—as we have just seen— the only relevant one.

The action being O 4-exact up to the term — f@(zg) w, by the same argument as above physical
observables don’t depend on anything appearing only in V4. The only relevant structure is the
Kahler form that appears in the extra term. However, the moduli space of the target contains
not only the Kahler moduli parametrizing the Kéahler form, but also complex structure moduli
to which the A-model is blind. Therefore, it is “half-topological” with respect to the target
space. We will see shortly that the B-model depends on the other half of the moduli.

The classical R-symmetries U(1)y and U(1)4 survive the twisting procedure and lead to a
selection rule for a correlation function to be non-vanishing. Consider a correlation function of
the form

(01 - Og). (1.2.36)
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As we have seen above, each of the inserted operators is given by a differential form in H??(X).
The vector and axial charges of such an operator are qy = ¢ — p and ¢4 = ¢ + p. While the
vacuum is invariant under U(1)y and thus the total vector charge of the inserted operators has
to vanish, there is an anomaly in the axial R-symmetry which the inserted operators have to
compensate. The mismatch in zero modes is given by the index of the fermion kinetic operators
which can be shown to be

2/ & (e1(X)) + 2dim(X)(1 — g). (1.2.37)
g

We therefore find the selection rule
Zpi :Z% = /Z 0" (c1(X)) + dim(X)(1 — g). (1.2.38)
i=1 i=1 g

This is an important result! It implies that if the target has vanishing first Chern class, the only
truly nontrivial correlation functions appear at ¢ = 0. At g = 1, the only quantity satisfying
(1.2.38) is the partition function itself, and at higher genus g > 1 all correlation functions vanish.
To put it otherwise, there are no holomorphic maps from a generic Riemann surface ¥, to a
target X unless X has non-vanishing first Chern class or g < 1.

1.2.4 The B-model

Now what happens if instead of choosing the A-twist, we go for the B-twist? Following [6], we

rename the fields as follows:
pL =, pl =y’ ( |
- _= _= . . 1.2.39
W=P UL, Oi=gy (VL -9).

We now have another field content. There’s still a scalar, commuting map ¢ : ¥, — X, but in
addition two Grassmannian fields 7, 6, scalars on the world-sheet, and a Grassmannian one-form
p. The action of the Qp-transformation is now

{QB7¢i} = 07 {QB79Z} 207
{QB,¢'} =1, {9p,1'} =0, (1.2.40)
{QBuplz} = az¢la {QB)pZE} :82(251

We thus immediately see that the only Qp-fixed point is
D,0" = 959" = 0. (1.2.41)

According to the localization principle, the only contributions to B-model observables come from
constant maps. The observables in this model now take the form

';J"njl oy, b, (1.2.42)
P

—

Note that these are not (p, ¢)—forms as in the A-model case, but rather (0, p)—forms taking values

in AY(T19)(X), ie. elements of Q°?(X, ATV X). Similarly to the A-model case, one can
show that [16]

{98, Ow} = Oy, . (1.2.43)

Hence, Oy as an element of the BRST-cohomology of the B-model corresponds directly to an
element of the Dolbeault cohomology H5(X, A?TX) °.

3For a very brief description of cohomology theories, see appendix C.2.
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Consider now the correlation function
(O1---0O) = /6S01 -+ Ok, (1.2.44)

with O; corresponding to an element of H g" (X, A" TX), having vector and axial charge q =
G — Pi» A = ¢; + p;. As in the A-model case, we find a selection rule from the fact that the
U(1) vector R-symmetry is non-anomalous, namely

Z(Pi —qi) =0, (1.2.45)

i

while the U(1) axial R-symmetry has an anomaly. The zero mode mismatch to be compensated
by the inserted operators O - - - Oy is

2dim(X)(g — 1), (1.2.46)

so that we get the selection rule
> pi=) g =dim(X)(1-g) (1.2.47)
i i

As in the A-model, the only nontrivial correlation functions occur at g = 0, whereas at g = 1
only the partition function itself is non-vanishing. However, since we only have to sum over
constant maps, computation of correlation functions reduces to an integral of forms over the
target X itself. How do we compute such a correlation function? After all, the product of
operators in the integrand corresponds to a form in H g (X, \?TX). In order to integrate this
object over X, we somehow need to map it into an ordinary (p,p)—form in a canonical way.

At this point, we need to make another assumption about the target space. While the A-
model could be defined on any Kéahler manifold, the B-model is most conveniently defined for
a Calabi-Yau target. In this case, there is a holomorphic, nowhere vanishing section €y, ...;, of
the canonical bundle Q(%9(X)* The prescription to compute correlation functions is then to
use the invertible map

q
0 (X, \TX) - Q7 P(X)

Jr-+-Jg I,

L1 - QIIv“‘IquZ+1“‘IdWI_1-~-I_p

(1.2.48)

tomap W € H g (X, \“TX) to a (0,d)form contracting the holomorphic indices with those of
Q, and then multiply by the (d,0)—form Q to obtain a (d,d)-form that can be integrated over
X.

It turns out that the full information about the B-model at genus 0 can be encoded in a
single function called the prepotential. It only depends on the complex structure moduli and
can be computed by purely classical methods from N = 2 special geometry, as will be explained
in section 2.1.

A-model versus B-model

Summarizing, we have seen that even before coupling to gravity the A-model contains interesting
geometric information that is comparatively hard to compute, while the B-model is much simpler,
but also less interesting at first sight. Both models are completely trivial at worldsheet genera
higher than one. In the next section, we will explain how the extension to higher genus is
achieved via coupling to gravity, and how mirror symmetry connects the two models, allowing
one to compute A-model geometric information with B-model technology.

“In particular, this implies that the canonical line bundle is trivial, therefore c1(X) = 0 and we recover the
standard Calabi-Yau definition.
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1.3 Coupling to Gravity: Topological Strings

In order to couple a two-dimensional quantum field theory to gravity, one essentially has to
integrate over the space of all possible worldsheet metrics. Naively, one might assume that in
the special case of a topological theory, this should have no effect on the observables, since they
are independent of the worldsheet metric. This is not so. The most obvious reason for this
is that the volume of the gauge group of all possible metric configurations is infinite, so just
performing the path integral over all metrics and dividing by this volume is not a well-defined
operation. Furthermore, we have to be careful with the loitering anomalies. However, help with
the problem of coupling to gravity comes from an unexpected side: the bosonic string. All the
ingredients we have introduced above have their analogous counterparts in bosonic string theory,
as is summarized in table 1.1. The topological charge Q plays the role of the BRST-operator

Qprst, and the operator
G#V = 59#”

is associated with the antighost b(z). It is a very fortunate coincidence that the ghost number
anomalies of the two theories precisely agree if the target is a Calabi-Yau threefold, and therefore
the critical dimension of the topological string is precisely the one we will be most interested in
in order to study the connection to the superstring. For a more detailed comparison between

(1.3.49)

Property H Topological String ‘ Bosonic String ‘
d nilpotent operator Ou/B BRST-operator Qprst
energy-momentum tensor exact || T(z) ={Q, G} T(z) ={9,b(2)}
antighost field G b(z)
ghost number anomaly 2d(X)(g—-1) 6g — 6

Table 1.1: Comparison bosonic/topological string

bosonic and topological string theory, see [17].
We thus couple the topological sigma model to gravity just as in the case of the bosonic
string [13, 14], defining a free energy

6g—6

£ = [ (T Gm. (1.3.50)

9 k=1

where the antighost fields have to be included in the integral over the metric moduli space in
order to cancel the axial charge anomaly, and pj are Beltrami differentials. It can be shown
that the F, so defined still depend only on the Kéahler moduli for the A-model, and only on
the complex structure moduli for the B-model. However, note that F, as defined above is not a
function on (half) the moduli space of a Calabi-Yau, but a section of a bundle over it, as will
be made explicit in section 2.1.

1.3.1 Topological amplitudes in type II compactifications

As we have already mentioned, there is a beautiful story about the connection between topo-
logical strings and the more “physical” type II theories, started by the ground-breaking papers
[18, 19, 20]. It turns out that the A- and B-model topological string on a given target Calabi-
Yau are deeply related to the four-dimensional effective action of type IIA and type IIB theory
respectively, compactified on that same Calabi-Yau. In the following, we will briefly summarize
how this comes about, and how this connection has led to startling new developments both in
string theory and in mathematics.

Take a type II theory in ten dimensions. After compactification on a generic Calabi-Yau
manifold, the resulting theory has N’ = 2 supersymmetry (see [13] for more details on superstring
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| TTA | TIB |

hY! Kihler vector | hyper
h?! complex structure || hyper | vector

Table 1.2: Organization of the moduli into vector- and hypermultiplets for IIA and IIB theory

] [IIA] TIB
M-corrections || A | A and o/
My -corrections o exact

Table 1.3: Corrections to hyper- and vectormultiplet moduli space

compactifications, and section 2.1 for a more detailed review of N' = 2 special geometry). The
moduli space of the compactified theory can be organized into multiplets as follows.

For ITA theory, the massless ten-dimensional fields are gysn, byn, @, cpr and cpyyp. After
Kaluza-Klein decomposition, their four-dimensional components are the metric g, dilaton ¢,
axion field a and a massless vector ¢,. The remaining components are decomposed under the
forms of the Calabi-Yau; the single (3,0) and (0, 3) forms each give rise to one scalar from c;;y,
and ¢, the hY! harmonic one-forms split off two scalars from g;; and b;3, and one gets a vector
from ¢,,;;. For each of the h*! harmonic (2,1)-forms, there are four scalars from g;;, 9i5» Cijk
and c;;;. The model-independent fields form the bosonic content of the supergravity multiplet
(graviton g,,, and graviphoton c,) and one hypermultiplet (¢, a, ¢;j; and qﬁ) Of the remaining
fields, the vector and two scalars for each (1,1)-form fall into a vector multiplet and the four
scalars from each (2,1)-form organize into a hypermultiplet. All in all, there is therefore one
supergravity multiplet, A("Y) vector multiplets and h(*Y) +1 hypermultiplets. For IIB theory, the
only difference is that the massless ten-dimensional fields are ¢, cpry and ¢y n pg, such that now

the (2, 1)-forms lead to two scalars and a vector (from c,,; i), while the (1, 1)-forms only produce

scalars, and we get h(21 vector multiplets and A1) + 1 hypermultiplets. Summarizing, the
moduli of the Calabi-Yau manifold are organized into multiplets as shown in table 1.2. A crucial
observation is that the dilaton ¢ sits in both type ITA and IIB theory in a hypermultiplet. Since
the moduli space factorizes exactly into .4 = .#y x My due to supersymmetry [21], only the
part of moduli space containing the dilaton gets higher genus corrections in the string coupling
A = e®. Similarly, the o/-expansion in the string length has to vanish in the large radius limit
and should therefore only affect the part of moduli space sensitive to volume, namely the one
containing the Kahler moduli. This situation is summarized in table 1.3.

In compactifications of superstring theories on Calabi-Yau spaces, conifold singularities in
the moduli space generically appear at the classical level. In 1995, Strominger showed that these
singularities could be resolved by the appearance of massless black holes due to nonperturbative
effects in the full quantum theory [22]. A crucial postulate for this mechanism to work is that the
above absence of couplings between vector and hypermultiplets even holds nonperturbatively.

As a consequence, the couplings appearing in the four-dimensional effective action of type II
theories are subject to strong non-renormalization theorems. In particular, one can show that
the self-dual part of the four-dimensional effective action is exactly determined by the topological
string amplitudes and does not receive any further quantum corrections. More precisely, the
effective action of both type II theories contains an F-term

Sp ~ /d4xd49 Fy(tiyW? = /d%: Fy(t)R2T29 7% .., (1.3.51)

where W is the supergravity multiplet in superfield notation, R is the Riemann tensor, T' the
graviphoton field strength, and Fj(t;) is the topological string free energy. For type IIA, F,(t;) is
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the A-model free energy, depending on the Kéhler moduli ¢;, whereas for type IIB the statement
holds with respect to the B-model free energy and complex structure moduli.

In chapter 3, we will explain this in more detail and use heterotic-type II duality to compute
the Fy(t;) for a large class of models.

1.3.2 The A-model topological string and Gromov-Witten invariants

As we have explained in section 1.2.3, the A-model localizes on fixed points of Q and is constant
on the homology classes of the map ¢, and therefore the integral over the moduli space M,
reduces to a sum over homology classes

Fy(t) =) Ny p@Q”, (1.3.52)
5

which we can reorganize into a generating function

F(t,gs) =Y Fy(t)g9>. (1.3.53)
g

Here, Ny g are the Gromov-Witten invariants of the Calabi-Yau X, “counting” the number of
embeddings of a Riemann surface of genus g in the two-homology class 3. Precisely what is
meant by “counting” in this context has only become clear with the work of Gopakumar and
Vafa [23, 24|, who uncovered the hidden integrality structure in the rational Gromov-Witten
invariants. We will here summarize the main ideas; for more details about both mathematical
and physical aspects, we refer the reader to [12].

Recall that in the previous section, we saw that compactification of type II theory on a
Calabi-Yau manifold generates higher-derivative F-terms in the effective action that are given
by topological string amplitudes. These terms actually have a target space interpretation as
resulting from integrating out hidden degrees of freedom [23].

If we give a constant vacuum expectation value g; to the self-dual part of the graviphoton
field T, the F-term appearing in (1.3.51) reads

F(t,gs)R%. (1.3.54)

The computation of such a term is then analogous to the Schwinger computation for integrating
out a charged scalar field coupled to a constant background field strength,

S = /nge_fl(a“_eA“)¢|2+m2|¢|2. (1.3.55)

This standard computation involves the determinant of the operator in the exponent, and the
result is the famous Schwinger formula

_ 1\F ,—sm?_,—2sec F
gz/dSTr( 1)7e™ e : (1.3.56)
s (2sin(seF'/2))?

where F' = 2(or, + og) is the total fermion number.

The particles we have to take into account when performing a similar computation in string
theory are BPS states. They turn out to be obtained from D2 branes, bound to DO-branes and
wrapped around two-cycles in the Calabi-Yau X, and their mass is given by the central charge
of the bound state. For the D2-brane, the central charge is the area of the wrapped two-cycle.
If this two-cycle is in the homology class 3, its area is given by t - 3, where t; are the Kéahler
moduli. Here, we have decomposed (3 with respect to a basis {S;} of Ha(X,Z) such that

B=> B B-t=>Y Biti, (1.3.57)
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and we also write in the following
Qi=eti, QF =etP, (1.3.58)

The full mass of the bound state is shifted by 27i for each DO-brane (this can be understood
from the lift to M-theory where this shift is nothing but the momentum of the M2 brane along
the eleventh dimension compactified on a circle). For the trace in (1.3.56), we change basis from

" I, = K;) +2(o>] o (1.3.59)

The {I,} form a basis for SU(2)-representations with integer coefficients, i.e.

[e.9]

> ndly = "k, (1.3.60)
9=0 JL

and one finds

Try (—1)Fe 27000 — (~1)9 (2 sinh (Tgs))zg, (1.3.61)

where we have absorbed F' in the coupling g;. Finally, we have to sum over all possible BPS
states, parametrized by the number of D-branes d, SU(2)r-representations I, and homology
classes 8. After performing the integral, we obtain
29—2
)) QP, (1.3.62)
g

oo
Flgat) =333 s (QSinh (dgs
g=0 B d>1

where n 5 are the integer Gopakumar-Vafa invariants, labeled by genus g and homology class .

This integrality structure finally uncovers the enumerative meaning of the Gromov-Witten
invariants. The reason why this structure is hidden in the original Gromov-Witten invariants
is that even though the latter do count maps at genus g in a fixed homology class, these maps
are not primitive maps in one-to-one correspondence with BPS states, but receive weighted
contributions from maps at lower-genus and lower homology class destroying integrality. These
two effects are known as multicovering and bubbling: given one holomorphic map from a genus
g Riemann surface into X, one can construct an infinity of similar maps either composing it
with a d-multiple cover of P; leading to a map in homology class dg3, or by letting the genus g
surface “bubble” into a higher-genus surface by gluing a small genus h surface to it. All these
derived maps contribute with a non-integer weight to the Gromov-Witten invariants, whereas
the Gopakumar-Vafa invariants only count primitive maps, in direct correspondence with BPS
states.

The above can be summarized in the so-called Gopakumar-Vafa conjecture stating that all
n% are indeed integers for all Calabi-Yau threefolds. There is a bold generalization of this
conjecture due to Pandharipande for more general non-singular threefolds. Both conjectures,
even though well-motivated physically, remain unproved at the time of writing but for some
special cases. There is another class of invariants closely related to the Gromov-Witten and
Gopakumar-Vafa invariants introduced above, namely the Donaldson-Thomas invariants. Again,
a conjecture motivated by the duality of Chern-Simons theory with the A-model and proved
for the special case of toric Calabi-Yaus states their equivalence with Gromov-Witten invariants
[25, 26, 27]. In a nutshell, S-duality of the type II theories implies that A-model worldsheet
instantons, encoded in Gromov-Witten and Gopakumar-Vafa invariants, capture B-model D-
brane instantons, encoded in Donaldson-Thomas invariants. Thus, the latter can be seen as
S-dual partners of Gromov-Witten invariants [28]. The story of Gromov-Witten, Gopakumar-
Vafa and Donaldson-Thomas invariants is a beautiful example where mathematical puzzles can
be understood from a string point of view.
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It is instructive to expand (1.3.62) in gs. One finds the following form for Fy(t):

Byl 2(-1)n3 9-2
F,(t) = A 9] Lig_ Y. 1.3.
(1) Z (29(292)! + 57— 2) + 13 s T ) Lis-zg (Q ) (1.3.63)

From this expression, one can read off that e.g. at genus 0, each BPS state (counted by n%)
contributes

d
Lig(Q%) =) %, (1.3.64)
d

i.e. the weight of the multicovering solutions is d%,.

The appearance of the polylogarithm was already predicted from heterotic-type II duality in
[29]. In chapter 3, we will use heterotic-type II duality to compute Gopakumar-Vafa invariants
for a large class of models.

The proposed duality between the A-model and Chern-Simons theory [27] has been used in

[30, 31] to derive a method to compute all-genus A-model amplitudes for any non-compact toric
Calabi-Yau threefold.

1.3.3 The B-model topological string

As we have seen above, the B-model localizes on constant maps and is therefore generally much
simpler to compute with than the A-model. However, as we will see below, the two models are
related by mirror symmetry and are therefore completely equivalent, so it is often convenient to
compute the geometric content of the A-model on the B-model side and map to the A-model at
the end, as we will do many times in the following chapters.

The B-model has some beautiful properties that have not only shed light on many surpris-
ing connections between string theory and mathematics, but also allow one to compute the
topological amplitudes in a comparatively simple way. We will briefly summarize some of them:

e The holomorphic anomaly.

As we have mentioned in section 1.2, Qp-exact operators should in principle decouple
completely from the theory. However, as will be explained in detail in section 2.2, the
argument for the decoupling fails after coupling to gravity because the moduli space of
Riemann surfaces X, has a boundary, and it is precisely this boundary which keeps some
deformations from decoupling even though they are Qp-exact. As a consequence, B-model
amplitudes are almost, but not quite holomorphic in the complex structure moduli, and this
effect can be quantified in a set of differential equations for the Fy(t,t) called holomorphic
anomaly equations. In chapter 2, we will develop an efficient method to integrate these
to obtain the amplitudes F;, of the B-model. This method relies heavily on the interplay
between holomorphicity and modularity properties of Fy, as stated most clearly in [73].
We explain this in more detail in section 2.1.

e Connection to matrix models.
In [32], Dijkgraaf and Vafa have proposed a duality between the B-model topological
string on some specific Calabi-Yau targets and a matrix model. Building on the matrix
model technologies constructed in [33], this connection has recently been developed into
a general formalism for computing B-model amplitudes and generalized to a much larger
class of targets including those with interesting mirror geometry in [34, 35, 36]. This will
be explained in more detail in section 4.2. See chapter 5 for applications.

e Picard-Fuchs equations.
The Picard-Fuchs equations are differential equations for the periods of the target space.
Their system of solutions allows one to determine the mirror map and the prepotential,
which completely determines the B-model at genus 0, see also section 2.1.
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1.3.4 Mirror Symmetry

The statement of mirror symmetry is that the A-model on one Calabi-Yau is completely equiv-
alent to the B-model on another Calabi-Yau, called “mirror”.

At the algebraic level, mirror symmetry changes the sign of the right-moving U(1) current
Fp. The result is that the spaces HP?(X) and H* (X nirror) get identified, that is, the Kihler
moduli space of one Calabi-Yau is completely equivalent to the complex structure moduli space
of its mirror, or again equivalently: the A-model on X becomes the B-model on X jrror. This
extends to the full string theory, such that type IIA compactified on X is equal to type IIB
compactified on Xpirror-

Unfortunately, a detailed introduction to mirror symmetry and its many applications in
mathematics and physics is beyond the scope of this thesis. We therefore refer the reader to the
book [12].

1.4 Topological strings and heterotic-type II duality

Heterotic and type ITA theory are among the best-connected knots in the web of string dualities
(see also Fig. 1.1), and hence at the heart of many fundamental results about string theory
and supersymmetric gauge theories. Apart from their relations to the other realizations of
superstring theory, they are tied together by the fact that after compactification on suitable
pairs of manifolds, they yield identical low-energy theories. This has first been proposed for
compactification of the heterotic string on T* and the type II theory on K3 [37], where K3
is a compact Calabi-Yau twofold, namely, the only Calabi-Yau twofold that is not the four-
5. After further compactification to four dimensions on T2, these theories have N/ = 4
supersymmetry. Furthermore, there is by now overwhelming evidence that heterotic strings
compactified on K3 x T? are dual to type IIA compactified on a suitable K3-fibration [39, 40],
both yielding four-dimensional theories with N/ = 2 supersymmetry.

A crucial observation is that the dilaton, governing the expansion in the string coupling, sits
in a hypermultiplet in type ITA and in a vectormultiplet in heterotic theory. This is what makes
heterotic-type II duality so appealing. According to the (perturbative and even nonperturbative)
decoupling of vector- and hypermultiplet moduli mentioned in section 1.3.1, it implies that both
the vector multiplet prepotential Fjy on the type II side and the hypermultiplet superpotential
on the heterotic side are exact at tree-level, while they get nonperturbative quantum corrections
on the respective other sides. Thus, using the duality we can compute the exact quantum
moduli space classically! In particular, worldsheet instantons on the type IIA side, accessible to
a classical computation, determine space-time instanton effects on the heterotic side and vice
versa [39].

The non-renormalisation argument can be extended to g-loop level, such that the couplings
F, appearing in the type II effective action (1.3.51) should be generated at g-loop level only and
not receive further quantum corrections, which is why they correspond ezactly to the topological
string amplitudes, as we have mentioned above. On the heterotic side, even though the Fj are not
protected by supersymmetry since the dilaton sits here in a vectormultiplet, general arguments
imply that they arise at one-loop level only [20]. It turns out that the F, are given by a one-
loop integral over the heterotic gauge lattice of the form studied by Borcherds [41], and can be
computed with his technique of lattice reduction (see also appendix A.1). Computations of this
type have first been performed in [29] and later also in the articles [42, 43] presented in this
thesis. A particularly nice aspect of this mapping between type II and heterotic theory is that in
Borcherds-type one-loop integrals the automorphicity of the amplitudes under the full symmetry
group of the lattice moduli space becomes explicit, due to the Borcherds-Harvey-Moore extension

torus

®See [38] for further information on K3 surfaces in the context of string dualities

18



of the Howe or theta correspondence [44, 41]. In chapter 3, we will use heterotic-type II duality
to compute worldsheet instanton numbers at arbitrary genus on chains of Calabi-Yau manifolds.

Another intriguing property of heterotic-type II duality has been pointed out in [40]. The
number of vector- and hypermultiplets changes over the moduli space of heterotic K3 x T? com-
pactifications when one explores different Higgs branches, passing through points of enhanced
symmetry. On the type II side, this corresponds to jumping through successive Calabi-Yau
spaces, and this process can be achieved via black hole condensation [22]. For more details on
the geometric implications of this mapping, see chapter 3.

As far as the topological string amplitudes are concerned, the main drawback of heterotic-
type II duality is that it applies only to Calabi-Yau spaces which are K3—fibrations, and much
worse, the heterotic dilaton gets mapped to the Kéhler modulus controlling the volume of the
base space. This implies that the heterotic weak-coupling limit corresponds on the type II side to
the region of the Kéahler cone where the volume of the base space goes to infinity, and therefore,
the only geometric information one can extract from heterotic-type II duality applies to the
K 3-fibers.

1.5 Topological strings and matrix models

According to a general principle put forward by 't Hooft [5], there should be a correspondence
between matrix models at large N, where IV is the rank of the gauge group, and string theories.
In [32], Dijkgraaf and Vafa proposed that the topological B-model is indeed equivalent to a
matrix model for some target space geometries. Recently, the authors of [34, 35] have completely
reformulated the open and closed topological B-model in terms of matrix models, using the
matrix model techniques of [33]. In this section, we sketch very briefly the main ideas, a more
detailed review of matrix models and their intimate relation to topological strings will be given
in chapter 4, while toric Calabi-Yau’s and their mirrors are briefly reviewed in appendix C.3.
The crucial observation of [32] is that one can associate a matrix model to some topological
string geometries by taking the spectral curve of the matrix model, a Riemann surface, to be the
mirror curve Y of the target geometry, the Riemann surface naturally defined by the topological
string. Conversely, the target geometry is determined by the master field of the 1/N expansion.
The geometries considered in [32] are very restrictive and in particular don’t include the
geometrically interesting mirrors of toric geometries. However, there is a recursive reformula-
tion of the %—expansion of matrix models in a geometric setup where the main ingredient is
precisely the spectral curve [45, 33]. In [29, 35, 36], this was used to completely reformulate and
substantially generalize the correspondence between matrix models and topological strings such
that it can be applied to general toric Calabi-Yau’s. These are CY threefolds described by an
equation of the form
w = X(X,Y), (1.5.65)

where X(X,Y) = 0 describes a Riemann surface embedded in C* x C*. The authors of [29, 35]
then take this Riemann surface to be the spectral curve of a matrix model, and adapt the
formalism of [33] such that it applies to the toric case, where X and Y are exponentiated
variables taking values in C*. This allows one to compute open and closed amplitudes of the
B-model using only the spectral curve without having to specify the potential of the matrix
model.

This formalism has opened several new perspectives. For one thing, the matrix model recur-
sion relations imply the holomorphic anomaly equations satisfied by the B-model amplitudes,
however, they are considerably more general. In particular, they are completely determined
and don’t give rise to a holomorphic ambiguity. Furthermore, the matrix model equations yield
holomorphic anomaly equations for both open and closed amplitudes, the standard holomorphic
anomaly equations for closed amplitudes simply appear as a special case. Thus, the B-model
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formalism implies that open string amplitudes should be seen as somewhat more fundamental
quantities than closed amplitudes.

In chapter 5, we will show how the matrix description of the B-model can be used to obtain
nonperturbative information about the topological string.

1.6 Nonperturbative Aspects

Some of the most fundamental aspects of quantum field theory such as quark confinement and
spontaneous symmetry breaking are due to strong interactions or infinitely many degrees of
freedom; in short, beyond the scope of perturbation theory. Furthermore, instanton transitions
have been a source of astonishment and delight in both classical and quantum field theories; for
a review, see [46, 47]. It is fair to say that without understanding these issues, we would not
understand quantum field theory at all.

Contrary to quantum field theory, string theory has two expansion parameters, namely the
string coupling gs playing the role of A, and the string tension o’ that has no counterpart in
the standard model. Nonperturbative effects related to the a/—expansion appear at the level
of the worldsheet theory and are called worldsheet instantons. As we have seen in section
1.3.2, they correspond to different embeddings of the world-sheet in the Calabi-Yau and correct
the topological string amplitudes, or, from a superstring point of view, the string scattering
amplitudes. They are conceptually well understood, and in many cases even computable to high
order, as we have explained above and will explicitly show in the following chapters.

However, the genus expansion in the string coupling g, is more problematic. String theory is
only defined perturbatively in g5, and the perturbation series is an asymptotic, non-convergent
series that does not define the theory nonperturbatively. Nonperturbative effects related to
the gs—expansion are due to space-time instantons associated to D-branes. Even though the
understanding of such nonperturbative aspects has very much improved, in particular with the
advent of string dualities, a full nonperturbative definition of string theory is still not available.
In chapter 4 and 5, we will show how matrix models and large-order behaviour can shed some
light on these issues.

Let us now briefly summarize nonperturbative effects in the context of topological strings.
Consider the topological A-model free energy on a Calabi-Yau X,

F(Q, gs) ZngQd 29-2, (1.6.66)

Recall from section 1.3.2 that Ny, are the Gromov-Witten invariants counting embeddings of
the world-sheet in X, the world-sheet instantons. This series is doubly perturbative, in the
Kahler parameter (Q = e~! corresponding to the o/-expansion, as well as in the topological
string coupling ¢;%. Using mirror symmetry, we can go beyond perturbation theory in @ and
obtain

F(Q, gs) ZF )g2972, (1.6.67)

where F,;(Q)) can be computed exactly as a modular function in Q. As in the type II theories,
the gs—expansion is more difficult. In the A-model, the genus expansion can be resummed using
the topological vertex [31] to obtain an expression of the free energy as a sum over partitions,

F(Q,gs) =log > C(Rj, gs) Q" (1.6.68)
R;

where ¢(R;) is the length of the partition, and the coefficient C'(R;, gs) is exact in gs;. However,
the price to pay is that this is again an expansion in ) only valid at the specific point in moduli

5 A notational warning: by gs we refer to both the topological string coupling and the type II coupling. Which
one is meant should be clear from the context
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space, called the large radius point, where @ is small. It is therefore desirable to incorporate
nonperturbative corrections in g5 directly in the B-model, where one can go anywhere in moduli
space.

It has been observed a long time ago by Shenker [48] that nonperturbative corrections of

the order e_gé generically appear in string theory. When considering the embedding of the
topological string in type I1B theory, these effects come from D-branes wrapping different cycles
in the Calabi-Yau. However, they are known to depend on hypermultiplet moduli [28, 49],
whereas the B-model a priori only sees vectormultiplet moduli. A nonperturbative completion
of the B-model might therefore necessarily involve hypermultiplets.

Putting this complication aside for the moment, there are still nonperturbative effects re-
lated to space-time D-branes involving vector multiplet moduli only. These effects are precisely

the generic e_é effects appearing in B-model topological strings, where g, is the topological
string coupling. In the lift to type II theory, they are associated to domain walls interpolating
between branes wrapped around different cycles. As will be reviewed in detail in chapter 4,
these instantons are very closely related to perturbation theory, since they control the large-
order asymptotics of the perturbative series! This is a standard connection that has made it
into quantum field theory textbooks [50], but has until now been studied in string theory only
in the context of minimal models [51].

In chapter 5, we test this connection between large-order behaviour of the perturbative
amplitudes and instanton effects for matrix models and show that using the proposed matrix-
model formalism for the B-model [29, 35] introduced in the last section, an instanton computation
within the matrix model correctly predicts the large-order behaviour of B-model amplitudes and
therefore allows one to go beyond perturbation theory in the topological string.

1.7 Disclaimer, Summary and Outline

In this chapter, we have sketched the main aspects of topological strings relevant to this thesis.
Of course, it is not intended to be a comprehensive overview of the field, as many important
areas of research have been left out for the sake of brevity, and due to the limited competence of
the author. One important topic that has not been covered is the fascinating study of black hole
microstates and the OSV-conjecture [52]. Fortunately, this is treated in many excellent reviews,
for example [53]. Another area we have not mentioned at all is Landau-Ginzburg theory and
the description of B-branes as matrix factorizations, see e.g. the short review [54]. On the pure
mathematics side, we have only very briefly mentioned Gromov-Witten and Donaldson-Thomas
theory. Furthermore, some beautiful applications of topological strings that we had to leave out
are related to knot theory [55], for a general introduction to knot theory, see [56].

Let us now summarize the various approaches to solving the topological string, their range of
application, and the role they will play in the remainder of this work. By solving the topological
string on a given background, we generally mean computing the amplitudes F,. This problem can
be addressed at different levels. A complete solution would require a nonperturbative expression
of the full partition sum, exact in both the string coupling gs and the Kéhler/complex structure
parameter (), and valid everywhere in moduli space. At the time of writing, this is far too
ambitious. More modest solutions can however be found. Which part of the problem can be
solved to what extent depends crucially on the type of background, in particular, whether it is
compact or non-compact, as can be seen from Fig. 1.2. The case of non-compact, toric Calabi-
Yau’s is relatively well under control. For the A-model, we have mentioned the topological vertex,
allowing to resum all-genus amplitudes as exact expressions in gs. However, this approach
is perturbative in () and applies only at the large radius point in moduli space, where @ is
small. On the more mathematical side, the available techniques are localization and relative
Gromov-Witten theory, neither permitting a complete solution, but the amplitudes can at least
in principle be computed to arbitrary genus. A related, quite recent mathematical development
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Figure 1.2: Solving the topological string on different types of backgrounds

is the study of orbifold Gromov-Witten invariants [57] and the crepant resolution conjectures [58,
59]. For the B-model on a non-compact Calabi-Yau, the most powerful techniques are integration
of the holomorphic anomaly equations and the description in terms of matrix models. These have
the advantage that they also apply to open amplitudes, while the corresponding open Gromov-
Witten invariants are mathematically still poorly understood. A purely mathematical approach
is Donaldson-Thomas theory. As we explained in section 1.3.2, Donaldson-Thomas invariants
are conjectured to be the S-dual counterparts of Gromov-Witten invariants and accordingly
we associate them to B-model rather than A-model computations. The exact correspondence
between Donaldson-Thomas and Gromov-Witten theory has been proved for the case of local
curves [25], and is conjectured for more general —including compact— backgrounds. Solutions of
the B-model are generally automorphic functions, exact in ) and valid anywhere in moduli space,
but perturbative in the genus expansion. The matrix model formulation allows to incorporate

some nonperturbative effects, but these have to be computed instanton sector by instanton
-1

sector, as an expansion in e 9s .

If the target is compact, the problem turns out to be much more difficult. Few techniques
are available. The A-model on compact Calabi-Yau manifolds has been addressed by Kontse-
vich via localization [60], and via relative Gromov-Witten theory by Gathmann, Maulik and
Pandharipande [61, 62, 63]. In principle, the invariants can be computed at least for small
genus, but few concrete results have been obtained, and most of these computations are limited
to the comparatively simple cases of the Enriques Calabi-Yau studied in chapter 2 [63] and
the quintic hypersurface in P*. Recently, Zinger has proved the mirror symmetry prediction
made in [8] for the genus one Gromov-Witten invariants [64]. Open Gromov-Witten invariants
have recently been addressed in [65, 66, 67] using localization and mirror symmetry, however,
these approaches are limited to genus 0. Another approach to open Gromov-Witten invariants
at genus 0 via geometric transitions is pursued in [68]. On the B-model side, the situation is
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more encouraging, but the problem is still far from being solved. The holomorphic anomaly
equations for closed strings have been integrated to genus 51 on the quintic hypersurface [69],
and in chapter 2 of this work, we develop a technique to efficiently integrate them making use
of modularity properties, which we apply on the Enriques Calabi-Yau to compute closed ampli-
tudes up to genus six. However, this approach heavily relies on boundary conditions to fix the
holomorphic ambiguities appearing at each genus, and even in these simple cases one invariably
runs out of these conditions, so this is only a partial solution. Donaldson-Thomas theory is also
defined on compact manifolds [25]. For some restricted compact cases, including low degrees on
the quintic, the equivalence with Gromov-Witten theory has recently been proved in [70].

N = 2 heterotic-type II duality applies to any targets which are K3-fibrations, but since
one is limited to the heterotic weak coupling regime, it only determines the amplitudes in the
K 3-fiber limit, and the base directions cannot be addressed. From a purely mathematical point
of view, one recent success is the proof of the Yau-Zaslow conjecture, determining the reduced
Gromov-Witten invariants for K3 surfaces at genus 0.

The remainder of this thesis is organized as follows. The second part focuses on the problem
of how to compute closed topological amplitudes. In chapter 2, we review N = 2 special
geometry and the holomorphic anomaly equations and develop an efficient method to integrate
the latter. Chapter 3 presents a computation of geometric invariants of a large class of Calabi-
Yau spaces using heterotic-type II duality. In the third part of this thesis, matrix models come
into play. Chapter 4 presents an introduction to matrix models, instantons and the connection
to topological strings. In chapter 5, we study the large-order behaviour and instanton effects
in this context. In chapter 6, we consider multi-instanton effects and relate them to multicut
matrix models. The last part contains a conclusion and remarks on open questions.

Part of the material presented in this thesis has been obtained in collaboration with M. Marino,
T. Grimm, A. Klemm and R. Schiappa and is published in [42, 43, 71], or will appear in [72].
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Chapter 2

Direct Integration of the
Holomorphic Anomaly Equations

One of our main concerns throughout this thesis is solving the topological string on a given
Calabi-Yau manifold. Recall from section 1.7 that while this problem is well under control —
at least at the large-radius point— on non-compact, toric Calabi-Yau manifolds, it remains a
challenge in the compact case. Currently, one of the best-suited approaches to obtain higher-
genus amplitudes are the holomorphic anomaly equations due to Bershadsky, Cecotti, Ooguri
and Vafa [19]. In this chapter, we develop a method to integrate them efficiently. The material
presented is based on a publication with T. Grimm, A. Klemm and M. Marino [42].

We will make use of the fact that each Calabi-Yau manifold has a target space symmetry
group which provides a symmetry of the topological partition function [73] and thereby dras-
tically reduces the space of candidate solutions. The topological string amplitudes F9) turn
out to be polynomials in a finite set of generators which transform in a particularly simple way
under the space-time symmetry group. Moreover, it can be shown that all non-holomorphic
dependence in these amplitudes arises through a very special set of generators that are suitable
generalizations of the non-holomorphic Eisenstein function Fs(7,7). The remaining generators
are holomorphic. Keeping track of these non-holomorphic contributions we will be able to di-
rectly integrate the holomorphic anomaly equations. This method turns out to be very efficient
and gives us rich new information about the remaining holomorphic generators. A similar ap-
proach to the holomorphic anomaly equations was sketched in [19], in the analysis of toroidal
orbifolds. For the quintic Calabi-Yau manifold a more complicated method was outlined in [74].
Other related approaches have been used before in [75, 76] to analyze rational elliptic surfaces,
and in [77, 78] to study noncritical strings and A = 4 super Yang-Mills theory.

The direct integration of the holomorphic anomaly equations can be performed for a generic
Calabi-Yau manifold, as we show in the final section of [42]. However, in order to fully exploit
the interplay of the holomorphic anomaly with the space-time symmetry, we will intensively
discuss specific examples. To illustrate the general ideas we first study the local Calabi-Yau
manifold associated to the Seiberg-Witten curve. Here the target-space symmetry group is a
subgroup of S1(2,Z) and the generating modular functions are well-known.

Applying these methods to a compact Calabi-Yau manifold is far more involved. In most
of this chapter we will focus on the specific example of the Enriques Calabi-Yau [39], arguably
the simplest Calabi-Yau compactification with nontrivial topological string amplitudes [79, 62].
This manifold can be obtained as the free quotient (K3 x T?)/Zs, where Zy acts as the Enriques
involution on the K3 fibers. The target space duality group of the Enriques Calabi-Yau is shown
to be the discrete group S1(2,Z) x O(10,2,7Z), with the factors corresponding to the T? base
and Enriques fiber, respectively. The generating modular forms for SI(2,Z) are well-known,
therefore we will be particularly concerned with the contributions from the Enriques fiber and
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specially their mixing with the T? base.

After integrating the holomorphic anomaly equations the only problem remaining is to fix
the holomorphic ambiguities, i.e. the boundary conditions in the integration of the equations.
These ambiguities are constrained by information coming from boundaries of the moduli space
where the F(9) are known explicitly. In the Enriques case one can use the fiber limit, where all
amplitudes can be determined by heterotic-type II duality [79], and a field theory limit where
the manifold degenerates to give rise to SU(2), Ny = 4 Seiberg-Witten theory. By making
use of these boundary conditions we determine the full topological string amplitudes up to
genus 6, improving in this way previous results in [79]. As a bonus of our analysis, we clarify
the modularity properties of the conformal Ny = 4 theory and its gravitational corrections
described in [80]. At present the available boundary conditions are not enough to completely
solve topological string theory on the Enriques Calabi—Yau, but we provide efficient tools to
analyze the amplitudes at all genus with the method of direct integration.

The rest of this chapter is organized as follows. In section 2.1 and 2.2 we review N = 2
special geometry and the derivation of the holomorphic anomaly equations. Section 2.3 gives a
simple example of the method of direct integration and the fixing of holomorphic ambiguities
by application to Seiberg-Witten theory. Section 2.4 reviews what will be our main focus, the
Enriques Calabi-Yau. We introduce modular and automorphic forms which will be relevant later
and discuss the topological amplitudes on the Enriques fiber. Also an all-genus product formula
for the fiber partition function will be introduced. In section 2.5, we show explicitly how one
can solve for F9) up to genus six and present the general recursive formalism. Furthermore,
boundary conditions and a reduced Enriques model where part of the moduli space is blown
down are investigated. In section 2.6 we analyze the field theory limit corresponding to Ny = 4
SYM and we relate it in detail to the Enriques Calabi—Yau.

2.1 N =2 special geometry

We now review some basic facts about N = 2 special geometry [81, 82, 83, 84]. Let us start
with some very basic definitions.
Definition 0.
A Kahler manifold is a hermitian complex manifold endowed with a metric g;; such that the
associated Kéhler form B

G =ig;dz" N d7 (2.1.1)

is closed, dG = 0. Locally, this implies that there is a Kéhler potential IC satisfying
g;7 = OOK. (2.1.2)

It turns out that we need a more restrictive object to allow for fermions, since they impose a
quantisation condition on the Kéhler form, and one finds that for consistency the Kéahler form
should be of integer cohomology [83], such that we can pick a line bundle £ with

1

Y

By slight abuse of language, we call this type of Kahler manifold a Hodge-Kdhler manifold.
Now let us focus on a type II compactification on a Calabi-Yau, and let’s take I1IB because

of the absence of quantum corrections to the space of complex structure deformations My . We
can think of variations of complex structure as variations of Hodge structure:

c1(L) Gl. (2.1.3)

H3(Y,C) = H¥(Y) + H*(Y) + HY(Y) + H*3(Y) = H3(Y,Z) @7 C (2.1.4)

As we vary the complex structure, the embedding of the lattice H3(Y,Z) rotates with respect
to this decomposition.
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Comsider the holomorphic 3-from © € H3%(Y), unique up to rescaling an nowhere vanishing
by the Calabi-Yau condition. Choose a symplectic basis { A%, B,} for H3(Y), a =1,---h>! 41,

with intersections A% N By, = 4.
Xa:/ Q; Fa:/ Q (2.1.5)

Define the periods

These periods span My, however, since there are 2h%! + 2 of them and the complex dimension
of My is h?!, they cannot all be independent. Indeed, one can show that given all the X,
the F, are determined. Furthermore, the X® can only be homogeneous coordinates since €2 is
only determined up to a multiplicative constant, so we get the right dimension of My h*! =

% — 1. One can also show that we can define a prepotential F such that
F=l d X°F,
2 a
FOAXOAXL ) =X2F(X0 XL, (2.1.6)
oOF
Fo =pxa

This prepotential is the key quantity in special geometry, as will become clear below. It leads
us to the first definition of a special Kéhler manifold:

Definition 1.

A special Kéahler manifold is a Hodge-Kéhler manifold with a single holomorphic function F as
above such that

(1) the Ké&hler potential is
K=—-InIm(X*F,), (2.1.7)

(2) Transitions between local trivializations of F on overlaps of charts are given by holomorphic
transition functions f;; and M;; € Sp(2n + 2,R):

X X
fii () g
(}_)i—e MZ]( ]__>j. (2.1.8)

Note that the geometry of My is completely determined by F! In particular, the metric is
given by the Kéhler potential K according to (2.1.2). Notice also that X! € £, F; € L, where
L denotes the holomorphic line bundle over My, the first Chern class of which equals the class
of the Kahler form. Obviously the periods carry the information about the complex structure
deformations. The X, I = 0,...h?" can serve locally as homogeneous coordinates on M. Local
special coordinates on M are defined by ¢! = X*/X° i=1,... R,

We can rephrase this in bundle language:
Definition 2.
A special Kéhler manifold is a Hodge-Kéhler manifold with

(1) a holomorphic Sp(h?1) vector bundle H over My with fibre H3(Y,C), and a holomorphic
section  of L&H such that the Kéhler 2-form G (equivalently, we can consider the Kéhler
potential ) is

G = —001n(Q, Q) or K = —In{Q, Q). (2.1.9)

(2) Q satisfies (2,00) = 0.

These two definitions of special Kahler geometry, one inspired by N/ = 2 supergravity, one from
Calabi-Yau geometry, are completely equivalent [22, 83]! This is a highly nontrivial statement.
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K thus induces the following Kéahler metric structures on My,
Gij - aif)le, Ff] - lealGﬂ_, F% - le@GU—
Rigg = —00,Gi+ G (0,Gra)(0,Gr), Rz = =0Tl (2.1.10)
Rij = leRZ]k 815]—10g det(sz) .

Q and Q are sections of holomorphic and anti-holomorphic lines bundles £ and £ over M
respectively and holomorphic gauge transformations 2 — e/Q in £ correspond to Kéhler trans-
formations, i.e. e ® € £ ® L. The derivatives 9; are with respect to coordinates t; of My, and
sections like V;; in T M7 1,0 ® TM? 01 ® L™ @ L" have a natural connection with respect to the
Weil-Petersson metric G;; and the line bundle K; =0,K, Kz =K

DiVj; =8 —TLViy + mK;Vy;, DiVj; = 0, — TLV; + nk:Vj; . (2.1.11)

The forms Q, y; = D;Q, X, = D:;Q and Q provide a basis which spans the above cohomology
groups over C. Since it depends on the complex structure we call it the moving basis. It can be
expanded in terms of the fixed symplectic basis ay, 37 given by the dual of {A4%, B,} as

Q=Xxar - Fip", Xi = Xlar —xnp", etc . (2.1.12)

By Kodaira theory, infinitesimal deformations of the complex structure are elements of H'(Y, TY").
Q induces an isomorphism H'(Y,TY) ~ HZD(Y). Hence the harmonic (2,1)-forms y;, i =
1,...,h% can be identified as (co)tangent vectors to My and these deformations are unob-
structed on a CY manifold [85, 86].

It turns out to be useful to introduce the second and third derivative of the prepotential as

115 = 0105 F | Crjx = 010;0xF (2.1.13)

which are homogeneous of degree zero and minus one respectively.
Special Kahler geometry describes the relation between the metric structure and the Yukawa
coupling

055,,2 = iCiyjk = —/ QN 0;0;0,2 = —/ QAD;D;D,Q) (2.1.14)
Y Y

a section of Cjjx € Sym3(T, (*1 0)) ® L2, Using (xi, Xz) = Gize” X and transversality of (,) under
the the decomposition (2.1.4), i.e. (Y(&1),Y(mmn)) = 0 unless k +m = [+ n = 3 one gets the
special geometry identities [81]

DiXT =F, Dix} = iCijuG*xte™ Dixi =G X" (2.1.15)

From (2.1.11) and (2.1.10) follows [D;, D;]x1 = —Gi; + Rij_,ixl and using (2.1.15) one gets

[Di, D' = Ryl = Gz + G707 — Cijm G (2.1.16)
where we abbreviated
*(0)771 2K (0) ~mz A7 ~ml _ . ~(0)ml
lec CMJ,G GY CE = zC’E . (2.1.17)

Let us also summarize some relations obeyed by 775 and C7jyr. One first notes that by
homogeneity and (2.1.14) and (2.1.15) one has

C]JKXK =0 y Cijk = CIJKXZ‘IX}]XI@K . (2.1.18)
Using the above definitions and the degree two homogeneity of F one also shows that

28 X mr ;X7 =1, Xmryx! =0, 2ef ! ImTfjx— Gj - (2.1.19)
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Denoting by Im7!” the inverse of Im7;; it follows from these conditions that
X Gl el = Lmr!Y + XXl (2.1.20)
We summarize once again the crucial points we learn from the above analysis:

e The holomorphic 3-form € is only defined up to rescaling, so the X are homogeneous
coordinates and parametrize the so-called “big moduli space”. In the following, we will

mainly use the small moduli space, parametrized by the local special coordinates t* = %

e Omne can change the symplectic basis (and with it the periods) by any symplectic trans-
formation. However, those symplectic transformations corresponding to automorphisms
of the cohomology lattice will leave the complex structure invariant, so we get a subgroup
I € Sp(2h?' + 2) of monodromies under which F(9)(t!), being functions of the complex
structure itself, have to be invariant, as has been nicely made explicit in [73].

e There is a holomorphic line bundle £, and a prepotential F(©) section of £2 such that
Fr = 8;F9) ., This prepotential completely defines the geometry of the moduli space. In
particular, it determines the Kahler potential K and the Kéahler metric Gj;.

e [ has a natural connection 0;/C, such that we get the covariant derivatives
D; = 0; + kO;K for sections of £F, which include the Christoffel symbols with respect to
G7 when acting on tensors.

For our paper, it is furthermore essential that the amplitudes F'9) transform as sections of £2729
with connection D; [19], as we will see below.

2.2 The holomorphic anomaly equations

In this section, we review the derivation of the holomorphic anomaly equations of [19]. As we
have seen in the previous section, the special geometry of the vector multiplet moduli space can
be entirely encoded in a single holomorphic section of £2, the prepotential F(©) = F (t), which is
nothing else than the genus zero amplitude of the topological string. From a world-sheet point
of view one does not obtain F(©) directly, but rather finds the three-point function

0 — (oMo, / Q(t) A 0:0;0,0(2) (2.2.21)
Y

where 0; are derivatives with respect to t*. What about the higher genus amplitudes? From
the point of view of the four-dimensional effective action, one is interested in the dependence
of the F9 on the complex moduli ¢/,# in the vector multiplets. These parametrize marginal
deformations, which in the B-model correspond to complex structure deformation of the Calabi-
Yau manifold. Infinitesimally the world-sheet action is perturbed by the ¢, as follows

S=S+t [ 0P+ [ 0P (2.2.22)
Eg EQ

where the sums run over i = 1,..., h (Y, TY) = h(3D(Y). Here the marginal two-form operators
are obtained using the descent equations as

0P =G, [Gs, 0O ydzdz,  OF = (G, (G, 0V dxdz (2.2.23)

7

where G(J{ ,Gq are the charges corresponding to the composite operators G, Gz that were in-
troduced as the BRST-operators of the topological string in section 1.3. In the above equations
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we denoted by (’)EO) the zero-form cohomological operators, which are in one-to-one correspon-
dence with the H(Y,TY) cohomology of the target space. The operators (92(2) are the only ones
that can be inserted into the action without spoiling axial and vector symmetry.

From (2.2.23), one can show that @Z@ is Qp—exact, since the operators G, are the Q-
partners of the energy-momentum tensor while at the same time we have from the supersym-
metry algebra (1.2.16)

{Q+,Q1} =P +H, (2.2.24)

therefore it is straightforward to show that
1
Gx =+5094, (2.2.25)

and we find using Qp = O, + O_

@), 3o [ o) - Hou[@ w0} o

According to our general arguments in section 1.2, these operators should have vanishing cor-
relation functions and decouple from the theory, therefore all observables should be insensitive
to any variation parametrized by #', and therefore simply ¢-independent, that is, holomorphic.
This would indeed be true if we were still considering the topological field theory constructed
in section 1.2. But we are now dealing with topological string theory, and it turns out that
the integration over the moduli space of worldsheet metric that couples the sigma model to
gravity spoils the holomorphicity [8, 19]. However, it does so in a very subtle way: Qp—exact,
non-holomorphic operators only fail to decouple at the boundaries of moduli space, where the
genus g Riemann surface is degenerate with lower-genus surfaces, as shown in Fig. 2.1.

o

Figure 2.1: @52), inserted in the throat of the Riemann surface at the point where it degenerates
to one (or two) of lower genus do give a nonzero contribution to 9 F(9)

Note that as can be seen from Fig. 2.1, contributions to the antiholomorphic derivative of F(9)
can only involve lower genus amplitudes. This startling phenomenon has been worked out by
Bershadsky, Cecotti, Ooguri and Vafa [8, 19], whose results we briefly summarize as follows: i.)
The F() transform as sections of £2~29 with the connection (2.1.11).

ii.) The topological B-model correlation functions

c fz fz )g =D . -DinF(g) or g =1 (2.2.27)
iLein <(9<0>(9 o fz o fo, OP)g = Dy, Dy, Oy for g =0 B

111213
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can be obtained using the covariant derivatives (2.1.11) and obey

C(g)

i1...0n

=0 for 29—-2+n<0. (2.2.28)

iii.) The anti-holomorphic derivative 0; = % of the F(9),

@F@):/ @Mg:/ Oy = Mg, (2.2.29)
ﬂg mg 6m9

receives only contributions from the complex codimension one locus in the moduli space of Rie-
mann surfaces corresponding to world-sheets which are degenerate with lower genus components.
These boundary contributions can be worked out and yield recursive equations for the F(9). For
g > 1 one gets

B,F(@) = Lok (DjDkF(g_l) +3 D]-F(’”)DkF(g_”)) (2.2.30)

r=1

and for g = 1 a generalisation of the Quillen anomaly

5 0) ~(0)kl X
00 F W = LRI — (X ~1)Gis . (2.2.31)
Here we defined o
CON = 2R GH D) (2.2.32)

where G = Ox0; K is the Weil-Petersson metric corresponding to the Kihler potential (2.1.9).
These are the recursive holomorphic anomaly equations, which we want to integrate directly
in this paper. Note that there is no holomorphic anomaly at genus zero. Ci(][.)lz has no world-sheet
moduli dependence, hence no boundaries, and is therefore holomorphic. The genus zero data
thus have to be provided from the outset. They can be determined from the period integrals of
the manifold Y.
It is further shown in [19] that (2.2.30) can be integrated recursively. With an iterative

procedure of complexity growing exponentially with the genus, one rewrites (2.2.30) as

- _ 5 Aij AL A ((T<9)
O F9 (t,7) = 0,79 (AY, AT A, =y (2.2.33)
and integrates it to
_ Aij AL A (T<9)
FO(t,5) = TW AT AL A, T+ fO(1) . (2.2.34)

Here T'9 is a functional of some propagators A% A A and the lower genus vertices C’Z(:)Zn
with » < g. The holomorphic ambiguity f(¢) (t) arises as an integration constant. To prove
that the functional I'(9) exists at every genus, [19] show that it is the disconnected Feynman
graph expansion of an auxiliary action with the above vertices and propagators, whose partition
function fulfills a master equation equivalent to (2.2.30) and (2.2.31). The propagators can be

defined using the genus zero data as follows. Since

D,CY) = D,C) (2.2.35)
one can integrate
CQ) = —1eK D;D;0 A (2.2.36)
as
G A = LOA | G A = ;AT ClOk — g ATk (2.2.37)

Note that the propagators are defined by these equations only up to holomorphic ambiguities
arising in the integration steps. Fixing these ambiguities directly affects the definition of the
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holomorphic functions f(9)(t) in (2.2.34). It turns out that a preferred choice for this ambiguity
is provided by relating the propagators in a canonical way to F(I(t,7) [73].

The combinatorics of the Feynman graph expansion are useful to establish some general
properties of the F9), but its complexity grows exponentially with the genus. However, the
F(9) are invariant under space-time modular transformations which are a symmetry of the full
string compactification. As we will discuss later, they generically admit a split into a universal
factor times a modular form. Here the weights of the modular forms grow linearly with the
genus. Since the ring of modular forms is finitely generated, the complexity of modular invariant
expressions grows only polynomially with the genus. The method of direct integration that we
develop in this chapter uses this connection with modular forms such that its complexity also
grows only polynomially with the genus. It has the advantage that the modular properties of
the amplitudes are manifest in all steps of the derivation.

2.3 Solving Seiberg-Witten theory by direct integration

Local Calabi-Yau geometries provide simple and instructive examples for the interplay between
holomorphicity and modular invariance in topological string theory. In this section we will
explain the key features using the simplest example, namely the local Calabi-Yau corresponding
to SU(2) Seiberg-Witten theory with no matter [87]. In section 2.3.1 we first recall the geometry
of Seiberg-Witten theory. We show that all genus zero data can be expressed in terms of a finite
set of holomorphic modular forms. All higher amplitudes F9) are invariant under the modular
group. In section 2.3.2 we directly integrate the holomorphic anomaly equations, determining
all F(9) up to a holomorphic modular ambiguity. Modularity restricts this ambiguity so much
that simple boundary conditions set by the effective action near special points in the moduli
space allow one to reconstruct all F(9). We review such a convenient set of boundary conditions
in section 2.3.3. The general philosophy presented in this section will be later applied to the
more complicated case of compact Calabi-Yau manifolds.

2.3.1 The Seiberg-Witten geometry

Seiberg-Witten theory with no matter [87] can be obtained in the A-model as a limit of the
local Calabi-Yau geometry! O(—2,—2) — P! x P! [88]. The mirror B-model geometry of this
limit is the Seiberg-Witten elliptic curve £

y? = (x —u)(z — A?)(z + A?) (2.3.38)

whose modular group is I'(2). This subgroup of SI(2,Z) acts on the period integrals

t:/)\, tD:/A, (2.3.39)
a b
V2 _y

where A = ¥=——dz is the Seiberg-Witten meromorphic differential. In the limit described
above, A is obtained as a reduction of the holomorphic (3,0) form of the Calabi-Yau manifold.
Rigid special geometry guarantees the existence of a prepotential F(O) = F (t) with the properties

OF 1 9*F
tp = — , = . 2.3.40
D=5t T T o (2:3.40)
These conditions are obtained as the rigid limit of the special geometry relations presented
in section 2.1. Note that 7 is precisely the complex structure parameter of the torus and
hence parametrizes the upper half-plane. In particular, Im7 > 0 is guaranteed by the Riemann

Yfor a short review of local Calabi-Yau geometry, see appendix C.3
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inequality consistent with the fact that Im7 is the gauge kinetic coupling function of Seiberg-
Witten theory. Moreover, a modular transformation acts on 7 as
at +b
— .
ct+d

(2.3.41)

The genus zero data are functions of 7 and transform in a particularly simple way under (2.3.41).
They can be expressed in terms of a finite set of modular generators, which we will specify in
the following.

A modular function f(7) of weight m is defined to transform as f(7) — (c¢7 4+ d)™f(7)
under (2.3.41). Focusing on the modular group of the Seiberg-Witten curve, we note that
the ring of modular functions of I'(2) can be expressed as powers of the Jacobi f-functions.
Relevant properties of the Jacobian f-functions are summarized in Appendix C.1. We introduce
two generators

Ky = 93 + 9], Ky =195, (2.3.42)
which are of modular weight two and four respectively. The modular transformation properties

follow from (C.1.3). Ko, K4 generate the graded ring of holomorphic modular forms M, (T'(2))
of I'(2), which we will also denote by C[K3, K4]. It turns out to be useful to also introduce

h=Ks, By =YK +3Ky) . (2.3.43)

As we will see when we develop the method of direct integration, it is natural to take h, E4 as
the generators of the ring M, (I'(2)).

Let us now express the genus zero data in terms of modular forms. The connection with the
geometry of the Seiberg-Witten curve is given by the following relation

K,
VK,
The combination z(7) = 1/u?(7) is modular invariant and can be viewed as the analog of the

mirror map for this non-compact Calabi-Yau manifold. The analog of the holomorphic triple
coupling is

u(r) = (2.3.44)

1/4
oo _ o 32K
Mot K3 - K,y

Note that C? is a form of weight —6 under the modular transformations in I'(2). The modular
group I'(2) also determines the periods t,tp as weight 1 objects?

(2.3.45)

_ Ba(r) + Ka(7) _2Ba(mp) — Ka(rp) — 3K, (mp)

t(7) VPR tp(7p) = S, (2.3.46)
3K,/ (7) 3(2Ks(mp) — 2K,/ % (mp)) "

where 7p = —% and Es is the second Eisenstein series defined in (C.1.15). It is natural to

give the periods in the above parameters. In the electric phase of Seiberg-Witten theory the

q = €™ series converges and t is the physical expansion parameter, while in the magnetic phase

the qp = €2™7P series converges and tp is the physical expansion parameter. Of course tp(7)
and t(7p) can be obtained by performing an S-duality transformation on Es and the Jacobi
theta functions.

2.3.2 Direct integration

Having discussed the genus zero geometry, let us now turn to the higher genus free energies
F(9) and their holomorphic anomaly. Starting with F'(), we note that the holomorphic anomaly
equation (2.2.31) specializes to

0,0,FD = L0l (2.3.47)

2They can be calculated likewise using the Picard-Fuchs equation.
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where the indices are raised with the Weil-Petersson metric Gy = 2Im7. This equation integrates
immediately to
F = —3log Im7 — log |®(7)]| , (2.3.48)

where 07/0t is evaluated using (2.3.45). The holomorphic object ®(7) is the ambiguity at genus
one. It is determined from modular constraints and the physical requirement that F (1) ghould
only be singular at the discriminant of £. Note that under a modular transformation (2.3.41)
one finds that Imr + |cr +d|~2Im7. Together with the invariance of F(1) this implies that
®(7) must be a modular form of weight 1. The only modular form of weight 1 which has only
poles at the discriminant of £ is the square of the 7 function given in (C.1.4). This fixes the
ambiguity at genus one as ®(7) = n%(7).

At genus one the non-holomorphic dependence was induced through the appearance of Imr.
As dictated by the holomorphic anomaly equations, all higher F (@) also depend on . We now
show that this dependence arises through the propagator Att only. A" is obtained in the local
limit of (2.2.37) and thus obeys

A 0) tt
d At = o0t (2.3.49)
All other propagators vanish in this limit. To integrate this condition, we first multiply both

sides in (2.3.49) by Ct(to ). The result is easily compared to the holomorphic anomaly equation

(2.3.47) of F(M). Changing derivatives by inserting 07/dt = C’t(g) one evaluates with the help of
(C.1.5)
A" =20, FV(1,7) = — 5 Ea(1,7) 8, = (2mi) ' & (2.3.50)

The occurrence of the non-holomorphic extension of the second Eisenstein series Fa(T)

3

wlmr

Ey(7,7) = Ex(7) — (2.3.51)
is forced by modular invariance. Since F((7,7) is a modular function of weight zero, its
derivative must be a modular form of weight 2 which is not holomorphic. The only form with
these properties is the almost holomorphic form EQ(T, 7). This form is the canonical, almost
holomorphic extension of the second Eisenstein series Ey, where Fs is the unique holomorphic
quasimodular form of weight 2 transforming as

BEy(t) (e +d)2Es(7) — Sic(er + d) (2.3.52)

under a modular transformation (2.3.41). The shift in the transformation of the anholomorphic
piece in (2.3.51) cancels precisely the shift in (2.3.52). More generally the ring M, of almost
holomorphic forms of I'(2) is generated as C[EQ, h, A].

Using the propagator and general properties of the Feynman graph expansion one can extract
the fact that the higher genus F9) are weight 0 forms with the structure

39—3
F(g)(T, 7*—) — 029—2 Z Eg(T,f)Clgg) (7_) 7 g > 1 ’ (2.3.53)
k=0

where we defined C' = leg). Modular invariance implies then that the holomorphic forms c,(f ) (1)
are modular of weight 6(g—1)—2k in C[h, A]. We will show next that all forms C]gg)(T) with & > 0
are very easily determined by direct integration of the holomorphic anomaly equation. The form
cég) (7) is not determined in this way and corresponds to a holomorphic modular ambiguity.

In order to analyze the holomorphic anomaly equations in the local case, it turns out to be
very useful to discuss some general properties related to modular transformations. Let us first
discuss how derivatives transform under the modular transformation (2.3.41). Denoting by fi a
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modular form of weight k it is elementary to check that its derivative transforms under (2.3.41)
as

k
Orfr — (et +d)" 20 fi + gcler + ) f (2.3.54)

Similarly, we can evaluate 0;f; = C 10, f., where as above C' = C’t(,g). In order to cancel the
shift in (2.3.54) we will now introduce covariant derivatives. There are two possible ways to
achieve this®. Firstly, one can cancel the shift against the shift of (Im7)~! and set

Difiy = (8t - 4:I?n7')fk ’ Dy = (3-,- B 47rfm7')fk ' (2.3.55)
Here D is the covariant derivative to the Weil-Petersson metric Gz and D is the so-called Mass
derivative. D; maps almost holomorphic forms of I'(2) of weight & into almost holomorphic forms
of weight k — 1, while D, increases the weight from k to k + 2. Note that both derivatives in
(2.3.55) are non-holomorphic due to the appearance of Im7. There is however a second possibility
to cancel the shift (2.3.54) which is manifestly holomorphic. More precisely, one can cancel the
shift against the shift (2.3.52) of E2(7) and define

Difi = (00 — $5kCE) fr. D fi = (0r — 35kE2) fi - (2.3.56)

In this case D, is known as the Serre derivative. Both D; and D, are holomorphic. They map
holomorphic modular forms of weight k& to holomorphic modular forms of weight k£ —1 and k + 2
respectively. It is easy to check that the following identity holds

Dify, = Dify + 5kCEs fi,  Drfy = Dof + 5kEs fr . (2.3.57)

These equations also imply that whenever f; is holomorphic all the non-holomorphic dependence
of D;fr and D, fi lies in a term involving the propagator. In other words, once again all anti-
holomorphic dependence arises through the propagator Eg only. The generalizations of the
modular derivatives (2.3.55) and (2.3.56) will reappear in later sections of this work. For the
Enriques Calabi-Yau they are given in (2.1.11),(2.4.81) and (2.5.177).

Here we will us the covariant derivatives (2.3.55) and (2.3.56) to rewrite the holomorphic
anomaly equations (2.2.30). Firstly, we will apply modularity and the fact that all non-
holomorphic dependence arises through the propagator EQ(T, T) to convert anti-holomorphic
derivatives into derivatives with respect to Ep. Using (2.3.57) we will be able to carefully keep
track of the E» dependence in the holomorphic anomaly equations. Eventually, a solution will
be simply obtained by direct integration of a polynomial in Fj.

To begin with, note that the holomorphic anomaly equations specialize in the local limit to

g—1
OF@) = Lo (DtatF(ng +3 atF(T>atF(9*’“>> . (2.3.58)
r=1

Using the fact that all non-holomorphic dependence arises only through the propagator EQ(T, T),
this equation can be rewritten as

F9) g1
o — L (DoFe) + Y oo Fe) (2.3.59)
aEQ r=1

Here we used (2.3.49) to substitute C’E(O)tt with the derivative d;E5, which then cancels with the
same factor arising on the left-hand side of this equation. Let us now manipulate the right-hand

3We thank Don Zagier for explaining us several manipulations involved in the following.
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side of (2.3.62) and split off the derivative of F(1) in the second term

é(ptatF(l) (O, F (1))2) g=2,

ore (2.3.60)
OE; (D + 20,700, plo=) +Zat Flo=) -

where the sum now runs from r = 2 to r = g — 2. One then notes that 3, F(!) can be replaced
by —iCEQ by using (2.3.50). Furthermore, we replace the non-holomorphic derivative D; with
its holomorphic counterpart D; via (2.3.57). Altogether, one evaluates

OF(2)

= mam (Di(CEy) - L(CERP?) (2.3.61)
2
for genus two and for g > 2
(9) . . 92
i;j__$<U%—éCE@@F@*W+§:@Fm&F@*». (2.3.62)
2 r=2

We are now in the position to make the dependence on E’g explicit. This can be done by
rewriting the right-hand side of (2.3.62) using (2.3. 56) We also define d; and d, as covariant
derivatives Dy, D, not acting on the propagators E», such that e. o d; (E2 (r)) = E§ lA)Tcg“).
Applying the chain rule we find

OFD = [d; + (DiEr)dp | FO = Cld: — 5 (Es+ E3)05,|FT (2.3.63)

where (2.3.51), (2.3.56) and (C.1.20) are applied to evaluate the derivative of F3. The Eisenstein
series F4 arises naturally in rewriting the derivatives. We will therefore work with the ring
C|Es, h, E4) introduced in (2.3.43).

Similarly, we rewrite the second derivative

DRl = L (12%12 +62hd, + 2E4(Ex05, + E%c%)
—(3h +12d,)E305, + 2E305 + E§8%2 (2.3.64)

+(—9Esh + 2h* — 12E4d, )05, + Egg%) plo-1)

where we have used that the derivative of C is given by D.C = %h C. This is how the holomor-
phic modular form h defined in (2.3.43) arises in the direct integration.

We can now actually perform the direct integration. This is done by inserting the expres-
sions (2.3.63) and (2.3.64) for 8, F") and D,;0,F 91 into the holomorphic anomaly equation
(2.3.62). Replacing all F(") for 1 < r < g with their propagator expansion (2.3.53), it is then
straightforward to keep track of the number of propagators E2 in each term of the right-hand
side of (2.3.62). Finally, F F) is determined up to a Eg—lndependent ambiguity by integrating
the resulting polynomial in E». Without much effort this procedure can be repeated iteratively
up to the desired genus.

Note that the equation (2.3.61) for F?) is particularly simple to integrate. Using (2.3.56)
and (C.1.20) one evaluates

Dy(CEy) — L(CEy)? = 4C*(— 5E3 + 6Ex2h — 2E4) . (2.3.65)

Inserted into (2.3.62) it is straightforward to integrate this quadratic polynomial in Eg to derive
F® as

FO(7,7) = 5350 (3 B3 — 3hE3 + 2 BBy ) + C%c(Y, (2.3.66)

2. 243
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where 682) (h, Ey4) is the holomorphic ambiguity which can be fixed by additional boundary condi-
tions as we discuss in the next section. For genus up to 7 the expressions for F' (@) were calculated
in [89] using the Feynman graph expansion. The direct integration using (2.3.62) provides a far
more effective method to solve Seiberg-Witten theory and confirms the results of [89]. Further-
more, the modular properties of the expressions are manifest at each step. As we will discuss
in the later sections, similar constructions will provide us with a powerful tool to determine the
set of candidate modular generators for more complicated Calabi-Yau manifolds. In particular,
holomorphic modular forms are needed to parametrize the holomorphic ambiguity. In case we
know the ring of holomorphic modular forms, fixing the ambiguity reduces to a determination
of a finite set of numerical factors at each genus. For Seiberg-Witten theory this can be done
systematically, as we will discuss in the next section.

2.3.3 Boundary conditions

((]g ) we have to understand the boundary behavior of the F(9). As it is

To systematically fix the ¢
well known, there are three distinguished regions in the moduli space of pure SU(2) N' =2 SYM
which correspond to the geometrical singularities of £. We will parametrize the moduli space
by the vacuum expectation value u = (Tr®?) of the scalar ® in the N' = 2 vector multiplet. The
first region occurs at u ~ %tQ — 00, and it corresponds physically to the semiclassical regime.
The monopole region occurs near u — A2, where a magnetic monopole of charge (e, m) = (0, 1)
becomes massless and the electric SU(2) theory with gauge coupling Im7 is strongly coupled. At
the point u — —A? a dyon of charge (e,m) = (—1,1) becomes massless. However, this point is
identified with the monopole point by a Zs exact quantum symmetry. For this reason there are
no independent boundary conditions at u — —A? and we focus on u — A% and u ~ co. In both
cases the elliptic curve acquires a node, i.e. a local singularity of the form &2 + n? = (u & A?),
where a cycle of S! topology shrinks. In string theory, a point in the moduli space where a node
in the target geometry develops is called a conifold point.

The natural physical parameter in the magnetic monopole region v — A2 is tp. We get first
a convergent expansion for the F (@) in the variable gp = exp(2mitp) for Tp = —% — 400, which
corresponds to tp — 0. This is obtained by an S- transformation of the modular expressions
for the F(9) (7, 7) such as (2.3.66), which converge in the semiclassical region. The holomorphic
magnetic expansions F (Dg) (Tp) can be obtained by formally taking the limit 7p — oo, while
keeping 7p fixed. Finally we obtain the expansion in ¢p by inverting (2.3.46). In these magnetic
expansions, a gap structure was observed near the monopole (or conifold) point [89]. One finds
that the leading behavior of ]-'1(79) (tp) is of the form

By -
f(g) — 9 4 k(g)t +0 {2 , 2.3.67
D 29(29 _ Q)EQDng 1 D ( D) ( )
where the B,, are the Bernoulli numbers and we used a rescaled variable tp = i%’. The

knowledge of the leading coefficients and the absence of the remaining 2g — 3 sub-leading negative
powers in the {p expansion imposes 2g — 2 conditions. Since dimMg,_3(I'(2)) = [%} this

overdetermines the c(()g), e.g. for ¢ = 2 we find 082) = —2_2143 (%E4 h + %h?’). It is very easy to

integrate (2.3.62) using (2.3.63), (2.3.64) and the gap condition, which fixes the ambiguity to
arbitrary genus. This solves the theory completely. One finds moreover a pattern in the first
subleading term in the magnetic expansion
k(g) ((29 B 3)!!)3
1

= (2.3.68)

The gap can be explained by using the embedding of Seiberg-Witten theory into type ITA
string theory compactified on a suitable Calabi—Yau manifold. The most generic singularity of
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a d complex dimensional manifold is a node where an S? shrinks. The codimension one locus
in the moduli space where this happens is called the conifold. It was argued in [22, 90] that at
the conifold a RR-hypermultiplet becomes massless. This hypermultiplet is charged and couples
to the U(1) vector multiplets. Its one loop effect on the kinetic terms of the vector multiplets
in the effective action is captured by the local expansion of F(?) [22]. A gravitational one-loop
effect yields the moduli dependence of the Ri term in the effective action and is given by local
expansion F(1) [90]. Using further one-loop arguments it was shown that the F) which capture
the moduli dependence of the coupling of the self-dual part of the curvature to the self-dual part
of the graviphoton Ri Fig_2, have the following gap structure

@ (=19 'By,
ifold — 29—
coniio 29(29 o 2)tljg

5+ O(tOD)a (2.3.69)

where tp is a suitable coordinate transverse to the conifold divisor [69]. The Seiberg-Witten
gauge theory embedded in type ITA string theory inherits this structure, and the massless
hypermultiplet at the conifold is identified as a monopole becoming massless at the monopole
point. In this way, (2.3.69) explains the field theory result (2.3.67) and extends it to the full
supergravity action.

Once the Seiberg-Witten amplitudes F(9) have been determined in terms of modular func-
tions, these can be expanded around every point in the moduli space. For example, in the
semiclassical regime 7 — 700, u — 0o one finds the holomorphic amplitudes

(9)
Flo) _ (—1)9 By L5y 46

2g+10
= 929 —2)@n22 " eve T O@=77) . (2.3.70)

The higher order terms in this expansion correspond to gauge theory instantons and have been
computed in [80].

2.4 A first look at the Enriques Calabi-Yau

In this section we review some basic properties of topological string theory on the Enriques
Calabi-Yau. We begin by reviewing the N = 2 special geometry of the classical moduli space
of Kéhler and complex structure deformations. The first world-sheet instanton corrections arise
from genus one Riemann surfaces as shown in refs. [39, 91, 79]. The holomorphic higher genus
free energies, restricted to the K3 fiber, can also be derived by using heterotic-type II duality
[79]. We briefly summarize these results. We then derive an all-genus product formula for the
fiber amplitudes. In understanding and deriving the expression for the full 9 an important
hint is given by their transformation properties under the symmetry group of the full topological
string theory on the Enriques Calabi-Yau. More precisely, generalizing the results of the previous
section, one expects that all F(9) are built out of functions transforming in a particularly simple
way under the group Si(2,Z) x O(10,2,7). In paragraph 2.4.4, we will review some essentials
about these modular and automorphic functions and forms.

2.4.1 Special geometry of the classical moduli space

The Enriques Calabi-Yau can be viewed as the first non-trivial generalization of the product
space T? x K3. It is defined as the orbifold (T? x K3)/Zs, where Zy acts as a free involution
[39]. This involution inverts the coordinates of the torus and acts as the Enriques involution on
the K3 surface. The cohomology lattice of T? x K3 takes the form [38]

62 =122 g [ e By(-1))1 & [ @ By(-1)p @ Ty' o T}, (2.4.71)
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where the inner products on the sublattices Eg(—1) and I'™*! are given by

(%) = —Ch, (C) = < v ) | (2.4.72)
with o, 6 =1,...,8 and 7,j = 1,2. Here CF, is the Cartan matrix of the exceptional group Ej.
The lattice (2.4.71) splits into H'(T?) @ Hy(T?) = T'?? and H*(K3) = I'*?Y. Under heterotic-
type II duality it can be identified with the Narain lattice of the heterotic compactification on
TS. The Zs involution on the Enriques Calabi-Yau acts on the five terms of the lattice (2.4.71)
as [39]*

p1, P2, P3,p1,D5) — €7OP%| — p1, p3, P2, —Pa, Ps) (2.4.73)

where p; is an element of the i-th term in (2.4.71) and we denoted § = (1, —1) € T

The Enriques Calabi-Yau has holonomy group SU(2) x Zg. This implies that type II string
theory compactified on the Enriques Calabi-Yau will lead to a four-dimensional theory with N =
2 supersymmetry. Nevertheless, due to the fact that it does not have the full SU(3) holonomy
of generic Calabi-Yau threefolds, various special properties related to N/ = 4 compactification
on T? x K3 are inherited.

As an example of the close relation of the Enriques Calabi-Yau to its N/ = 4 counterpart
T? x K3 one notes that the moduli space of Kihler and complex structure deformations are
simply cosets. The complex dimensions of these moduli spaces are given by the dimensions
R and RV of the cohomologies HMY) and HY). They can be determined constructing a
basis of H®4) of forms of K3 and T? invariant under the free involution. One obtains [39)]

p2D = p(t) =11 | (2.4.74)
while H©0)  HG3) a5 well as H®9 are one-dimensional. Moreover, one can show that the
Enriques Calabi-Yau is self-mirror and that both the K&ahler and complex structure moduli
spaces are given by the coset

B S1(2,R)
M = 750(2) x Ny | (2.4.75)
where o 5 9
Ns = (s +2,2) (2.4.76)

O(s+2)x 0(2)

The actual moduli space is obtained after dividing M by the discrete groups SI(2,Z)xO(10,2;Z).
M is a simple example of a special Kahler manifold. We will discuss its properties in the fol-
lowing.

It is a well-known fact that the geometric moduli space of a Calabi-Yau manifold consists
of two special Kahler manifolds corresponding to Kéhler and complex structure deformations.
A summary of some of the basic definitions and identities of special geometry can be found in
section 2.1. Essentially all information is encoded in one holomorphic function, the prepotential
F. Let us for concreteness consider the moduli space of Kéahler structure deformations of the
Enriques Calabi-Yau which is of the form (2.4.75). Denoting by & the harmonic (1,1)-form in
the T?-base and by w, the (1,1) forms in the Enriques fiber, we obtain complex coordinates
S,t* by expanding the combination

J+iBy= S&+t"w, , a=1,...,10, (2.4.77)

where J is the Kéhler form on the Enriques Calabi-Yau and Bs is the NS-NS two-form. Note
that in our conventions ReS > 0 and Ret® > 0 such that the world-sheet instantons arise as
series in gg = e~ and g« = e " in the large radius expansion. We note that these complexified
Kahler parameters t% can be regarded as a parametrisation of the coset Ng. The parametrisation

4The effect of the phase factor on the type II side was interpreted as turning on a Wilson line [39].
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we are using here is the one suitable for the conventional large radius limit and corresponds to
what was called in [79] the geometric reduction. In terms of (2.4.77), the prepotential takes the
form

F = =50t t"S . (2.4.78)

For the Enriques Calabi-Yau the cubic expression for the genus zero free energy F(©) = F is
exact and world-sheet instanton corrections will only arise at higher genus. This is precisely the
reason for the simple form (2.4.75) of the moduli space. The symmetric matrix Cy, in (2.4.78)
encodes the intersections in the Enriques fiber E such that

Cuwp = / Wa N\ Wy . (2.4.79)
E

The inverse matrix C% = C~1% can be calculated explicitly and coincide in an appropriate
basis with the intersection matrix of the Zo invariant lattice of the second and the third factor
in (2.4.71), i.e.

I'p=TH @ Eg(-1), (C®) = < (1) (1] ) x (—Cy). (2.4.80)

Here Cp, is the Cartan matrix of the exceptional group Eg. The lattice ' is identified with
the second cohomology group of the Enriques surface.

The prepotential for the Enriques Calabi-Yau encodes the classical geometry of the moduli
space (2.4.75). The Kahler potential is derived using equation (2.1.7) to be of the form

K=-log[V(S+8S)], Y =21Cupt"+i")t"+2). (2.4.81)

Note that K as given in (2.1.7) contains a term —log|X°|%, with X being the fundamental
period. Such a term can be removed by a Kihler transformation K — K — f — f, where f
is a holomorphic function, such that our expression (2.4.81) corresponds to a certain Kéhler
gauge. In general, all objects we will consider below are sections of a line bundle £ which
parametrizes such holomorphic rescalings V — e/V. As an example e ¥ is a section of £ ® L.
Such Kahler transformations do not change the Kahler metric which is obtained by evaluating
the holomorphic and anti-holomorphic derivative of K. The Kéhler metric splits into two pieces
1 Cap  Cacl(t + ﬂCde(t + DC

o _ o 92.4.82
GSS (S+S)2 ) Gab Y + Y2 ’ ( 8 )

with all other components vanishing. The Christoffel symbols for this metric are easily evaluated
to be
ng = 2Ky , cczb = Kecedrgb‘d ) (2.4.83)

where Kg and K, are the first derivatives of the Kéhler potential (2.4.81) and we have defined

fﬁ’ww = (62C4a + 65Ceq — 05Cac) - (2.4.84)

It is also easy to derive the holomorphic Yukawa couplings C’Z.(](.),z defined in (2.1.14). In coordinates
S, t® one uses the prepotential (2.4.78) to show

cO =y . (2.4.85)

In general C’g;)b is a section of £2 ® Sym3(T*M). In the case of the Enriques Calabi-Yau
it is constant in the Kéhler gauge and coordinates chosen above, and covariantly constant in a
general gauge. The covariant derivative, acting on a section of L™ ® L", is (2.1.11)

Da = 8(1 + ’I?’LKa, D(_J, = 8@ + ’I?,Ka, (2486)
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and includes the Christoffel symbols when acting on tensors. Applied to Cé?l)b one shows

DCC(%?S’ = _Fgacdb - I‘gbcfad + QacKCab =0 5 (2487)

a

which vanishes by means of the equation (2.4.83) for the Christoffel symbols. A similar equation
)

holds for the covariant derivative DSC(E%, showing that C’égs is indeed covariantly constant.
Once again, this special property of the Yukawa couplings is immediately traced back to the
fact that the prepotential F receives no instanton corrections.

The space M has two different types of singular loci in complex codimension one on the
moduli space [39, 38] which lead to conformal field theories in four dimensions. The first de-
generation comes from the shrinking of a smooth rational curve e € 'y with e? = —2. The
shrinking P! leads to an SU(2) gauge symmetry enhancement together with a massless hyper-
multiplet, also in the adjoint representation of the gauge group. We then obtain for this point
the massless spectrum of N' = 4 supersymmetric gauge theory. In terms of the complexified
Kahler parameters introduced in (2.4.77) this singular locus occurs along

t =12, (2.4.88)

In order to understand the second singular locus, we first point out that the coset Ny can be
parametrized in many different ways. In [79] it was noticed that there is a parametrisation of
this coset in terms of some coordinates t%,, a = 1,--- ,10 which are related to what was called
there the BHM reduction. By using the formulae in [79] it is easy to see that the coordinates t*
and t%, are related by the following simple projective transformation,

1 1 1 i\2
= th - ()
D =3

2
2= 2T (2.4.89)
2’
D
. t
t=—miL i=3...,10.
tD

The second singular locus occurs when
th = t5. (2.4.90)

On this locus one gets as well an SU(2) gauge symmetry enhancement. In addition one gets four
hypermultiplets in the fundamental representation of SU(2), and the resulting gauge theory is
N =2, SU(2) Yang-Mills theory with four massless hypermultiplets. In Fig. 2.2 we represent
schematically the two singular loci in moduli space, related by the projective transformation
(2.4.89). In sections 2.5 and 2.6 of this paper we will explore in some detail the field theory limit
of the topological string amplitudes and we will verify this picture of the moduli space.

2.4.2 Genus one and the free energies on the Enriques fiber

So far we have discussed the classical moduli space of the Enriques Calabi-Yau Y. We introduced
the prepotential F which is cubic in the Kéhler structure deformations and receives no worldsheet
instanton corrections. One expects that such a simple structure will no longer persist at higher
genus. This is already true at genus one as was shown in [91, 79]. Heterotic-type II duality
can also be used to determine all higher genus free energies on the K3 fibers of the Enriques
Calabi-Yau [79]. In this section we will summarize some results of [79] and present a closed
expression for the fiber free energies also including the anti-holomorphic dependence.
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N = 4 enhancement Ny = 4 enhancement

1 _ 2
th =1 tp =1tp

N

Figure 2.2: The singular loci in the moduli space Ng, leading to two different gauge theories in
the field theory limit.

Let us begin with a brief discussion of the free energies for the Enriques fiber. The fiber limit
of the topological string amplitudes corresponds to blowing up the volume of the base space by
taking

S — o0, gs=e® = 0. (2.4.91)

In what follows we will need to distinguish the full topological string amplitudes F9) from their
fiber limits as well as from their holomorphic limits. We will denote,

FO(t,) = Jim FO(2,7) (2.4.92)
and
FOt) = Jim FO(t,9). (2.4.93)

The fiber limit F (t t) can be calculated using heterotic-type II duality [18, 29, 79]. In the
heterotic string they are given by a one-loop computation of the form

FO(t,7) = / dr B%(r, vH) fy (7, 7)Y (2.4.94)

where Y is defined in (2.4.81), and ©f.(7,v") is a theta function with an insertion of 2g — 2
powers of the right-moving heterotic momentum. We will not need the precise definitions of ©%
and f, here. However, it is important to note that these amplitudes can be evaluated in closed
form by using standard techniques for one-loop integrals. The holomorphic limit (2.4.93) was
determined in [79] and it is given by

FR (1) =3 eg1?) 25 Lis a7 = Lig g (e7)] | (2.4.95)
r>0

where Li, is the polylogarithm of index n defined as
[e.e]

Lin(e) = > 2

d=1

In formula (2.4.95) we have also set 72 = C%r ry and r - t = rqat® We will sometimes write

(2.4.96)

EE

r=(n,m,q). (2.4.97)
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The restriction » > 0 means n > 0, or n = 0,m >0, or n = m = 0, § > 0. Finally, we need to
define the coefficients c4(n). They can be identified as the expansion coefficients of a particular
quasi-modular form

Zn:cg(n)q" - —27771);((53), (2.4.98)
with Py(q) given by ,
T 3 >
<ﬁ21 & TA)> = 3" (27N Py(q). (2.4.99)

9=0

The definition of n(7) and the theta-function 91 (A|7) can be found in Appendix C.1. From the
definition (2.4.99) and the identities summarized in Appendix C.1 one also infers that the Py
are quasimodular forms of weight 2¢g and can be written as polynomials in the Eisenstein series
FEsy, Ey4, Fg. We have for example

Pi(q) = 5E2(q) ,  Palq) = 1 (5E3 + Eu) . (2.4.100)

In general, as we will see in section 2.5, it is very hard to include the T?-base in order
to obtain the expressions F) for the full Enriques Calabi-Yau. It turns out that only F()
factorizes nicely, namely we can write the A—model free energy F() as [91, 79]

FOS 1) =Rl + 7y (2.4.101)

base

and .7-"](51) are the contributions from the T2 base and the K3 fiber. .7-"&) is the torus

Se

where féi)

Se

free energy given by [8]

Fime = —1210g7(5) , (2.4.102)
where 7(S) is defined in (C.1.4), while
Fi) = —Llog ®(t), (2.4.103)

where ®(t) is the infinite product

o) =[] (1_6_”)201(TQ) : (2.4.104)

14e Tt
r>0

This infinite product first appeared in the work of Borcherds [41]. As we will discuss in more
detail later on, ®(t) is the key example of a holomorphic automorphic form for the Enriques
Calabi-Yau. It is also convenient to introduce,

(S, t) = n*4(9)®(t), (2.4.105)

so that we can write

FI(S,t) = —Llog (S, 1). (2.4.106)

We presented above formulae for the holomorphic limit of F ég) (t,t), but heterotic-type II
duality can be used as well to obtain the antiholomorphic dependence on t. At genus one, one
finds [92, 29]

FiP(8,8) = —2log Y — log |®(t)|. (2.4.107)

The antiholomorphic dependence on S is the usual one for the torus [8] and one has

FO(S,8,6,8) = FO(t,7) — 6log((s + S)yn2(5)|2). (2.4.108)
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Equivalently, we can write
FU(S,8,t,1) = —2log [(S + 5)3Y] — log |®(S,1)]. (2.4.109)

As a consistency check one shows that this anti-holomorphic dependence can also be inferred
from the holomorphic anomaly equation (2.2.31) for F(1).

The antiholomorphic dependence in the heterotic calculation at higher genus is much more
complicated, but was written down for the STU model in [29]. As we show in Appendix A.2,
this computation can be considerably simplified and adapted to the Enriques case. We find that
the non-holomorphic free energy F }gg ) (t,t) can be cast into the form

1(1,2923-1) . o y
F(g)(tﬂ _ gz: gz: 29—3—1\ (t+t 1,,_(t_|_[)zcga1_”aal_c]:g )(t)
s =0 (= C (-l y?

1
S 202(g—1)Y9-1”

(2.4.110)

where fg) (t) is the holomorphic fiber expression given in (2.4.95). It is easy to check that the

(9) (t,t) fulfill the holomorphic anomaly equation on the fiber.

So far we have discussed the heterotic results for the fiber limit by using the Ké&hler param-
eters (2.4.77) appropriate for the large radius limit. As shown in [79], one can also compute
them in the coordinates t¢, introduced in (2.4.89). This was called the BHM reduction in [79],
and leads to the holomorphic couplings,

FP(tp) =Y dy(r?/2)(—1)" " Liz_gg (e "P) (2.4.111)
r>0
where the coefficients dy(n) are defined by

22+9P, (1) — 2279P
Z dg(n)qn — 9(371)2(27_) g(‘])’

(2.4.112)

and in (2.4.111) we regard r as a vector in I'! @ Eg(—2). Note that in comparison to (2.4.80)
we now need to include the lattice Fg(—2) with inner product given by —2 times the Cartan
matrix of Fg, such that r? = 2nm — 27 2. One has, in particular,

Fi(tp) = —$log @p(tp) . (2.4.113)
where e
®p(tp) = [| (1 . e*’“'tD) 7 (2.4.114)
r>0
with coeflicients
n(27)®

ZCB = T (2.4.115)

This is the modular form introduced by Borcherds in [93], and the above expression for F; agrees
with that found by Harvey and Moore in [91] (up to a factor of 1/2 due to different choice of
normalizations).

2.4.3 An all-genus product formula on the fiber

As we have already mentioned, the infinite product (2.4.104) was first considered by Borcherds
n [41]. Borcherds also noticed that (2.4.104) is the denominator formula for a generalized
Kac-Moody (or Borcherds) superalgebra (see [94, 92] for a review of Borcherds algebras). The
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root lattice of this superalgebra is I'''! @ Eg(—1) (i.e. the cohomology lattice of the Enriques
surface), and the simple roots are the positive, norm 0 vectors. Each simple root appears
also as a superroot, both with multiplicity 8, and this is why the product of (2.4.104) has a
“supersymmetric” structure: the numerator is a trace over fermionic degrees of freedom, while
the denominator traces over bosonic degrees of freedom. Both have the same multiplicity 2¢1 (r2).
In addition, the fact that ¢;(—1) = 0 is equivalent to the absence of tachyons in the spectrum.
We will now write down a formula for the total partition function of topological string theory,
restricted to the fiber, and we will show that it preserves the structure found by Borcherds for
(2.4.104). As a first step, we define a generating functional £(q, gs) closely related to (2.4.99),

] (1—q")
= . 2.4.116
We have the identity
00 g -2
S Py = (260 %) Eaa), (2.4.117)
g=0
Let us now define the Enriques degeneracies Qg(r, f) as
2 2 1
D 80(r 007 6k = 5 (€(0.9/2) — €(-.0./2), (2.4.118)
e (g —as )27
where .
qs = €. (2.4.119)

The right-hand side of (2.4.118) only involves integer powers of ¢='. We can collect the Enriques
degeneracies in the generating polynomials

M(z)= D Qp(r 02, (2.4.120)
r2=2n,0>0
which are of degree n in z. We have for the first few:
Qo(z) =1
Q(z) =124 22,
Q2(2) = 90 + 242 + 322,
s g (2.4.121)
Q3(z) = 520 + 180z + 3622 + 423,
Qu(z) = 2538 + 1040z + 2702% + 482° + 52,
Qs5(2) = 10944 + 5070z 4 156022 + 3602% + 602* 4 62°.

Notice that the constant terms of §2,(z) are closely related to the Euler characteristics of the
Hilbert schemes of the Enriques surface, but there are “deviations” which become more and
more important as the degree increases. Finally, notice that

> Qp(r 00" ¢ = Qnlgs) + Qa5 ") — (0). (2.4.122)

We now define

Z G292 FD 7 = e 2F5. (2.4.123)

Notice that, as gs — 0, Zg is premsely the Borcherds product ®(¢). It is now an easy exercise
to evaluate it for finite g, from (2.4.95), and we find

1 _ qu—Tﬂf 8QE(T7£)
Zp(gs,t) = H({) : (2.4.124)

Lo—1-t
y 14 gie
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As in the g = 1 case, (2.4.124) has a supersymmetric structure, with the same degeneracies
for fermionic and bosonic states. This formula in fact suggests the existence of a superalgebra
structure for the all-genus result as well. By including g; we have extended the lattice to

'l Eg(—1) =T @ Fy(-1) @ Z (2.4.125)

which is reminiscent of the growth of an eleven—dimensional direction associated to the string
coupling constant. The fact that the all-genus heterotic results seem to lead to an extra direction
in the heterotic lattice has been pointed out in [95, 96]. It would be very interesting to see if
there is indeed a superalgebra associated to the all-genus result (2.4.124). If this was the case,
the quantities 8Qg(r, £) would correspond to root multiplicities.

Finally, we mention that according to the conjecture in [25] and the results of [62], (2.4.124)
is essentially the generating functional of an infinite family of Donaldson—Thomas invariants
on the Enriques surface (written already in the right variables). Such product formulas for Z
exist generically if the latter is expressed in terms of of Gopakumar-Vafa invariants [97]. Our
comments above indicate that the Donaldson—Thomas theory on this manifold has a highly
nontrivial algebraic structure (see section 3.2.6 in [62] for a related observation).

2.4.4 Automorphic forms

The free energies FJ(Eg) (t,t) on the fiber turn out to be automorphic forms on the coset space
Ns. Here we will study in some detail automorphic forms on the space Ns. We will say that a
function on the moduli space N is automorphic if it has well-defined transformation properties
under the discrete subgroup O(s + 2,2;7Z).
The transformation properties are easier to understand if we consider explicit generators
of the symmetry group. We consider the explicit parametrisation of the coset space (2.4.75)
induced by a reduction
Fs+2,2 — Fs—l—l,l @ 1-\1,1, (24126)

and let t € C*T1! be the vector of complex coordinates parametrizing the coset. Our conventions
are such that ¢ has positive real part. For an element t* € C*t1! we define the inner product

t? = 10t (2.4.127)

where C;, is the intersection matrix.
The generators of the symmetry group are taken to be [92]:

o ti—t+2miX A e Isthl,
o t—w(t), we O(s+1,1;Z).
e The automorphic analog of an S—duality transformation

s = (2.4.128)

We say that a function U(t) is an automorphic function of weight k if it is invariant under
the first two transformations above, and if under (2.4.128), it behaves as follows:

(1) = t2FW,(t). (2.4.129)
We can also have automorphic forms of weight (k, k) which transform as
U5 () = 12 1250, (1), (2.4.130)

Although we have not indicated it explicitly, these functions might have a non-holomorphic
dependence on t. Automorphic forms are in general non-holomorphic. Some automorphic forms
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are meromorphic (they have poles at divisors). If they do not have poles, they are called
holomorphic.
Notice that (2.4.128) transforms the metric Y = (t+%)2 on the “upper half plane” as follows:

Y — t7 21 % . (2.4.131)

Following the definition (2.4.130) this identifies Y as an automorphic form of weight (-1, —1).
Recalling the form of the Kéahler potential for the classical moduli space (2.4.81) this is nothing
but a Kéhler transformation [98]

K +— K +logt? +logt? . (2.4.132)

in special coordinates where X° = 1. Note that, if we keep X0, this shift can be absorbed by
the transformation of X°
X0 — 2x0. (2.4.133)

This can be traced back to the fact that K as given in (2.1.7) is a scalar under the full symplectic
group.

In order to understand how the automorphic properties mix with taking derivatives, it is
useful to derive the Jacobian J° of the change of coordinates (2.4.128). We immediately find,

afa —1\a 1 a 42 a e ot a a 42 a e
w = (J )b = t74( bt —t Cbet ) y ﬁ = Jb = 6 bt —t Cbet . (24134)
Notice that J? obeys the following useful identities
Jb =g Cop =t 4CoqJC T c et = ot (2.4.135)

Let us now assume that ¥ is an automorphic form of weight (k,0). We want to determine the
transformation behavior of D,V and D,D,¥ under the dualities (2.4.128). D, are here the
derivatives covariant both with respect to Christoffel connection and the canonical connection
on the vacuum bundle £, as introduced in section 2.4.1. Therefore,

D,V = (0, — kK,)V . (2.4.136)
Notice that, since K transforms as given in (2.4.132), its first derivative K, shifts as
Ko — JY (K +t2Cht?) . (2.4.137)
Combining this with the transformation of the automorphic form ¥ itself we conclude
D,V — t* Dy (2.4.138)
Similarly, we show that the second derivative of ¥ transforms as
DyD, ¥ — t**J5J¢DyD. ¥ | (2.4.139)
where we have used that the Christoffel symbols in the second connection transform as
JR0gJC —TL Je =T¢ JC . (2.4.140)

Hence, we have shown that the covariant derivatives D, of ¥ transform with a factor t2* but
are also rotated by the Jacobian .J;' containing another factor of t2. Note however, that we can
easily obtain automorphic forms containing the derivatives D,¥. More precisely, if ¥ and ¥’
are automorphic forms of weight (k,0) and (k’,0) we find by using (2.4.135) that

C%D,Dy¥ | C%D, VD, (2.4.141)
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are automorphic forms of weight k+2 and k+k'+2 respectively. Such automorphic combinations
arise in the derivation of all F' (g)(S, S,t,t), g > 1. More precisely, we will argue in the next
sections that as function of ¢, t, F(g)(S, S, t,t) itself is an automorphic form of weight (2g — 2,0)
such that

F@ s t9=4p@)  for g>1. (2.4.142)

An important example of an automorphic form is the heterotic integral (2.4.94). It is easy to
show from the properties of the Narain—Siegel theta function that it has weight (29 —2,0). Since
this integral gives the fiber limit F ](39), we obtain a check of the general property (2.4.142) from
heterotic/type II duality. Note that it is straightforward to define amplitudes F(9) invariant
under automorphic transformations by

(X229 pl9) (2.4.143)

The invariance of this combination is readily checked by using (2.4.133) and (2.4.142). The
expressions (2.4.143) are shown to be invariant under the full target space symmetry group
S1(2,7Z) x O(10,2). They are the direct analogs of the invariant free energies encountered in the
Seiberg-Witten example in section 2.3.

A particularly important and simple example occurs at g = 1. Since Fg) is invariant, one
deduces from (2.4.107) and (2.4.131) that ®(¢) is an automorphic form of weight (4,0) i.e.
- to
d(t) =15 d(1) =z (2.4.144)
One can also show that ®(¢) is holomorphic. This is proved in [41], and it is in fact a consequence

of the regularity of fg’) (t) at the singular locus (2.4.88), which will be discussed in more detail

in section 2.5.4. In addition, ®(¢) is what is called a singular automorphic form (see [99], section
3, for a definition). Singular automorphic forms are known to satisfy a wave equation

p O

CY——d(t) = 0. 2.4.145

Sragp () ( )

Equivalently, they have Fourier expansions involving only vectors of zero norm. It follows that

fj(gl)(t) satisfies
C9,0,F) =209, FV 0, 7)) . (2.4.146)

This is equivalent to the recursive relation found in [62] for genus one invariants on the fiber,

and proves that the expression for F S)(t) obtained in [79] agrees with the Gromov-Witten
calculation of [62].

2.5 Direct Integration on the Enriques Calabi-Yau

In this section we illustrate the power of the method of direct integration by studying the
topological string amplitudes F(9) on the Enriques Calabi-Yau. Our approach will follow and
generalize the strategy developed for the Seiberg-Witten example in section 2.3. To begin with,
we perform a direct integration along the T?2—base. Using the fiber results obtained in the
previous section as additional input, the first six free energies F) can be determined in a closed
form. We then present a more general formalism combining direct integration in base and fiber
directions, and we introduce the relevant holomorphic and non-holomorphic O(10,2,Z) forms.
A closed recursive expression for F9) will also be derived. It determines the F©) up to a
holomorphic ambiguity and we will briefly discuss possible boundary conditions. Finally, we
consider a reduced Enriques model with three parameters only, which was already studied in
[79]. This model has the advantage that the mirror map can be determined explicitly. We also
study in more detail the boundary conditions (such as the gap condition), which lead to valuable
conclusions also applying to the full model.
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2.5.1 A simple direct integration and F9 to genus six

Let us now perform the direct integration along the T? base and derive the first few amplitudes
F@)_ In order to do that we carefully keep track of their dependence of on the base direction
S,S. As in the case of Seiberg-Witten theory studied in section 2.3, it is easy to see from
the structure of the holomorphic anomaly equations that the only antiholomorphic dependence
of F9) on § appears through EQ(S, S). By taking derivatives with respect to S we will also
generate in the holomorphic anomaly equations the modular forms F4(S), Eg(S), and by keeping
track of the modular weight one immediately finds that F(9) is an element of weight 29 — 2 in
the ring generated by

Ey(S,S), Eu(S), Eg(S). (2.5.147)

Our only assumption here is that the holomorphic ambiguity for F' 9 is also a modular form of
weight 2g — 2 in this ring. This assumption (as well as the details of the direct integration) can
be checked in a highly nontrivial way by comparing the resulting expressions to the field theory
limit in the Ny = 4 locus of Fig. 2.2. This check will be performed in section 2.6.

To perform the direct integration let us first rewrite the holomorphic anomaly equation for
the base direction S. The general expression (2.2.30) reduces to

1 Crab g—1
OgF9) = —— —— (D DyF¥9~Y +§ "D, FD,FO)) (2.5.148)
2(S+5)? ( — )

We now convert the derivative dg into a derivative with respect to EQ. The definition of EQ was
already given in (2.3.51). Since we now consider an expansion in ¢g = e~ it takes the form
E5(S,8) = = + Ey(S) (2.5.149)
2\, - g n S 2 . 0.
Since the dependence of F9) on S is only through this quantity, we can rewrite the anomaly
equation as

8F(9) 1 Cab<D D F(g 1) gz_:lD F(T)D F(g ) ( )
gL G (9= ) 2.5.150
aEQ “ ’ r=1 ’

Here the covariant derivatives D, are only taken with respect to the fiber directions and do not
depend on the base due to the simple special geometry of the Enriques Calabi-Yau. This implies
that all dependence on Ey arises directly through the F (") We thus expand F'9) in powers of
FE5 by writing

9
L

FO =" E5(S,8) 9 g>1. (2.5.151)
0

il

We see that (2.5.150) determines all the coefficients c,(f) for k =1,...,9—1in terms of quantities
at lower genera. Explicitly, we have the solution

g—1
A = 0P (DDl + 3 S DaclDyelg ) (2:5.152)
r=11l+m=k—1

where we have set
AV =FW D=0,  i#£0. (2.5.153)

7
The Eg—independent term cég ) arises as an integration constant and hence cannot be determined

by the holomorphic anomaly equation. However, given our assumptions, we can fix it up to
genus 6 as follows. Let us denote the coefficients in the fiber limit by

(9) : (9)
c = lim ¢ . 2.5.154
Elk S,S—00 k ( )
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By also taking the fiber limit of (2.5.151) we find

chl)k = F(t,1). (2.5.155)

(9)

The free energies Fj;”(t,t) are known from the heterotic computation and given in (2.4.110).

Together with the fact that all cSEgl)k for £ > 1 are uniquely determined by the direct integration

we can use (2.5.155) to derive cg‘)o
(9)

condition that ¢;~ is a modular form in the ring generated by (2.5.147) and does not involve B,
(9)

i.e. the fiber limit of the integration constant. But the

fixes it uniquely in terms of ¢ Blo 8
2 3
-y I e
(5) (5) 2 (6) (6) (2.5.156)
cp :CE\0E4’ o :CE‘0E4E67

where F4(S) and FEg(S) are the two holomorphic generators in (2.5.147). This can be checked
by noting that the definition (C.1.15) of the Eisenstein series implies that

Ey, By, Bg — 1, (2.5.157)

in the fiber limit S, S — co. For g > 7, the number of possible modular forms is greater than

one and CEE|)0
(7)

seven ¢, ’ can contain terms proportional to E;Z’ as well as Eg.
Let us now write down some explicit formula for lower genera. For g = 2 we find,

is no longer uniquely determined in terms of its fiber limit. For example, at genus

FO(8,8,,7) = Ey(S, 5) t?) | (2.5.158)
where we use (2.5.156) and apply (2.5.152) to derive
P =~ Loab (DanFg” + DaFgmeg)) . (2.5.159)

Consistency of the fiber limit requires that 052) =F 1(32) (t,t). This can be checked by using the

heterotic expression (2.4.110) for FJ(EQ) (t,t), the property (2.4.146), and the identity [79]

FP = —Lcwg,o,FY (2.5.160)
which follows directly from (2.4.94). In the holomorphic limit we find,

FO(S,t) = By () FO (1) (2.5.161)

in agreement with the results of [79, 62]. In the following sections we will also need a slightly
different form of F(®). Namely, it is straightforward to apply (2.4.146) to write

FO® = _1oag, pg,p1) (2.5.162)

Let us now consider the g = 3 case. The amplitude F(3) can be expanded by using (2.5.151)
and (2.5.156) as

F® = E2(8,8) ) + Ey(S) Cgfo , (2.5.163)

Using the result of the direct integration (2.5.152) we obtain

& = —kC(DuDy ) + 2D, F DyFLY) (2.5.164)
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(3)

To determine ¢/, we use (2.5.155), which gives

Elo
&+ ey = FP(t.7) . (2.5.165)
On the other hand, one finds that
FO(t,1) = —LC*PD,DyFY. (2.5.166)

This can be derived in the holomorphic limit by using (2.4.94), and it is similar to (2.5.160).
The antiholomorphic part can be checlied with (2.4.110). Using all this, we finally obtain the
following simple expression for F®)(S, S, 1),

F® = — LB, C*D,DFY) — L(E3 — E))C(DuDyFY) + 2D, FOD,FY))  (2.5.167)
with the holomorphic limit
FO(S 1) = — LBy C®0,0,FL) — L (E2 — Eg)C (0,0, F ) +20,F 20, 7)) . (2.5.168)
s o474 albvy | 28 \ 2 4 albvy B a/ ' p UV R ) - 9.

Note that the second term in these expressions vanishes identically in the fiber limit where
Fy,E; — 1. As we will discuss in more detail in section 2.5.4, this is the first F(9) where the
inclusion of the base yields a behavior near the singular loci that differs significantly from the
fiber limit.

Explicit calculations at genus 4 proceed in the same way. Modular invariance with respect to S
gives

F(8,8,1,8) = B3 ci)y + BoEy ¢y, + B i) (2.5.169)

Once again, the general equation (2.5.194) allows us to determine the coefficients as

ey = — 5™ (Da Dy, + 2D F Dyl + Do PP DyFY) | (2.5.170)

ey = =1 C™ (DaDycy + 2D Ff Dicl)) -
(4)
El0
precisely, one specializes (2.5.155) to

The ambiguity ¢,/ is again determined by the heterotic computation in the fiber limit. More

C(bill)o * 0(5)1 * Cg\)g = F(t,1) (2.5.171)

and solves for C(E4|)0 by inserting the fiber result (2.4.110). This determines the free energy F(*4).
A similar analysis also applies to g = 5,6. As already discussed above, the main obstacle that
has to be overcome in order to proceed to higher genus is the difficulty to fix the ambiguities

c(()g ). We will discuss possible additional boundary conditions in sections 2.5.4, 2.5.5 and 2.6.

2.5.2 Propagators and holomorphic automorphic forms

In the previous section we calculated the first free energies F9) by a direct integration along
the base direction. The results were expressed in terms of the holomorphic fiber energies F (g),
which are known from heterotic-type II duality. Even though the results were rather compact
and transparent, the information we have extracted is somewhat partial, since we have not used
the holomorphic anomaly equations for the fiber moduli. In order to exploit the information
they contain, we will construct building blocks for the automorphic forms in the fiber which
enable us to perform the direct integration of the remaining holomorphic anomaly equations.
Recall that we argued in the previous sections that the almost holomorphic modular form
- 12

E5(S,8) = —5 5B E5(S) = dglog @ | (2.5.172)

53



contains all non-holomorphic dependence of F'(9) along the base direction S. It will be the task
of this section to introduce the analog of EQ for the fiber directions t*. Furthermore we will
define the fiber analogs of the holomorphic modular forms E,(S) and Eg(S). This will lead us
to the definition of a new class of holomorphic automorphic forms of O(10,2,Z). Eventually, in
section 2.5.3 we will argue that a direct integration along the fiber direction allows us to express
all F(9) in terms of these almost holomorphic and holomorphic forms of O(10,2,7Z).

Let us now introduce the fiber analog of the almost holomorphic modular form EQ(S, S).
This can be done by recalling that the genus one free energy F(1) is an invariant of the full
symmetry group SI(2,Z) x O(10,2,7Z) and hence its first derivatives transform in a particularly

simple way. For the derivative with respect to S one finds dgF @) = %Eg The derivative with

respect to t* we denote by A% = —%C“b(‘?bF (1) and evaluate
a "+ t a a ba a 1 vab
A = v +€%(t) = €(t) — Kp(t)C™ | €'(t) = ;C0p log @ , (2.5.173)

where Y = 3C,(t 4+ 1)°(t +1)” and @ is given in (2.4.104). The function €?(¢) is holomorphic in
the coordinates t* and is the fiber analog of F5(S), while A® plays the role of Eg. To see this
note that € transforms with a shift under the duality t* — ¢ /t2:

@ AT 4 20 (2.5.174)

This shift is precisely canceled by the shift of the non-holomorphic term in (2.5.173) such that
A® simply transforms as
A HTTHEA ) . (2.5.175)

Note that E» and A% are sufficient to parametrize all propagators AY A’ A introduced in
(2.2.37). Indeed, one has

At = _LCo®E, A% = A® | (2.5.176)
AS = —1C,A AL A= LE,A" A= —LECyAA

Using the explicit form of Eg and A% it is straightforward to check that these propagators
fulfill the defining conditions (2.2.37). The fact that all A—propagators can be expressed as
polynomials in EQ and A® implies that all non-holomorphic dependence of F(9) only arises
through EQ,A“. However, we also have to extract the non-holomorphic dependence in the
covariant derivatives D, defined in (2.1.11). Following the logic of section 2.3 we will show that
each derivative can be split into a holomorphic covariant derivative D, plus holomorphic terms
times the propagators A%. As an important byproduct, the definition of D, will also allow us
to find an interesting construction of holomorphic automorphic forms.

Let us now construct a holomorphic covariant derivative ﬁa, which has the same properties
as D, under automorphic transformations (2.4.128). More precisely, given an automorphic form
U of weight k we define its first derivative as

D,V = (9, — kCoupe”) T (2.5.177)

where €* is defined in (2.5.173), and note that D, = D, — kCyyAb. D, can be viewed as the
analog of the Serre derivative (2.3.56) for modular forms of subgroups of S1(2,7Z). It is not hard
to check that it transforms under (2.4.128) exactly as D,. This transformation property was
given in (2.4.138). Note however, that ﬁa maps holomorphic forms into holomorphic forms,
while D, contains an anti-holomorphic contribution. Moreover, by definition of €* one has

D,®(t) =0, (2.5.178)

for the automorphic form ®(¢) given in (2.4.104). In order to evaluate second derivatives we
need to introduce the holomorphic analog of the Christoffel symbol in the definition (2.1.11) of
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D;.. To do that, let us consider a section ¥, which transforms as ¥, tQng\I!b under the
action (2.4.128). The covariant derivative is then defined to act as

Doy = (0 — kCore®) ¥y, — 1,0, . (2.5.179)

Here we have included the holomorphic Christoffel symbol

0% = T5e" = $C°Y0Caa + 0aCap — 0aCab) (2.5.180)
where f’;d‘a is defined in (2.4.84) and related to I'’; by T?, = fﬁdmC“eKe. We also have intro-

duced the holomorphic ‘metric’ C’ab. Explicitly, C’ab is defined as
Cop=0'%Cy,, Cop — JTICoq (2.5.181)

where ® is given in (2.4.104) and we have also displayed the transformation behavior of éab under
(2.4.128) as inferred from (2.4.144) and (2.4.135). Once again we evaluate the transformation
behavior of Do ¥, under (2.4.128) and finds the holomorphic analog of (2.4.139). It is now easy
to show that every non-holomorphic derivative D, can be split as

DaWy = DaWy + kCoeA° Wy + T, AT, . (2.5.182)

In other words, whenever ¥, is holomorphic the non-holomorphic dependence in D,W¥; arises
through the propagators A® only.

Let us now discuss a second interesting application of the holomorphic covariant derivative
D,. Namely, we will now show how it can be used to construct new holomorphic automorphic
forms. To start with let us note that e, = Cupe® transforms in (2.5.174) similarly to a vector
field. We can use this analogy and define a field strength

eib = Ou€p — %f‘;bec = Ogep — €qep + Cape? | o = Cope’ | (2.5.183)

which transforms covariantly, €2, +— J¢Jfel, under automorphic transformations (2.4.128).
Note that by using the wave-equation (2.4.146) one shows that 9,e* = —4C,pe%e’ such that

C%ed, =0 . (2.5.184)

Nevertheless, we can use eib to construct holomorphic automorphic forms. To do that, we define

N

¥ o =Dy ...Dyen (2.5.185)

al...ap ‘ a3 -azai1

which is shown to be totally symmetric in the indices. Holomorphic automorphic forms are now
constructed by contraction with C®. For example, forms of weight 4 and 6 are given by

weight 4 : CcvCdel el (2.5.186)
weight 6 : CacheCdfeibeﬁdegf ) CaCCbECdfegbdegef .

It is tempting to conjecture that holomorphic automorphic forms of this type are sufficient
to parametrize the holomorphic ambiguity of F(). The fact that there is no holomorphic
weight 2 automorphic form of this type due to (2.5.184) matches nicely the fact that there is
no holomorphic ambiguity for F(?). Also the forms in (2.5.186) can be shown to be sufficient to
parametrize the ambiguities of F'®) and F*). This will be analyzed in further work.
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2.5.3 Direct integration of the holomorphic anomaly

We will now use the material developed in the previous section to perform the direct integration
in both fiber and base directions. This will allow us to give closed expressions which determine
the F(9) up to a holomorphic ambiguity. To begin with, we show that each F(9) can be written

as
-1 29—

g—1
-3
k=0
(9)

where Ckar...an 2T€ holomorphic functions of .S, t* and all anti-holomorphic dependence arises

through the propagators A% and Es introduced in (2.5.172) and (2.5.173). Note that by using
the transformation properties of F(9) and A® given in (2.4.142) and (2.5.175) one infers that

BbAar A l9) g>1 (2.5.187)

2
Ck|a1 an
n=0

A = T T, (2.5.188)

under automorphic transformations (2.4.128).
Let us now show that each F() for ¢ > 1 can indeed be written as (2.5.187) by using
induction. We first note that F(? is of the form (2.5.187),

F® = _1ECAAb (2.5.189)

as is immediately inferred from (2.5.162) and (2.5.173). So let us assume that (2.5.187) is true
for all r < g and show that this implies that (2.5.187) is true for g. In order to do that we use

the Feynman graph expansion (2.2.34) of F(9) [19], which states that each F(9) can be written
)

as an expansion with propagators AY_ A% A and vertices Cgln with » < g. We have already

shown that the A—propagators are polynomials in Eg and A% in (2.5.176). Hence, it remains
(r)

to show that also the vertices C;’ ; ~are polynomials in E, and A“. By definition (2.2.27) and
our assertion, the vertices are defined as the covariant derivatives of amplitudes F") of the form
(2.5.187). Using (2.5.182) each of these covariant derivatives D, can be split into a holomorphic
covariant derivative D, and an expansion in A% So we only have to show that D, A admits

again an expansion into A’s. A straightforward computation shows that
DyA" = O™, — 3L, AN (2.5.190)

where e}, and fl; 4o are defined in (2.5.183) and (2.4.84). Altogether one infers that all vertices

and A-propagators are polynomial in A% and hence that F¢) is of the form (2.5.187).

Having shown that every F(9) is of the form (2.5.187) we will now derive a closed expression
for F(9) by direct integration of the holomorphic anomaly equation (2.2.30). Applying the
definition (2.2.37) of the propagators we can write the holomorphic anomaly equation as

g—1
0, F9) = Lo, Ak (DjDkF(Q*U + ZD]-F(”D,CF(Q*T)) . (2.5.191)
r=1

This equation captures the anti-holomorphic derivatives 85F(g) along the base as well as the
derivative 9; F(9) along the fiber of the Enriques Calabi-Yau. Recall that the only non-vanishing
propagators are A = —%CabE\Q and A% = A%, As we have shown, they contain all anti-
holomorphic dependence such that we can rewrite (2.5.191) as

OF () b . g1
—_— = = _ﬂca (DanF(g_ )+ ZDaF(r)DbF(g_r)) ) (25192)
8E2 r=1
(9) gt
%FN = DyDsF¥™) +>" D, FIDgF=") . (2.5.193)
r=1
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As we have seen above, the first equation is already very powerful and can be integrated easily.
We can write the solution (2.5.152) as

o

FO =15 1F cab(p Dyl +Z 3" Dacl) Dycly ”’)+c“, (2.5.194)
k=1 r=11l+m=k—1

where ¢y is defined in (2.5.153). Note that cég )(A, S,t) arises an integration constant of the Es

integration and hence can be a function of the propagators A% but not Fbs.

Let us now determine a second closed expression for F(9) by integrating the second anomaly
equation (2.5.193). Since F() is not of the form (2.5.187) we first split off terms involving F,
Inserting the definitions of the propagators A® and Fy we find for g > 2 that

F(9) ~ 9=2
%Aa = (Ds + $E2)DgF9™) — 2C . A°DgFO™Y +3 " D DgFo=), (2.5.195)
r=2

To make the dependence on the propagators A® explicit we expand the covariant derivative
D,F9. The covariant derivative D, can be split into a holomorphic derivative D, defined
in (2.5.179) plus a propagator expansion using (2.5.182). Moreover, using the chain rule one
rewrites

Do =dy + (DgAY) 0o | (2.5.196)
where cfa is the covariant holomorphic derivative not acting on the propagators, i.e. we set
do (A" . A"y 0)) = A" A" Dyt - (2.5.197)

Combining (2.5.182), (2.5.196) and (2.5.190) we immediately derive
D F9 = [da+eicccbaAb 1 (29 — 2)CagA? - 1T, A°A%DN | PO . (2.5.108)

This expansion makes the dependence of D, on the propagators A% explicit. We note that the
d, term on the right-hand side of this expansion does not change the number of propagators.
The second term lowers the number of propagators by one, while the two last terms raise the
number of propagators by one. Inspecting the holomorphic anomaly equation we note that only
the first derivative along the fiber direction appears on the right-hand side of (2.5.195). Hence,
at least for the integration of (2.5.195) it will not be necessary to evaluate the second derivative
D,D,F9) as a propagator expansion.

To integrate expressions such as (2.5.198) for D,F9) we also need to keep track of the
number of propagators in the expansion of F(9). Therefore, we introduce the following short-
hand notation

Q
I
—-

_ 9 (9 _ ok an .(9)
Fl@) = “?n) , c?n) = E5A . A Ckg|a1...an ,
0

(2.5.199)

n

=
Il

where each c(? )

) contains n propagators A%. By counting the number of propagators one finds

a __ a a 4 cb 4g—4—n A2 (9)
/DQF(Q)dA =Y { Aty + Lace CMop + Aizn At 9 (2.5.200)

where as defined above A? = %C’abAaAb. This integral together with similar ones for the
remaining terms in (2.5.195) yields a closed expression for F(9) of the form

F9 = (DS + %E\Q) Z {n—i—l Aad + 1Aa€4 CCbaAb + 4gn—§2 nAQ} (5(7”)1)

n

l\’)

9-
_ZnHAQDSCg Y+ Z Z Dsc(g ' {n+1Aad

r=2 n k+l=n

+LACP O + Az A2 L) 4 ) (2.5.201)
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Here c((()))(Eg, S,t) is the integration constant of the A® integration and hence can depend on

Eg but not on A%.
Before turning to the discussion of an explicit example, let us consider the fiber limit of
(2.5.201). We therefore apply (C.1.20) and (2.5.157) to show that

lim DgF@ =0. (2.5.202)
S,S—o00

We also denote by c(g)(  the fiber limit of the coefficients c(?l){) in (2.5.199). Inserting (2.5.202)
into the formula (2.5.201) for direct integration along the fiber direction one finds

(9) a a4 vcb 4g—8-n A2\ (9—1) (9)
FY = 2Z<n+1A da + 1A%, CPOp + T A) g(n) +cE(0), (2.5.203)

where cg)(o)( ) is a holomorphic ambiguity in the fiber. Recall that the full expression (2.4.110)

for F t ,t) is known from heterotic-type II duality. Therefore, verifying that this closed ex-
pression fulﬁlls the differential equation (2.5.203) provides a non-trivial check of our derivations.

Let us end this section by presenting the first non-trivial solution to the closed expressions
(2.5.194) and (2.5.201) for F(9). More precisely, one derives that the free energy F®) admits
the following propagator expansion

FB = 03 (1AA* + 1064, ACAP — €l ), 0P C)

)
T
— & By = 2A% + 265, ACAP — ) ef, 0" C) | (2.5.204)
where €2, is defined in (2.5.183). Note that the last term in the first line has to be determined by
the direct integration with respect to Eo by using (2.5.194). Moreover, the purely holomorphic

term
FOS,t) = L Esel e, cP0 (2.5.205)

is the holomorphic ambiguity at genus 3, determined by the fiber limit. In other words, applying
(2.5.157) one easily derives
FO = _1ed AOAY 1A%

enepqCPC (2.5.206)

which is readily compared with the general expression (2.4.110) for the fiber free energies. It
is straightforward to derive all F9) for g < 7 by evaluating (2.5.194) and (2.5.201) and fixing
the ambiguity by comparison with the fiber result (2.4.110). Clearly, at genus greater than 6
we will encounter the same difficulties as in section 2.5.1. Only additional boundary conditions
can help to fix the ambiguities in these cases. In the next section we will summarize possible
additional conditions.

2.5.4 Boundary conditions

One important feature of the formalism of direct integration is that modular and holomorphic
properties of the F9 are manifest. In particular the ambiguity is holomorphic, modular invari-
ant and for given genus expressible in terms of a modular form of finite weight. This implies
that a finite number of data will fix it. The latter must be provided from additional information
at the boundaries of the moduli space of the Calabi-Yau manifold. Let us give a short overview
over the the nature of these boundary conditions.

In the large radius limit the holomorphic limit of the F(9) has an expansion in terms of
Gromov-Witten invariants N'Y. Since the an-holomorphic part is fixed, the F(9) can be com-
pletely determined by calculating a finite number of Gromov-Witten invariants. The reorgani-

(9)

sation of the expansion in terms of Gopakumar-Vafa invariants ng’ is useful here, because the

o8



latter vanish if the degree is higher then the maximal degree for which a smooth curve exists in
a given class.

For K3-fibered Calabi-Yau threefolds, the limit of large base volume corresponds generically
to a perturbative heterotic string theory on K3xT?2. If the heterotic theory is known one can
calculate the dependence of the F'9) on the fiber moduli by calculating a BPS saturated one
loop amplitude in the heterotic string [29, 79]. In the Enriques CY case this yields most of the
information and is the reason that one can tackle an 11 parameter model at all. Even if the
heterotic dual is not known, one may get all the holomorphic F) in the fiber from the modular
properties of the B-model on the K3 and the formula for the cohomology of the Hilbert scheme
of points on the fiber [97].

If the Calabi-Yau admits controllable local limits, e.g. to toric Fano varieties with anti-
canonical bundle, then the F¢ can be unambiguously calculated using the topological ver-
tex [31]. One can also find boundary conditions by looking at the behavior of the topological
string amplitudes near the conifold point, as we discussed in section 2.3.3. When there is only
one hypermultiplet becoming massless at the conifold point, the amplitudes behave like (2.3.69),
where tp is a suitable coordinate transverse to the conifold divisor. This yields 2¢g — 2 indepen-
dent conditions on the holomorphic ambiguity.

In contrast to generic N' = 2 compactifications, the four dimensional massless spectrum at
singularities of the Enriques Calabi-Yau is conformal, which requires hyper- and vector multiplets
to become simultaneously massless. The leading behavior of the corresponding effective action
is less characteristic. We will find a partial gap in the reduced model considered in section 2.5.5,
which is similar to the partial gap structures that were found in [69] at a point where likewise
several RR states become massless. The determination of the subleading behavior is possible
in the field theory limit and yields conditions on the anomaly. We will consider here only the
complex codimension singularities that we discussed in section 2.4. The nontrivial information
about the F9) comes from the N =4 locus: as we will show in section 2.6, the residue of the
leading singularity near (2.4.88) can be computed using instanton counting in field theory.

Let us now analyze the leading singularity of ) near the singular loci in the fiber limit. This
can be done with the heterotic computations of [79] reviewed in section 2.4. These computations
give us expansions around two special regions in moduli space, the large radius limit (where t*
are large) and the region appropriate to the BHM reduction (where t¢, are large). As in [18, 29],
we can use the computation at large radius to obtain the leading behavior of the fiber amplitudes
near (2.4.88), and the computation in the BHM reduction to obtain the behavior near (2.4.90).

Let us first look at the behavior near (2.4.88). A possible singular behavior there must come
from the vector r = (1, —1) in (2.4.95), since this leads to a polylogarithm which, when expanded
at the singular locus (2.4.88),

(29 —3)!

e oY), g>2, (2.5.207)

Liz_gg(e™) =
exhibits a pole. Here, z = t! —t2. However, since c;(—2) = 0, the coefficient of this polylogarithm
vanishes and we conclude that the amplitudes are regular at (2.4.88). This is indeed consistent
with the fact that the field theory limit of this model at (2.4.88) is massless SU(2), N' = 4 super
YangMills theory, which has F9) = 0 for all g > 2 [80, 100, 101].

Let us now look at the behavior near (2.4.90). To understand this, we look at the heterotic
result for the holomorphic couplings in the BHM reduction (2.4.111). Again, the singular be-
havior comes from the vector r = (1, —1). Since the coefficients are defined now by (2.4.112),

we find
_A9—1 Byl

dg(=1) = 55 29(2g — 2)I"

(2.5.208)

If we set
p=th —t3, (2.5.209)
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and we take into account the behavior of the polylogarithm (2.5.207), we find that the singular
behavior of .7-"](39) (tp) near (2.4.90) is given by

491 |By| 1 0
0] 2.5.210
202 2g(2g — 2) j2 2 & ( )

for g > 2, while for g = 1 we have a logarithm singularity

Fi(tp) —

1
—ilog . (2.5.211)

Since the full F9)(S,tp) can be written for g < 6 in terms of (2.4.111), as we showed in section
2.5.1, we can compute its leading singular behavior at the locus (2.4.90). This will be useful
in section 2.6 to compare to the field theory limit. The above computation shows that along
the fiber direction the topological string amplitudes F j(Eg ) show the gap behavior discovered in
[89, 69]. In order to see if the gap also holds in the mixed directions, it is clear from the
formulae above that we need a precise knowledge of the regular terms in p in the expansion of
F ég). Unfortunately, this is something we cannot extract from the heterotic expressions. We
will however be able to do this in the reduced model introduced in [79] and studied in more
detail below. We will see that indeed the strong gap condition obtained for the fiber direction
in (2.5.210) does not hold for the mixed directions.

2.5.5 The reduced Enriques model

We now discuss a reduced model for the Enriques Calabi-Yau introduced in [79]. The main
advantage of this model is that the target symmetry group becomes much simpler, and one
can easily parametrize the holomorphic functions which appear in the expansion of F(9 in the
propagators A®(t, t) and B, (S, S). In particular, the holomorphic ambiguity can be parametrized
in terms of a finite number of coefficients at each genus. Also the mirror map is known explicitly
and can be used to translate the F) into a simple polynomial form. In these aspects, the
reduced model is very closely related to the Seiberg—Witten theory studied in section 2.3.

Special geometry and the mirror map

We begin with a brief discussion of the reduced special geometry and recall the mirror map
derived in [79]. Out of the eleven special coordinates S, t* the reduced model is only parametrized
by three parameters. More precisely, it is obtained by shrinking 8 out of the 10 cycles in the
Enriques fiber as

(5,t%) = (S, t,t%)  — (S,t,0), i=1,2, a=3,...,10. (2.5.212)

We denote the reduced moduli space spanned by the remaining coordinates S,t!, t? by M..
Explicitly, the full coset (2.4.75) reduces in this limit to

_ SI(2,R) _ [Si(2,R)\?
M, = S003) x<50(2)> , (2.5.213)

inducing a split of the full target space symmetry group as
S1(2,2) x 0(10,2,Z) — SI(2,Z) xT'(2) xI'(2) . (2.5.214)

The generators of SI(2,Z) are precisely the Eisenstein series E5(S, S), E4(S), Fg(S) as already
introduced for the full model in (2.5.147). The generators for I'(2) have been introduced in
the Seiberg-Witten section 2.3. More precisely, we will generate the ring of almost holomorphic
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modular forms of T'(2) by Ey(t,7), Ko(t) and Ky(t) explicitly defined in (2.5.149) and (2.3.42).
In the following we will simplify expressions by abbreviating

Ey = E(t') Ky = Ko(t') Ky = Ky(t')

Ey = Ey(t?) , Ky = Ky(t?) , Ky =K, () . (2.5.215)

Whenever not stated otherwise, we will keep the S-dependence explicit. Let us also note that

the matrix C splits as
Cii O (01
Cap = ( 0 Caﬁ ) ) CZ] - ( 10 ) s (25216)

as already given in (2.4.80). Hence, the holomorphic prepotential (2.4.78) and the fiber Kéhler
potential Y = (¢ + #)? reduce to

Fr = iStHt? Y, = (t' + (#2417 . (2.5.217)

As we have already noted in section 2.4.1 this prepotential and fiber potential are exact and
receive no instanton corrections.

Let us now turn to a discussion of the mirror map for the reduced Enriques model. In
order to determine this duality map we first note that the reduced Enriques has an algebraic
realization. Applying standard techniques, one can thus derive the three Picard-Fuchs equations
for the holomorphic three-form Q(z) as

[:19(2) =0 y £QQ(Z) =0 s ﬁgQ(Z) =0 s (2.5.218)

where 2°(t), 23(S) with 4 = 1,2 are the mirror coordinates of ¢, S respectively. The Picard-Fuchs
operators are found to be

L; = 07 —4(40; +460; —3)(40; + 460, — 1)z , ij=1,2, i#j, (2.5.219)
L3 = 36(z° —1)%(2% —2)05 +362° (2% — 1)03 + 2%(82% — 4(2*)? = 31) ,  (2.5.220)

azi‘ The Picard-Fuchs equations (2.5.218) can be solved to determine the mirror
maps 2(t),23(S). This was done in [79] and we will only quote the result here. We first

abbreviate

where 0; = 2*

K4(t")
2(qi) = ol (2.5.221)
K3(t)
Using this shorthand notation the fiber mirror map reads
2(t) = 2(q1) (1= 2(q2)) 2(t) = 2(g2) (1 = 2(q1)) . (2.5.222)

These coordinates are related by a factor of 64 to z1, 22 used in ref. [79]. In the base one evaluates
A(S)=1-E;*’Eq . (2.5.223)

Compared to [79] we have rescaled z® by a factor 864. Using these explicit expressions for
2% 22 and 23, one immediately verifies their invariance under the target space symmetry group
S1(2,7Z) x T'(2) x T'(2). Also the fundamental period X° can be obtained from the Picard-Fuchs

system (2.5.218) and reads

X0 =20Xx9 (X0)? = 1KoK () = Ey . (2.5.224)

We immediately verify that X is not invariant under the symmetry group S1(2,Z) xI'(2) x I'(2).
The S-duality transformation (2.4.128) reads for the reduced model ' — 1/t? and t? — 1/t!.
Applied to X this yields precisely the transformation behavior given in (2.4.133). Before turning

61



to the higher genus amplitudes in the next section let us also note that the discriminant of the

reduced model is given by
A2, 2%) D(2%) (2.5.225)

where A(z1, 22) is the discriminant along the fiber and D(z3) is the discriminant along the base.
Explicitly, we find in the coordinates (2.5.221) and (2.5.222) that

AL 22 = (1-2(q) - 2(q)’ (2.5.226)
= 1-2(z' + 22+ 2128+ (D2 + (7). (2.5.227)
The second discriminant D(z3) is given by

D(z%) = 5555 ((z%)* = 2%) . (2.5.228)

In the next section we will use the mirror coordinates z', 22 to express the reduced free energies
Fr(g). Since along the base direction all equations are expressed in terms of simple Eisenstein
series Fs,(S) we choose to keep this S-parametrisation also in the following discussions.

Reduced free energies and direct integration

Let us now discuss the free energies Fﬁg) and their holomorphic limits .7-}(9) for the reduced
model. In the limit (2.5.212) they are simply defined as

FO(S, 11, 4%) = FO(8,',%,t* = 0) . (2.5.229)

The reduced form of F() can be derived by direct computation as was already discussed in [79].
Explicitly one finds

FY = —21og [(S + 8)3(t! + ) (#* + #%)] — log |®:(S,1)] , (2.5.230)
where ) R & (2mm)
1,2y _ .24 —qgT\alemn

B,(S,t1,2) = n?4(S) "11 (71 - qnqm) : (2.5.231)

The coefficients ¢ (n) are given through the modular form

f 64
> dn)g" = —mEz(Q)E4(q2) : (2.5.232)

Note that in comparison with the expression (2.4.98) for the full Enriques model the Eisenstein
series E4(q?) appears in (2.5.232). This extra factor arises due to the summation over the Eg
vectors in (2.4.104) and precisely counts their degeneracy. It was further shown in [79] that the
following denominator formula holds

n

D,(S,t1,1%) = Ln?*(S) 6 = n*(S)(X0)* A1/ (2.5.233)
where ) . .
S(t',t*) = K2K2 — K4K3 — K3Ky . (2.5.234)

Here the I'(2) generators Ko, Ko as well as K4, Ky are defined in (2.5.215), while the fundamental
period X© and the discriminant A were given in (2.5.224) and (2.5.226).

The holomorphic reduced amplitudes restricted to the Enriques fiber can also be computed
directly by reducing the heterotic expressions (2.4.95) and (2.4.111). The result reads [79]

F0) =) [23‘29Lis_zg(e‘r't) - L13—2g(e_27"'t)] ,
(9) - r(,.2 n+mr - —rt (25235)
FE(tp) =3 d5(r?/2)(=1)" " Lig_se(e”"'P)

r>0
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where the coefficients c"(n), dy(n) are defined by

P,
Sl = i) T
A

S ()" = Ealg) 2

5 _2-9m () (2.5.236)

q
n'?(27)

Once again we recognize the additional factor Fy(g?) counting the degeneracies of the Fg lattice.
Clearly, also the expressions F ' (@) (1) and Fﬁfg(t p) can be expressed in terms of the holomorphic
generators (2.5.215) dependlng on t' and tiD respectively.

Let us now turn to the discussion of the complete reduced amplitudes including the base and
the non-holomorphic dependence. In order to do that we describe the direct integration for the
reduced model focusing on the essential differences to the considerations presented in section
2.5.3. To begin with, note that the propagators of the full model reduce as

A U A — 0, (2.5.237)

where O is obtained from (2.5.173) by setting t* = 0 and using (2.5.231). That A% reduces to
zero arises from the fact that in summation over the Fg lattice the vectors cancel pairwise. In
order to perform the direct integration we first have to find recursive relations which are valid
for the reduced free energies Fr(g ). Recall that in the full Enriques model we found two sorts of
recursive relations (2.5.192) and (2.5.193) capturing the properties F'9) in the base and in the
fiber of the Enriques. It turns out that only the second anomaly equation (2.5.193) admits a

simple reduction. More precisely, it can be rewritten for the reduced model as

8Fr(g)
oot

g—1
= DgDiFl9 )+ " D;FDg R (2.5.238)
r=1

since performing the reduction t* = 0 interchanges with the differentiation with respect to t!, 2.
Note that this is no longer true for derivatives with respect to t*. In particular, the first equation
(2.5.192) involves a summation over the « indices and one shows that the resulting terms do
not vanish under the reduction t* = 0. Nevertheless, one can directly integrate (2.5.238) for the
reduced free energies

2g9—2
F9) = Z Oit...on 9 4o g>1. (2.5.239)

112

The function ¢ is holomorphic in ¢’ and generally depends on EQ(S S), E4(S), E¢(S). Note
that due to (2.5.237) the coefficients of the full and reduced model are related by C -

i1...0n
Sf) i (t* = 0). The direct integration is performed in analogy to the integration in the full
model and results in a closed expression similar to (2.5.201). The important difference is that

the er ij as well as the covariant derivatives ﬁr are not obtained from the full eib and D, by

simply restricting to the 7, j indices and setting t* = 0. Both %, ; as well as 152 have to be defined

with respect to a new holomorphic metric C{j = @%/ 2C'ij but otherwise analog to (2.5.183) and
(2.5.179). If one had been using the old connection, an additional summation over the « indices
would arise and yield extra contributions. Applied to the specific free energy F®) one finds the
reduction of the holomorphic ambiguity (2.5.205)

F9(5.0) = R Ea(eluelyCICH + (e, CIP) (25240

After these considerations it is not surprising that the contraction of the new e, ;; With C% does
not vanish as it is the case in the full model (2.5.184).
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The free energies F'9) on the mirror

So far the reduced free energies Fr(g ) were expressed as functions of the variables ¢, S or tzb, S.
In the reduced model we know the mirror map explicitly and thus will be able to translate the
expansion (2.5.239) of Fr(g) into a function of the complex coordinates z*. We will show that
the holomorphic coefficients become polynomials in z* divided by an appropriate power of the
discriminant. Since the dependence of Fr(g ) is rather transparent we chose to keep this variable
and do not replace it by its mirror counterpart z>.

The F) transform non-trivially under the reduced automorphic transformations. We al-
ready discussed the actually invariant combination in (2.4.143). In the coordinates z¢, S we thus

set
FY (2,28 8) = (X229 F9 (4,1, 8,85) . (2.5.241)

This definition is consistent with the fact that the z%(¢) are invariant under the target space group
(2.5.214), while (X9)29-2 transforms exactly as F(9)(t,S). To rewrite the expansion (2.5.239)
we first note that the propagator O° can be written in the 2z coordinates as

~ ¥ 0¥ = —C*¥ (K, — 1.5 log A) | (2.5.242)

K(z,2) = —log [|X°*Y:(2, 2)]. (2.5.243)

It is not hard to use the expressions (2.5.222) for z! and 22 to evaluate C,:,; explicitly as

1 1

1 1
m(l —Z —2'2) s Czlzl = 2 1

Czle = mQZ N CZ2Z2 = mQZJ (25244)

Once again (2.5.242) and (2.5.243) are in accordance with the transformation behavior of the
(9)

0' and Cj; given in (2.5.175) and (2.4.135). Similarly, we transform the coefficients &’ ; in
(2.5.239) and set ‘ '

A9 _ (p0y2g—2-20 02 02 ()

Cg?zn = (X0)¥ ' otir "7 Qtin ngl...zjn(z) ) (2.5.245)

which is consistent with (2.5.189). It is also straightforward to rewrite the direct integration
expression for Fr(g) by using the z’ coordinates. Let us once again only discuss the appearing
building blocks. We begin by noting that the holomorphic covariant derivative transforms as

~ 2k 8Zl 8Zm ~

DV = (X°) 557 o DaVer (2.5.246)

where the covariant derivative ﬁzi is given by

ﬁzi\/zj = 8Z¢VZ]- — %(821 log A)VZ] + le . (2.5.247)

2izi ¥z
The holomorphic Christoffel symbol in this expression is defined by

Al
z
|

2izd

= %ézl'zm (aziézmzj + 8zjézizm - 8Zmézizj) , ézizj = A1/4Czizj . (2.5.248)

The second important object in the general equation for the direct integration is the automorphic

form efij. One shows that it can be decomposed as
1 02l0.m
4 _ 4
erij = 21Z2A2@ 8t] Gzlzm . (25249)
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where for i = 1,2, ¢ # j one finds that

e = = ()2 (1432) + (—1+2)° (14327) =22 (1-527+3()?))
e = 22 (2428 + ()P4 + () -22 ) . (2.5.250)

Note that 63izi is polynomial due to the fact that we extracted the denominator z'22A? in
(2.5.249). This turns out to be possible for all the coefficients Ciizmzin appearing in (2.5.245).
We thus define

P9, (z, By, By, Eg) = (2'22A)97 &) (2.5.251)

21...2 241 zin )

where P9 are polynomials in z* as well as E’g, E4, Eg. The reduced free energies are thus of the
form

F9(z2,28,5) = e z2A — Zmzl Nal S (2.5.252)
In particular, this implies that at each genus the holomorphic ambiguity is parametrized by a
polynomial P9)(z, Ey, Fg) holomorphic in 2z and S. As it was the case before the coefficients
in P have to be determined by boundary conditions. For the lower genera this can be done
explicitly by using the fiber limes. At higher genus additional information are needed and we
will discuss in the next section the possible input from a small gap condition. We believe that
essentially all results on the mirror rewriting can be generalized to the full model in case one is
able to determine the full mirror map. For the ten parameters along the fiber this is however a
technically challenging task.

Boundary conditions and the small gap

As we have seen in (2.5.214), the automorphism group acting on the fiber variables is simply

r'(2) xT(2), (2.5.253)

where these groups act on t"2, respectively, plus the exchange t! < t2. Moreover, we see from

(2.4.89) that the {#! =0:4=3,---,10} locus maps to the {t;, =0:i=3,---,10} locus. If we
now define
. 1,2 1,2
omirh? = 12 2nmirg® = —tp%. (2.5.254)

we see that the transformation (2.4.89) relating the geometric and the BHM expressions reduces
to

R e 2.5.255
D D

By using the explicit expressions for ff%(t) in terms of modular forms (which can be obtained
for example by direct integration), one finds that under (2.5.255)

Ft) — 279 F ) (tp), (2.5.256)

where the factor of 2 is inherited from the factor of 2 in (2.5.255) and ffz%(tp) are also given
n (2.5.235). Therefore, one can obtain expressions for the amplitudes in the BHM reduction in
terms of modular forms by simply applying the transformation (2.5.255) to the results of the
direct integration in the reduced model (which are valid for the geometric reduction).

These expressions for the BHM amplitudes can also be used to study in detail the behavior
near the singularity (2.4.90), and in particular to calculate the subleading terms. One can verify
that the discriminant (2.5.226) transforms under (2.5.255) as

At #%)  —  A(tp,th) = (2(qp) — 2(aD))*, (2.5.257)
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which vanishes at the locus (2.4.90). This leads to the singular behavior of 7L (tp), and one
can now verify the behavior (2.5.210) by expanding the expressions in terms of modular forms.
One finds,

1 1 1 1
Fitp) = —5og(n) — 3 log | s KaKa(K3 — Ko)(ah)] + O,
) 1 80F3K2 — 16 K3 + 3K3K, + 9K2 + 16 Eo(K2 + 3KoKy) 2
Foatp) = — O(u
1 1
FOMtp) = (—800EL K% + 214K§ — 726 KS K, + 1431 K4 K2

32,1 " 53084160 K4
+405K7 — 320E3 (K3 + 3K3K4) + 120E2(10KS — 15K5 Ky + 9K3K7)

—540K35 Ky — 40E»(14K7 — 54K5 Ky + 2TK3 K — 27K — 2K3)) (¢h) + O(w).
(2.5.258)

However, if one includes the base directions, the gap is “partially filled” starting at genus three
(for FA)(S,tp), the gap property away from the fiber limit is trivially satisfied). Indeed, one

finds that the term Cabﬁafg)(t D)OF g ) (tp), leads, in the reduced model, to the expansion

31}-(]%(1517)327:5%(@) + OQf(E)(tD)&J:(E)(tD) =

1 20E3K + 1TKS + 3Ka Ky + 4By (K3 + 30 (o) 1, (2.5.259)
8ut 9216 K )2

Although there are some nontrivial cancellations (for example, there is no term in p~3), generi-
cally one finds, for finite .S, singular terms in p beyond the leading one.

2.6 The field theory limit

As we reviewed in section 2.4, there is a line of enhanced symmetry in the moduli space of the
Enriques Calabi-Yau which leads in the field theory limit to SU(2), N' = 2 QCD with four
massless hypermultiplets. This occurs at the locus (2.4.90). Similarly to what happens for other
K3 fibrations [102], we expect that near this locus the leading singularities of the topological
string partition functions become field theory amplitudes of the Ny = 4 theory. At genus zero
one should recover the prepotential, and at higher genus the gravitational amplitudes introduced
by Nekrasov in [80] by using instanton counting techniques. In this section we will explain this
in some detail, and as spin-off we will obtain some new results on the modularity properties of
the Ny = 4 theory and its gravitational corrections.

We first note that the behavior of the amplitudes near (2.4.88), in the fiber limit, has been
already determined with heterotic techniques in (2.5.210). The results of section 2.5 including
the base were obtained in principle in the large radius limit, in terms of the “electric” coordinates
t. However, the calculations of F9) performed there are also valid in the ¢p coordinates, due
to general covariance. In particular, the holomorphic limit F (9)(5, tp) can be expanded in
polynomials in Ea(S), E4(S), Es(S) as explained before (2.5.147), and we can write

F9(S,tp) = Zpk ) f(tD). (2.6.260)

Near the locus (2.4.90) the f should show display a singular behavior of the form
by
fg(tD) — 2 4o (2.6.261)

as we checked in the fiber limit in (2.5.210). How does this compare to the field theory?
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The prepotential and gravitational corrections of the massless Ny =4, SU(2) N' =2 Yang-
Mills theory depend on the vector multiplet variable ¢ and on the microscopic coupling 79. They
can be put together into a generating functional

F™(a, 70, h) = 19 FM(a, o), (2.6.262)
g=0

where F'M(a, 7p) is the ' = 2 prepotential and the higher g amplitudes are the gravitational
corrections. The statement that the type II theory on the Enriques Calabi—Yau has this gauge
theory as its field theory limit near the locus (2.4.90) implies that the leading singularity of the
topological string amplitudes is given by

FO(S,tp) = —— Z bipl(S) = FyM(a, 1), (2.6.263)

where S is related to the coupling constant of the theory 79, and p is related to the a variable
of Seiberg and Witten in a way that we will make precise in a moment. Let us first look at the
prepotential. While it has been originally assumed [87] that the prepotential of the self-dual
theories with N' = 2, gauge group SU(N) and 2N flavors is classically exact, it was found in
[103] that it does get instanton corrections. Those can however be absorbed in the following
redefinition of the coupling [104],

1 9
To — T = 2 8 f‘OY'M(a 7-0) =1 + chq[)? (26264)
k

where
qo = exp(2iTy). (2.6.265)

We then have for the instanton-corrected prepotential
1
FoM(a,79) = §Ta2, (2.6.266)

in terms of the renormalized coupling 7. This is needed in order to match the type II prepotential
(2.4.78), which does not exhibit instanton corrections. We will then express the ]:YM obtained
by instanton computations not as functions of gg, but of ¢ = ™7,

The computation of the field theory amplitudes proceeds as follows. The functional (2.6.262)
has the structure

F™(a, 10, h) = Fpmi(a, h) — h*log Z(a, 1o, ), (2.6.267)
where 5B )
— _ 29 _ A9
FXM (a,h) = 2005 —2) L —49) 5 (2.6.268)
is the perturbative piece computed in [100], and
(a, 70, K sz (a, h)q (2.6.269)

is an instanton sum. Nekrasov’s formula for the k-instanton contribution to the partition sum
Zi(a,h) can be written as [101]

4
=> H H )5)2' (2.6.270)

{YA} A SGY)\
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The sum runs over sets {Y)} of Young diagrams labeled in the SU(2) case by A = 1,2. For

massless flavors,
Pa(s) = ax — (85 — si)h, (2.6.271)

where s;, s; are the coordinates of the cell s inside the Young diagram Y). We also have

E(s) = a,5 — M(h(s) —v(s) — 1), h(s) = vs, — s, v(s) =7, — si, (2.6.272)

S5

where vy, is the length of row s; in Y}, D;j the length of column s; in Y5 and h(s),v(s) are the
number of boxes to the right of s inside Y, respectively above s inside Y5, see Fig. 2.3. The
constants ay = (a1, az) are set to (—a, a).
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Figure 2.3: A sample pair of Young diagrams Y}, Y; contributing to (2.6.270).

The relative normalizations between the results in [80] and the Calabi-Yau case can be
obtained from the limit ¢ — 0, which is the limit S — oo. The only remaining singularity on the
Enriques is then (2.5.210), while in the Yang—Mills case we are left with the perturbative piece
(2.6.268). Comparing this to (2.5.210) and taking into account the relative sign in (2.6.263) we
find

(=2)9 1= — =1, (2.6.273)

and one can immediately read off the normalization of a with respect to u = t}) — t%:

7
a=—. 2.6.274
G (2.6274)
We notice the following factorization,
1 _

FiM(a0,0) = —3:-5Z4(q0). (2.6.275)

where Z(qo) is a power series in go. The relation between gp and ¢ is defined by
q = qo exp[Zo(qo0)], (2.6.276)

which can be inverted to obtain the relation between ¢y and q. The explicit power series one
finds is

¢ 11¢> 3¢* 359¢°  75¢° 919¢" 4148
G0=9- G+t ot -

9
- : 2.6.2
> T 61 61 " 32768 32768 T 2007152 s2doss T O (2.6.277)
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If we now plug this series into ]—"YM (a,qo) we find that all gravitational couplings are functions
of ¢2, that is to say, there are no odd instanton contributions, as it should be since those are
forbidden by a Zs—symmetry of the theory [87]. The power series (2.6.277) should be given by
a mirror map, corresponding to some algebraic realization of an elliptic curve. Indeed, when
expressed in terms of

1
q=2%%, qs=e", (2.6.278)

we find 4
192(615)

05(gs)’
which is (up to an overall factor 16) the Hauptmodul of T'g(4). This equality between gg and
the Hauptmodul has only be checked for the first few terms of the instanton expansion, and we
don’t have a general proof.

We can now express the couplings ]:;(M(a, qo), computed from (2.6.270), in terms of gg, p.
Due to the connection to the Enriques results and the field theory limit (2.6.263), we expect
them to be (up to an overall factor p?=29) quasi-modular forms in gg of weight 2g — 2, and
belonging to the ring generated by E2(S), E4(S) and Eg(S). The results obtained with the
instanton expansion are in perfect agreement with this. We find at g = 2

1 3
qo = 16q2 — 128 g5 + 704 q2 — 3072¢% + -+ = (2.6.279)

1 3qs 9(12 21q4

e 2 S g B g8 asg + 0 (g])
1 (2.6.280)
*24E2(QS)

Proceeding in the same way we find,
1 /2 1
o= ot i),

1 7
PSFYM = B3+ E2E4+ 2E6),

% (5
ooy 1 39
(B FD ?( E2+ E2E4+ 9E4+ 3E2E6> :
(2.6.281)
1 /619 218 427 4501 4337
10 YM __ 2
— BB+ 2 e+ 2R E 4 2 e R ) :
o 28(120 aba 4 —gr bk + R e - Bl
L (1418 52837 12848 29631 5423
12 YM 4
F 7( EiE E2E? B3+ 222 By ELE
29 B3+ a3 et o Ba R e By e o g Ba Bl
6529 352069
54 6t 1296 4

We point out that we have not proved these equalities, but rather verified them by using the
instanton expansion up to high order. It is however highly non—trivial that this expansion can
be matched to a quasimodular form of the required weight. In addition, one can verify that the
coefficients of the above combinations agree with the Enriques results. For example, if we look
at the singular behavior of (2.5.168) by using (2.5.210), one finds,

1

3224134(5) 184 L EXS) + Fu(S),  (26.282)

FO(S,tp) — 96

(B3(S) — Ea(S)) =
in agreement with the result above. We have checked that the above polynomials are in accor-
dance with the field theory limit of the Enriques model also for ¢ = 4,5,6. For higher genus
the instanton results for the Ny = 4 theory provide a boundary condition for the holomorphic
anomaly equation, since they determine the coefficient of the leading singularity near (2.4.90)
as a function of S, and generalize the heterotic result (2.5.210) away from the fiber.

69



In summary, we have verified with the instanton computations of [80] our general results
about the structure of the topological string amplitudes in the Enriques Calabi—Yau (in particu-
lar our assumption after (2.5.147) about the modular properties of the holomorphic ambiguity).
Conversely, the results on the Enriques side have been instrumental in clarifying the modularity
structure of the massless Ny = 4 theory.

Conclusion

In this chapter we have developed a new approach to solving the holomorphic anomaly equa-
tions of [19], based on the interplay between modularity and non-holomorphicity, which makes
possible to perform a direct integration of the equations at each genus. This approach is more
efficient than the diagram expansion of [19] and leads to closed expressions for the topological
string amplitudes, once the ambiguities are fixed by appropriate boundary conditions. The am-
plitudes obtained with this procedure can be written as polynomials in a finite set of generators
that transform in a particularly simple way under the space-time symmetry group, making the
modularity properties manifest.
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Chapter 3

Topological Amplitudes and
Heterotic-Type II Duality

In this chapter, we report on a computation of topological amplitudes on a chain of Calabi-Yau
manifolds, using N' = 2 heterotic-type II duality. This duality connects the heterotic string
compactified on K3 x T? with compactifications of type ITA theory on K 3-fibrations, as we
briefly reviewed in section 1.4. The material presented here is based on the publication [43].

Recall that the 4d effective action of these N’ = 2 compactifications contains a series of BPS
protected higher-loop terms of the form

S ~ /F(g)(t,t_)ng_zRQ e (3.0.1)

where R is the Riemann tensor, T the graviphoton field strength, and the couplings F9) are
amplitudes of the topological string on the internal Calabi-Yau [18, 19]. On the heterotic side,
these amplitudes appear at 1-loop [20] and are therefore in general accessible to computation
[44, 29, 97, 79]. The result can be mapped to the type II side, yielding striking predictions in
enumerative geometry.

The Higgs transitions on the heterotic side correspond to geometric transitions between the
corresponding Calabi-Yaus on the type II side. A more precise picture of how the heterotic
moduli spaces are connected might therefore provide some insight into the web of type II vacua.
Until now, most explicit comparisons between heterotic and type II models have been restricted
to cases with a small number n, of massless Abelian vector multiplets, namely n, = 3,4, 5. These
vector multiplets are the graviphoton, the heterotic dilaton S, one or two (n, = 4) moduli T, U
from the compactification torus, and if n, = 5, one Wilson line modulus V. However, by now
there is a myriad of conjectured heterotic-type II pairs with higher numbers of vector multiplets
waiting to be analyzed.

In [105], the authors obtained chains of heterotic-type II duals by compactifying the heterotic
string on K3 xT? in various orbifold realizations. In each chain, subsequent models are connected
by a sequential Higgs mechanism reducing the number of generic Wilson line moduli by one. K3
is realized as an orbifold T4/Zy, N = 2,3,4,6 and the Zy is simultaneously embedded in the
gauge connection in a modular invariant way. For the last models in the chains, the candidate
type II duals can be explicitly constructed.

The classical vector multiplet moduli space of compactifications with & = n, —4 Wilson lines is
given by the special Kahler space

SU(1,1) " SO(2+k,2)
U(1) SO(2+ k) x SO(2)’
where the first factor corresponds to the dilaton and the second to the torus and Wilson line
moduli. The T-duality group, under which the vector multiplet couplings have to transform as

(3.0.2)

71



automorphic functions, is SO(2 + k, 2;Z) [106, 107, 108].
For the SO(2,2;7Z) case with four vector multiplets, i.e. the well-known STU model, the higher
derivative couplings have been computed in [29]. They can be expressed in terms of expansion
coefficients of ordinary modular forms. The case with five vector multiplets (one Wilson line)
has been studied at the level of prepotential and F(1) in [109]. This case is somewhat special,
as the T-duality group is here SO(3,2;Z) = Sp(4,7Z) [108], and the corresponding automorphic
functions are given by Siegel modular forms [108]. The effective couplings can be expressed in
terms of Jacobi forms of index one, yielding a prescription how to split off the part depending
on the Wilson line modulus from the gauge lattice.
In this chapter, we present the results of [43] about the generic case, involving more general
automorphic forms. We define a splitting procedure analogous to the one in [109], and show
how the split lattice sum can be explicitly expressed in terms of ordinary Jacobi Theta functions.
Once this split is determined, we use the technique of lattice reduction [41] to explicitly compute
higher-derivative F-terms for heterotic N/ = 2 compactifications with an arbitrary number of
Wilson lines. The final result involves the g-expansion coefficients of the moduli independent
Higgsed part of the lattice sum. Even though the computation is done at the orbifold point, the
results are fully valid at generic points of K3 moduli space, since the couplings F(9) only depend
on vector multiplets and therefore cannot mix with the K3 moduli, belonging to hypermultiplets.
While the formalism can be applied to almost any symmetric Zy orbifold limit of K3, we mainly
focus on the dual pairs found in [105]. We compute the corresponding topological amplitudes
F) in closed form. For genus zero, our results agree with the numbers of rational curves
found on the type II side wherever those are known [110]. The present computation extends
previous work on threshold corrections for models with a single Wilson line [96, 109, 111], and
also provides a more explicit realization, extended to higher genus, of the general results of [92].
The rest of this chapter is organized as follows. In section 3.1, we review heterotic com-
pactifications with A/ = 2 supersymmetry and the Higgs chains of [105]. In section 3.2, we
explain how to compute partition sums and higher derivative F-terms in general heterotic orb-
ifold setups. Section 3.3 introduces the lattice splits in the presence of Wilson lines. A general
expression for the amplitudes F(9) in the presence of Wilson lines is derived. In section 3.4, we
use our results to extract geometric information on the dual Calabi-Yau manifold. This provides
a highly nontrivial check of our computation in those cases where instanton numbers are known
on the type II side.

3.1 Heterotic N' = 2 compactifications

In this section, we briefly discuss the construction of heterotic N/ = 2 compactifications and
their matter spectrum. There are two main approaches to analyzing these models. Section
3.1.1 reviews the purely geometrical approach of [40], while section 3.1.2 reviews the exact CFT
construction via orbifolds of [105]. Even though the two approaches are completely equivalent, it
proves very useful to keep the two in mind simultaneously, as sometimes one is more convenient,
sometimes the other. Section 3.1.3 reviews how these compactifications fall into chains of models
connected by a sequential Higgs mechanism [105].

3.1.1 The Calabi-Yau approach

Consider compactification of the heterotic string on K3 x T2. In order to break the gauge group
G = FEg x Fjg of the ten-dimensional heterotic string down to a subgroup G, one gives gauge fields
on K3 an expectation value in H, where G x H is a maximal subgroup of G. Geometrically, this
corresponds to embedding a H-bundle V on K3. This bundle can be chosen to be the tangent
bundle of K3, an SU(2)-bundle with instanton number [, c2(V) = 24. This is the standard
embedding, where the spin connection on K3 is equal to the gauge connection. More generally,
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one can embed several stable holomorphic SU(N)-bundles V,, as long as the constraints from
modular invariance

oV =24 a(Va)=0 (3.1.3)

are satisfied. We will here only consider embeddings of one or two SU(2)-bundles on one respec-
tively both Eg and write their instanton numbers according to (3.1.3) as (d1, d2) = (12+n,12—n).
The number of gauge neutral hypermultiplets is determined as follows [40]. There is a universal
gravitational contribution of 20, and each of the SU(N,)-bundles V, — K3 with [}, ca(Vy) = A
has an extra AN, + 1 — N2 moduli, therefore we get additional 45 moduli for one and 51 for
two embedded SU(2) bundles. The rank of the gauge group is reduced by the rank of the
embedded bundle, N-1. For the standard embedding, we thus find 65 hypermultiplets and an
enhanced gauge group Er x Eg, the first model in the Zg chain in [105]. The Cartan subalgebra
of E7 x Eg contains 15 generators, and there is an extra U(1)* from the SUGRA multiplet and
torus compactification, therefore this model has n, = 19 vector multiplets.

3.1.2 Exact CFT construction via orbifolds

Rather than following the approach presented above, we will here realize the heterotic models
following [105] in the so-called exact CFT construction via orbifolds. In this approach, the K3 is
realized as a Zy orbifold, while simultaneously the spin connection is embedded into the gauge
degrees of freedom. We will mainly concentrate on the Zy—embeddings given in table 3.1. The
orbifold Zy twist 6 acts on two of the four complex bosonic transverse coordinates as S
Since we impose N/ = 2 SUSY, N can only take on the values 2,3,4,6 [92]. The action of
on the gauge degrees of freedom is strongly restricted by worldsheet modular invariance. We

implement it as a shift of the gauge lattice, writing for the torus and gauge lattice sum

2 2
A L i s (3.1.4)
peI‘lS,Q_j’_a,y

where a,b € {1/N,---(N —1)/N}. The shift v € I''®2 has to fulfill the modular invariance and
level-matching constraints [13]

8 16
D 7= "7 =0mod 2 (3.1.5)
=1 1=9
and
7% = 2 mod 2N. (3.1.6)

One then finds the possible inequivalent Zy orbifolds: There are 2 for Zs, 5 for Zs, 12 for Z4 and
61 for Zg [111]. Note that in those cases where the same type of shift is modular invariant for
different N, those models are equivalent as far as the topological amplitudes F(9) are concerned.
The reason for this is that they are only distinguished by the specific orbifold realization of the
K3-surface. Since the moduli of the K3 live in hypermultiplets which do not mix with the vector
multiplets, the higher-derivative couplings should be identical for the different Zy embeddings.
They can however differ if we turn on Wilson line moduli corresponding to the gauge groups
only present in the orbifold limit [92], as will be explained in section 3.3.2.

Some non-standard embeddings, along with their perturbative gauge group, are given in table
3.3. These groups are easily read off from the simple root system for Eg given below, table 3.2.
The unbroken group is generated by the roots «; invariant under the shift v, i.e. fulfilling

2miy-oy

e N =1 (3.1.7)
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ZQ 71:(17'170707()’070?0);
7?=(0,0,0,0,0,0,0,0) SU(2) x E7 x E} n=12

Z3 | v'=(1,1,2,0,0,0,0,0);

v2=(1,-1,0,0,0,0,0,0) | SU(3) x Eg x U(1)" x EL n=6
Z4 | v'=(1,1,1,-3,0,0,0,0);

72=(1,1,-2,0,0,0,0,0) | SO(10) x SU(4) x E§ x SU(2)' x U(1)’ n=4
Ze | v'=(1,1,1,1,-4,0,0,0);

v?=(1,1,1,1,1,-5,0,0) | SU(5) x SU(4) x U(1) x SU(6)" x SU(3)" x SU(2)" | n=2

Table 3.1: Embeddings of the spin connection in the gauge degrees of freedom

0 1.1 0 0 0 0 0o
0 0 -1 1 0 0 0 0o
0 0 0 -1 1 0 0 0 |os
0 0 0 0 -1 1 0 0o
0 0 0 0 0 -1 -1 0 |os
0 0 0 0 0 0 1 1]|ag
1 1 1 1 1 1 1 1

2 "z 0z 2 2 2 "3 "3 |a7
0 0 0 0 0 0 1 -1]ag

Table 3.2: A simple root system for Fg

In the first embedding in table 3.3, the invariant roots on the first Eg are the 126 roots of
E;, generated by the roots ao,--- ,ag. One realization is given in table 3.2. For a general Zy
embedding, the gauge group from the first Fg would then be U(1) x E;. For N = 2, ~ itself is
also a root, orthogonal to the others, fulfilling (3.1.7), and the U(1) is enhanced to an SU(2).
On the second Eg, the invariant roots are the roots of SO(14) aq,-- - , ag, ag, and an extra root
(1,—1,00) such that the unbroken gauge group is SO(16). The second embedding is obviously
analogous, only in this case N = 3, therefore (1, —1,0%) is not an invariant root anymore. For
the left-hand side of the third embedding, the unbroken roots are a1, (1, —1,0°), and the second
system, orthogonal to the first ag, - - - ag, yielding a perturbative gauge group SU(3) x Eg. On
the second FEjg, the unbroken roots are aq,--- , ary, (%,—%, —%, —%, —%, —%, %, —%), forming the
Dynkin diagram of SU(9). The other examples work out similarly. Note that each of these
realizations breaks the original gauge group Fg x Eg to a different rank 16 subgroup, containing
a nonabelian rank r group G and a U(1)!%~" that may be enhanced as in the example above.
However, this latter factor is only present in the orbifold limit; for a smooth K3, the gauge group

(3.1.8)

Figure 3.1: Cartan matrix of Fg

74



consists merely of G.

The perturbative gauge group G x G’ can subsequently be spontaneously broken to a sub-
group G; C G via maximal Higgsing, as explained in section 3.1.1 within the Calabi-Yau ap-
proach of [40]. This subgroup depends on the embedding v only via its instanton numbers: For
the standard embedding with n = 12, there are no instantons on the second Fs and the gauge
group E{ can not be broken at all. For the cases n = 0,1, 2, complete Higgsing is possible. For
n = 3,4,6,8, there are too few hypermultiplets on E{ that could be used for Higgsing, and G’
can only be broken to a terminal subgroup G; = SU(3),SO(8), Es, E7 [111]. Once again, we
consider the standard Zs orbifold as an example. The hypermultiplets in the untwisted (6°) and
twisted (#') sectors transform under E7 x SU(2) in the following representations:

(56,2) +4(1,1) (untwisted, 6°)

) 1 (3.1.9)

8((56,1) +4(1,2)) (twisted, 6°).
We can now Higgs the SU(2) giving vevs to three scalars, and we are left with 10 hypermultiplets
transforming in the 56 of F; and 65 singlet hypermultiplets, as advertised in section 3.1.1.
We can then break E7 further by sequential Higgs mechanism. Since the instanton numbers
corresponding to this embedding are (24, 0), we can not break the E} from the second Eg lattice
at all. A complete classification of orbifold limits of K3 along with their instanton numbers can
be found in [111].

ZQ (17_17[)70)0707070);

(2,0,0,0,0,0,0,0) SU(2) x Er x SO(16)’ n=4
Z3 (2707()’0’0’0’070);

(2,0,0,0,0,0,0,0) U(1) x SO(14) x U(1) x SO(14)’ n=0
Zs | (1,1,-2,0,0,0,0,0);

( 2,1,1,1,1,1,2,1) SU(3) x Eg x SU(9)’ n=3
Zy | (3,-1,0,0,0,0,0,0);

( ,0000000) SU(2) x U(1) x SO(12) x E n =12
Zs | (3,—1,— ~1,-1,1,1);

(3, — ,2 0 0,0,0,0) U(1)?2 x SU(T) x U(1) x SU(2)"? x SO(10)" | n =2

Table 3.3: Other Zy embeddings of the spin connection

3.1.3 Chains of dual models and the sequential Higgs mechanism

Once one has chosen a modular invariant embedding of SU (V) bundles, and maximally Higgsed
the gauge group on the Ejy lattice where the embedding has the lower instanton number, one can
perform a cascade breaking on the remaining gauge group along the chain Fs — F; — Eg —
SO(10) — SU(5) — SU(4) — SU(3) — SU(2) — (nothing). For the example of the standard
Zo orbifold, this goes as follows.

Starting with the (65,19) model with F7 x Eg symmetry remaining after the gauge embedding,
one can move to a point in moduli space where the F; gauge symmetry is restored. Under the
maximal subgroup Eg x U(1) € E7, the 56 of E7 decomposes as 56 = 27 +27 + 1 + 1. At
this point, there are 10 56, therefore 20 Fjg singlets charged under the U(1). We now give a
generic vev to the adjoint scalars in the unbroken vector multiplets, thereby giving masses to all
hypermultiplets charged with respect to Eg, and at the same time breaking Fg to its maximal
Abelian subgroup U(1)%. Using one scalar to Higgs the U(1), we get 19 extra gauge singlet
fields: the new spectrum is (84,18), the second model in the corresponding chain in [105]. We
can then move to a point in moduli space where the U(1)° is enhanced to Eg and continue this
procedure until no gauge symmetry remains on this lattice. In this way, one easily finds a chain
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of models with characteristics (ng, ny) [105]
(65,19), (84, 18), (101, 17), (116, 16), (167, 15), (230, 14), (319, 13), (492, 12) (3.1.10)

The same mechanism can be applied to the other embeddings in table 3.1. For the Zs orbifold,
n = 6, therefore we can maximally Higgs on the second lattice down to Fg. On the first Fjg
lattice, we first Higgs down to the rank-reduced subgroup and then start cascade breaking as
explained above. The result is a chain Fg — SO(10) — --- — SU(2) — 0 passing through
models with characteristics

(76,16), (87,15), (96, 14), (129, 13), (168, 12), (221, 11), (322, 10). (3.1.11)

For the Z4 orbifold, n = 4, maximal Higgsing leaves an SO(8) on the second lattice and the
embedding of the spin connection leaves a rank-reduced subgroup SU(4) on the first. The
resulting chain reads

(123,11), (154,10), (195,9), (272, 8). (3.1.12)

The Zg orbifold in table 3.1, finally, has n = 2 and therefore allows for complete Higgsing. The
rank-reduced subgroup is SU(5), Higgsed via the chain

(118,8), (139, 7), (162, 6), (191, 5), (244, 4). (3.1.13)

The last four models in each chain have candidate type II duals, i.e. known K3 fibrations
with the right Betti numbers. It is interesting to note that on the type-II side, the cascade
breaking procedure corresponds precisely to moving between moduli spaces of different Calabi-
Yau manifolds. Indeed, as pointed out in [40], this is strikingly similar to the specific type-1I
process described in [112].

3.2 Higher derivative couplings for Z, orbifolds

We will consider here the Fg x Fg formulation of the 10 dimensional heterotic string, where the
gauge degrees of freedom are encoded by 16 left-moving bosons, and compactify it on K3 x T2,
yielding another two left- and two right-moving bosons. These fields take their values on an
even self-dual lattice of signature (18,2) that will be denoted by T''®2. One can identify I''%2
as obtained from a Euclidean standard lattice by an SO(18,2) rotation. The moduli space of
inequivalent lattices is therefore given by

S0O(18,2)

. 3.2.14
SO(18) x SO(2) (3.2.14)

This homogeneous space can be parametrized following [44],[92] by

R _ 1
u() = @y y L -5w), yeC (3.2.15)
with y2 > 0, (y2,%2) < 0 and inner product

(z,y) = (&,9) —aTy” —a"y". (3.2.16)

The right-moving components of a vector in I''®? with respect to a vector (5, m_,ny,my,ng) in
the fixed Euclidean standard lattice are then denoted by pr = p - u(y), and we have

pL—rh 1
2 2(y2,y2)
Py -1

PR _ 7‘5 v+myy — n_yt +mng+ 177”L0(y7y)
2 2(y27y2) 2

(5 b+m_ny + mono), (3.2.17)

2
)

(3.2.18)
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The general expression for F'9) is given by [20, 113, 79

F(g)_ygl_l/ d’r 1’42 ( ))zlnt[] (3.2.19)

T2 |?7 even
where
Zma] = (- (0X)™ ) = P,CR[g]. (3.2.20)
Py(q) is a one-loop correlation function of the bosonic fields and is given by [114],[20]
3 2 s
rxim [ 2TA NS NS (g 0% 3.2.21
’ (m(A\T)) 22N Pola) (3221
and Ci"[2] denotes the trace over the (a, b) sector of the internal CFT with an insertion of o I -2,
namely
91219 a+ta gla—a
Zc(ajb)(_1)2a+2ﬁ+4aﬁ [5] [ﬁ;‘;g] [ﬁ—b] 'Z474[g] ) Z%Q[z], (3.2.22)
a,b

where c¢(a,b) are constants ensuring modular invariance.
Note that for g=1, (3.2.19) is just the unregularized one-loop gravitational threshold correction

M = d’r i 204-20+4a3 19[2}](7) % int o
! _/}' 5 <|77|4e%; =1 af< () >120g [5]>. (3.2.23)

The contribution from the bosonic (4,4) blocks reads

Z [ﬂ:mL (a,b) # (0,0) (3.2.24)
ST R ] ’ ’ -

while the bosons on the T? together with the 16 bosons corresponding to the gauge degrees of
freedom contribute [92]

1 ; 9 o lpr12 _Ippl?
Z%z [g] — Tse—szab’y? Z pQRg 2627rzb'y.pq pé q plg ' (3225)
g pelld24ay
Using
i _yetataagy (V81 OBIGEIIET Zialy) _ U
w2 D ; ! D=4 (3.2.26)
m (a,B)even l n 7l 19[1+b]19[17b]

one can write for (3.2.19)

1 d2r a,b 2miab(2—v2)
o) — 727_229 17329((1) Z c(a, b)e

Yol Jr 73 C SO0l )

29—2 Ipp? _Ipgl?
Z pRg 27rzb’ypq gz .
pel18.2 L qry
(3.2.27)

The constants c(a,b) can be determined by the modular invariance constraints [92]
¢(0,b) = 4sin*(nb)
c(a,b) = e’ria2(2_72)c(a, a+b) (3.2.28)
c(a,b) = e_QWi“b(Q_WQ)C(b, —a).

Introducing the Siegel-Narain theta function with insertion and shifts (see Appendix C.1)

lpLl® lppl®>
@g 7_ . a, b Z p29 2 1"]5 P12% emb’y-p7 (3'2'29)
pel+ay
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we can rewrite (3.2.27) as

1 d2r c(a, b)627riab(2—'y2)
9 — o1 ; T22T22g 17)29(q) Z 771819[1+a]19[1_a] @%1872 (1,7,a,b). (3.2.30)
1+b 1-b

For the special cases of N'=2 compactifications with a factorized T2, the prepotential and F()
have been shown to be universal, i.e. independent of the specific model [114]. In other words,
they are identical for all compactifications on K3 x T? with all Wilson lines set to zero. Ev-
erything then only depends on the torus moduli. It is easy to see that this also applies to the
amplitudes F(9): When we set all Wilson line moduli to zero, the lattice sum obviously factorizes

as :
> S (3.2.31)
pEFw’O-‘y—a"/ pEFQ 2
and we obtain
1 d T 929—1 ((L b) Fg— .
F(g\%L ~yo-1 —5 737 Paylaq) Z g i=a] Z q7e™ITPeL, (1)
F 7'2 ab 19[1+b]19[1 ] €r16.0 14
! P g (3.2.32)

where

0= Z 1+a > qée”iwp. (3.2.33)
] [1 b]

a,b 1+b p€el'16.04 gy

For modular invariance, (2 then has to be a modular form of weight (10,0). Since the spaces of
modular forms of even weight 2 < w < 12 are one-dimensional, {2 has to be proportional to the
single generator of weight 10 holomorphic modular forms F4FEg. Indeed, one finds easily

Q= Z 1+a]§[1 a] Z ]‘_[19 gizzj (3234.)

a,b 1+b 1-b1 A, Be{0,1} i=1

which can be checked to be —F,Fg. An abstract proof of this identity based on 6d anomaly
cancellation can be found in [15]. We thus find that (3.2.32) yields precisely the expression for
the STU-model without Wilson line moduli given in [29]. This universality property is related
to the structure of the elliptic genus [114, 115].

We will now consider the nontrivial case with non-vanishing Wilson lines. The lattice sum does
not factorize completely anymore. However, it should factorize partly, into a preserved and a
Higgsed part. Indeed, it turns out that one can now write F(9) as

1 d T ((I b) 2miab(2— 'y
FO =_— [ Z1:2972p, (¢ )Z Z@ (q) (3.2.35)
- 2 T g I 1 JE\T
Yol Jr 73 ab 771879[11(; ]
with
~ 2g—2 lpr12 |pgl?
@JJCZ Z P q 2 q 2, (3236)
perk+22

where F§+2’2 denotes the conjugacy class .J inside the lattice T*+%2 and ®%[¢](q) is a sum over
theta functions that will be determined in the following section. Note that (3.2.35) is manifestly
automorphic under the T-duality group SO(2+k, 2;7Z), since it has the structure of a Borcherds’
type one-loop integral [41].
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3.3 Wilson lines: Splitting the lattice

3.3.1 Decompositions of the Ejy lattice

Recall from section 3.1.3 that the sequential Higgs mechanism is realized by moving along specific
branches of moduli space, away from the generic point. This corresponds to imposing constraints
on the Wilson line moduli, such that at each step in the chain, the number of free Wilson line
moduli is reduced by one. The lattice then splits non-trivially into a Higgsed part with p-y =0
and a part depending on the remaining unconstrained moduli from Wilson lines and the torus.

First of all, we will determine how the lattice sum of Eg behaves under decomposition into
the maximal subgroups involved in the cascade breaking. Consider the Dynkin diagram of Fjg
(Fig. 3.2) and the simple root system given in table 3.2. In all the figures, crosses correspond
to Higgsed generators of the group, while the generators remaining in the Coulomb phase due
to Wilson lines are shown as circles. Note that as can be seen from the labeling of the Dynkin

a8

al a2 a3 a4 ab a6 a7

Figure 3.2: Eg Higgsed completely (no Wilson lines)

diagram, the subgroup E7 of Eg is spanned by as,--- ,ag, Eg by as,---,as, E5 = SO(10) by
ay, -+ ,ag, and so on for SU(5),SU(4), SU(3), SU(2). We denote the simple roots of the second
Eg by of.

We can now turn on one Wilson line, y ~ «1. On the other hand, turning on seven Wilson
line moduli can be encoded in the constraint a; -y = 0. Both cases result in a split of the lattice
sum of Eg into

2
§ : q% — § :qn%+---+n§7n1n27n2n37n3n47n4n57n5n67n5n8fn6n7

pEFE8 n; €7
_ Z q(m—%)2+%n§+n§+-~-+n§—n2n3—~~—n6n7

e | (3.3.37)
= Z Zq(m*%)Q Z q%(2"2*j)2+"§+"'+"§*(2n2*j)nsf"-*nem

7=0,1 n1 no,--ng€Z
= S0Py Y g tendend-@nasgng = —nen

Jj=0,1 N2, ,ng

Here and in the following, arguments (m-) stand for m - 7, see appendix C.1. The second sum
in the last line is nothing else than the sum over the conjugacy class of E7 corresponding to

(al,p) =J:

|

(rp)=2m—ma i Sma=2m—j
= p=mn101 + (2n1 — j)ag + ngag + - + nsas, (3.3.38)
3 o, J? ;
p? = 5(2m — )+ % +2n3 — 2n3(2n — j) — - -
and therefore
42 3(2 N2, 2 2_(9 A s »? i P’
5 Z qz( n2—j)*4ng--4ng—(2n2—j)ng—--—nng _ Z q? =q* Zq?, (3.3.39)
T2, M8 (p7a1):] E§1>
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We can also express the above in terms of theta functions. Rewriting the exponent in the second
sum in the last line of (3.3.37) as a sum over p with (p,a;) =0 i.e. as

J .
p=(n1—%)ar + (2n1 — j)ag + nzaz + - - - ngas

2
ny 7 ny j  ny . ny ny
= L L Lo Lo — g — L - =t 3.3.40
( 27711 9 2,n1+2+2,n1 J n3+2,n3 n4+2, ( )
nr nr ny
n4_n5+?7_n5+n6_7+n87n6_ ?—ns),
we can write this sum as
N2, ;N pEES) 2SN _j(%l
(p,1)=0
= Z q(Nl_%_%)2q%((N377)2+ +(N877) )
N1,N3,---Ng
Ns+-+Ng=j mod 2

e e (3.3.41)

— Z q(Nl—%—%)2q%((Ns—%)2+'~~+(N8—%)2)(_1)5(N3+~-~+N8—j)
N1,Ns€Z
a=0,1
b=0,1
2+5/2 2:6 ib
S o2l (1)
a,be{0,1}

We thus have decomposed the Eg-lattice according to Pg, — PE(0>PA<0> + PE(1)PA(1), as
7 7

1 1
shown in Fig. 3.3. This split has already been constructed in [109]. Indeed (3.3.37) is com-

pletely equivalent to the hatting procedure for Jacobi theta functions developed in [109] for this
particular split.

(O

al a2 a3 a4 ab a6 ar

Figure 3.3: Eg — E7 x SU(2)

&

O

al a2 a3 a4 ab a6 ar

Figure 3.4: Eg with 1 Wilson line

The same procedure applies when we split the lattice in other maximal subgroups. Namely,
we can decompose with respect to Eg D Fg x SU(3) :

Z q%— Z Z qmii e 2l Z 5 Bna—i2)* $nit+n—(3nz—jo)na—-—neny

Pl pg J2=0,1,2 n1,no€Z N3, ,NgEL
J71€{0,1}
31/2 31/2+J2/3 a/2+32/3 a/215 b-j2
= ) Il )Y I
j]l 00112 a,be{0,1}
2=4Y,4,

= PEéO) . PAéO) + 2PEél> . PAgl)7
(3.3.42)
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The last relation in (3.3.42) follows from

Z 6(n3—%)2+n§+~~+n§—n3n4—~~~—n6n7 o _i2 Z »2 _ 22
q =q 3 gz = qz, (3.3.43)
n e ms€l Pelsg B
(paal) 0
(pya2)=j

and from the fact that Eé] =D and Eé:2 are equivalent. This case corresponds to 2 respectively
6 Wilson lines.

Analogously, we have lattice decompositions with respect to Eg D SO(10) x SU(4) (3 or 5
Wilson lines)

> o

pElEg
Z Z q(m——) +3(na+2 —22)246(n3+22 —23)2 Z qg(4n4_]-3)2+...+n§_(4n4_j3)n5_..._n6n7
73=0,1,2,3 n1,n2,n3€%Z N4, ,NSEL
j1€{0,1}
j2€{0,1,2}
Z Z 19]1/2 32/3031/2](6 )ﬁ[]3/4 32/3 Z 1911/2+Js/4 )19[;//22]4(_1)b-j3
J3=0,1,2,3 j1=0,1 abe{Ol}
Jj2=0,1,2
D - PAéO) + 2PDél) . PAgl) + PDéz) . PAéQ)’
(3.3.44)
and for Fg D SU(5) x SU(5) (4 Wilson lines)
2 . . . .
Z q% _ Z Z 9] Jl/2 [12/30 J1/2]( )19[]3/40—%/3](12_)19[14/5(;13/4](20_),
pEl' By Jja=0,--,4 751=0,1
j2:0,172
ot (3.3.45)
2474/5 2 .5 c
RN (GO AR GV
a,Be{0,1}
AA(LO) . PAEIO) + 2PA511) . PAELU + 2PA4(;2) . PAELQ).

Note, however, that there are many other ways to decompose the lattice under other maximal
subgroups. As an example, we can decompose Eg — SO(14) x SU(2) as shown in Fig. 3.5:

a8
W@@XQ
al @2 & a & B a

Figure 3.5: The split Eg — SO(14) x SU(2)

2

Yo qT =Y St 3T i G eniend = CGno—g)ns—nsns—nns (3.3 46)

PElEg Jj=0,1 n7 N1, 16N

2
Denoting the lattice sum Zpel“Es ¢'T by f(7), the splittings (3.3.37)-(3.3.45) labeled by the

lower number of Wilson lines £ = 1,--- ,4 can be cast into the general form
fr) =565+ fhe ", (3.3.47)
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(k) ERTPRRTE St =t e
o = S o)l e ol T oS T Gk (),
j1=0,1
jk71=(:],---k71
(3.3.48)
and k L B
p€El'pg
(p,a1)==(p,ax-1)=0
(pvak):‘]
For the chains of models in [105], we find the explicit expressions
a J/(k a — .
=3 ol N+ 1)) TR (-1 (3.3.50)
a,b=0,1
for k even and e )
=30 oD (e + 1)) TR (1t (3.3.51)
a,b=0,1

for k odd.

We can write down the same decompositions including the shifts due to the orbifold embedding.
In the chains of models in [105], the shifts are of the form v = (a1 + 2a9 + -+ - + may,) and
thus deform p to p+ay = (n1 + a)aq + (n2 + 2a)as + - - - + (N +m - a)a;. Therefore, 9519) gets
deformed to

k)ra
05151 (@) =
i1 j2 i1 Jm 7J'm717m.a _J Jk—1
S IR FIE) o e m 1) 9[0T ke (k1))
. 0 —m(m+1)b 0
71=0,1
jk—1:67-~k—1
(3.3.52)
Similar realizations exist for other types of shifts. On the part of the lattice denoted by ff} , it is
more convenient to write in an orthogonal basis v = (v1,- -+ ,77-%,0,--- ,0) and we get for ff}
with k even
AJ2+0/(k [
a —mi Y. v;Ba 2 1 2+-ary; .
= >0 ermmBey L (4 1)) TT ol 1 (=D, (3.3.53)
A,B=0,1 i=1
respectively for k£ odd,
7—k
a —7ri .viBa A/24+J/(k+1 A/2 avy; .
A DR e (RS DN | /el (C Vs (3.3.54)
A,B=0,1 i=1

Cases with more than 7 — k& non-vanishing entries in « have to be considered separately, see
section 3.3.2.

The lattice splits derived above are the main ingredients for computing the F(9) in models with
Wilson lines. Indeed, turning on one Wilson line in the chains of [105] corresponds to preserving
a U(1) that can be enhanced to an SU(2) while Higgsing an E7, and will therefore be reflected
by a split as in (3.3.37). On the other hand, turning on seven Wilson lines Higgses an SU(2)
while preserving a U(1)7 that can be enhanced to E7 and therefore corresponds to the same
split with sides exchanged, or equivalently: the same modified Dynkin diagram (Fig. 3.3) with
circles replaced by crosses. Similarly, (3.3.42) corresponds to 2, respectively 6 and (3.3.44) to 3,
respectively 5 Wilson lines. For 4 Wilson lines, one can choose to Higgs either side of the lattice.
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al a2 a3 a4 ab a6 ar

Figure 3.6: Eg with 5 Wilson lines

a8

al a2 a3 a4 ab ab ar

Figure 3.7: Eg with 4 Wilson lines

3.3.2 Moduli dependence

We can now use the above to decompose the full lattice sum with torus moduli, Wilson moduli,
shifts and insertions. Note that when the vector of Wilson line moduli y is not orthogonal to
the shifts, i.e. v -y # 0, we turn on Wilson line moduli corresponding to the part of the gauge
group only present in the orbifold limit. This results in freezing the vector moduli at that special
point of moduli space, and the degeneracy of vacua gets lifted: The couplings corresponding to
equivalent embeddings with different N can be different [92].

We therefore impose here v -y = 0, restricting the Wilson lines to the part of the lattice
orthogonal to the shift. We have to distinguish the cases of less than four Wilson lines from
those with four and more. In the latter, v -y = 0 is automatically fulfilled for the shifts given in
table 3.1, as the Wilson lines are active on the right-hand side of the Dynkin diagram while the
shifts act on the left. If we turn on less than four Wilson lines, those are active on the left-hand
side of the diagram, as explained in section 3.3.1. This means that we have to choose the shift
such that it does not interfere with the Wilson lines, and in such a way that it preserves the
part of the diagram where the Wilson lines are active. For the Zs, Z3 and Z4 embeddings on the
first Fg lattice (see table 3.1), it is sufficient to move the shift to the other end of the diagram,
redefining 7%2 — 7’212 = (06,—1,1),7%3 — 7’213 = (0°,-2,1,1),7z, — 7’214 = (0*,-3,1,1,1). In
the case of the Zg orbifold, this does the trick for one and two Wilson lines, but if we turn
on a third one, it is not orthogonal to 7’216 anymore. However, we can choose the equivalent
embedding v' = (2,2,2,2,2,0%), orthogonal to y € span(ay,az,as3). In this case, this is also a
valid choice for zero, one and two Wilson lines. The Wilson lines on the second FEg, unchanged
throughout the sequential Higgs mechanisms, work out similarly. Only the Z4 orbifold is slightly
more delicate, as the Wilson lines corresponding to maximal Higgsing on the second Eg preserve
an SO(8), and therefore act in the center of the diagram. The combination of theta functions
corresponding to the Higgsed lattice can however be determined using (3.3.49).

a8
al a2 a3 ad ab ab a7

Figure 3.8: Eg with 4 Wilson lines, alternative split
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al a2 a3 aa ab a6 a7

Figure 3.9: Eg with 3 Wilson lines

For one Wilson line, we thus write

2 2
(29-2) LI _WPRIZ onipy.p 292 )? g2mib
> RN = S (pu(y) g g e
pET18:2 4 gy pET18:2 4 qry

8
—i ~'Ba A/2 az'. A
=Y >, emEad (Hﬁ[B%ib—?;]) o2 (-1

J=0,1 A,Be{0,1} i=3
a,B€{0,1}

_ 20 _ e ()2

ot (o). 5 o sprtgntronn g

ni,nt, M+

=" 11089, (a,),

7
(3.3.55)
where ©%,(¢,y) is defined in (3.2.36), and
a —ria S8 A/2+a f A J
A=Y emeXisnb (Hﬁ (5/ar] ) 25722 (-1)B7
A,Be{0,1}
o,8e{0,1} (3.3.56)

i 16 2+a
L a—Ta Y20 viB H af/ 7]
€ 19 6/2""17’73

This is nothing else than (3.3.54) applied to the whole lattice of two Eg and the torus, and
including the shifts. Analogously, we get for k& < 4 Wilson lines

—2) lerl? _ppl? o

S e g s g E e = Zf] 09 .41, (3.3.57)

pel18.24 gy
where for k=3
a —7ia 38 A2+aL A2 J/4
A= 3 emerie (Hﬁ%@) 2 ) (1B

A,Be{0,1}
a,8€{0,1} (3.3.58)

— i 16 24-a
mia Yy ;2o H o/ ’YJ
© 9] 5/2+b% ’

and for k = 2 or k = 4 Wilson lines, using (3.3.53),

a —mia 38 A/2+av; A
A= > e T ( IT 9] ) Il Nk + 1)) ()P
A,Be{0,1} i=k+2
,5€{0,1} (3.3.59)

— i 16 2+a
miad ;2 g7 a/ “/]
© ' H s /241,
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When more than four Wilson lines are turned on (k > 4), we decompose analogously as

20—2 lpp1? \IJ i
Z pg%g Vg 5 g 5 e2mitvp — Z 05[] 09 44, v), (3.3.60)
pel18:2 L ay

where 0%[¢](g) is (3.3.52), supplemented by the contribution from the second Ej lattice.
Any other split for any number of Wilson lines fulfilling the constraint « - y = 0 can be realized
similarly. In the above, we have assumed that the second FEg lattice is Higgsed completely,
without any Wilson lines. If this is not the case, as for example for the Zs, Z3 and Z4 models in
[105], the second lattice also has to be split according to the above prescription.

Note that these splits describe a “generalized hatting procedure” analogous to the 1-Wilson
line case analyzed in [109] for generalized Jacobi forms. In the 1 Wilson line STUV model, the
relevant forms are standard Jacobi forms

V)= c(dn —1%)g"r! (3.3.61)
n>0
leZ

2miT — 627TV

with ¢ = e“™,r , admitting a decomposition

f(T7 V) = fev (7—)9@1}(77 V) + fodd(T)eodd(Tv V), (3362)

where 0, = 05(27,2V), Ooqq = 02(27,2V). The effect of turning on a Wilson line can be
described by replacing f(7, V') by its hatted counterpart [109]

A~

f(T, V) = fev(T) + fodd('r) (3.3.63)

In the generic, k Wilson line case considered here, we decompose the lattice sum as in (3.3.47).
When k < 4, the “generalized hatting” due to the Wilson lines is

PRI Vis- Vi) = fE 1) + - fE (), (3.3.64)

where ff}’ and f,f +1_ are equivalent. When k > 4, we have to keep the other part of the split
lattice. This yields the “complementary hatting”

FE Vi, Vo) = 05 F 1 (r) + - 0 P [5](7), (3.3.65)

1 p8—k _ p8—k
with 657% =0,

3.3.3 Computation of F¥

In the following, we will denote the number of Wilson lines by k and write the split lattice sum
as

Z 5[11(9)01,,(a), (3.3.66)

where ®%[¢](q) is the function appearing in (3.2.35) and stands for fX[¢] or 6%[¢](g), whichever
is applicable. We expand the modular function in the integrand of (3.2.35) as

" (CL b) 2miab(2—v2) X L
Pog(@)F5 () = Pagla) Y ysgragie 2ol@) = S k)t (3.3.67)
ab CireiA ey neQy

where Q7 denotes the subset of Q containing the powers of q appearing in the conjugacy class
J. Since different conjugacy classes correspond to different rational powers of ¢, we can sum
over J without loss of information and write

Do)=Y e )" (3.3.68)

neQ J neQy
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We can now evaluate the integral (3.2.27) using Borcherds’ technique of lattice reduction [41]
reviewed in appendix A.1. We choose the reduction vector to lie in the torus part of the lattice,
the result is therefore only valid in the chamber of the T, U torus moduli space where the
projected reduction vector z; is small. The result looks very similar to what was obtained in

[29] for the STU-model and can be simplified to read! F(9) = F(g) + Féoldeg where

(3/2:2/2)8 VT k )\2 1 T2 l
Féﬁ; T I 1t 5omigs 2027%) zg ;D Zlel 2944 (¢ y))cgfl(3>m(_72) (3.3.69)

2
AETHO 1=0 2y5
(9) _
anndeg
=1 (425751 I-C 2
29—l—3) 1 (—Re(r-y)™" & 1. .
Cg—1(5 ) Liz—2g11+c(e™"Y)
=0 C=0 T@;l 1 ( c (l— C)!QC (Y2, y2)! 9= 2
c1(0) (29— 3 —1)!
+ L 3+2 Mo
29(g — 1)(y2,y2)9 Zl' 2(y2,92)) ZC( O ))(29—3—2l)!

(3.3.70)
This can also be compared to the expressions obtained in [92] for genus one. The lattice sum
in (3.3.70) is over the so-called reduced lattice T¥*11. This is a sublattice of the original lattice
#4222 parametrized by (ng, mg, b;).
A highly nontrivial check of the computation is provided by the Euler characteristics of the
corresponding Calabi-Yau manifolds, respectively the difference njp — n, on the heterotic side.
Heterotic-type II duality implies [29] that it should be given by the normalized ¢° coefficient of
F%, namely

¢5(—1)
One indeed finds precisely the chains of Euler characteristics given in [105], see table 3.4. The
corresponding K3-fibrations are listed in table B.1.

2(np —ny) = x(X (3.3.71)

Zo | 92 132 168 200 304 412 612 960
Zs 120 144 164 232 312 420 624
Zy 224 288 372 528
Zg 220 264 312 372 480

Table 3.4: Euler characteristics x for the models in [105]

3.4 Heterotic-type II duality and instanton counting

3.4.1 Moduli map

In this section, we will determine geometric quantities on the dual Calabi-Yau manifolds on the
type II side using the heterotic expressions obtained above.

The heterotic dilaton S gets mapped to the Kahler modulus to, therefore heterotic weak cou-
pling regime corresponds to t5 — oo. This restricts the instanton numbers accessible to our
computation to those classes where the corresponding coefficient lo vanishes. The mapping of
the remaining heterotic moduli from the Torus and the Wilson lines (7,U, Vi, -- V) to the
Kahler moduli (¢1, - - tx4+3) on the type II side can be determined for models with small number

!see the appendix of [42] for details of the simplification
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of Kéhler moduli comparing the classical pieces of the prepotential [109]. In order to compare
with the instanton numbers in [110], we extend the map of [109] to two Wilson lines as follows:

T — t1 + 24 + 3t

U — 1 +t3 + 2ty + 3t5
Vi—ty

Vo — 5

(3.4.72)

implying that the numbers (ng, mg, b;) in (3.2.18) map to the numbers /; on the type II side as

li =nyg+mo Iy = 2(n0+m0) + b
b =0 l5 = 3(n0 + mo) + by (3.4.73)
13 = Nnyg.

For higher numbers of Wilson lines, we cannot conclusively determine the map due to lack of
information on the type II side, but it is clear that such a map exists and that it is linear. In
order to extract genus g instanton numbers from the expansion (3.3.67), we have to specify the
norm (p,p). Redefining the indices in (3.3.37)-(3.3.45) as

_ Gy b
(1= 35) 1
- = 3 - — = — +3(=— =) =by —biby + =
(m = 5)" #3435 -3) — g PG ) ikt
LAY 2_92 é_fz bj ﬁ_@2 bj_bj2 (3.4.74)
(ny 2) +3(n2+2 3) +6(n2+3 4) - +3(2 3) +6(3 4)
2, 12 3b3
:b1+b2—b1b2—b2b3+?,
we find the norms given in table 3.5. We thus have for the instanton numbers
& (ng, mo, b1, b)) = I (ngmo — b3 — - — bz +byby---b b—kib’%’) k<4
k\10, 170, Y1, k L\TL07T0 1 k—1 k—1Vk 2(k+1) ; >~
(10 — k)b3_
¢ (no, mo, bo_, - - - bg) =} (nomo — 2(97—kg)k — b — - — b3 + bo_kbio_ + - - - bsbs,
k>4,
(3.4.75)

confirming the conjecture made in [109]. Note that the last b, determines the conjugacy class.

3.4.2 Extracting geometric information

The topological couplings F(9) are the free energies of the A-model topological string. They
have a geometric interpretation as a sum over instanton sectors,

FO@) =3 "N, 5Q°, (3.4.76)
B

where Q; = e, 3 = {n;} in a basis of Hy(X) denotes a homology class, Q% := e~*™ and Ny
are the Gromov-Witten invariants, in general rational numbers. With the work of Gopakumar
and Vafa [23, 24], a hidden integrality structure of the N, 3 has been uncovered. The generating
functional of the F(9),

oo

F(t,gs) =Y F9(t)g292, (3.4.77)
g=0
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Dhet
nomo
b2
1
nomo 4

nomo — b1 + blbz — %

nomeg — b2 - b2 + bi1by + bobs — =2

nomo — b2 — b3 — b2 + byby + b2b3 +baby — 24
nomo — 25 — b2 — B2 — b2 — b2 + bybs + bsbg "\ by + bobr + bbs

nomo — 28 — b2 — b2 — b2 — b2 — b2 + baby + bybs + bsbg + bsbs + bebr + brbs

nomo — 52 — b3 — b3 — b2 — b — b2 — b + babs + bsby + babs + bsbg + bsbs + bebr + brbs

N O U e W N O

Table 3.5: The norm (phet, Phet)x for & = (0,1, ---7) Wilson lines

can be written as a generalized index counting BPS states in the corresponding type ITA theory:

292
F(t,gs) ZZZnﬁd <281 dgs> B QY, (3.4.78)

g=0 B d=1

where the numbers n% are now integers called Gopakumar-Vafa invariants. Since the homology

classes (8 are labeled by lattice vectors p, we write the Gopakumar-Vafa invariants for models

with k Wilson lines as n]; (p) = n’g“( 2) We also write, in terms of the instanton degrees on the

type II side, n’;(ll, oo lgas).

From the structure of the F(9), one can deduce that the coefficients ¢ (%) appearing in (3.3.69),(3.3.70)
are related to the Gopakumar Vafa invariants through

)\ 2g—2 pQ
> mp <2 sin o > = ZC’J(;)W‘Z- (3.4.79)
920 9>0
The Gopakumar-Vafa invariants can be obtained efficiently using the formula [79]
o0 2
Yo D w7 =) FiaE (=), (3.4.80)
p€EPic(K3) g=0 J

where F%(q) is defined in (3.3.67), and

H Epn (3.4.81)

n:l

3.4.3 Gopakumar-Vafa invariants

Table 3.6- table 3.8 show conjectural GV invariants n’gC for the K3 fibrations dual to the STU-,
the STUV-, and the STUV;Vs-model. Similar tables for the other models considered in this
work can be found in appendix B.1, along with a list of the dual pairs of [105].

For comparison with [110], we give the genus 0 instanton numbers in notation
(1 lgys) = nlg(ll, -+ lgy3) for models with one and two Wilson lines in table 3.9, 3.10. We find
indeed perfect agreement with [110].

Another nontrivial check is provided by the requirement of consistent truncation: in [110],
the authors deduce that the following relations have to hold between instanton numbers with
3,4,and 5 moduli

oI, 12, 13) = Zno l,l2, 13, %) no(ly,lo, I3, 1a) = > np(ln,la, 15, s, ). (3.4.82)
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g|Z=-1] o0 1 2 3 4 5

0 -2 | 480 | 282888 | 17058560 | 477516780 | 8606976768 | 115311621680

1 0 4 -948 -568640 | -35818260 | -1059654720 | -20219488840

2 0 0 -6 1408 856254 55723296 1718262980

3 0 0 0 8 -1860 -1145712 -76777780

4 0 0 0 0 -10 2304 1436990

Table 3.6: n’;(é) for Zg, 0 Wilson lines (STU), dual to X 12812
g|h=-1]-3] o 1 1 / 2 ey 5
0 22| 56 | 372 | 53952 | 174240 | 3737736 | 9234496 | 110601280 | 237737328
1 0] 0| 4| -112| -732 | -108240 | -350696 | -7799632 | -19517380
2 0] o] o 0 6 168 1084 162752 528582
3 0] o] o 0 0 0 8 224 “1428
Table 3.7: Zg,1 Wilson line (STUV), dual to X 126,10

g|H=-1]-4] 0 : ! 3 2 5 5
0 2| 30 | 312 | 26664 | 120852 | 1747986 | 5685200 | 49588776 | 135063180
1 0] 0| 4| -60| -612| -53508 | -243560 | -3656196 | -12097980
2 0] 0| o 0 6 90 004 | 80472 | 367458
3 0] o] o 0 0 0 8 “120 1188
4 0] 0] o 0 0 0 0 0 10

Table 3.8: Zg, 2 Wilson lines (STUV;V3), dual to X11:26:8

[0001] 56 | [1001] 56 | [1003] 56 | [3014] 174240
[0002] -2 | [1002] 372 | [1000] -2 | [1011] 56
[1004] -2 | [2012] 372 | [0003] O | [2013] 53952

Table 3.9: Numbers of rational curves of degree [I1,0,ls,l3,14] on X 112610 (dqual to Zg,1 WL)

[00001] 30 [10011] 30 [00002] 0 [10023] 312
[00010] -2 [10022] 30 [00012] 30 [10010] -2
[00023] -2 [20101] 26664 | [00011] 30 [20169] 312
[00101] O [30141] 0 [00013] -2 [30144] 30
[30145] 26664 | [30146] 120852 | [30147] 26664 | [30148] 30

Table 3.10: Numbers of rational curves of degree [I1,0,13,14,15] on X 11268 (dual to Zg, 2 WL)

Our numbers indeed fulfill this constraint, as for example
n3(0,0,0,1,0) +--- +n2(0,0,0,1,3) = =2+ 30 + 30 — 2 = 56 = n$(0,0,0, 1), (3.4.83)

n6(0,0,0,0) + - +ny(0,0,0,4) = —2 + 56 + 372 + 56 — 2 = 480 = n)(0,0,0),  (3.4.84)
and
n3(3,0,1,4,0) +--- +n2(3,0,1,4,8) = 174240 = n}(3,0,1,4). (3.4.85)
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This relation should also hold at higher genus and for higher numbers of Kéhler moduli [97],
namely we expect

i, lo, - liyps) = Y g (1 la, -+ liys, @) (3.4.86)

Indeed, we have for example for truncation from 2 to 1 Wilson line (tables 3.7, 3.8) 4—60—60+4 =
—112, =6 +90 4+ 90 — 6 = 168, and 90 + 904 4+ 90 = 1084. All instanton numbers produced,
including those in tables B.2-B.15, fulfill the truncation identities

nO(1) =2 <n;(o> +n;(i)> (1) n0(2) =2 <n;(—i) (1) +n;(z)) k()
ng(1) =2 <n§(—;) + ng(i)) +ng(1) ng(2) =2 <ng(—1) + ng(g) + n§(§)> +ng(2)
n3(1) =2 (@(—é) + n2(2)> Fndl) nR2)=2 (ng(;) + n§(183)> T+ d(2)

R3(5) = (=) + 730) +nd(5) + () H0) = nd(—3) + ().

(3.4.87)
Note that these identities hold —as far as we can verify— at general genus and independently of
the specific chain, as expected. Again, this provides a non-trivial check of our results.

Conclusion

In this chapter, we have shown how to compute higher derivative couplings for general symmetric
Zn, N = 2 orbifold compactifications of the heterotic string with any number of Wilson lines.
In particular, this provides conjectural instanton numbers for each of the models in the chains
of heterotic-type II duals of [105]. Unfortunately, our results can so far only be checked for
up to two Wilson lines, since for higher numbers of vector multiplets the type II computation
becomes very involved. They do however fulfill nontrivial constraints coming from the geometric
transitions on the type II side [110].
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Part 111

INSTANTONS IN MATRIX MODELS AND
TOPOLOGICAL STRINGS
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It is a well-known fact that the 1/N expansion of gauge theories has nonperturbative correc-
tions which behave as e™" [116, 48]. Physically, these corrections are due to instantons in the
collective field theory describing the large IV limit. In cases where the gauge theory has a string
dual, they typically correspond to D—brane instanton effects. Based on general arguments, one
should expect that these e effects are in turn related to the large-order behavior of the 1/N
expansion, as in standard field theory [117].

Perhaps the simplest class of large N gauge theories with dual string theories are matrix
models. These dual pairs fall in two classes. One is noncritical string theory, i.e. whose conformal
algebra has central charge ¢ < 1, corresponding to matrix models in a certain double-scaling
limit near the critical point (see [118] for a review). The second class is the B-model topological
string, corresponding to matrix models off criticality. This duality, mentioned in chapter 1 and
to be reviewed in more detail in section 4.2, was first proposed for some geometries in [32] and
has recently been extended to the mirrors of toric manifolds [29, 36]. In these examples, the
matrix model is evaluated at generic values of the couplings, corresponding to generic complex
structure moduli. If one further tunes the couplings to the critical point taking a double-scaling
limit, one finds that the free energies near this point of moduli space satisfy the Painlevé 1
equation describing two-dimensional gravity, see, e.g., [119].

The instanton configurations in the 1/N expansion have been identified long ago in terms of
eigenvalue tunneling [48, 120, 121], and they have been studied in great detail in the double—
scaling limit. In [120, 121}, David derived the action of the instanton configuration corresponding
to the tunneling of a single matrix eigenvalue across the well of the unstable effective potential.
This is a one—instanton effect; we refer to tunneling of several eigenvalues as multi-instanton
effects. David explicitly showed that, near the critical point, this one—instanton action correctly
predicts the large—genus behaviour of the free energy of the matrix model in the double—scaling
limit, where the latter is obtained independently of the instanton computation via a solution
to the so—called string equation. In the dual non-critical string theory, the instanton effects
considered by David were later identified as D—instanton effects [122, 123] due to the so—called
ZZ branes [124], and it was shown in [122, 51] that a direct D-brane calculation reproduces
the instanton action obtained from the double—scaled matrix model. This line of research thus
made explicit the connection between D—instantons in string theory and eigenvalue tunneling in
the matrix model dual. Quantum fluctuations around this one-instanton configuration, again
restricted to the double—scaling limit, were further analyzed in [125], and more recently in
[126, 127], but the connection to the large-order behavior of perturbation theory was never
explicitly addressed in any of those papers. In fact, it is surprising that to this date there has
been no detailed study of instanton configurations in the matrix model off—criticality, nor of
their connection to the large-order behaviour of the 1/N expansion. In [126, 127] a general
setting for this study was presented but the results of these papers are incorrect once we move
away from the critical point.

The main goal of this part is to fill this gap. In chapter 4, we review the relevant material
about matrix models, the duality with topological string theory and the connection between
instantons and large-order behaviour. We then present a computation of the instanton amplitude
in generic one-cut hermitian matrix models up to two loops, published in [71], in chapter 5. We
test our results with the large-order asymptotics of both matrix models and their proposed dual
topological string theories, obtaining excellent agreement [71]. This is not only a check of the
duality beyond perturbation theory, but also shows that the matrix model description contains
nonperturbative information about the topological string that is difficult to define let alone
compute directly. Chapter 6 extends the computation to multi-cut respectively multi-instanton
models [72].
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Chapter 4

Topological Strings at Large Order
from Matrix Model Instantons

This chapter contains an introduction to the main concepts relevant for the rest of this part.
The organization is as follows. Section 4.1 contains a review of hermitian matrix models and
their instanton configurations. In section 4.2, we review the relation between matrix models
and topological strings, focusing on the Dijkgraaf-Vafa conjecture and its recent generalization.
Section 4.3 reviews how instantons determine large-order behaviour in field theory and quantum
mechanics.

4.1 Matrix Models

4.1.1 The 1/N expansion and the Eynard-Orantin recursion

Matrix models are quantum gauge theories in zero dimensions, and thus in a sense the simplest
examples of quantum field theories. Nevertheless, they are surprisingly complex and share many
features with ordinary QFTs, such as nonperturbative effects and a nontrivial phase structure.
Much of the magic of matrix models lies in their large-N expansion, where N is the rank of the
gauge group respectively the size of the matrices. This expansion, also known as topological, is
known to have enumerative content [128, 129], and is therefore the one we are interested in. We
will summarize in the following some of the main properties of matrix models at large N. For
a more detailed introduction to the subject, see e.g. [118, 9.
A matrix model is defined by the partition function

1 — LTV (M)
[ = M s 4.1.1
ol (U(V)) / dMe ! (4.L.1)

where the integration is over some ensemble of random matrices, in the cases considered here,
hermitian matrices. V(M) is a polynomial potential of the form

M2+ gpMP, (4.1.2)
p

therefore the action has the obvious gauge symmetry
M — UMUT. (4.1.3)

Integrating over eigenvalues instead of matrix elements, we obtain

N
1 L N .
Zy = = | [JdN A2\ e s 2= V) 4.1.4
N N!(QW)N/i:1d/\ (MNe s 7 (4.1.4)
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ik/\kj

Figure 4.1: cubic vertex in double-line notation

where A(A) = [[;;(Ai — Aj) is the familiar Vandermonde determinant. Note that this can also
be written as

Zy = N|/Hdz" g5 Vess (30) (4.1.5)

with the effective potential

Vett (i) = V(z) — 29, > _log|zi — 2. (4.1.6)
i#]
In the above expression, Vg contains an effective Coulomb repulsion, resulting in eigenvalues
spreading out over an interval C. This correlation of eigenvalues is due to the constraint from the
matrix ensemble; even though the matrices are random, their eigenvalues are not. This property
of matrix models has led to various applications in statistics, ranging from the distribution of
mexican buses to financial data [130, 131].

In the ordinary perturbative expansion, each Feynman diagram will generically give rise
to several terms with different powers of N. In order to resum the perturbative expansion
collecting powers of N, we introduce the double-line notation due to 't Hooft [5]. Since the
fundamental field M;; is in the adjoint representation which is the tensor product of fundamental
and antifundamental representation, we can consider the indices 7, j separately as indices of the
(anti-)fundamental representations N, N, and replace the ordinary, single-line propagator by a
double-line propagator keeping track of these indices. In this notation, the cubic vertex

TrM® = M;;Mj, My (4.1.7)
ijk
is represented as shown in Fig. 4.1. The propagator of the theory reads
(Mij My1) = gs6udjk (4.1.8)

In the fatgraph notation, there are now two ways of joining two cubic vertices together by three
propagators, shown in Fig. 4.2. Both correspond to the same Feynman diagram in the ordinary,
perturbative expansion, but give rise to different factors of N, depending on how the lines are
glued together. The first one contributes

Z <MZJMnm> (M]kM0n><Mk‘szo> = 95N3 (419)

ijkmno
The second one contributes

Z <MijMnm><Mjkao><MkiMon> - gsN (4.1.10)

ijkmno

Obviously, the power of N corresponding to a given fatgraph is equal to the number of closed
loops that it contains.

95



e YA
<\

Figure 4.2: two cubic vertices

What if we try to draw the fatgraphs in Fig. 4.2 on a Riemann surface without letting any
lines cross, such that the lines can be seen as edges of holes in the surface? It is easy to see that
this is possible on a sphere for the graph on the left, while it takes at least a torus for the one
on the right. We thus define the genus of a fatgraph as the minimal genus of such a surface,
given by the standard topological relation

29—2=P—V —h, (4.1.11)

where P is the number of double-line propagators, V' the number of vertices and h the number
of closed loops, or holes in the surface. Each fatgraph then comes with a factor

_ Vi — V; — — V;
gt VN 19" = 920" [[ 9" = >N [[ 9", (4.1.12)
p p p

where we have introduced the 't Hooft parameter
t = Ngs. (4.1.13)

This is a crucial step. In the seminal paper [128], it has been shown that the infinite number
of fatgraphs of genus 0, called ”planar”, can be summed up to obtain the genus 0 partition
function in closed form. In [132] the analysis has been extended to higher-genus quantities.
Note also that at fixed 't Hooft parameter, the genus expansion in g5 is completely equivalent
to an expansion in % In the large—N limit, the distribution of eigenvalues becomes continuous
and one can write

Ve () = V() — 2t / p(X)log |A — X|dN, (4.1.14)

Here, p(z) is the density of eigenvalues. Due to their mutual Coulomb repulsion, they are
equally distributed over an interval C, the ”cut”. This density is completely determined by the
requirement that the effective potential be constant along the cut,

Var(X) = (), A eC. (4.1.15)

A fundamental quantity at large N is the so-called resolvent, defined by the correlator

@A) = %mx —1M

)= g2we(N). (4.1.16)
g
The discontinuity of its genus zero piece across the cut encodes the density of eigenvalues,

() = —%(wo()\—i—ie) ~wo(A—i6)). (4.1.17)

A convenient way to encode the genus-0 solution is to define the so-called spectral curve

y(A) = W'(X) — 2two(N), (4.1.18)
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where we have introduced
W' (A\) = —t (wo (A + i€) + wo(A — ie)) . (4.1.19)

The spectral curve y(z) is a hyperelliptic curve that will play a fundamental role in the next
section when we discuss the connection with topological string theory. It has a branch cut along
C and can also be written as

y(p) = M(p)v/(p —a)(p— ), (4.1.20)
where M (p), known as the moment function, is given by

[ dz V'(2) 1
M(p) = 0 2m z—=p \/(z—a)(z—b)

(4.1.21)
with the contour of integration being around the point at oco. The endpoints of the cut follow
from the equations
7{ dz V'(z) _0
c2miJ(z—a)(z—0)

dz 2V'(2)

— —2
c2m \/(z—a)(z—b) !

There is also a useful formula for the moments of the function M (p), which are defined as

(4.1.22)

k—1
() 1 d
= — —FM k>1 4.1.2
a,b (k‘ o 1)' dpkil (p) p:a7b7 = 4 ( 3)
given in terms of contour integrals [45]:
dz V(2 k dz V(2
M5k>_]é2. H(l) T 5)—%2- ;() T (4.1.24)
4Tl (z —a)" 2(z —b)2 c 4Tl (z —a)2(z—b)""2

The object we will mainly be interested in in the following is the normalized free energy,
defined by

VA
F =log

N
== 4.1.25
A ( )

where Zﬁ is the partition function of the Gaussian matrix model, defined by the potential

V(M) = %M 2. The free energy has a perturbative genus expansion

F(t)=logZ =) Fy(t)g39 > (4.1.26)

g=>0

Another important set of quantities in a matrix model are the connected correlation functions

1 1
Wi(p1, ... pn) = ( Tr Ty , 4.1.27
) = (T ph_M>(C) (4.1.27)

where the subscript (¢) means connected. These correlation functions are generating functions
for multi-trace correlators of the form

1
Wh(p17 v 7ph) = Z m <TI'Mn1 e 'TI'Mnh>(C), (4128)
n;>1P1 Pp

and they further have a g; expansion of the form

+o0
WPty 0n) = > g2 2 Won(pr, ... s t). (4.1.29)
g=0
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Eynard-Orantin recursion

It turns out that the quantities Fy(t) and Wy (p1,...,pn;t) can be computed in terms of the
spectral curve alone. More precisely, knowledge of the endpoints of the cut, a and b, and of
the moments (4.1.23), is all one needs in order to compute them. This was first made clear in
[45] and later culminated in the geometric formalism of [133, 134, 33]. The central quantities in
this formalism are meromorphic differentials W, 1.(p1, - - - , pr) on the curve. If the spectral curve
happens to correspond to a matrix model, these are just the correlation functions of the matrix
model as defined in (4.1.29). However, the crucial insight of Eynard and Orantin was that these
objects could be constructed on any affine curve, even if it is not connected to a matrix model at
all. Given such an affine curve, which we will denote by C = {(z,y) € C?|X(z,y) = 0} C C?, the
matrix model recursion relations of [33] then proceed as follows, as is very clearly summarized
in [35]. The necessary ingredients are

e the meromorphic differential ®(p) = y(p)dz(p) on C
e the ramification points g;, defined by 0,%(¢;) =0

e the Bergmann kernel B(p, ¢), uniquely defined as the meromorphic differential on C with
a double pole at p = ¢ with no residue, and no other pole, normalized to have vanishing
integral on the Ar—cycles of a chosen canonical symplectic basis A7, B! on C. Note that
modular transformations correspond to changes in this basis (recall section 2.1) and thus
transform the Bergmann kernel. This is crucial since it turns out that the Bergmann
kernel alone is enough to promote the Fj from holomorphic to modular invariant, non-
holomorphic topological string amplitudes.

e the prime form differential dE,( f 7B

The recursion relation of [33] then reads

dE,(p)
Wont1(p,p1,° - pr) = ZRGS‘]:"”W.

' (ng,h+2(Q7 q,p1, ", Ph) +Z > Woeai1 (@2 Wen141(@ pH\J))
(=0 JCH

(4.1.30)
where H = 1,---,h and p; = piy,---p;; for any subset J = {i1,---i;} C H. The recursion
starts with

Wo(p1) =0, Woa(p1,p2) = B(p1,p2)- (4.1.31)

Note that these are mot the resolvent and annulus amplitudes as the notation suggests, and
as it is true for any genera and numbers of holes (g, h) # (0,1),(0,2), but artificial, auxiliary
quantities just defined to generate the higher correlators [33]. Indeed, the resolvent and the
genus zero free energy are the only quantities not completely determined by the spectral curve
alone. The genus zero free energy is given by

t

Fo(t) = — /C A\ p(A)V(A) — %t%(t) (4.1.32)

The free energies for g > 1 are then generated by

1
Fo=5—- % qu Resg=q,#(¢)Wy,1(9), (4.1.33)
for any ¢(p) fulfilling d¢(p) = ®(p).
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In terms of the moment function (4.1.21), one finds in this way for the genus—one free energy
[45]

F = —2714 log [M (a)M(b)(a — b)*] . (4.1.34)

The two and three—point correlators at genus zero are given by [135]

1 pg—3p+a@)(atb)+ab
Woap.9) = 50— (x/(p—a)(p—b)(q—a)(q—b) 1)’
Wos(p,q,r) = L : (4.1.35)

8/ —-a)p—b)g—a)q—b)r—a)r—b)

‘<a—b 1 +b—a 1 )
M(a) (p—a)(g—a)(r—a)  M(@®) (p—0b)(g—b)(r—1))"

while the one—point function at genus one is given by [45]

B 1 2p+b—3a  M'(a)
Walp) = 16M (a)(p — a)/(p — a)(p — b) ((p—a)(b—a> M(a)>Jr
. 1 <2p+a—3b _M’(b)
16M(b)(p — b)\/(p—a)(p—b) \(p—b)(a—b)  M() )"

4.1.2 Critical behaviour

If one takes the limit N — oo in a standard matrix model, only planar surfaces are retained,
since all others are suppressed by powers of % However, at the same time there is generally a
specific, critical value of the coupling A. where the free energy diverges as

Fyr~ (A= 2p)0079), (4.1.36)

where 7 is some critical exponent. If we see the matrix model as describing random triangulations
of surfaces, this is the limit where the total area of the surface diverges. We can then rescale
the area of the individual triangles to zero to produce a continuum surface of finite area, and
therefore this limit is called the continuum limit. Note that higher-genus contributions have
poles of higher order at this point in moduli space, so they are enhanced with respect to the
lower genus amplitudes. If one now takes a combined, so called double-scaling limit, where N
is taken to oo while simultaneously tuning the coupling to its critical value, the large-genus
suppression and enhancement can compensate each other and one gets coherent contributions
from continuum surfaces at any genus. Explicitly, this double-scaling limit is

¢\ AT
(A=) (N) , N — 00, g — ge, z fixed, (4.1.37)

1
Ae

Zz =

with ¢t = gs N the usual 't Hooft parameter. The critical exponent + here can be determined by
standard methods. In particular, it doesn’t depend on the details of the matrix model under
consideration, but only on the universality class of the critical point. The critical behaviour
we will be interested in corresponds to a critical exponent v = —% or equivalently, a critical
point of order 2. It seems natural from the discussion above that in the double-scaling limit, the
theory is described by two-dimensional pure gravity. Indeed, it turns out that as a function of
the new, double-scaled variable z the second derivative of the free energy u = —F"(z) satisfies

the Painlevé I equation

z=u"— — (4.1.38)

controlling nonperturbative 2d gravity.
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4.1.3 Instantons

One of the nice, nontrivial features of matrix models is that they admit instanton transitions.

We consider here cases where the potential has at least two extrema. For concreteness, let
us first focus on the one-cut case. The effective potential (4.1.14) is constant along the cut and
has a saddle point at some value \g, as shown in Fig. 4.3.

y

Figure 4.3: Instanton configuration: an eigenvalue from the endpoint of the cut moves to the
saddle of the effective potential barrier

The instanton transition consists in one eigenvalue moving from the endpoint of the cut to
this saddle. The corresponding instanton action is given by the integral over the spectral curve
[120, 48]:

zo
Ainst:/ y(z)dz. (4.1.39)

Geometrically, the spectral curve is a curve of genus zero pinched at xy (Fig. 4.4). This was
observed in [136] in the context of spectral curves for double-scaled matrix models, and their
relation with minimal strings.

Ainst can be seen as a contour integral from the endpoint of the cut to the singularity of the
spectral curve, as shown in Fig. 4.4.

Figure 4.4: The instanton configuration as a contour integral on the spectral curve

The standard 1/N expansion is computed by considering the saddle—point configuration
in which all of the N eigenvalues have support in the cut C. As was first pointed out in
[120, 121, 48], a k-instanton configuration corresponds to a distinct saddle-point, in which
N — k of the eigenvalues remain in the interval C, while k eigenvalues are placed at the local
maximum xg.

The matrix integral for the one—instanton sector is given by [126]

N-1
N 1 1 S N-1yy
zY = —/ dzessV@ d\; A%(z, Ap, .., An_1)e s 2im V(/\’), (4.1.40)
N N!(QW)N z€T \EToy ll;[l ‘
where the first integral in x is over the nontrivial saddle—point contour, which we have denoted

by x € 7, while the rest of the N —1 eigenvalues are integrated around the standard saddle—point
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contour Zg. The overall factor of N in front of the integral is a symmetry factor, counting the N
possible distinct ways of choosing one eigenvalue out of a set of N. One can easily write similar
integrals for the k—instanton contribution (see [126]).

In the one—instanton computation that we will perform in the next chapter, we will need
some derivatives with respect to ¢ of various quantities that characterize the large N solution.
A result we need is (see [118])

O(two(p)) _ 1 (4.1.41)

ot (p—a)(p—b)

together with the following derivatives, which follow from the defining relations (4.1.22) and
(4.1.24),

da 4 1 o 4 1

% a—bM@ 9 b—a M) (4.1.42)
Using these formulae one finds,
2
dy(z) = — )
(22— a)(z — b()z ) i) (4.1.43)
OM(z) = (z—a)(z —b) ((a —b)M(a) + (b —a)M(b) a 1) ’
as well as
6 Ma 2 M(a)
%M (a) = a—b M(a) + (a —b)? (1 - M(b)) ’
5 M) ) M) (4.1.44)
OM(b) = 3 —, M) T a2 <1 - M(ﬂ)) '
Finally, we will also need derivatives of the free energies. One finds! [127]
OiFo(t) = —t€(t) = —Vear (), (4.1.45)

O2Fy(t) = =0, Vg (b) = 2log (b — a) — 2log 4,

while higher derivatives with respect to ¢ follow from (4.1.42).

4.2 The B-model as a Matrix Model

As early as 1973, 't Hooft suggested that the large N limit of a U(IN) gauge theory could be
interpreted as a closed string theory [5]. This deep idea had been around for over 20 years
before it could celebrate a huge success with the AdS/CFT-conjecture due to Maldacena [4],
and the discovery by Gopakumar and Vafa that Chern-Simons theory at large N is dual to the
topological A-model [27]. Since then, large N limits of gauge theories and their (string) duals
have been studied more extensively than ever before.

4.2.1 Geometric transitions and Dijkgraaf-Vafa conjecture

In 2002, Dijkgraaf and Vafa put forward a duality between the B-model topological string on
certain local Calabi-Yau geometries and the large-N expansion of a matrix model. Their work
builds on the somewhat analogous duality of the A-model with Chern-Simons theory?, and on
the previously developed geometric transitions between open and closed backgrounds [137].

!Notice that 9;Veg(b) can be obtained by integrating 9;y(z) from —oco to b, an integral which diverges logarith-
mically. Sensible results are obtained [127] by always considering its regulated version, where one simply drops
the divergent log z term.

2Note that this is not a mirror of the B-model setup
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The concept of geometric transitions was originally developed in the context of type IIB
superstrings [137, 138, 139, 140]. Let us briefly review this construction. Consider the so-called
deformed conifold, with defining equation

2y 0t = (4.2.46)

Replacing the coordinates z,y,u,v by z; +ivj, j = 1,--- ,4, one can see that this is nothing else
than the tangent bundle of the three-sphere 7%S3: the above defining equation takes the form

> ai - =p, ww=0. (4.2.47)
7

Hence, x; parametrize the three-sphere as can be seen from the first equation at v; = 0, and v; its
tangent space, according to the second. The so-called conifold singularity arises as 1 — 0. There
is another way to smooth out this singularity, apart from keeping p # 0. This option, referred to
as resolution of a singularity, consists of replacing the singular point by a P!. For the conifold,
this is done as follows. Introduce new coordinates X,Y, U,V defined as z+iy, z —iy, u+iv, u—iv.
The conifold singularity is then at XY = UV or equivalently

Y U
det< VX ) = 0. (4.2.48)

Now introduce two new parameters Ai, Ao € C and consider the subspace of C* x P! defined by
YA = —UXy and VA = —X \9. This can also be written as

( ‘Y/ )U( > < i; ) =0, (4.2.49)

therefore it implies the previous equation. Note that the eigenvector equation determines Ay, Ao
only up to scaling, that’s why they are coordinates on P!. At (Y,U, X,V) # (0,0,0,0), the
point (A1, o) € P! is fixed, while at the origin of C*, it can move freely all over P'. Thus, the
singularity has been resolved by blowing up the origin to a sphere. It turns out that the new
space can be described in a different way. It can be parametrized by two overlapping charts, for
the two regions where A; # 0. Then for the first region, we have ¥ = —f\‘—fU, V = —%X and

coordinates are (A = i—f, U, X). Similarly, the second chart leads to coordinates (% = %,K V),
and on the overlap, we get U = —%Y, X = —%V. These are precisely the transition functions
for two O(—1)-bundles over P!, and the above resolution of the conifold is nothing else than the
total space of the bundle?

O(-1)® O(-1) — P, (4.2.50)

Geometrically, we have started with the deformed conifold, passed through the singularity at
the origin by letting the radius of the S? shrink to zero, then blown up the singularity by letting
grow an S2. This procedure is the principle behind what is called geometric transitions. This
construction actually applies to a larger class of geometries, of the form

uv + W' (x)? +y* = 0. (4.2.51)

The special case W'(x) = x is the conifold geometry. Indeed, we get conifold-like singularities at
any point W”(xz) = 0. Now resolve the singularity as we have done above by letting grow two-
spheres at all the singular points, and consider stacks of space-filling D5-branes wrapped over
these S?’s. In the limit where the number of branes N gets large, gaugino condensation takes
place, and the S?’s are "blown down” and get replaced by ”blown up” S%’s without any branes,
resulting in a closed string theory on a deformed geometry similar to (4.2.46) [137, 139]. This

3see also appendix C.3
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transition can be naturally lifted to a transition between open and closed topological strings, as
one should expect, and one finds that at large IV, the open topological B-model on geometries
with resolved conifold singularities is equivalent to the closed B-model on deformed conifolds.

At the same time, deforming the geometry corresponds to turning on a superpotential in the
string field theory description of the open string, and the resulting action can be shown to be a
matrix model with potential W ().

Summarizing, we thus have a two-fold result: there is a string field description of the open
topological B-model on the resolved conifold in terms of a matrix model, and in the limit of
large N, the latter is dual to closed B-model topological strings on the deformed conifold.

4.2.2 Remodeling the B-model

The main drawback of the beautiful duality found by Dijkgraaf and Vafa is that the geometries
they consider in the original and subsequent papers [32, 141, 142] are highly restrictive, and
in particular exclude the myriad of Calabi-Yau manifolds with toric mirrors. However, a new
development on the matrix model side has enabled a new point of view of the connection between
matrix models and topological strings, leading to a reformulation and generalization of the
Dijkgraaf-Vafa setup. The starting point was the work of Eynard and Orantin [33], where the
authors develop a recursive formalism to solve matrix models based on an algebraic-geometric
point of view. Starting from the spectral curve introduced above, this formalism allows one
to compute all higher matrix amplitudes recursively. The crucial point is that one completely
circumvents the potential of the matrix model: all that is needed to define the amplitudes is some
geometric input in the form of the spectral curve. This implies that its scope goes far beyond
ordinary matrix models. In [34], Marino made use of this fact to define a general, matrix-model
inspired formalism to compute open string amplitudes. The key point is that the spectral curve,
a Riemann surface, has an analogous counterpart in the topological string, namely the curve
determining the mirror geometry. The formalism has been extended and generalized in [35],
leading to a complete reformulation of the open B-model in terms of matrix models.

For the reader not familiar with mirror symmetry for toric Calabi-Yau manifolds, the main
ideas are reviewed in appendix C.3. Here, we just state that the mirror of a toric Calabi-Yau
can be constructed and generically takes the form of a bundle over C* x C*

xz = Yy(u,v), (4.2.52)

where ¥ (u,v) = 0 determines a family of Riemann surfaces, parametrized by the Kéhler pa-
rameter ¢. It is of crucial importance that 3;(u, v) is embedded in C* x C* rather than in C x C,
since the variables u,v are exponentials. The matrix model recursion relations of [33] that we
have summarized at the end of section 4.1.1 thus have to be adapted to apply to the C* x C*—
case, as it has been done in [35]. The main modification concerns the meromorphic differential
d®(p) = y(p)dx(p), where y(p) is the spectral curve. In the original setup, this is related to
the standard symplectic form dz A dy on C2. On (C*)2, it is replaced by the symplectic form
d% A C;—y, which can in turn be integrated to the new meromorphic differential, appropriate for
(C*)2, 0(P) = log(y(p))cfg)). The recursion then proceeds essentially as in [33], and produces a
set of amplitudes and correlation functions F,, Wy p.

The interpretation of these quantities is most conveniently stated in A-model terms. Namely,
the free energies Fy correspond, after plugging in the closed mirror map, to the A-model closed
string amplitudes, as we have advertised above. However, this is not yet the end. In [143], it
has been observed that D-branes show the so-called framing phenomenon, that is, they depend
on the parametrisation of the mirror curve. This information has to be somehow contained in
the open string amplitudes. In fact, it turns out that once one has chosen a parametrisation of
the mirror curve, the correlation functions Wy 5 (p1,--- ,pi) can be integrated and mapped to
the A-model by open and closed mirror maps to yield A-model open string amplitudes on the
mirror threefold [35].

103



In chapter 5, we perform a nonperturbative check of this identification for the closed ampli-
tudes, by showing that a nonperturbative matrix computation correctly predicts the large-order
asymptotics of the topological string. This is not only a highly nontrivial check of the matrix
model approach to the B-model, but also indicates that the matrix model can be useful in finding
a nonperturbative completion of the topological string.

As we have mentioned briefly in section 1.5, the matrix formulation of the B-model puts
several issues in a new light. In a sense, the matrix model recursion relations can be seen as a
generalization of the holomorphic anomaly equations of [19]. Indeed, the latter can be derived
from the former [144], but the matrix model version differs from its traditional counterpart in
two important aspects. One is that the non-holomorphicity of the matrix amplitudes only comes
in almost trivially through the Bergmann Kernel [144, 35|, in order to promote the originally
holomorphic amplitudes to modular invariant topological string amplitudes. Thus, the equations
are completely determined and there is no holomorphic ambiguity. This setting fits well in
the picture advertised in [73], where the mutually exclusive properties of holomorphicity and
modularity appeared as essentially a matter of choice of polarization. The other difference
between the original holomorphic anomaly equations and the matrix model equations is that
the matrix model equations naturally involve both open and closed amplitudes, purely closed
amplitudes are never more than a special case. This implies that open amplitudes should
be seen as more fundamental than closed amplitudes, in that they contain considerably more
information.

4.3 Instantons and Large Order in Field Theory

In this section we review the connection between instantons and the large—order behavior of
perturbation theory. Good references on this subject include [117, 145, 50, 146].

Standard, stable potentials in field theory and quantum mechanics show an obvious vacuum
instability at negative coupling, where particles can tunnel away from the original vacuum to
states of lower energy. According to an old argument due to Dyson, we should therefore not a
priori expect the perturbation series to have a nonzero radius of convergence, as this will be in
many cases impossible?.

This is a sign of a fundamental connection between vacuum instability due to instanton effects
and large-order behaviour of the perturbative expansion. The method of Borel resummation
provides a way to make sense of the (divergent) perturbation series via analytic continuation:
To a perturbative series

S = Zanz", (4.3.53)

we associate a Borel sum

BI=Y" (“;‘!)w", (4.3.54)

where (3 is related to the large-order behaviour of a,, as a, o (nf)!. Using

n

(Bn)! = /0 h dte~'to", (4.3.55)

it is now easy to see that
oo
() = / dte= BY(152) (4.3.56)
0
defines an analytic continuation of S(z). This may however be ambiguous, in many cases, there
will be a nonperturbative ambiguity. We distinguish the following three special cases:

e S has finite radius of convergence r: Bg will be analytic everywhere and f(z) = S|,<,.

4This argument should be applied carefully, as there exist loopholes
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e S has zero r.o.c., but Bg has a finite radius of convergence, an analytic continuation to an
e-tube around the positive real axis, and f(z) is absolutely convergent: S is called Borel
summable.

e Bg does have singularities on the positive real axis: In this case, S is not Borel summable,
and there is a nonperturbative ambiguity related to the choice of integration contour
around the singularities.

The Borel transform provides a link between instantons and large order behaviour. Namely, if
a QFT admits an instanton configuration ¢ with finite action S(¢), Bg will be singular at S(¢).
In turn, the singularities of B control the large-order behaviour of the perturbation series. f(z)
can acquire an imaginary part when integrating around a pole of Bg, this reflects an instability
of the theory which is not seen in its perturbative expansion.

As an example, let us start by considering a quantum mechanical or field theoretical model
which depends on a coupling constant, g, in such a way that for g > 0 the theory has an unstable
vacuum and that this vacuum gets stabilized for ¢ < 0. A simple example of such a situation is
the familiar quartic anharmonic oscillator with potential

1
V= 51'2 — gat. (4.3.57)

Due to the instability, there will be instanton solutions (sometimes called bounces in this context)

Figure 4.5: The potential for the quartic anharmonic oscillator. When g > 0 the theory has
an unstable vacuum at the origin, which decays via instanton tunneling. This vacuum gets
stabilized when g < 0.

which mediate the decay of the false vacuum. This is illustrated in Fig. 4.5. As one analytically
continues the coupling constant to the full complex plane, one finds that the partition function
will have a branch cut along the real, positive g axis, with a discontinuity which is purely
imaginary. In particular, one may write for the full partition function [147]

Z(g+ie) = 2O (g) + % disc Z(g), (4.3.58)

defining both Z(®) and the discontinuity across the branch cut disc Z(g) = Z(g + ie) — Z(g — ie).
A careful analysis of the physics of this problem, in the particular example of the anharmonic
oscillator [147, 148, 145], shows that Z () js given by the path integral around the perturbative
vacuum (or zero—instanton configuration), while the leading contribution to disc Z(g) turns out
to be given by the path integral calculated around the one—instanton configuration, i.e. the
instanton configuration with the lowest action in absolute value. We denote this path integral

by ZW(g).
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Let us be slightly more precise on this point. If we want the partition function to remain
meaningful, as one performs the analytical continuation in the coupling constant from the stable
to the unstable case, it is required that the contour of integration is also rotated, in a compen-
sating way [147] (e.g., in the quartic oscillator as one continues —g to —gexp(=£in) one must
rotate x to xexp(Fim/4)). The rotated integration contours are illustrated in Fig. 4.6. What
the analysis in [147, 148, 145] shows is that Z(©) is computed as the integral over the sum of
both contours, C* + C~. In particular, if one is to compute the path integral in a saddle-point
approximation, the contribution to Z() arises from the saddle—point at the origin. On the other
hand, the discontinuity disc Z(g) is computed on the difference of the two rotated contours,
C*T —C~. This immediately implies that the saddle-point at the origin cancels, between the two
contours. One thus needs to consider the sub-leading saddle—points, which correspond to the
one—instanton configuration. These sub—leading saddle—point contributions are also illustrated
in Fig. 4.6. In particular, notice that

Figure 4.6: The complex plane for the functional integration. Here, CT™ and C~ are the rotated
contours one needs to consider for g > 0. Their sum may be evaluated by the contribution of the
saddle—point at the origin. Their difference is evaluated by the contribution of the sub-leading
saddle—points, here denoted as S; and Ss.

ZW(g) ~ e 19 (4.3.59)

and it is exponentially suppressed for small ¢ as compared to Z(9). This is exactly as one should
expect from the discussion above. If we now consider the free energy, defined by F = log Z, we
similarly have

1
F(g+ie)=FO(g)+ idisc F(g), (4.3.60)
where F(©)(g) = log Z(°)(g) and
Z(g+ie) _ ZW(g)

disc F'(g) =1 = e 4.3.61
isc F(g) = log Zlg—ie) ~ ZO(g) +--, (4.3.61)
at leading order in e /95, We will denote by
A
FO(g) = =2 4.3.62
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the one—instanton contribution to the discontinuity. The zero—instanton sector has a perturba-
tive expansion around g = 0 given by

+oo
FO(g) =" ard, (4.3.63)
k=0

while the contribution from the one—instanton sector to the discontinuity disc F'(g) turns out to
have an expansion of the form

—+00
FW(g) =ig e 9> "¢, g™, (4.3.64)
n=0

In this equation, A is the action of the single instanton, b is a characteristic exponent, and ¢, is
the (n 4+ 1)-loop contribution around the instanton configuration.

If one now assumes analyticity of F'(g) in the g—plane, except for the branch cut along the
positive real axis which we alluded to before, as well as some suitable conditions on the g — oo
behavior, one can deduce the following relation between the coefficients of the perturbative
expansion around the zero—instanton sector and the discontinuity across the cut

1 [ F(z)

ag = 5— r—
27 Jo 2kl

(4.3.65)

Plugging the expansion for F(!) (4.3.64) in the above formula (4.3.65) we find an asymptotic
expansion for large k,

1 X
a ~ o D en AT (k4 b — ). (4.3.66)
n=0
This can be equivalently written as
—b—k A CQA2

aj ~ I'(k+0b) [co + +-- . (4.3.67)

Kib—1 (htb_2)ktb-1)
What one learns from this analysis is that the computation of the one—instanton partition func-
tion, at one-loop, determines the leading order of the asymptotic expansion for the perturbative
coefficients of the zero—instanton partition function, while higher—loop corrections yield the 1/k
corrections. Notice that instanton configurations with an action A’ > A (in particular, multi—
instanton configurations with action nA, n > 2) give corrections to the asymptotics of a; which
are exponentially suppressed in k, and will not be considered in here. The relation between
a nonperturbative instanton computation and the large—order behavior of perturbation theory
was first implemented by Bender and Wu in the case of the quartic anharmonic oscillator in
quantum mechanics [149]. They used the WKB method in order to perform a two—loop compu-
tation around the bounce, and thus obtain precise numerical values for ¢y and ¢;. Furthermore,
they performed accurate numerical tests of their prediction (4.3.65) for the large—order behavior
of the ay, coefficients. Their results were later reproduced in path integral language [147].

In this quantum mechanical example the analyticity conditions for the free energy can be
justified rigorously (see [150] for a review). In more general situations (such as in quantum field
theory) one cannot justify these same assumptions; however the relation (4.3.65) can be tested
in a number of examples with surprising numerical precision (see, e.g., [145, 50] for a review of
these tests).
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Chapter 5

Instantons in One-Cut Models and
Large Order

In this chapter, we study in detail the perturbative expansion around a one—instanton configu-
ration in a generic, one—cut matrix model, and apply it to predict the large-order behaviour of
both matrix models and the topological string, along the lines of what has been explained in
the previous chapter. The material presented is based on the publication [71] with M. Marino
and R. Schiappa.

We will give explicit formulae for both the one— and two—loop contributions to the instanton
amplitude in terms of geometric data of the spectral curve associated to the matrix model. This
is a crucial aspect of our analysis, since it allows one to apply the results not only to full-fledged
matrix models but also to topological strings via the formalism of [29, 35]. Using this description,
we deduce that the nonperturbative completion of the topological string theories considered in
this chapter includes an infinite number of nontrivial topological sectors, corresponding to the
different instanton sectors of the matrix model. Geometrically, we interpret these nonpertur-
bative effects as due to domain walls interpolating between D—brane configurations, as it had
already been anticipated in [32].

We test our results against the large-order behaviour of the perturbative amplitudes in the
quartic matrix model, topological strings on local curves, Hurwitz theory, and 2d gravity. We
confirm and improve the predictions of [29] about the large—order behavior of these models,
and we will also consider a special limit of topological strings on local curves which describes
simple Hurwitz numbers (studied in [151]). All of these models have a critical point, describing
pure 2d gravity, which is controlled by the Painlevé I equation. The double—scaling limit of our
instanton calculations provides results for the large—order behavior of 2d gravity which refine
those obtained [119, 152] and agree with the analysis of the asymptotics in [153]. In fact,
with the help of the Painlevé I equation one can derive the full perturbative expansion around
the one—instanton sector, and in this way we provide a further check of our explicit two—loop
calculation.

Mathematically, our results are highly nontrivial predictions for the asymptotics of the 1/N
expansion of a one—cut matrix model, and they provide some clues concerning the analytic
structure of the total free energy of topological string theory, as a function of the string cou-
pling constant. In the case of topological strings, our tests of large—order behavior provide a
further check of the conjecture in [29], as well as new conjectures about asymptotic properties
of enumerative invariants that have not been explored so far.

This chapter is organized as follows. In section 5.1, we explain why instantons are expected
to control the large-order asymptotics of the string perturbation series just as in the field the-
ory case discussed in the last chapter. In section 5.2, we apply the technology developed in
chapter 4 explicitly to the analysis of one—instanton effects in matrix models. We present com-
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plete formulae for both the one-loop and the two-loop corrections around the one-instanton
configuration, in generic one—cut matrix models, following the general strategy put forward in
[126, 127]. Section 5.3 reviews the numerical techniques used to extrapolate low-genus results
to high genus. The following sections contain applications of these results. In section 5.4, we
consider the quartic matrix model both off—criticality and in the double—scaling limit where it
becomes pure 2d gravity. We further present numerical tests of the predictions given by the
instanton calculation, by analyzing the large—order behavior of both the quartic matrix model
and the Painlevé I equation. In section 5.5 we consider topological string theory on local curves,
verifying and extending the predictions of [29], and we discuss the spacetime interpretation of
the instanton effects in terms of domain walls. Then, in section 5.6, we analyze in detail the
large—order behavior of the generating functionals for simple Hurwitz numbers as a further ex-
ample of our formalism. In all cases, we find impressive agreement between theoretical and
numerical results.

5.1 The 1/N Expansion and String Theory

The existence of a connection between instantons and large—order behavior has also been ad-
dressed in the context of the 1/N expansion; for example in [154] where one considers vector
models in low dimension. In the case of matrix models and their double—scaling limit, such a
connection was used in [120, 121, 119] in order to infer on the large—order behavior of pure 2d
gravity, by computing the instanton action directly in the matrix model (see [118] for a review).
However, precise tests at one—loop or higher (the ¢, coefficients in the expressions above) have
not been performed to date, and we fill such a gap in the present work. In order to proceed
to loop-level, one first needs a generalization of both the dispersion relation (4.3.65) and the
expression for the perturbation theory asymptotics (4.3.66), to the present setting.

We will proceed in a heuristic way. Let us first consider the perturbative series in the
zero—instanton sector of a closed string theory or its matrix model dual,

+o0
FO(ge) =) Fy(t) g2 (5.1.1)
g=0

In this equation the sum is over all genera, g is the string coupling constant and t is the
't Hooft coupling ¢ = ¢gs/V in the context of matrix models, or a geometric modulus in string
theory. Observe that while in the previous case of the anharmonic oscillator one wanted to study
the asymptotics of a standard numerical series, one now wants to address the asymptotics of a
series of functions, naturally enlarging the complexity of the problem [154]. In order to have a
perturbative series with standard structure, we consider instead

F(gs) = g2 F(gs)- (5.1.2)

In this case, the one—instanton path integral yields a series of the form
A I
FO(2) =iz V2 Y 22, (5.1.3)
n=0

where 2 = ¢g2. This is an important feature distinguishing matrix models and string theory
from field theory: the action of an instanton goes like 1/4/z, and not as 1/z. Similarly, the
perturbation series around the instanton sector is a series in powers of /z, and not a series in
powers of z. As such, we may now write

FO(z) = ZFg(t) 29. (5.1.4)



Our basic assumption is that a dispersion relation of the form (4.3.65) holds in here, as it did
in field theory. In this case, one finds

poo L [T ek SOO: en? o L +§Oojc AT2-0 (2 4 b — ) (5.1.5)
g 2 0 ZQ'H n T n g ) ot
n=0 n=0
which may be explicitly written as
—2g—b A A2
M2 K3
F, ~ I'(2 b 1 R I 5.1.6
g (29 + )“1[ o1 Rgrb-grb-1) (5.1.6)

where we have introduced for later convenience
G )
Hm1 = Cop, MHi+1 = ;, 1 Z 1. (5.1.7)
0

The series inside the brackets in (5.1.6) must be understood as an asymptotic expansion in
powers of 1/g, therefore up to two loops we can write it as

—2g—b

Fy ~ I'(2g + b) 1 [14—'“22;1—#”} . (5.1.8)
Justifying that the dispersion relation (4.3.65) holds in the present context is more delicate. The
underlying reason is that g2 or 1/N? appear naturally as coupling constants only in a collective
field treatment of the problem (or, equivalently, in a formulation in terms of a closed string
field theory). In spite of this, one could still present a heuristic derivation of (5.1.5) by making
use of the Lipatov approach to the large—order behavior, and applying it within the context of
collective/string field theory. In this approach one does not use the analyticity properties of
the free energy, but instead performs a saddle—point evaluation in both field space and coupling
space [155]. Another heuristic derivation of (5.1.5) can be done by using Borel transforms [118].
Instead of trying to provide a more rigorous foundation for (5.1.5), we proceed to test it in
various examples, also in the spirit of the many tests performed in field theory.

In writing (5.1.6) we have implicitly assumed that there is a single instanton solution that
contributes to the asymptotic behavior. In general there might be various instanton configura-
tions in the system, with the same action in absolute value, and in this case F®) will denote the
sum of all these contributions. For example, in the quartic matrix model, which we will analyze
in section 5.4, due to the symmetry of the potential there are two instantons which contribute
equally. It is also common to have complex instanton solutions which give complex conjugate
contributions to F(!), and in this case the asymptotic behavior of F), is again obtained by adding
their contributions [156]. If we write

A=A, = e, (5.1.9)
the leading asymptotics will read in this case

A2
A

F, ['(2g +b) |p1] cos((2g + b)0a + 0,,,). (5.1.10)

We also find examples of this situation in the models studied in the next chapter.

5.2 One-Instanton Computation for Matrix Models

We now compute the “path” integral around the one-instanton configuration of the matrix
model. In this process, we will adopt the framework put forward in [126], but we use saddle—
point technology rather than the approach based on orthogonal polynomials. Such a strategy
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has been considered before, as the approach of [126] was first rephrased in terms of the saddle—
point perspective in [127] (for a third point of view, based on collective field theory, see [157]).
At this stage, it is important to point out that our calculation will improve on the calculations
in [126, 127] in three different ways. First of all, we fully exploit the saddle—point technology
in order to present a much more succinct derivation of the final results. Secondly, we compute
explicit formulae for the quantum expansion around the one—instanton solution up to two loops.
Thirdly, and more importantly, we correct both the approach and the one-loop result in [126, 127]
which, as they stand, are incorrect once one moves away from criticality. Taking all normalization
factors into careful account, one finds for (4.1.40) [126]

N _1
Z](\}) = m (27T)N_1(N — 1)' Z](\(f))—l / dx <det(w1 — M/)2>§3)_1 e 915 V(=)
{(2m) =€l (5.2.11)

1 (0) /
=—Z7 dx f xX).
27 Nt €l ( )

The notation in this equation is as follows. Z](\(,)) is the partition function evaluated around the
standard saddle—point, and within the standard 1/N expansion. M’ is an (N —1) x (N —1)
hermitian matrix, and all of its eigenvalues are still integrated around the standard saddle—
point. <(’)>§3) is the normalized vacuum expectation value of the gauge-invariant operator O,
again computed around the standard saddle-point,

o e, I A AZ(0) O(A) o5 21 VA0

o (5.2.12)
3 fAeIO Hi\il dA; Az()\) e_é S V()
Finally, we have also defined
1) = G YL, 5219

As we have seen in (4.3.61), the one—instanton contribution to the free energy may be expressed
in terms of the partition function, at leading order in e 19, by

z0 1z
F(1>:z(v0):N(0)1/ dz f(z). (5.2.14)
zy) 27y Jeer

In the rest of this section we present a careful computation of this quantity.

In order to calculate the instanton contribution (5.2.14), we first compute f(z), as defined
above in (5.2.13). Making use of the familiar relation det(z1 — M) = exp (trln(z1 — M)) we
obtain,

+0 55
(det(z1 — M)?) = exp [Z % ((trln(z1 — M))S>(C)] , (5.2.15)
s=1

which is written in terms of connected correlation functions (recall that the cumulant expansion
precisely relates the generating functional of standard correlation functions to the generating
functional of connected correlation functions as in this equality). The correlation functions
appearing in (5.2.15) are nothing but integrated versions of the W), correlators in (4.1.27),
evaluated at coincident points. Let us define

T T
Agn(xst) = / dpy - / dpr Wy n(p1,--- ,pn) ;
Tr1==xp==I
2] —— (5.2.16)
Anla;t) =)

I Apn—ok+1(x;t), n>1
k=0 )

(n—2k+1
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In this notation, the general perturbative formula for the determinant follows as

+o00
(det(z1 — M)?) = exp (Z g?lAn(x;t)> , (5.2.17)
n=0

where A, (z;t) is the n—loop contribution. We have, for example,

Ao(z;t) = 240 1(x; 1),

)

Ag(w5t) = = Ag3(z;t) + 241 1(251), (5.2.18)
As(w;t) = S Aoa(w;t) + 241 (w31).

One observes that in order to compute the determinant at n—loops, one would require analytic
expressions for the Wy ; with (g,h) = (0,n+1),(1,n—1),(2,n—3),...,(5,1). Let us also point
out that the integration constants involved in the integrations in (5.2.16) may be simply fixed
by the large x expansion of the correlators. Indeed, we have the expansion

(Tr M™ - .- Ty Mn5>(c) r =1 (5.2.19)

((trIn(z1 — Z

n>11_IZ 17’17,

Next, we define the holomorphic effective potential, which combines the matrix model potential
together with Ag(x;t), as

Vierr (z38) = V(2) — 2t / dpwo(p) = V(z) — 2t / dp p(p) log(z — p), (5.2.20)
which satisfies
Vier(z3t) = y(2) (5.2.21)
as well as
Re Vi efr (25 t) = Ve (2), (5.2.22)

where Veg(x) was earlier defined in (4.1.14). Altogether, one finally has for the integrand

400
f(x) = exp ( — Ve () + Y g0  An(a; t)) (5.2.23)
n=1
where
t'=gs(N—1)=t—gs. (5.2.24)

This shift in the 't Hooft parameter is due to the fact that the correlation function involved in
(5.2.13) is computed in a matrix model with N —1 eigenvalues (recall we removed one eigenvalue
from the single—cut). Since we are computing the one—instanton contribution in the theory with
N eigenvalues, we thus have to expand (5.2.23) around t¢. This gives further corrections in gs,
which we make explicit as

f —exp< Zkl

We write this expression as

5V et (25 1) ZZ nerk1 { a’“A (z )). (5.2.25)

F(z) = exp (—glsvh,eﬁ(x) + q»(@) , (5.2.26)



where we define

1 - S D
Zg? @, ( Zg 78 Viot () + F A w(@)| . (5.2.27)

One finds, for example,
@y (x) = A1 () + O Vi et (),
1
() = As () — A1 () — 5 O} Vhenr(2), (5.2.28)

Dy(a) = As(r) — Deo(a) + 5 A () + %afvh,eﬁ(a;).
In expression (5.2.26) all quantities now depend on the standard 't Hooft parameter ¢ for the
model with IV eigenvalues, and we have thus dropped the explicit dependence on t. The deriva-
tives with respect to t can be performed by using the formulae we presented at the end of the
last subsection.
One may now proceed with the integration of f(z),

/IGI dz exp <_g18Vh,eff(37) + <I>(x)> . (5.2.29)

If we wish to evaluate this integral as a perturbative expansion around small string coupling,
gs, we can do it using a saddle—point evaluation [126, 127]. The integration contour is over
the nontrivial saddle characterizing the one-instanton sector, which is defined by the usual
saddle—point requirement

Viet(2o) =0 = y(x0) =0, (5.2.30)

with xg located outside of the cut. If we use the explicit form of the spectral curve (4.1.20) we
find the equivalent condition
M (x0) = 0. (5.2.31)

The saddle—point x( is typically a local maximum of the effective potential, as depicted in
Fig. 4.3. Of course, it can happen that there is more than one solution to (5.2.31). In this case,
there will be various instantons and we will have to add up their contributions (the leading con-
tribution arising from the instanton with the highest action, in absolute value). The calculation
of (5.2.29) is now completely standard, and it reduces to Gaussian integrations. The result is

Lezdx @) = ‘/1127;?0) exp <—glvh it (0) + @1 (0 ) (1 + ng fn> L (5.2.32)

where the f,, can be systematically computed in terms of the functions ®,(x) and their deriva-
tives, evaluated at the saddle—point xg, by making use of the Gaussian integral and the Gaussian
moments. This is a long and tedious process, where one should be very careful with factors of
gs. In particular, one splits the integrand into the standard Gaussian integrand plus the rest,
where the rest should be power—series expanded in order to produce Gaussian moments. This
process is source to some extra factors of gs that must be properly considered. In any case,
there are no conceptual difficulties in taking this calculation to arbitrary order. In order to find
an explicit expression for the two—loop contribution to the one—instanton path integral, we will
need

1

f2 = ®a(wo) + W7 (z0)

{2201 (20) + (0:81(20))°} -
5 (3§Vh,eﬁ(wo))2 (5.2.33)

24 (Vo))

1 1
-—— {4 6;1Vh,eff(x0) + agvhaeﬂ(xo)axq)l(zvo)} +

2 (Vg (20))
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Observe that the required evaluation of derivatives at xg, in the expression above, is a rather
straightforward exercise as we are dealing in this case with rational functions.

The last ingredient needed to compute the one—instanton contribution is the quotient of
partition functions in the expression for disc F', (5.2.14). This quotient can be written in terms
of the standard, perturbative free energies, since

0
),

A%

=exp (F(t') — F(1)) . (5.2.34)

In the rest of this section both F(t) and F,(t) denote the unnormalized free energies, i.e.,
F =log Zy. If one explicitly expands in g5, by both writing the above expression in terms of
the standard 't Hooft parameter ¢ alone, and further expanding the free energy in its perturbative
genus expansion (4.1.26), it follows

(0) +o00 (3] _
z\ . (_1)77, 2k+1 .
]\Eo)l = exp (Z g lgn> , G, = m oA 2k+le(t)_ (5.2.35)
ZN n=0 k=0 ’
One has, for example,
Go = —0 Fp(1),
1
G = 5 O (1), (5.2.36)

1
Gy = =T DEFy(t) — O F1(t).

Putting together (5.2.32) and (5.2.35) above, we finally find that F(!) has the structure

1 A =
FU =igZ py exp <_g> {1 + Zﬂn-&-lg?} : (5.2.37)

n=1
Collecting results above we obtain the following contributions to FO) up to two loops:

A = Vet (T0) — Go(t),

. 1
Mm1 = —1 m exp (@1(%’0) + gl(t)), <5238)

p2 = fa+ Ga(t).

Let us now give explicit expressions for these quantities in terms of data associated to the
spectral curve (4.1.20). First of all, by using (5.2.36), (4.1.45) and (5.2.21) we find

A= Viarlan) = Vi) = [ az0(2), (5.2.39)

which is the instanton action (here, we use the fact that Vj (b)) = Veg(b)). Notice that, as
pointed out in [136], this expression also has a geometric interpretation as the contour integral
of the one—form y(z) dz, from the endpoint of the cut C to the singular point z( (recall Fig. 4.4).

We next move to the one—loop contribution, and begin with the computation of ®1(z). One
can find the result for Ago(x;t) (which enters in the expression of 4;) simply by integrating the
first formula in (4.1.35) [127]

x—(a+0b)/2
(x—a)(x—>

Ago(z;t) = 10g<1 + )> —log 2. (5.2.40)
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Using (4.1.41) one further finds,

OtVhet(z) = —4log[\/:v —a+Vx— b} + 4log 2, (5.2.41)

and both these results together is all one requires to obtain
®(z) = —log [(x —a)(z — b)} . (5.2.42)
Adding to @4 (z) the result for Gy (t), which follows from (4.1.45), it is simple to put all expressions

together and obtain the contribution, u;, of the one-loop fluctuations around the one-instanton
configuration,

b— I
=i . (5.2.43)

27 M (z0) (w0 — @) (w0 — b)]*

This formula is valid for any one—cut matrix model with an unstable potential. Notice that if
xo is a local maximum of Vig(x), one will have that M'(zp) < 0, and hence p; will be real. Tt
is also important to point out that our result (5.2.43) is different from the result obtained in
[126, 127]. The reason is that, in these references, no distinction is made between correlation
functions computed at ¢’ and those computed at ¢t. Correspondingly, the contribution of (5.2.41)
is never taken into account. While this contribution vanishes at the critical point, it is non—zero
for generic values of the parameters, making it crucial in order to obtain a generic result. In
this chapter we present substantial evidence that (5.2.43) is the correct result, by using the
connection to the large—order behavior of perturbation theory explained in the last section.

The computation at two loops does not present any conceptual difficulty, but it is much more
involved. One needs the explicit expressions

3
Ap3(x;t) = Wty ol) < ; - 1 )

(a —b)? M(@a)(z —a)2  M(b)(z —b)2
1 1 1
16200 = 55— (32 1) *
L1 ((2(x—a)+(b—a)) x—b+(2(x—b)+(a—b))m>_
24(a — b)? M(a) (z — a)? M(b) (z —b)*

Vr—a-Va-b <2M(a) +(a—b)M'(a) 2M(b)+(b—a)M’(b)>
8(a — b)? M2(a)v/z —a M2(b)v/z —b ' (5.2.44)

After very long but straightforward computations, one finally obtains the two—loop coefficient
as

1 ((xo—b)M/(a) (o —a M'(b)>_

U2 = - )
4(a — b)\/(zo — a)(wo — b) M?(a) M?(b
)

B \/(.CC[) —a)(xg—b) (8(:60 —a)+17(a — b) N 8(xp—b
12(a — b)? (z0 — a)*M(a) (zo — ) ( )
5 (M//(IL'O))2 _ 3M’($0)M(3)(SL’0) 35 (21»0 _ (a + b)) M ( ) (5.2.45)
(w0 — a) (0 — b)) ?

24 (M"(0))* /(w0 — a)(zo —b) 48 (M"(x0))?
L 140220 — (a+ b))* + 33(a — b)2
96 M (z0) ((wo — a) (w0 — b))

As one immediately realizes from the explicit expressions above, both p1 and po depend uniquely
on data specified by the spectral curve. More precisely, they depend on the endpoints of the
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cut, a and b, the position of the saddle-point, xg, and on the moments of the function M((p),
evaluated at a, b or xg. It is not hard to convince oneself that the rest of the coefficients
tn in (5.2.37) must also share this property. This has two important consequences. First of
all, it displays the universality of the results, in the sense that two matrix models which lead
to the same spectral curve will also share the same discontinuity, disc F'. In particular, since
taking the double—scaling limit commutes with the geometric computation of the amplitudes,
different models that lead to the same critical theory will also lead to the same one-instanton
contribution at criticality [126, 127]. Secondly, since the description of the B-model on mirrors
of toric manifolds in [29, 36] only depends on the geometry of the spectral curve, we may also
compute nonperturbative effects in these models by simple application of the formulae above
for F(W: one just has to apply them to the spectral curves described in [29, 36]. Notice that in
this chapter we restrict ourselves to the one—cut case, therefore our formalism will only apply
to the mirrors of local curves, worked out in [29]. The multi-cut case is discussed in chapter 6.

5.3 Numerical Methods and Richardson Transforms

The instanton computations we perform in this work yield predictions for the quantities A, b,
u1 and po appearing in (5.1.6) above. In order to test these predictions, one has to extract
these quantities from the asymptotics of the sequence {Fy}4>0. However, computation of the
amplitudes Fy is, in most cases, rather involved and therefore they will typically only be available
at low genus, of order g < 20. This will also be the case for our examples, apart from 2d gravity
where the Painlevé I equation allows for a computation to arbitrarily high genus. We therefore
use a standard numerical technique known as Richardson extrapolation (see, e.g., [158]), in
order to be able to extract the asymptotic behavior more accurately from the very first terms
of the series. This method removes the first terms of the subleading tail and thus accelerates
convergence towards the leading asymptotics.
The basic idea of Richardson extrapolation is as follows. Given a sequence

S S
5(9)2804—;14-9%4-“-, (5.3.46)

its Richardson transform is defined as

S(g+ ) (g + 1) N (~1)HN

IR (5.3.47)

AS(ng) :Z

k>0

This cancels the sub-leading terms in S(g) up to order g~ . Indeed, one can show that if S(g)
truncates at order gV, the Richardson transform gives exactly the leading term s.

The first quantity that one may extract from the sequence {Fy} >0, assuming it is of the form
(5.1.6), is the instanton action. In order to apply the Richardson method, we need a sequence
with large g asymptotics of the form (5.3.46). This is achieved by considering the sequence

Fyiq 1 1420 1
Qy =2 :(1++O(>). 5.3.48
9 4¢9°F, A2 2g g2 ( )
Once A has been found, one can then simply extract the parameter b from the new sequence
F,q 1
29 (A2 1) =1+2b ~). 3.4
g< i9°F, +26+ 0 p (5.3.49)

Finally, one obtains the coefficients 1 and ps from the sequences

TAYWYE, po A 1
9o 1+22 0= 5.3.50
I'(2g +b) “1< - 2g * (92>> ( )
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and

2g [ TAWTE, > (1)
D=9 1) =+0(=), 5.3.51
A (ulF(2g+b) e g ( )

whose asymptotics are already of the form (5.3.46), with leading terms p; and pe, respectively.
This is the basic picture behind most of our numerical work.

The situation is slightly more complicated when we have to deal with two complex conjugate
instantons. In this case, the ansatz for F, is given by (5.1.10). If the absolute value of the
instanton action is known, its phase 64 can be checked using the sequence

|A[292F, |A|272F,_1(2g +b—2)(2g +b—1) < < 1 >>
T 7 cos(204) 7

(5.3.52)

5.4 Application I: Quartic Matrix Model and 2d Gravity

Before proceeding towards the realm of topological string theory, we test our results in the case
of a rather familiar matrix model, the quartic matrix model both off and at criticality.

5.4.1 The Quartic Matrix Model

The quartic matrix model is defined by the potential

1
V(z) = 522 + Azt (5.4.53)
with X\ the quartic coupling constant. The properties of this model at large N were addressed long
ago in [128, 132]. The density of eigenvalues has support on the single cut C = [a, b] = [-2«, 2],
where « is a function of A and the ’t Hooft parameter ¢, as

1
2 —_ —
o =50 ( 1+v1+ 48)\75) . (5.4.54)

The spectral curve follows as

y(z) = M(2)V 2% — 4a2, (5.4.55)
with

M(z) =1+ 8X\a? + 422 (5.4.56)

This function has two zeros which give two non—trivial saddle—points, namely +xy with

1
2 2
Ty = B\ (1 + 8l ) . (5.4.57)

These two saddle—points are evident in Fig. 5.1, where we have displayed the effective potential
for the quartic matrix model. If we wish to compare the large-order prediction of our formulae
with the real behavior of the perturbation theory in this model, one is required to actually
compute the free energies at high genera. The set—up for such a calculation was first described
in [132], but the calculation was only carried out in that paper up to genus g = 2. We have
extended this computation to genus g = 10 and we review in the following how to compute F
in the quartic matrix model at large g.

The calculation of the 1/N expansion of the free energy in the quartic matrix model was
set up in [132] using the method of orthogonal polynomials. A review of such method and
subsequent calculation would lead us too far apart from the main line of this work, so that in
the following we restrict ourselves to presenting an algorithmic prescription to compute F, which
summarizes the results of [132]. The interested reader should consult the original reference [132]
for full details. Also, for simplicity, we set ¢t = 1 in the following and will follow the exact same
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Figure 5.1: The effective potential Vog(z) for the quartic matrix model. There are two saddle—

points located at xg and —xg.

conventions as in [132]. In particular, in this section our convention for the free energy, following
[132], is that F' = —log Z. There are several components that make up the calculation of F,. It
starts with the so—called pre-string equation

Rp{1+4X(Ry + Ry—1 + Rypt1) } = ngs, (5.4.58)

for the coefficients R,, which determine the partition function in the orthogonal polynomial
formalism. One then considers a continuous version of these coefficients, corresponding to a
family of polynomials, r95(x; A), which, in light of the pre-string equation (5.4.58), satisfy a
simple algebraic, recursive relation. For s = 0

1
ro(z; A) = CYBY (—1 +V1+ 48)\:E> , (5.4.59)

while for s > 0 the pre-string equation yields the recursive expression

réip) (z; )
ros(T; A) + 4\ Z Tom (23 A) | ron(z; ) + 2 Z o
m4n=s k4+p=n D):

=0. (5.4.60)

In this way it is rather simple to compute the polynomials ros(x; A) to very high s. These
polynomials are crucial in other to find Fj. Indeed, the general formula for the total free energy
is [132]

1
GPF(\) = —/ dz (1 —x)logZ(z; A) + H(\)—
° - (5.4.61)

(2p)! da?p—1

+oo —
S g By 47 ( (1 —x)log E(x; A)) .
p:l r=

where the function Z(xz; \) is precisely built using the rog(x; A) polynomials as

— = 2s TQS(x; A)
E(r;\) = ng — (5.4.62)
s=0

In the expression above, By, are Bernoulli numbers and H(\) is the function

1 +oo _1 2_9 by 4 oo 1 2+g A 4
HA) =~ 9s |log dpe 2t 79 —log dpe™ 2t oM (5.4.63)
—0oQ

—00
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An expansion of (5.4.61) in powers of g, then yields explicit expressions for Fy;. Moreover, this
is an algorithmic prescription of calculation, which may be simply implemented with a symbolic
computation program. This calculation was carried out analytically up to g = 2 in [132] and
we have implemented it in a computer program, obtaining in this way explicit results up to
g = 10. A partial list of our F, can be found in appendix B.2.1. Here, let us just recall that
[132] conjectured that, for genus g > 2, the general structure should be of the form

(1- a2)2g71

Fg(a2) = mpg(OZQ), (5464)
with P,(a?) a polynomial in o? such that
1 4g — 3)!
Pya?=1) = (49 —3) (5.4.65)

2-629-1 gl(g — 1)

We have checked this conjecture up to genus g = 10 and further found that the polynomial

Py(a?) is of order 3g — 4 in o?.

5.4.2 Instanton Effects and Large—Order Behavior

Let us now present explicit formulae for the terms contributing to the one—instanton sector, in
the quartic matrix model. As we did before, in the following we will set ¢ = 1 for simplicity. The
first thing to notice is that, since the potential is symmetric, there are two instanton solutions,
corresponding to eigenvalue tunneling from C to the two saddles +xzo (see Fig. 5.1). Both
instantons have the same action, which is computed via direct integration of the spectral curve

A= —4(\1/3_0602[2) V4 —a*t—2log [\/g\/—2+a2 + \/—2 — aQ] + log4 (1 - a2), (5.4.66)

and therefore contribute equally to the large—order behavior. The one-loop contribution p1 can
be easily obtained from the general formula we derived before, but it has an extra factor of 2 in
order to account for the two instantons. It reads,
1 1—a?
T3 5 1
31V (2—a2)i (2+a2)]

[y = (5.4.67)

After some tedious but straightforward analysis, one likewise obtains for the two—loop contribu-
tion o
1 1
Mo =
43 (2 - a2)2 (2+a?)?

Using these formulae, we see that b = —5/2 in (5.1.3), and the asymptotics of Fy()) is then

given by
Fy(\) ~ % AT2945/2 <2g - 2) [1 + H2A + 0O (12)} : (5.4.69)
The goal is now to compare this “theoretical” large—order prediction with the actual, “exper-
imental” behavior of the 1/N expansion, using the results we have obtained for the free energies
F, up to g = 10, in the quartic matrix model. We first focus on the range of values of A where
the instanton action, as well as the I, are real. This is precisely the interval between A = 0 and
the critical point A = —ﬁ (we will come back to this critical point in the next subsection). In
Fig. 5.2-Fig. 5.4 we have displayed the asymptotic values of the instanton action as well as the
one and two—loop results for the quartic potential. This is done at specific values of the coupling.
The graphs include results extracted from the original sequence Fy (the uppermost sequence of

data), and its Richardson transforms, alongside with the prediction from instanton calculus. In

(40 ~ 120 — 21a% — 10a6). (5.4.68)
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Fig. 5.5 we have plotted the asymptotic values of p1; and pg, obtained as a function of A from the
third Richardson transform, divided by the corresponding prediction from instanton calculus.
It is rather clear that this quotient is very close to 1, with a small error of roughly 0.1% over
most of moduli space. The larger error found at A =~ 0 is due to numerical difficulties related to
the divergence of the instanton action in this region. Indeed, at very small A, the Richardson
transformations converge too slowly to fall on a horizontal line at low genus—in this case, we
would need higher—genus data to obtain better agreement with the predictions. In any case, the
complete set of displayed numerical results strongly supports our analytical predictions.

40
X [
100}
\ 350
95} g
90f 300
: .
gsf
r . 251 \
8.0 . L
\ * - . - — . . - s 3 'Y
n [ n L n n n L n n n L n n n Il L L L Il g [ L L L L L L L L L L L L I Il Il
2 4 6 8 10 2 4 6 8 10

Figure 5.2: The sequence /1/Q, with Q4 as defined in (5.3.48) and the corresponding Richard-
son transforms for the quartic matrix model, at fixed values A = —0.005 (left) and A = —0.01
(right). The prediction for the leading asymptotics is given by the instanton action A(\), shown
as a straight line. The error for ¢ = 10 is 0.01% at A = —0.005, respectively 0.0047% at
A= —0.01.
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-0.011}
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-0.013}
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-0.015f

-0.030

-0.035
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10 0 2 4 6 8 10

Figure 5.3: The sequence ngA2g_%/F(29 — g) and its Richardson transforms for the quartic
matrix model, at fixed values A = —0.005 (left) and A = —0.01 (right). The prediction for the
asymptotic value is the one—loop result u; (straight line). The error is 0.003% at A = —0.005,
respectively 0.002% at A = —0.01.

Let us now consider the range of moduli space where A > 0. In this region the amplitudes
F, are still real, as are the endpoints of the cut +2a. However, the saddle-points zg given in
(5.4.57) now become purely imaginary and conjugate to each other. This implies that there are
now four instanton solutions, corresponding to eigenvalues tunneling from both endpoints of the
cut to both of the saddle—points, as depicted in Fig. 5.6. The corresponding instanton actions
are complex conjugate by a constant shift of +im. We therefore expect the leading asymptotics
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Figure 5.4: The sequence (5.3.51) and its Richardson transforms for the quartic matrix model,
at A = —0.005 (left) and A = —0.01 (right). The prediction for the leading asymptotics is given
by the two—loop result us. The error is 0.05% at A = —0.005, respectively 0.016% at A = —0.01.
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Figure 5.5: The left figure shows the asymptotic value of WF9A29_3 /(29 — %) for the quartic
matrix model, as extracted as a function of A by the third Richardson transform, divided by
the analytic prediction ;. The figure on the right shows the analogous quotient for ps. For
A < —0.004 the error is always less than 0.06%.

to be of the form (5.1.10), implying that

A vens (10 Do) (140 (1))
TR o ((2g—2)0a+0, ) (1+0(=)), 5.4.70
D29 =) (29 = )04+ 0 p (5.4.70)

where 64 and 6,, have been defined in (5.1.9). This is indeed the case, as one can see from
Fig. 5.7 showing the quotient in the left hand side of (5.4.70) together with the prediction for
2cos ((29 — 5)04 +6,,,), at two positive values A = 0.004 and A = 3.

5.4.3 2d Gravity and the Painlevé I Equation

A rather well-known result (see [118] for an excellent review) is that the quartic matrix model

has a critical point at
1
Ae = ——. 5.4.71
o=z (5.471)
At this critical value of A, the saddles +xq collide with the two endpoints of the cut +2a. One
may further use the matrix model near this point in order to define two—dimensional gravity by

means of a double—scaling limit. In this specific limit, one takes

A=A, gs — 0, (5.4.72)
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Figure 5.6: This figure shows the instanton effects for the quartic matrix model at positive
coupling A\. The endpoints of the cut, a and b, are real while the two saddle—points of the
effective potential are purely imaginary and complex conjugate to each other. There are two
pairs of complex conjugate instantons, corresponding to eigenvalues tunneling from either end
of the cut to the saddles zg and xy.

in such a way that the variable
1

Ac
is kept fixed. In this limit it follows that the total, perturbative free energy of the matrix model
becomes the free energy of pure 2d gravity

F(gs,A) = Fas(2). (5.4.74)

(A=) g/ (5.4.73)

z =

Furthermore, in this limit, the pre—string equation of the quartic matrix model (5.4.58) precisely
becomes the Painlevé I equation

1
u? — gu” =z, (5.4.75)
governing the specific heat of the model
u(z) = —Fi(2). (5.4.76)

These results may be used to obtain the perturbative expansion of Fys(z), at any given order. It
turns out that the free energy obtained in this way is actually doubled, since it gets contributions
from the two collisions at +xg. This is of course due to the symmetry of the potential, which we
have discussed before. In order to remove the doubling it is enough to change the normalization
of the quantities appearing above, by

2252, u—25u,  Fy — 2F,. (5.4.77)

Proceeding in this way one is led to the Painlevé I equation with the normalization
1
u? — gu” =z, (5.4.78)

while the double-scaled free energy still satisfies (5.4.76). The perturbative expansion of the
specific heat has the form

L 400
u(z) = 22 E Ug 27292 (5.4.79)
g=0
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Figure 5.7: The sequence 7ng|A|2gfg/ (J#1|T(2g — 2)) for the quartic matrix model, together
with the prediction for the leading asymptotics 2 cos (29 — 3)04(A) + 6, (X)) (thin black line),
at A = 0.004 (left), respectively A = 3 (right). At the highest depicted values of g the error is of
the order of 2% (A = 0.004), respectively 5% (A = 3).

so that the Painlevé I equation becomes equivalent to the following difference equation for the
coefficients ug

25(g — 1
Ug = (g 48) Ug—1 — = ZW“Q s ug = 1. (5.4.80)

The coefficients a4, which appear in the perturbatlve expansion of the double—scaled free energy
as

4 1
Fys(z) = —525/2 B log z + Zag 2729=/2, (5.4.81)
g>2

can then be obtained from u, through the simple relation

4

g = — U 5.4.82
7 (59-5)(59—3) "’ ( )
As a result one finds, for example,
4 s 1 7 5 245
F, =——z2 — —1 ~2 S 4.
as(2) = —57° — gloer t gt P F gt T (5:4.83)

We are now in a position where we may obtain a prediction for the asymptotics of the coefficients
of this series, a4, by simply evaluating the expressions we obtained for the quartic matrix model
near the critical point, and taking into account the change of normalization in (5.4.77). In this
way we find

A 8v3
A_8V3 e (5.4.84)
9s 5
Moreover, for p; we obtain
1 5
Vsl = ——5—— 278, (5.4.85)
It N
while at two loops we get the result
37
Gopz = —— =21, (5.4.86)

64v/3

Altogether, this means that the one—instanton contribution to the double—scaled free energy, up
to two—loop order, is

1

F) = —— 2 % exp 83 {1—37z—3+---}. (5.4.87)
8311 5 64v/3
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The result for the one—loop coefficient, u1, was first obtained by David in [125] and later re—
derived in [126]. We have obtained gy directly from an instanton computation in the matrix
model, but we may also verify our result by computing the one—loop instanton expansion directly
from the Painlevé I equation. This expansion has been studied in detail in [153], where it has been
used to analyze the asymptotics of the perturbative answer. The calculation of this expansion
goes as follows. As noticed in [152, 118], the discontinuity of the double-scaled free energy
(5.4.87) can be computed by linearizing the string equation (5.4.78) around the perturbative,
asymptotic solution. If we denote

€(z) = discu(z), F(gsl) =—¢'(2), (5.4.88)

one finds the linear and homogeneous differential equation

€' (2) — 12up(2)e(z) = 0, (5.4.89)
where | 49 1225
1 5 15
(ol s 1225 5.4.90
uo(2) 22( w8 " T a608° w2060 > (5.4.90)

It is easy to solve (5.4.89) at z — oo after “peeling off” the exponential piece,

E(Z) = CZ_% exp < 8\5/5 2?1) <1 + Zekz_ilk>. (5.4.91)
k=1

The overall coefficient ¢ cannot be deduced from the differential equation (5.4.89) due to its
homogeneity, but the €; can be easily found in terms of the coefficients of the asymptotic
expansion of ug. One finds, for the very first terms,

8v/3 5 75 341329
v3 (1 P 273 z—lf’+.-->. (5.4.92)
5 64+/3 8192 235929601/3

ot

e(z) = cz78 exp < z
Of course, the coefficient ¢ may still be fixed with the explicit result for the one—loop coefficient

1. Assembling all together, one finds the full perturbative expansion of the free energy around
the one—instanton configuration,

o L s 83 s {1 87 -3, 6433 s 12741169 i }
®g.3iyw P\7s 64v/3 24576 23592960+/3 '

(5.4.93)
We can now use (5.4.87), together with (5.1.6), in order to obtain a prediction concerning
the large—order behavior of the perturbative coefficients of the double—scaled free energy, as

16V30 (25\7 (o 5\[,_ 37 3921 3018769
7 12573 \192 g 80g  12800¢2 153600009 '

5 (5.4.94)

Since one can compute these coefficients up to very large order, by using the Painlevé I equation,
we can now perform truly precise tests of some of our proposals. In Fig. 5.8 we show numerical
checks for both the one and two-loop predictions, up to genus 400. Indeed both leading and
subleading asymptotics of the coefficients a, clearly agree, to a very high degree of precision,
with our prediction (5.4.94). This also leads us to an important point. It is sometimes stated
in the literature, e.g., [126, 127], that the one-instanton amplitude (5.4.87) cannot be deduced
from the Painlevé I equation. The reason for this assertion is simply that the linearized equation
(5.4.89) for € does not allow the calculation of p;. But it is clear, in view of the connection
between large—order behavior and instanton effects, that there is a more subtle relation between
the one-instanton amplitude and the perturbative result. In fact, one could instead have derived
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this amplitude from the asymptotics of the coefficients a,4, themselves derived from Painlevé I.
It is easy to see that from the difference equation (5.4.80) one may obtain

ag ~ (12;2)9(29)!, (5.4.95)

a result which at leading order precisely agrees with (5.4.94). A careful study of the difference
equation (5.4.80) beyond (5.4.95) [153] confirms indeed the result (5.4.94) for the asymptotics
of a4, and in particular makes possible to extract the one-instanton amplitude directly from
large order. In the next chapter, we will come back to the study of the Painlevé equation and
show that the formalism of orthogonal polynomials allows one to compute solutions for arbitrary
instanton numbers.

0.00987 - -0.331]]
0.00986 - I

-0.332f
0.00985 | [

-0.333f
0.00984 ;

0.00983 -0.334}

0.00982
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Figure 5.8: The left figure shows the sequence a,A97/2) /T'(2g — 5/2) for 2d gravity alongside
with its Richardson transforms, up to g = 400, clearly converging to the one—loop prediction
1/(8 - 33/473/2) = 0.009847. The right figure shows the modified sequence (5.3.51) and its
Richardson transforms for a,, converging towards the two-loop result —37/(64v/3) = —0.33378,
again up to g = 400. The error at this genus is of order 10™9%.

5.5 Application II: Topological Strings on Local Curves

We now proceed into the realm of topological string theory, beginning with the case of topological
strings on local curves. In the previous section we have computed one—instanton effects in one—
cut matrix models in terms of data associated to the spectral curve. We can then use the
correspondence of [29, 36] to apply our results to topological string theories described by this
class of matrix models. The restriction to the one—cut case still leaves a rather general class of
CY backgrounds to explore, the so—called local curves. A special limit of the theory of local
curves gives the theory of simple Hurwitz numbers studied for example in [151], which will be
addressed in the next section.

5.5.1 Topological Strings on Local Curves

Local curves are toric CY manifolds of the form
X,=0(p—-2)00(-p) =P, pcZ (5.5.96)

Topological string theory on X, has received a lot of recent attention (see, e.g., [159] and
references therein). As explained in [160], the A-model on X, has to be defined equivariantly,
and the most natural choice (the equivariant CY case) corresponds to the antidiagonal action
on the bundle (we refer the reader to [160] for further details). Of more interest to us in

the present work is that the free energies at genus ¢ on this geometry, FgX ?(t), depend on a
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single complexified Kiahler parameter ¢, associated to the complexified area of P!. They can be
computed in both the A and B-models.
In the A—model, the total partition function is given by

Zx, = exp (FXp(gs,t)) , Fx,(gs,t Zg2g 2F (5.5.97)

and near t — 00, FgX ?(t) has the expansion

o0
= ZNnge_dt’ (5598)
d=1

where N, 4 are the Gromov—-Witten invariants of the CY manifold X, at genus g and degree d.
The total partition function Zx, can be computed as a sum over partitions, by making use

of the topological vertex formalism as described in [31]. In order to write the explicit resulting

formula, we first have to introduce some notation. To begin with, define the g—number [n] as

[n] = gV — g2, g =e%. (5.5.99)

A representation, R, of U(o0) is encoded by a Young tableau, labeled by the lengths of its rows
{l;}. The quantity

=> b (5.5.100)

is the total number of boxes in the tableau. Another important quantity associated to a given
tableau is

zr=Y Li(li—2i+1). (5.5.101)
We finally introduce the quantity

1
_ ,—ZR/4
Wr=q | | hook(D)]’ (5.5.102)
OeR

with hook(o) the hook-length. With all this notation at hand, we may finally write the explicit
expression for the topological string partition function on X,,, which is given by

= WrWgeq?P D2r2QUP @ = (~1)Pe, (5.5.103)
R

where R! denotes the transposed Young tableau (i.e., the tableau where we have exchanged the
rows with the columns).

Although (5.5.103) gives an all-genus expression, it is effectively an expansion in powers of
Q. In order to obtain an expression for each FgX P(t) to all orders in @, one usually appeals to
mirror symmetry and the B-model. However, standard techniques of mirror symmetry do not
work well when applied to local curves. The Riemann surface encoding the mirror geometry
for local curves was proposed in [29] based on the direct analysis of the sum over partitions
presented in [161], and later on some aspects of this mirror construction where confirmed from a
more mathematical point of view [162]. The B-model geometry is encoded in the spectral curve

y(A) = i(tanhl[ M;_“i(fb_ b)] - ptanhl[ (AA_;\)/%_ b)D, (5.5.104)

2
which has genus zero. Although this curve is not algebraic, it is easy to see that when written
in terms of the variables X = A, Y = e¥ one obtains an algebraic equation for the C* variables
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X,Y, which leads to the mirror CY threefold (5.5.96). The advantage of writing the curve in
the nonalgebraic form (5.5.104) is that, as explained in [29, 36], one can apply verbatim the
standard matrix model technology that we use in this paper. The curve (5.5.104) may also be
written in the form (4.1.20), with a moment function M () which has various nontrivial zeroes
where the spectral curve is singular. The endpoints of the cut, a¢ and b, are given by

a=(1-¢)P1-¢2)% b=(1-¢) P+ (5.5.105)
where ( is related to @) by the mirror map [161, 162]
Q=(1-¢) P2 (5.5.106)

It was further conjectured in [29] that the free energies FgX P(t) can be obtained as the standard
genus g free energies of a matrix model with spectral curve (5.5.104). And it was conjectured
in [161] that, for g > 2, these free energies may be written as

N Py(¢.p) =y ;
Fy (t):W7 Po(Cp) = > agilp) () (5.5.107)
¢ i=1
where )
Ce = =17 (5.5.108)

is a critical point of the model. In fact, at this point, a zero xg of M () collides with the endpoint
of the cut b, and we are left with a critical theory in the universality class of pure 2d gravity
[161]. If one further takes the double-scaling limit,

¢—C, gs—0, =z fixed, (5.5.109)
where ( 5
o (p—1
2% = 9s QW(Q —()?, (5.5.110)

then the total free energy (5.5.97) becomes the free energy of pure 2d gravity.

5.5.2 Instanton Effects and Large—Order Behavior

In [29] the matrix model description, based on the spectral curve (5.5.104), was used to study
nonperturbative effects in this topological string theory. The spectral curve (5.5.104) has a
nontrivial saddle xg, which is the solution to

M (z0) = 0. (5.5.111)

For the cases p = 3 and p = 4 the relevant solutions have been determined in [34]; they are given
by

4ab
Gp=——m — p=3, (5.5.112
(Va— by )

and o /eh
L p=4 (5.5.113)

T Va— Vb

In [34] it was argued that this saddle controls the large-order behavior of FéX (t), at any value
of . We now show that this is indeed the case, and that the one and two-loop results ju 2
computed in terms of the spectral curve (5.5.104) control the subleading large g asymptotics.
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The instanton action for an eigenvalue tunneling from b to zg has already been computed in
[34]; it is given by the rather formidable expression

A(Q) = F(zo) — F(a), (5.5.114)

where

F(z) = —log (fi(2)) (log (fi(2)) = 21°g<1 " m) ! bg(l ’ (fij:lr(g\C)ﬁ))“’>> )

. 2f1(z) : 2/f1(x) (a —b)?
— 2Liy (—M) — 2Lis (—m) — log 1 log z—

—plog (f2(z)) <log (fo(z)) + 2log(1 — i}%) — log(l — (\fzfi(a\:)fb)?)>_

— 9pLi, (— gi%) + 2pLis ((\;ﬁ%) + g(log )2 + plog(va + Vb)?log ,
(5.5.115)
and h
A (5.5.116)

fa(@) = V/(z = a)(z — b) + = + Vab.

In these expressions a and b are the endpoints of the cut as usual, given in (5.5.105).

The one and two—loop coefficients are again given by the general expressions (5.2.43) and
(5.2.45), as in the previous section. We now compare the analytic results to the large—order
behavior of the perturbation series for the case of the local curve X3 (p = 3). The leading
and subleading asymptotic behavior of F, should be given by the same structure found for
the quartic matrix model (5.4.69). As explained in section 5.3, we can independently test the
predictions for the instanton action, as well as the one and the two—loop results, by applying
Richardson transformations to the modified sequences (5.3.48)—(5.3.51). Notice that all these
quantities depend on the B—model modulus (. For simplicity, we restrict our analysis to the
range 0 < ¢ < (. = %, where the endpoints of the cut, as well as the instanton action, are
real. Fig. 5.9 shows the inverse square root of the sequence @), in (5.3.48) and its first three
Richardson transforms, at two specific values of (. The straight line is the prediction for the
instanton action, A. As is evident from the plot, and even though we only use data up to genus
g = 8, the third Richardson transform already falls on the straight line. The mismatch between
numerical extrapolation and the prediction is of order 0.02%. Analogously, we may check the
one and two—loop results. In Fig. 5.10 and Fig. 5.11 we plot the modified sequences, (5.3.50)
and (5.3.51), together with the corresponding Richardson transforms, again at two fixed values
of the Kéhler modulus. As explained in section 5.3, the predictions for their leading asymptotics
are (1, respectively po, which are shown in the figures as straight lines. Again, this is confirmed
by the Richardson transforms, clearly converging to the prediction from instanton calculus. The
error in here is of order 1%.

Similar graphs can be produced at any other point in moduli space. Fig. 5.12 shows the
asymptotic value of the instanton action, as approximated by the third Richardson transform,
divided by the corresponding analytical prediction, and plotted as a function of the modulus
over 0 < ¢ < 1/4. This quotient is indeed very close to one, as it should be from our discussion.
Similarly, in Fig. 5.13 we plot the asymptotic results for p1 and us, divided by the corresponding
analytic predictions, as functions of (. Notice that while the agreement is excellent over most
of moduli space, as one approaches ( ~ 0 the deviation from the predicted value increases. This
is again due to the divergence of the instanton action at this particular point of moduli space.
Indeed in this region, the Richardson transforms converge too slowly to fall on one line, at low
genus g < 10. In order to obtain full agreement one would need higher—genus data, which is out
of our scope in this paper.
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We have performed similar checks of our predictions for the local curve X4, also obtaining
agreement to very high precision, and further strengthening our analytical results.

r .
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Figure 5.9: The sequence m and the corresponding Richardson transforms for the local
curve X3, at fixed values ¢ = 0.24 (left) and ¢ = 0.15 (right). The leading asymptotics are
predicted to be given by the instanton action A((), shown as a straight line. The error for the
available degree g = 8 is 0.014% at ¢ = 0.24, respectively 0.025% at ¢ = 0.15.
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Figure 5.10: The sequence WFQAQQ_g/ I'(2g — 5) and its Richardson transforms for the local
curve X3, at fixed values ¢ = 0.24 (left) and ¢ = 0.15 (right). The prediction for the asymptotic
value is the one-loop result pi, shown as a straight line. The error is 0.49% at ¢ = 0.24,
respectively 0.58% at ¢ = 0.15.

5.5.3 Spacetime Interpretation of the Instanton Effects

As we have seen in (5.2.39), the instanton action can be computed as a contour integral from
the endpoint of the cut to the saddle zg. This contour integral measures the potential difference
between the cut C and xg. When the spectral curve corresponds to a double—scaled matrix
model, this instanton action should correspond to the disk amplitude for a D-instanton in
noncritical string theory. These D—instanton configurations have been identified in terms of ZZ
branes, and it has also been verified that indeed the matrix model computation agrees with the
disk amplitude for a ZZ brane [51]. Equivalently, the ZZ disk amplitude can be calculated as
the difference between the disk amplitudes for two FZZT branes located, respectively, at the
branch cut of the curve and at the pinched point of the curve. It turns out that, for topological
string theory on local curves, there is a similar interpretation of the instanton action in terms
of D-branes, as well as a spacetime interpretation in terms of domain walls.

The natural branes for the A—model on a toric CY manifold are the Harvey—Lawson branes,
first studied in this context in [163]. The mirrors of these branes are just points in the spectral
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Figure 5.11: The sequence (5.3.51) for the local curve X3 and its Richardson transforms, at
¢ = 0.24 (left) and ¢ = 0.15 (right), with leading asymptotics predicted to be given by the
two—loop result ps. The error is 1.38% at ¢ = 0.24, respectively 1.04% at ¢ = 0.15.
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Figure 5.12: The asymptotic value of \/1/Q, for the local curve X3 as extracted from the third
Richardson transform as a function of (, divided by the analytic prediction for the instanton
action. For ¢ > 0.05, the error is always less than 0.03%.

curve of the B-model. Two branes located at points zy and z; define an interpolating domain
wall in the underlying type II theory. The tension of this domain wall is given by the difference
of D-brane superpotentials [163]

21
W(z1) — W(z0) = / dzy(2). (5.5.117)
20

When 2y and z; correspond, respectively, to the endpoint of the cut and the saddle xg, (5.5.117)
is exactly the instanton action computed in (5.2.39). The connection between instanton actions
in the matrix model and tensions of domain walls was already made in [32] for the backgrounds
considered therein. At the same time, (5.5.117) can be regarded as the difference between two
disk amplitudes for D—branes located at z; and zy. We then see that the role of FZZT branes
in noncritical string theory is played by the Harvey—Lawson branes in topological string theory
on local CY threefolds. Indeed, it can be easily seen [34] that, in the case of local curves, the
toric branes become FZZT branes near the critical point describing 2d gravity. On the other
hand, the saddle xzy that we have been considering (and which leads to an extremum of the
superpotential) gives a topological string analogue of the ZZ brane.

A more invariant way of writing (5.5.117), by taking into account the full six—dimensional
geometry of the CY, is

A= / Q, TI'=[C—Cy, (5.5.118)
T

where 2 is the holomorphic (3, 0) form on the CY, and T is a three—cycle interpolating between
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Figure 5.13: The left figure shows p; for the local curve as extracted from the perturbative series
using the third Richardson transform of the sequence (5.3.50), divided by the corresponding
analytical prediction, and plotted over the range 0 < ¢ < 1/4. Similarly, the second figure
shows the asymptotic result for us as obtained from the perturbative series using (5.3.51), again
divided by the corresponding analytic prediction. The typical error is about 1.5%.

the two—cycles Cp 1 associated to zp 1 in the full geometry. This is indeed the general form for
disk amplitudes of B-branes presented in [164].

It is interesting to notice that usually the nonperturbative effects due to B—branes considered
in the literature involve the hypermultiplet moduli, since a B—brane supported on a curve will
couple to the Kéhler form, and not to 2 [28, 49]. This type of D-instanton effects (which in some
cases can be computed exactly [165]) cannot however be related to the large—order behavior of
the topological string amplitudes, which depend on the vector multiplet moduli. On the other
hand, domain walls interpolating between two B—branes can couple to ) and therefore have the
right structure to control the large—order behavior of topological string perturbation theory. In
this paper we have checked this for a restricted class of toric geometries, but we expect this fact
to be true in the more general case, for an appropriate choice of the domain wall.

5.6 Application III: Hurwitz Theory

We finally proceed to our last example, Hurwitz theory.

5.6.1 Hurwitz Theory

Hurwitz theory studies branched covers of Riemann surfaces. Here, we restrict ourselves to
the coverings of a sphere P! (the “target”) by surfaces of genus g (the “worldsheets”). The
covering maps will be restricted to have only simple branch points. The number of disconnected
coverings of degree d with these topological characteristics is counted by the so—called simple
Hurwitz number, which we denote by Hg;(ld). It can be computed, in classical Hurwitz theory,
in terms of representation theory of the symmetric group:

Pl /1d dR ? 2g—2+42d
Hy (14 = > <€(R)'> (zr/2)% : (5.6.119)
{(R)=d )

Here the sum is over Young tableaux R, with a fixed number of boxes ¢(R) equal to the degree
d, and dp is the dimension of R regarded as a representation of the symmetric group Sy. The
quantity zr was defined in (5.5.101).

We can now define the total partition function of Hurwitz theory as a generating functional
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for simple Hurwitz numbers,
1
HE(19)

29—2
t PR -
(i) = D _ g (29 — 2 + 2d)!

>0 d>0

Q7 (5.6.120)

where QQ = e~ and gy can be regarded as formal parameters keeping track of the degree and
the genus, respectively. This partition function can be written as

2
ZH(tH,gH):Z( dr >g;{“(3)e9HZR/2Qf(R>. (5.6.121)
R

[(R)[!

. . . 1 °
The free energy log ZH describes connected, simple Hurwitz numbers Hg’: d(ld) ,

H H 29—2 HPld(ld) d
F'=log Z" =) "gj7~ Z S ) Q° (5.6.122)
9>0 d>0 +
and it has the genus expansion
Mgu,tn) = 2929 “FiN(Qn). (5.6.123)

This theory is in fact a topological string theory in disguise. It can be realized as a special limit
of the type—A theory on local curves X, with Kahler parameter ¢ that we studied in the previous
section [161], namely the limit

D — 00, t — o0, gs — 0, (5.6.124)
while the new parameters gy and ¢z, which are defined by
gi =pgs, e M =(=1)Pp’e, (5.6.125)

are kept fixed. As in the case of the theory on local curves, there is a B-model mirror to this
theory. Its natural coordinate y is related to the A-model coordinate Q = e~'# by the mirror
map

xe X =Q, (5.6.126)

which can indeed be understood as an appropriate limit of (5.5.106) for p — oo [161]. The
inverse mirror map is provided by Lambert’s W function [166],

0 Ek—1
x=-W(Q)=> 0" (5.6.127)
k=1

which has convergence radius Q. = e~ ! or y = 1. The large-radius region corresponds to Q — 0
(and also to x — 0). The spectral curve characterizing the B-model is of the form

(a—h)(b—h)
2h — (a+b)

y(h) = 2tanh™! [2 ] —+/(a—h)(b—h), (5.6.128)

where the endpoints of the cut are given by
b=(1+x2)% a=(1-x2)" (5.6.129)

The above spectral curve can also be read from the saddle—point description of the sum over
partitions (5.6.121) given in [167, 151].
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Hurwitz theory has been extensively studied in the mathematical literature, and these studies
have unveiled interesting properties. As shown in [168], the higher—genus free energies F. gH(Q),
when expressed in terms of the mirror coordinate y, have a very simple structure, namely

3 3X2
pnis! X°_9XD
1
FIH(X) = Y (log(l —Xx) + X)» (5.6.130)
39—3
Py(x) i
R0 = 0 B0 = X et 922
=2

Moreover, the polynomials Py(x) have the property
P,(1) =45"ta,, g¢g>2, (5.6.131)

where a, is the genus g free energy of 2d gravity appearing in (5.4.81). Therefore, in the
double-scaling limit
5
x—1,  gg—0, g (1—x)"=4z2, (5.6.132)

the total free energy of Hurwitz theory becomes (5.4.81)
Fgp, ti) — Fas(2), (5.6.133)

and one recovers 2d gravity at the critical point. This was first pointed out at genus zero in
[151] and then established at all genera in [161], using the results of [168].

Another interesting result concerning Hurwitz theory was obtained in [169], where the total
free energy was shown to satisfy the Toda equation,

exp (FH(gH,tH +g1) + FY gy ty — gu) — 2FH(gH,tH)) = g%etafHFH(gH,tH). (5.6.134)

This equation is the analogue for this model of the pre—string equation (5.4.58) for the quartic
matrix model. One can directly derive from (5.6.134) that the double-scaled specific heat
satisfies the Painlevé I equation (5.4.78), providing in this way yet another derivation of the
result in [161]. We have used the Toda equation to compute Hurwitz amplitudes up to genus
16, and some of these results are presented in appendix B.2.2.

5.6.2 Instanton Effects and Large—Order Behavior

Let us now turn to the computation of the one-instanton quantities. From the curve (5.6.128)
we find the moment function,

_ 2 it [V @ =M -R)]
M(h) = (a_h)<b_h>t h {2 (e <3 ] 1, (5.6.135)

where the nontrivial saddle—point is defined by

M(ho) =0, (5.6.136)
) 2 [V (@a—ho)(b—ho)]
N oy {2 2ho — (a +b) } = (5.6.137)

This equation can be written in a simpler way by defining w as
2 (W 2
ho = 4/X cosh (5) +(1- )2 (5.6.138)
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In terms of these variables, equation (5.6.137) simply reads

o) = JX. (5.6.139)

Even though we cannot solve analytically for ho(x), we can solve (5.6.137) to find ho(x) near
X = 0,1 as a power series. Near the critical point y = 1, it is easy to see that ho() has a Taylor
series expansions in powers of £ =1 — x

ho(x) :4+£+%52+---. (5.6.140)

Near xy = 0, the power series solution is more complicated. At leading order it is easy to find
that

w ~ —% log(x) + log(—log(x)), (5.6.141)

which yields
ho(x) ~ —log x +2log(—log x),  x — 0. (5.6.142)

The corrections to the leading asymptotics (5.6.141) can be obtained following a method exposed,
for example, in [170]. The full solution can be written as

1
w = log(— log(%)) ~3 log(x) + v, (5.6.143)
where v is a power series
v = Z CikmploFr™ (5.6.144)
7,k,m
in the variables
1 log(— 1 2
log(x) log(x) log(x)

The coefficients c;y, can be explicitly written as

B dz eU—D2kt1 (1) (j 4+ k+m)!
Cikm 27 (e7 — 1)atktm+L — jlklml

. ) (5.6.146)
}{dz R (-1)m (j+k+m—1)!
271 (e=2 — 1)dtktm 51k —1)lm!
The instanton action
ho(x)
A(x) :/ dhy(h) (5.6.147)
b

can now be computed explicitly as a function of hg as

(a—1b)
8

A(x)=(b—a) (7 cosh™1(y) — /42 — 1) - (7 v2—1- COSh_l(’}/)> ,  (5.6.148)

1=t (2ho() —a - b). (5.6.149)

Using the above results for the behavior of hg near y = 0,1, we can also find the behavior of
the instanton action near these points. At the critical point, one finds
1 8v3
—A(y) — \5[25/4 4.

o x — 1, (5.6.150)
g
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Figure 5.14: The moduli space of Hurwitz theory.

where z is the double-scaled variable introduced in (5.6.132). Of course, this is the expected
universal, double—scaled result of (5.4.84). Near xy = 0, we find

1
A ~ 5(log x)*, x = 0. (5.6.151)

We may now compare our predictions with the numerical asymptotics of Fy;. The moduli
space of x can be divided into the six segments shown in Fig. 5.14, and we have tested our
predictions in each of them. They have the following characteristics:

e The simplest case to study is the real interval 0 < y < 1. Here, there is one single instanton
with real action, corresponding to an eigenvalue tunneling from b to the saddle xg on the
right of the cut, and all F; are also real.

e As x moves to the right of [0, 1], beyond the critical point at y = 1, the only solutions to
M(h) = 0 are located inside the cut and the instanton action becomes purely imaginary
while ji1 2 remain real. The F} oscillate in sign.

e [t turns out that there is no systematic difference between the regions I-VI away from the
real axis. The instanton action as well as p12 and of course Fy; are generically complex,
in spite of which our predictions continue to hold.

e When x lies on the negative real line, the endpoints of the cut move away from the real
axis and become complex conjugate. There are now two saddle-point solutions, zg and x(,
complex conjugate to each other, and accordingly two instanton solutions with conjugate
actions, one corresponding to an eigenvalue tunneling from b to x¢p and another from
a = b* to zg, as shown in Fig. 5.14. Therefore the F are real, with asymptotics of the
form (5.1.10) involving a cosine. Notice that this is very similar to a mechanism for the
local curve, first observed in [34].

As before, the one and two-loop coefficients are given by (5.2.43) and (5.2.45), evaluated for
the moment function (5.6.135). The saddle-point solution has to be evaluated numerically. The
instanton action, as well as u; and po, are well-defined over the whole complex plane of the
modulus x. Fig. 5.15 and Fig. 5.16 show the inverse square root of the sequence Qg in (5.3.48) and
of the corresponding Richardson transforms, alongside with the prediction of instanton calculus
for the instanton action, at values of the modulus x = 0.5, x = 1.5+1i, and y = —1 — 0.5i. In
Fig. 5.17 we compare the sequence mF,|A|297%/2/(T'(2g — 3)|uu1|) for Hurwitz theory, together
with the prediction 2 cos ((2g — %) 04+ HM), at y = —0.5 and xy = —3. Fig. 5.18 and Fig. 5.19
show the modified sequences, (5.3.50) and (5.3.51), with leading asymptotics given by the one
and two—loop fluctuations around the one—instanton configuration, together with the analytic
prediction. Indeed, the agreement is again quite spectacular.
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Figure 5.15: The left figure shows the sequence (Re(Q;l))l/ 2 for Hurwitz theory, together with

its Richardson transforms. The straight line shows the corresponding prediction (Re(A?))

1/2
)

at x = 0.5. On the right, the same for y = 1.5 +i. The available degree is g = 16, the error is
4x107%% at x = 0.5, and 7 x 1075% at y = 1.5 +i.
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Figure 5.16: On the left, the sequences (Re(Qg_l))l/ 2 with its Richardson transforms and the
prediction (Re(A?))Y/2, at y = —1 —0.5i (straight line). On the right, we show the same for the
imaginary parts. The errors at g = 16 are 0.01% and 0.08%, respectively.

Conclusion

In this chapter we have extended classical results on the connection between instanton effects
and the large—order behavior of perturbation theory to general, one—cut matrix models and
topological strings. We have tested our one—instanton computation up to two loops in both the
standard quartic matrix model off—criticality and in its double—scaled limit, 2d gravity. If correct,
the matrix model description of the topological string on toric backgrounds [34, 35] implies that
our computation also applies to nonperturbative effects in topological string theory. This is
indeed the case, as we have verified testing our predictions with the large—order behavior of the
perturbative amplitudes. This is a strong check of the proposal of [34, 35], as the asymptotics
of the amplitudes capture information beyond perturbation theory.

From the mathematical point of view, we have presented precise conjectures for the large—
order behavior of Hurwitz theory and 2d gravity.
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Figure 5.17: The sequence wFy|A[2975/2/(T'(2g — 5)|p1]) for Hurwitz theory, together with the
prediction 2 cos ((29 — %) 04+ ‘9#1)7 at x = —0.5 (left) and x = —3 (right). The error at genus
16 is of order 3%.
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Figure 5.18: The left figure shows WAQQ_%FQ /T'(2g — %) for Hurwitz theory, and its Richardson
transforms, at y = 0.5. The leading asymptotics are predicted by w1, shown as a straight
line. On the right, we plot the analogous sequence (5.3.51), together with the expected leading
asymptotic value pg (straight line). The error at g = 16 is 0.009% for w1, and 0.012% for ue.
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Figure 5.19: The left figure shows p; as a function of y for Hurwitz theory, as extracted from the
perturbative series using the third Richardson transform of the sequence (5.3.50), divided by the
corresponding analytical prediction. Similarly, the second figure shows the asymptotic result for
2 as obtained from the perturbative series using (5.3.51), again divided by the corresponding
analytic prediction. For y > 0.01, the error is of order 0.1%.
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Chapter 6

Multi-Instantons and Multi-Cuts

In the last chapter, we have assumed that the eigenvalues are distributed over a single interval C
around a minimum of the potential. However, this is a very special configuration, as the potential
may have many extrema and eigenvalues around each of them, i.e. a multi-cut configuration.
In this chapter, we will see that this can also be interpreted as a multi-instanton configuration,
where many eigenvalues have been moved to the next extremum via instanton transitions. The
presented results will appear in a publication with M. Marino and R. Schiappa [72].

For an n-cut solution, the spectral curve has genus n — 1. Indeed, the pinched spectral
curve that we considered in the one-cut case with one instanton is precisely at the transition
point between a one-cut and a two-cut solution, as can also be seen from figures 6.1, 6.2 for a
more general potential. Configurations with different filling numbers of the intervals around the
extrema of the potential are related by instanton and anti-instanton transitions. Since not only
minima, but also maxima of the potential can accommodate eigenvalues, instantons and anti-
instantons act with opposite signs, depending on whether the transition moves an eigenvalue
from a minimum to a maximum and thus a more stable to a less stable configuration, or the
reverse. Hence, there are exponentially suppressed transitions that we refer to as instantons,
and exponentially enhanced anti-instanton transitions. The full partition sum can always be
written down as an infinite Laurent expansion over instanton sectors with respect to a reference
configuration, and it can be resummed as a theta function [171, 172]. The choice of the reference
configuration is irrelevant, as the partition sum does not depend on it [171]. This is related to the
problem of quantum background independence in string theory and the holomorphic anomaly
equation [173].

For concrete applications, we avoid the subtleties related to enhanced anti-instanton tran-
sitions by picking as a reference configuration the most stable one, where all eigenvalues are
centered around the absolute minimum of the potential, i.e. a one-cut solution. The general
partition function is then a sum over possible filling numbers of this minimum and its neighbour-
ing maximum, that is, two-cut solutions which can equivalently be viewed as multi-instanton
configurations with respect to the reference one-cut configuration. The resulting expressions
have to be carefully regularized, since the % expansion becomes singular as the numbers of
eigenvalues in the second cut becomes small compared to N. We obtain in this way explicit,
regular results for multi-instanton amplitudes of the one-cut model in terms of the free energies
of the two-cut model.

We put these expressions through a number of highly nontrivial tests. They are shown
to reproduce the one-instanton formulae that we found in the previous chapter following an
entirely different approach. Furthermore, we compute the one- and two instanton amplitudes
for the cubic matrix model up to two loops independently using a transseries formalism devised
in [174] based on orthogonal polynomials, finding perfect agreement with our general formula.
We perform two further checks of the multi-instanton formula in the double-scaling limit at
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Figure 6.1: Spectral curves corresponding to one-cut respectively two-cut solutions

the critical point, where the cubic matrix model describes two-dimensional gravity. As we have
seen in the previous chapter and in the introduction to matrix models in chapter 4, this regime
is controlled by the Painlevé I equation. Again using the transseries formalism, this equation
can be solved recursively for arbitrary loops and instanton sectors, and we check up to high
instanton numbers that the double-scaling limit of the multi-instanton expressions that our
master formula yields for the cubic matrix model off criticality reproduces this solution. Based
on the connection to multicut models, we conjecture a nontrivial integrality structure of solutions
to the Painlevé I equation, namely, the partition sum at fixed order in the coupling constant
should be a polynomial rather than rational function of the instanton expansion parameter. This
is indeed confirmed by the expressions we find.

This chapter is organized as follows. We start with a general review of multicut models in
section 6.1, where we also derive some explicit results for two-cut models. In section 6.2, we
derive an expression for the /—instanton amplitude of a generic two-cut model. We show that
the full partition sum of the two-cut model can be naturally reorganized as an instanton/anti-
instanton expansion with respect to an arbitrary reference configuration. We then specialize to
the stable reference configuration and derive regular expressions for the /—instanton amplitude
in generic one-cut models using the two-cut free energies. We test the result against the low-
instanton number amplitudes for the cubic matrix model, computed by the method of orthogonal
polynomials. In section 6.3, we test our prediction for the {-instanton amplitude in the double-
scaling limit, where we recursively solve the Painlevé I equation for higher instanton sectors
using the transseries formalism.

6.1 Review of multicut matrix models

In this chapter we will consider Hermitian matrix models involving one single matrix, but we
will extend some of the results of [71] by studying multi-cut configurations. In the following, we
will give a brief review of multi-cut matrix models, following [125, 172, 175, 9].

We recall that the one—matrix model partition function is

I = Vol[[j_(N)] /dM exp (—glsﬂ V(M)> , (6.1.1)

where V (z) is a potential which we will take to be a polynomial. This can be written in terms
of eigenvalues as

N ] N
In = % /H1 ‘;jr A%()) exp (-gls va) (6.1.2)

where A()) is the Vandermonde determinant. As in the last chapter, we are interested in
studying the model at large N but keeping the 't Hooft coupling

t = Ng, (6.1.3)
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fixed. In this limit the model can be described by the density of eigenvalues

() = %mm M) (6.1.4)

Ny

o0 O—0

Ay As As

Figure 6.2: An example of a potential leading to a three-cut solution. The N eigenvalues split
into three sets, Ny, I = 1,2, 3, and they sit around the extrema of the potential. The support
of the density of eigenvalues is the union of the intervals Ay, I = 1,2, 3.

Let us assume that the potential V(x) has s extrema. The most general saddle point of
the model will be characterized by a density of eigenvalues supported on a disjoint union of s
intervals

c=J 4, (6.1.5)
I=1

where A = [xo7_1, xo7] are the s cuts and 21 < g < -+ < mg,. If s > 1 we call this saddle point
a multi-cut solution of the Hermitian matrix model. A potential leading to a three-cut solution
is depicted in Fig. 6.2. This multicut saddle-point can be described in terms of integration over
eigenvalues as follows. In the s-cut configuration described above the N eigenvalues split into s
sets of Ny eigenvalues, I = 1,--- ,s. Let us denote each of these s sets by

{)‘i(gll)}m:l,--wNn I=1,--,s. (6.1.6)

The eigenvalues in the I-th set sit in the interval A; around the I-th extremum. Along this
interval, the effective potential

Vg () = V(A) — t/d)\’p(X) log [\ — V| (6.1.7)

is constant. It is possible to choose s integration contours C; in the complex plane, I =1, - , s,
going to infinity in directions where the integrand decays exponentially, and in such a way that
each of them passes through exactly one of the s critical points (see for example [176]). The
resulting matrix integral is convergent and can be written as

Z(Ni,--- N, ! T2 a2 S V00 6.1.8
A TE ) VISLLY IS ) £ =E
1 s 1=

The overall combinatorial factor in this expression, as compared to the one in (6.1.1), is due to

the fact that there are
N!

Nyl N!
ways to choose the s sets of Ny eigenvalues. Of course, when the integrand is written out in
detail, it splits into s sets of eigenvalues which interact among them through the Vandermonde
determinant (see for example [177]).

(6.1.9)
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In order to solve for the density of eigenvalues we introduce, as in the one-cut case, the

resolvent
1 1 13X 1 N

which has a standard genus expansion w(z) = Z;':OB g29 wy(z) with

wolz) = /Cd)\ Z”(_A)A (6.1.11)

The normalization of the eigenvalue density

/d)\ p(A) =1 (6.1.12)
C

implies that
1
wo(z) ~ = (6.1.13)

z
as z — +o00. Notice that the genus zero resolvent determines the eigenvalue density as

o(2) = —%m(wo(quie)—wo(z—ie)). (6.1.14)

In (6.1.11), C denotes a closed contour enclosing the union of intervals. One may compute wp(z)
by making use of the large N saddle—point equations of motion of the matrix model,

wo(z +i€) + wo(z — i€) = %V’(z) = 2P/Cd)\ z(—/\))\ (6.1.15)

For a generic multi—cut solution, the large N resolvent is given by

wo(z) = 17{:(;:1 ‘Z//_(“;Z Z((Z)) (6.1.16)

o(x) = H(x — T). (6.1.17)

As in the one-cut case, an equivalent way to describe the large N solution is via the spectral
curve y(z), which is given by

y(2) = V'(2) = 2two(z) = M(2) /o () (6.1.18)
where 4 V()
M(z) = iw 2 e e (6.1.19)

is the moment function. The moments of this function, which are defined by [175]

dw V' (w)
M® — fg = (6.1.20)

can be easily calculated to be

1 dk!

(k) _
M= a0

(6.1.21)
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and will play an important role in the following. We will denote
M; = MY = M(z;). (6.1.22)

In order to fully determine the large N solution one still needs to specify the endpoints of
the s cuts, {xy}. The large z asymptotics of the genus zero resolvent immediately yield s + 1
conditions for these 2s unknowns. They are

n !
f v ( ) = 2t Ops, (6.1.23)
27

forn=0,1,...,s. In order to fully solve the problem, one still requires s — 1 extra conditions.
These will be fixed in our case by fixing the filling fractions,

= _ dAp(\), I=1,2,... s, (6.1.24)
N /4,

as parameters, or moduli, of the problem under scrutiny. Since ) 7_; ¢ = 1, equation (6.1.24)
leads to s — 1 conditions, as we required. One may also use as moduli the partial 't Hooft
couplings t; = te; = gs Ny, which can be written as

1

tr = — d 1.2
I Ari ol Zy(Z), (6 5)

with Y74 t! = t. Notice that in general the saddle point we are considering will be an unstable
one. This is the generic situation we find in the applications of matrix models to topological
string theory [32, 29, 35]. Indeed, as we will see in this chapter, the fact that we consider general
unstable saddle-points will allow us to extract multi-instanton amplitudes from multi-cut matrix
models.

The free energy of the multi-cut matrix model has a genus expansion of the form

=logZ = ZF (tr)g29—2. (6.1.26)
g=0

The planar free energy Fy(t;) can be computed from the spectral curve by using the special
geometry relation [178]
OFy(t)
oty

:f y(A)dA, I=1,---,s, (6.1.27)
By

where B/I\ is a path which goes from the endpoint of the A; cycle to the point A. This point is
then taken to infinity after removing the divergent pieces of the integral.

We will need later on explicit expressions for the derivatives of the endpoints of the cuts, x;,
with respect to the 't Hooft parameters ¢;. These are obtained as solutions to a linear system
which we now write down. From (6.1.23) we immediately obtain,

2s

> Mz fgxl 40ks, k=0,---,s. (6.1.28)
=1

For fixed j, this gives s + 1 conditions for 2s quantities. The remaining conditions can be
obtained from
1 (@2
ty = or dAM(N)\/o(N) (6.1.29)
7

T2k—1
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by taking derivatives w.r.t. t;. A similar calculation is done in [175], Appendix A. By deforming
the contour away from infinity, we can write the moment function as

_ dw  V'(w)
M()\) = 7% =Tt (6.1.30)

where C) is a small contour around w = . Therefore, by taking derivatives w.r.t. ¢; in (6.1.29)
we obtain

i d ! 1 1 A
S = ~ O / dA f w Viw ( - ) Aoy (6.1.31)
Tok_1 CUCy, 27“ (W= \w—2; A—umx; o(w)
where the derivative acted on o()), o(w). Since
1 1 A—
—~ = - (6.1.32)

w—zi A—m (w—x)A—xi)
we finally obtain

y{ dw V'(w) ( 1 1 )m——mMi. (6.1.33)
c w

ey 27 (w — A) N o(w) oA

— Xy )\—a:i

Notice that the integrand has no longer a pole at w = A, hence only the integral around C
contributes. We then end up with the equations

i ) Tok [a(\
— %Mi/ YN _ i k=15 (6.1.34)
™ 1 6tj Tok_1 A

If we introduce the integrals [175]

T2k )\
Kij = / a Yo (6.1.35)
Tog—1 A=
We can write
1 & Oz
— M;K; =9 k=1,---,s. 6.1.36
47T — ik, 6t jk>s ) yS ( )

These equations, together with (6.1.28), determine the derivatives d0z;/0t;. Other derivatives
with respect to the 't Hooft parameters can be also expressed in terms of the derivatives of the
branch points. For example, it is easy to find that

8MZ‘ o §M(2) 81‘1 1 Mi - Mk 81‘k

= . - _— 6.1.37
8tj 2 8tj+2k%:i Xr; — Tk Btj ( )

In the two-cut case, these quantities can be conveniently expressed in terms of elliptic functions,
since the spectral curve is elliptic. We define as in [172]

_ (w1 —zo) (3 — w4)

B z _ 2 2 _
= /fl \/‘U(Z)’ \/(331 — x3) (2 — ﬂl?4)K(]€)7 g (x1 — 3) (22 — 4)

and introduce the variables

: (6.1.38)

S = %(tl — tg). (6139)

One then finds for the derivatives of the endpoints x; of the cuts, solving the system of equations
(6.1.36)

t =11 +to,

%_ 47 1
0s N MJC Hﬁéi(l‘i—%]’)'

(6.1.40)
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Another quantity which can be easily computed in the two-cut case in terms of elliptic functions
is Fi(t1,ta) [175, 177]. It is given by

4

1 1 1 1 1

FO = ~51 Z In M; — B In K(k)— T Z In(z; —x;)*+ 3 In(z; —23)*+ 3 In(ze—x4)% (6.1.41)
=1 1<J

We can now apply the quantities assembled above to compute instanton amplitudes in multicut

models.

6.2 Multi-cut solutions as multi-instanton configurations

In this section, we derive expressions for multi-instanton configurations in terms of multi-cut
solutions. If one regards (6.1.8) as the matrix integral in a topological sector characterized by
the fillings Ny, - -+ , N, it is natural to consider the general partition function [120, 125, 172, 171]

Z= ) Y G Z(N - ), (6.2.42)
Ni+-+Ns=N

The coefficients (; can be regarded as 6 parameters which lead to different 6 vacua [125]. The
sum (6.2.42) can also be regarded as a matrix integral where the N eigenvalues are integrated
along the contour

C=> GCr. (6.2.43)
k=1

therefore the 6 parameters give the relative weight of the different contours Cy [125, 171].

The different sectors appearing in (6.2.42) can be regarded as instanton sectors of the mul-
ticut matrix model. Indeed, let Z(Ny,--- , Ns) the partition function in one sector with filling
fractions Ny, and Z(Njy,---,N}) the partition function corresponding to a different choice of
filling fractions Nj. Then we have that

s

Z(NY, -+, N [ 1  OFo(tr)

—— % ~exp|—— N — N ] 6.2.44

Z(Ny,--+, Na) Py ;( =N oty ( )
This means that, if we pick a set of filling fractions (IVy,---, Ng) as our reference point, the

other sectors can not be seen in g5 perturbation theory. It is then natural to regard them as
different instanton sectors of the matrix model.

6.2.1 General structure

Notice that, depending on the value of the real part of the exponent appearing in (6.2.44),
the sectors with filling fractions (N7, ---, N/) will be exponentially suppressed or exponentially
enhanced with respect to the reference configuration (N, --- , Ns). Let us consider for example
a cubic potential where Ny eigenvalues sit at the minimum of the potential and N» eigenvalues
sit at the maximum. The sector with fillings (N; — 1, Na + 1), which can be regarded as the
one-instanton sector, will be more unstable than our reference configuration, and typically it will
be exponentially suppressed. However, the anti-instanton sector with fillings (N7 + 1, Ny — 1) is
more stable and it will be exponentially enhanced. Therefore, in multi-cut matrix models (and
in contrast to most field theories) instantons and anti-instantons have actions with opposite
signs. As we will see, this leads to some subtleties.

Let us then consider a reference configuration characterized by arbitrary filling fractions Ny,
I =1,---,s, and then regard any other set of filling fractions N} as instanton configurations.
In this case, the determination of the instanton expansion of the partition function amounts to
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a Taylor expansion around the configuration with ¢t; = gs/N;. For simplicity we will write down
the formulae in the two-cut case, and refer to [171] for the formal, general expressions. We start
from a reference configuration (N1, Na) and we write

Ny N,
Z=Y ("Z(Ni 6Ny + ) = ZO(N, No) S (20, (6.2.45)
t==N; (=—N,

where we denoted Z()(Ny, N;) = Z(Ny, N3), and

6.2.46
ZO(Ny, V) (6.2.46)
Let us now assume that Ny # 0, I = 1,2. If we recall that t; = gs/N7, and that
Z(Ny, Ny) = exp [Z 92972 F, (1, tQ)] (6.2.47)
g=0
we immediately find
A &
70 = ¢t 2, [1 — g (easFl n E8S3FO) n O(gg)] (6.2.48)
In this equation
A(t) = 0sFo(ty),  q= exp(agFo). (6.2.49)

A corresponds to the action of an instanton obtained by eigenvalue tunneling. Notice that, due
to (6.1.27), we can write A as an integral over the spectral curve,

A= / () da. (6.2.50)

2

Since ¢ can be positive or negative, the expansion in (6.2.45) will be a Laurent expansion, in
which both positive and negative powers of £ = exp(—A/gs) appear. The free energy will be as
well a Laurent series in € and €1, but each coefficient in this series will be given by an infinite
sum of terms. This is the subtlety we were referring to.

6.2.2 Theta function resummation and background independence

It turns out that there is a rather natural way to resum these terms by using theta functions,
as has been done in a similar context in [172, 171]. As we mentioned above, in the general
case the partition function is a Laurent series in £ = exp(—A/gs) and one has to be careful in
order to write the free energy as an instanton expansion, since the coefficient of & to the free
energy is the sum of an infinite number of contributions from the partition function, involving
all possible Z(™. Here we point out that one can actually resum this series by rewriting the
partition function as a theta series, as in [172, 171].
At large Ny, Na, one can extend the sum of (6.2.45) from —oo to oo, and we obtain

2 =20t Y g1 - g (00 + 0R) + O(g2). (6.2.51)

{=—00

If we exchange the sum over ¢ with the expansion in g, we can write Z in terms of the theta
function

Os(rle) = D /%! (6.2.52)

{=—0c0
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where z = (£, as
Z = Z(O)(tl,tg){ﬁg(ﬂz) — g (zazﬁg( 12) B Fy + (za )393(72) 8 Fg> + (’)(gs)} (6.2.53)

This theta function is well defined due to the fact that 7 is indeed the modulus of an elliptic
curve, hence |¢| < 1. We can now use Jacobi’s triple identity

o (o) o0
Is(rlz) = [T - T + 22 [T (1 + 271¢" /%) (6.2.54)
n=1 n=1 n=1
to write . L ,
1) 284z~
log 193(T|Z):10g¢(Q)+Z( e) T— (6.2.55)
(=1 q2 —q 2
where

¢(q) = [[(1—a™. (6.2.56)

SR AYA 5
Lig(z)zz( D : (6.2.57)

This reorganization allows us to express the total free energy F' = log Z in terms of an infinite
series which has formally the structure of an instanton/anti-instanton expansion,

¢
F=FO(t;,t)) +logp(q) + Y (Sl)l)gfe“/gs (1 + O(gs)). (6.2.58)
0 g2 —q 2

It is of course possible to write the gy corrections in a similar way. Notice that log ¢(q) gives a
contribution to Fj coming from instanton/anti-instanton interactions in the partition function.
It would be interesting to verify that this expansion provides indeed the right instanton expansion
of the free energy in the two-cut case when we consider an arbitrary reference configuration, in
the same way that we check in the following sections the multi-instanton expansion around the
one-cut case.

6.2.3 Stabilizing multi-instantons

One way to avoid the subtleties related to exponentially enhanced transitions is to choose as a
reference configuration the most stable one, suppressing in this way anti-instanton configura-
tions. This is the natural choice if we are interested in computing a convergent matrix integral
in terms of a perturbative series in g5 plus exponentially small corrections, since every other
configuration is exponentially suppressed. Let us consider for example the case in which the po-
tential has a unique minimum (like in Fig. 6.2). If we call A; the cut surrounding this minimum,
the most stable configuration has filling fractions

(N,0,---,0) (6.2.59)

and it is a one-cut solution of the model. Any other configuration will be exponentially sup-
pressed with respect to this one, and a convergent matrix integral can be computed at large N
by considering the partition function Z(N,0,---,0) and then adding exponentially suppressed
contributions from the other configurations. In this way we compute a multi-cut configuration
as a sum of multi-instantons in the one-cut matrix model. This produces in particular general
formulae for multi-instanton amplitudes in the one-cut matrix model.
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Let us then calculate the partition function in this way, starting from a generic two-cut
matrix model. The total partition function is

N
Z =Y ¢'Z(N-10). (6.2.60)
£=0

We are interested in the 't Hooft limit in which NV — oo with ¢ = g,V fixed, and £ < N. In this
limit the finite sum in (6.2.60) becomes an infinite sum and we can write

Z = Z0) [1 + i &Zm], (6.2.61)
/=1

where Z(0)(t) = Z(N,0) is the total partition function of the one-cut matrix model, i.e. the
model in which the N eigenvalues sit at the minimum. and

70 _ Z(t — Lys, tys)

) (6.2.62)

Like before, we can try to evaluate Z( by expanding the numerator around g, = 0. There is
a subtlety, however, since the free energies F,(t1,t2) are not analytic at to = 0. To understand
the origin of this nonanalyticity, we write

Fylt1,t2) = FS(to) + Ey(ty, ta), (6.2.63)

where F’ gG (t) are the genus g free energies of the Gaussian matrix model with 't Hooft parameter
t, i.e.
ES(t :ltZ(l t—§) FG(t):—il t (6.2.64)
0 ( ) 2 og 9 ) 1 12 ogi, L

It is easy to see that ﬁg (t1,t2) is analytic at ta = 0, so the lack of analyticity of the matrix model
at t = 0 is due to F'%(t3). This issue has been discussed in [55] in a slightly different context:
the Gaussian part of the matrix model free energy comes from the measure and it is not analytic
when the 't Hooft parameter vanishes. The “regularized” ﬁg(tl, t2) comes from resumming the
perturbation theory double-line diagrams with genus g and it is an analytic function.

Physically, the reason for the appearance of this singularity is that in this problem to = fg;
and £ is small compared to IN. Therefore, it is not appropriate to treat the integration over the £
eigenvalues from the point of view of the large IV expansion. They should be integrated exactly.
This argument suggests that in order to regularize the computation we should subtract F'S(ts)
from the total free energy and at the same time we multiply Z(©) by the ezact partition function
ZgG for the Gaussian matrix model with ¢ eigenvalues,

G 9£2/2
28 = Gl + 1), (6.2.65)
where Ga(¢ + 1) is the Barnes function,
-1
Go(t+1) =] (6.2.66)
i=0

The appropriate expression for the partition function around the f-instanton configuration is
then

20 — 78 exp [Z G272 (Fy(t — L9, b9:) — Fy(1) (6.2.67)
g=>0
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We can now expand the exponent appearing in (6.2.67) around g5 = 0, since it is analytic, and
we obtain, up to two-loops,

2/2

in 3
 _ s 00%)2 —0A)gs ) 1 ~ AT )
Z (2n)i2 Ga(t+1)("q /7e {1 gs (msFl(t) +5 GSFO(L‘)> + (’)(gs)}. (6.2.68)

In this equation

Al) = 8,Fy,  §= exp(agﬁo). (6.2.69)

All the derivatives appearing in (6.2.68) and (6.2.69) are evaluated at to = 0, t; = ¢.

Expression (6.2.68) is crucial for the rest of this paper. Notice that it is very similar to its
counterpart (6.2.48) in the arbitrary unstable configuration, but for the Gaussian prefactor and
the fact that ﬁg is now regularized. Furthermore, notice that it gives a precise prediction for
amplitudes corresponding to arbitrary instanton number, with only input besides the instanton
action the regularized, two-cut free energies ﬁg. Of course, this simply reflects our philosophy
that multi-instanton configurations can be expressed by multi-cut solutions. Another aspect of
Z® is that it is not typical of a dilute instanton gas. In a dilute instanton gas one has that, at
leading order in the coupling constant,

1 0
0~ 2 (7
79~ 5 (z ) . (6.2.70)

If this was the case here, Z;, would scale like gﬁ/ 2, but it is clear from (6.2.68) that this is not
2

true: Zy scales like gﬁ 2 1t is easy to see that this is due to the presence of the Vandermonde
determinant, and this in turn can be easily understood from a simple scaling argument. The

f-instanton integral is roughly of the form

¢
VACES /Hd$ZA2 xz)exp[ (o) Z — x0) ] (6.2.71)
=1

=1

1/2

If we set u; = (z; — x0)/gs’~ we see immediately that the measure for the ¢ eigenvalues leads to

the factor gg/ 2 typical of a dilute instanton gas. However, the Vandermonde determinant leads
to an extra power of gw D/2 The instanton gas in a matrix model should be rather regarded
as a ultra-diluted instanton gas, since for small gs the partition function for ¢ instantons is even
more suppressed than in the usual instanton gas. Physically, the ultra-diluteness is of course
due to the eigenvalue repulsion.

In particular, we disagree with the analysis of multi-instantons in the one-cut matrix model
proposed in section 2 of [126]. In that paper the Vandermonde interaction between the instantons
is set to one, and the resulting integral factorized. This cannot be done without jeopardizing
the very scaling of Z, with g,.

Since we are expanding around the most stable configuration, Z has now a Taylor series in
€= Mo, (6.2.72)

and F will be well-defined as a formal series in powers of fA We can now compute the free energy
as

=logZ = Z (2, 9s), (6.2.73)

where

FO(z,g,) = F" (1 +3 F,E%Q) . (6.2.74)
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This series is appropriately written in terms of “connected” contributions

log(l +3 &Z“)) =3¢z, (6.2.75)
>1 >1
where
" (—1)5-1 =
_ — k ks) _ (¢ (—k) r(k
Z(C)_ZT Z AL VA )_Z()_§ZZ( AL (6.2.76)
s>1 kit ths=f k=1

We then deduce that the f-instanton contribution to the free energy of a one-cut matrix model
is given as

FO =z, (6.2.77)

The explicit expression of F¥) at two loops is

1/2

(1) _ 95" ps1/2)q 5, Loss 9

F \/%Cq {1 gs<asF1+ 685F0) +O(gs)}a
-1

po_ D7 g

2 ) (6.2.78)
s 0s/2) 4 ~o s 2 >
6(27{)5 Cq {1 egs<asF1+6asF0 Q>+O(gs)}7 £_2

This gives formulae for the /-instanton free energy, up to two loop order, in an arbitrary one-cut
matrix model.

6.2.4 Recovering the one-instanton amplitude from the two-cut solution

We will now test our formulae (6.2.68) and (6.2.78) against other techniques for computing
multi-instanton effects. A first, obvious test that equation (6.2.78) has to pass is that at ¢ = 1,
it has to reproduce our result for the one-instanton amplitude found in the last chapter, (5.2.45).

The formula (6.2.78) involves the computation of derivatives of two-cut free energies, in the
limit in which one of the cuts shrinks down to zero size, i.e. t9 — 0. We will now derive explicit
expressions for these derivatives, and in particular we will check that the expression obtained for
FM) agrees with the result of [71]. The limit t2 — 0 corresponds geometrically to a degeneration
of the curve in which the A, cut shrinks to zero size, i.e. 3 — x4 = xg. The spectral curve of
the two-cut problem becomes

y(x) — M(x)(z — x0)\/(z — z1)(z — 29) (6.2.79)

Notice that here M (x) is the moment function of the two-cut problem. The moment function
of the one-cut problem is then given by

M (z) = M(z)(x — xo). (6.2.80)
We can now compute the quantities appearing in (6.2.78). First of all, the instanton action is

given by
A(t) = lim <8SF0(t,t2) - 8t2Foc'(t2)>. (6.2.81)

to—0

Both quantities appearing here are regular at to = 0, and from (6.1.27) one immediately finds

- /mo Mi(2)y/ (& — 1) (@ — 22)dz, (6.2.82)

which is indeed the right formula in the one-cut case.
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We next compute

1 5~ 1 1
Z92Fy(t,0) = - lim <652F0(t,t2) — F(?(@)) = lim (7ir — > logts ). (6.2.83)
2 2 t3—0 2 T4—T3 2
In the limit x4 — x3 the elliptic modulus appearing in (6.1.38) vanishes and both 7 and log to
diverge. In order to calculate this limit, as well as similar ones, we will set

€= T4 — 3. (6.2.84)

As € — 0 the leading behavior of the elliptic modulus is given by
k2
ir ~ log — 6.2.85
mir ~ log 7& ( )
ie. it diverges as log(e). According to our general argument above, this divergence should
be removed by subtracting (logts)/2. We computed the expansion of ¢ in powers of €. In
particular, we find that at leading order 3 ~ €2, so indeed the cancellation takes place. The
subleading order implies
k2 - 1

G2 = lim TN 1 . 2 . (6.2.86)
€— 2
: VM)l — w0) (2 — 20)]

where we have set x3 = zg. Since

M (20) = M{(o), (6.2.87)

(6.2.86) is in complete agreement with the formula obtained in [71] for the one-loop contribution
to F) (the factor 1/y/27 appearing in the formula of [71] is already included in (6.2.78)).

We now proceed with the calculation of the quantities appearing at two-loops. This is more
involved, but leads to a highly nontrivial check of our expressions. We will first calculate 82?0.
This can be computed, in the full two-cut matrix model, as

SFy = 2mi=—s ——, (6.2.88)
S

where k2 is the elliptic modulus defined in (6.1.38). The first factor in the r.h.s can be immedi-
ately computed with the identities

dK 1 ,
TR TE T A S -
dK’ _ 1 (E’ sz,) ( o )
dk?2 — 2k2k2YT ’

where E(k) is the complete elliptic integral of the second kind (see Appendix C.1), and
K*=1-%, K =K(F), FE =EW). (6.2.90)

The second factor is more involved and can be computed from (6.1.40). The result, for a generic
two-cut matrix model, is

87k:2 _ 27r\/(x4 —x9)(x3 — x1) 1 1
0s K(k)) (1‘1 —5133)2(1'2—5134)2 Ml"'M4Hi<j<xi_xj)

. (M1M2M3($1 — 19)%(21 — 23)*(z9 — 13)?
+ My MoMy(zy — 29)* (21 — 24)* (w2 — 24)% + My M3 My(21 — 23)* (01 — 24)% (13 — 24)?
+ My M3 My(x1 — x3)2 (21 — 24)* (23 — 964)2)

(6.2.91)
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Putting everything together we obtain

103F)
6 0s3
73/ (x4 — 22) (23 — 71) 1
6(z1 — z2) (22 — x3) (21 — 2a) (23 — 2a) K3 (k) My~ - My [, (i — )

(
' (M1M2M3(l’1 — 29)* (21 — w3)* (w2 — 23)°

)

)

+ My MoMy(zy — z0) (21 — 24)* (2 — 24)% + My MsMy(z1 — 23)* (21 — 24)* (23 — 24)?

’)
(6.2.92)
This has a pole of order two in € = x4 — 3. The divergent pieces in e 2 and e~ ! should be
removed by subtracting —1/(6t2). Indeed, using again the e-expansion of to, we check that this
is the case, and we obtain the final limit

+ My M3 My (w1 — 23)* (21 — 24)* (23 — 24

-0, Fy(t,0) =1 =0 Fy(t,t2) — —
s F0.0) = lim (G2t ) — )

1 8(z1 — x0)? 8(xg — x0)?
\/(xl — x0) (22 — T0) { (x1 — x2)2(x2 — 10)2M (22) (21 — 2)2M (1) (21 — 0)?
4M'(z9)?  3M"(z0) 17(z1 + 29 — 220) M’ (0)
M(x0)3  2M(x0)2  2(xo — o) M (0)2(x1 — x0)
N 7723 + 118womy — 272x0x1 + 7723 + 27223 — 272291 }
8M (zg) (o — x2)% (21 — x0)?

(6.2.93)

A similar computation can be done in the case of Fj. Explicit formulae for dsF} in the full
two-cut model can be easily obtained with the results collected in the previous section. Again,
this is singular as € — 0, but the following limit turns out to be regular, as expected

~ ' 1
85F1<t70) = lgr)(l) <83F1(t;t2) + 12t2>
= 1 { M (20)? (x1 + xo — 220) M ()

V(@1 — wo) (w2 — o) -

6M(l’0)3 24($1 — l’o)(l’g — 130)M(:L‘0)2
19(22 + 23) — 227971 + 1620(20 — 71 — T2) (3w — 9 — 2x9) (22 — o)
96(331 - xo)z(aﬁo - xz)zM(xo) 3(1’1 - x2)2($1 - x0)2M(l’1)
n (1'1 — 1‘0)(1‘1 — 3%2 + 21‘0) _ (1‘2 — wo)M/<1'1)
3(1‘1 — 1‘2)2(1'2 — 1‘0)2M($2) 4(.731 — xg)(xl — l‘o)M(l‘l)Q
(21 — 20) M’ (22) _ M"(xo) }
4(1‘1 — 12)(1‘2 - .CC[))M(.%Q)Q 8M($0)2 '

(6.2.94)

+

One can now easily check that
1 o~ .
6afFO(t, 0) + 9, F1(t,0) (6.2.95)

is precisely the two-loop contribution to F(M) (5.2.45) computed in [71] by different means.

6.2.5 Multi-instanton amplitudes from the transseries formalism

An alternative, independent method to derive multi-instanton amplitudes has been put forward
in [174]. Tt is based on the so-called transseries formalism, applied to the solution of the matrix
model in terms of orthogonal polynomials.

151



Transseries formalism

Recall the formalism of orthogonal polynomials p,()), explained in detail e.g. in [118]. For a
matrix model with potential V' (\), the orthogonal polynomials p,, are defined by

d\ _v

2:° 95 pp(AN)Pm(N) = hndnm, n >0, (6.2.96)
s
where p,, are normalized by requiring that p, ~ A" +---. It turns out that the partition function
(6.1.1) of the matrix model can be expressed in terms of orthogonal polynomials as
N—1 N ‘
Zy =[] b =0 ] (6.2.97)
i=0 i=1
The coefficients b
n
= 6.2.98
Tn hnfl ( )
satisfy recursion relations depending on the shape of the potential. They also obviously satisfy
Zn—l Zn—i—l
T = 27% (6.2.99)

In the limit N — oo, gs+ becomes a continuous variable that we will call z, and r,, is promoted
to a function R(z,gs), for which we have the multi-instanton transseries ansatz

R(z,gs) = Y C'RO(z,g,)e A0, (6.2.100)
=0

where the /-instanton coefficient can be written as

RO (z,g,) = R (2) (1 + iggR;f)(z)) . (6.2.101)

n=1

The coefficients Rff ) (z,9s) can be computed from the so-called pre-string equation, a difference
equation which can be derived as the continuum limit of the recursion relations satisfied by
the coefficients r,. For any polynomial potential, the pre-string equation can be written down
explicitly [118]. Once (6.2.100) found, we can extract the normalized free energy F (z,95) =
log Z — log Z¢ from the continuum limit of (6.2.99), namely

oF (409 +F(z=g0.9:) 2P (2.9) _ T2 95) (6.2.102)
z
or equivalently
n A - _ R(Z, gs)
F(z+ gs,9s) + F(2 = g5, 95) = 2F(2, gs) = log(——). (6.2.103)
This implies for the coefficients F()
A(z+gs) ~ A(z—gs) ~ Az) ~ A(z) (0)
e—f gsg Fé(z + 95795) + e—f gsg FZ(Z - QSags) - 26_6 9s FZ(Zags) = e—f K (z’gS) )
R(O)(za gs)
(6.2.104)
where [%]C is the connected piece
R(é)(Z’ gs) _ Z (_1)5_1 Z R(Zl)(z) gs) R(fs)(37 gs)
R(O) (Zags) c B s>1 l1+-"l =1 R(O) (2798) R(O) (27.98)
- ° (6.2.105)

= ¢y 0(2) (1 + Z g?c&n(z)) .
n=1
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Plugging (6.2.100),(6.2.101),(6.2.105) in (6.2.104) and expanding in g5, we obtain the follow-
ing relations:

2
N c(2) A'(2)\ ! o (LA (2) 1 o tA(2)
F} (Z)—Cz,l(z)JrCe(z) coth (= 047 (2) 5 coth ( ; )+4csch ( . ) ,
~ ' coth (=) 3 cosh (=)
BY(z) =Ce,2+— cg1 coth <€A > 1A () ( 2 ) ( N )
2 2 2smh ( )
h2 (G csch? M" (2)
ey [L Bt ()] o ()Y o [ ( ?) .
A" (2)cen [2 + 4csch + ¢y 5 + P
coth M”(Z A7
— A =/ ( + 3csch? < 2(2)>>
coth2 (AT(Z)> 13csch? (#) 15csch? (LA;(Z))
R (2))? S0 i 0 A

(6.2.106)

6.2.6 An explicit example: The cubic matrix model

We now use the above transseries formalism to compute the amplitudes Z(© independently for

the cubic matrix model off criticality, in order to test our results about multi-instantons from

section 6.2.3. A similar computation has been performed in [174] for the quartic model.
Consider the cubic matrix model with potential

V(M) = ~M + . (6.2.107)

The recursion relation for the coefficients r,, reads [118§]

n
T <\/1 —rp — Tpal + \/1 — Ty — Tn_l) = gsﬁ. (6.2.108)

The continuum limit of equation (6.2.108) is

R(t,gs) (\/1— (t,gs) — R(t + gs, g5) + /1 — R(t, gs) —R(t—gs))zt- (6.2.109)

At lowest order, we find
2R (1)\/1 - 2RV (#) = +. (6.2.110)

It turns out to be convenient to express everything in terms of a new variable Ryo(t) = 7.
Expanding eqn. (6.2.109) and solving recursively, we can compute in this way the coefficients
Ry (r(t)). The first few read

— 3 (16273 + 1017r2 — 13167 + 385
Rgo) () = — (9r —5) Rio)( )= — (16213 + T 7+ 385)
32(1 — 3r)? 2048(3r —1)°
) (6.2.111)
R(l)(t) _ \/77 R(l)(t) _ Ors —12r + 8
0 Var—1 ! 192(1 — 3r)3
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With these functions at hand, we can compute the free energies using (6.2.106) and compare
to our prediction (6.2.78). We find

r 8 + 2287 — 423r2
F(l) — _\/>)i (1 — s + O( 2))

s

A(3r —1 192r(1 — 3r)3
F@ _ _;5 1+ gs —8 - 228 + 4§9T2 + O(g?) (6.2.112)
32(3r — 1)z 967 (1 — 3r)2 ’

3
r2

F(3) = T 15
192(3r — 1)

—8 — 2281 + 42972
1+ g, — +0(g3) | -
64r(1 — 3r)>2

Indeed, these results show the predicted structure

)"
F, (0)
R = (—1)“(0) —— = const., £>2. (6.2.113)

In order to explicitly verify (6.2.78), we take it as an ansatz for the one-and two instanton
expressions V)| F(2) and thereby extract the supposed quantities 9y F} (t)+%6§F0 and § = % Fo,
We find from the above expressions

j=—— " (6.2.114)
2

32(1 — 3r)

~ =57’ 4+60r —8
Oy, — 0y,) Fi = . (6.2.115)
192r(1 — 3r)2

and
—183r2 4+ 84r + 8

16r(1 — 3r)2
which is precisely what one finds from our analytical expressions (6.2.86),(6.2.93) and (6.2.94),
specialized to the cubic model. This is a highly non-trivial test of of the formula (6.2.68).

(05, — 300,07, + 307,00, — 3},) Fy = (6.2.116)

6.3 Multi-instantons in 2d gravity

We can also test the formula (6.2.68) for the multi-instanton expansion against the double
scaling limit of the cubic matrix model. Along the way, we will state a prediction about a
hidden structure in solutions of the Painlevé I equation that is implicit in the multicut formula,
and check it against the loop expansion around higher-instanton solutions of Painlevé I obtained
by the transseries formalism.

The critical point of the cubic model is at

2
3v3’

At this point, the functions R diverge, but the double-scaled variable

1
gs — 0, t—t.= r— g (6.3.117)

= (t,— )35 g7, (6.3.118)

S

INFE

z

is kept finite, and in this limit,

SIS

u(z) = (3R(z) — 1) gs (6.3.119)
satisfies the Painlevé I equation
1
u(z)? — gu”(z) =z, (6.3.120)

as can be deduced from the difference equation (6.2.109).
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6.3.1 An all-instanton solution to the Painlevé I equation

In this case, the multi-instanton contributions can be obtained by finding a trans-series solution

2)=> ¢ul(z). (6.3.121)

>0

to the Painlevé I equation. One obtains a set of recursion equations for the u()(z) of the form,

L
! ul)” 43 " uPulR <o, (6.3.122)
We will change variables to
5
271 =+/3x. (6.3.123)
Each u(¥)(z) has the structure
u9(z) = uée)x%_%e_m/xe(@ (), (6.3.124)
where
8 (€) k-
A==, = 1—|—Zu (6.3.125)

(1)

In (6.3.121) ¢ parametrizes the nonperturbative ambiguity. In principle the value of u;’ is not
fixed by the recursion and it could be absorbed in (. However, if we choose { to be identical
to the nonperturbative ambiguity appearing in the matrix model, then the value of uél) is fixed
and will be derived below.

It is convenient to reorganize the series in a different form [148]. We write

U= i €n = i wn/2—2/5€—nA/a: i u;gn)xk
n=0 n=0 k=0
— 33 i i fnu,gn)xk (6.3.126)

n=0 k=0

et (),

where

¢ =xze N2, (6.3.127)

and we have split u into the zero-instanton solution and the non-perturbative part u"?(z,§).
This can be plugged into the string equation (6.3.121) and one finds the recursion relation

1
m)__ 35 |25 f(n 12 n 8 ) B .
K ~2(1—n?) [64{(2 5 +k 2 5+k uy o+ (n— 3+ 2k)nAu, ",

(6.3.128)
- Z > _QZ“M ! k}
n'=1k'>0 k>0

For the leading coefficients u(()n), n > 1, we find the recursion

ulV = an — Z ud™) ), (6.3.129)
with explicit solution
12

ul? = — (). (6.3.130)

4n375
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The recursion (6.3.128) easily produces u(z,§) to very high orders in both loops and instantons.
From the coefficients u,(cn) we can then obtain the free energy. It has the structure

Fas(2) = FO(2) + F™(2) = i ¢FO (), (6.3.131)
(=0

where the F éf) are functions of x of the form

FO(@) = dgatletA (1 + ozt ..)7 (6.3.132)
and ©
31/5u0 (g) 5 1
_ _ 0 5,1 3.1
=" Ju=wi gty (0:3135)

However, the Painlevé I equation can also be analyzed analytically, as it has been done in
[148]. One can write

WPz, E) =28 Y P fi(€). (6.3.134)
k=0

The differential equations for 4P can then be translated in a series of differential equations for
the fx(€), and it turns out that these functions are rational [148]. We find for example

o 12dig | =i+ B3 - 3d3¢3 - Lafet
fo(§) = At e fi(§) = 0+ de)? . (6.3.135)
From ™ = —92F"P, we find using the transseries ansatz F™P(z,&) = 3, 2FFP(€)
fol€) = —4 3360 (€01 £))
1.4 (6.3.136)
f1(©) = =53¢ (40 F5™ (€) + BEOZEG™ (€) + 80 (E0e F1™(€)))
and accordingly
FIP() = log (1 +di),  Fo(e) — —Ds2AhE + 1) (6.3.137)

192(di€ +1)

and so on.

6.3.2 Comparison with the multicut prediction

We now analyse the predictions the multicut matrix model makes for these solutions of the
string equation. The structure (6.2.68) leads, in the double scaling limit, to

02/2 83
2y = T Gat+ 1)¢ C e [L (610 + ) + O(g2)]. (6.3.138)

I3
2m)2

In this equation, C, ¢1,1 and ¢g 3 are numbers which can be obtained from the double-scaling
limit of th quantities /2, 9,F; and 03 Iy that we computed in section 6.2.4. We find

—iv2 17 47
O — - - = 6.3.139
el P11 103’ $0,3 16 ( )
Notice that o 1
— S 6.3.140
V2T 3% -4 ( )



where )

. 31
ig NG
is the Stokes parameter for the Painlevé I equation (6.3.121) across the Stokes line arg z = 0. This
is precisely what we obtain from comparing the transseries solution at one and two instantons to
the ansatz (6.3.138) and solving for the unknowns C, ¢ 1 and ¢g 3. All higher instanton sectors
confirm this structure.

One thing that we can verify with little effort is the value of C. Indeed, we can see that the
recursion relations obtained from Painlevé I, together with the structure (6.3.138) coming from
the multicut analysis, fix the value of C, and in particular the value of the Stokes parameter.
This is not something to be expected, since the Stokes parameter encodes nontrivial information
about the differential equation (see for example [179]). Let us see how this works. Looking at

Z\1) and comparing (6.3.138) with (6.3.132) and (6.3.133) we find,

S =

(6.3.141)

1/5
3. (6.3.142)

C = —\/271'?”0

Let us now look at Z ((1?. The string equation gives,

(16)

2) _ —24/z 2 2 N £
Zgs = e e (dafr + difi) + O(27) = — e

e 2732 L O(P). (6.3.143)

On the other hand, from (6.3.138) we find that the coefficient of 22 in Zé? should be
L (6.3.144)
5O 3.

2
Comparing both values and using (6.3.142) we obtain an equation for (u(()l)) which gives

(1) ) B 33/5
(uo ) - (6.3.145)
This determines C, and in turn S, in perfect agreement with the result obtained from the
double-scaling limit of the cubic matrix model.

The structure (6.3.138) predicted by the multi-cut analysis of the multi-instanton amplitude
is not at all manifest from the analysis we have made of the string equation. By exponentiating
the free energies, we find for the total partition function

J4 = Y4
14+ 3¢ 2 = e[ DR, (6.3.146)
2>1 =1
or, more explicitly,
e 1 é és
79 = 3 y 3 iRl (6.3.147)

s>1 7 Oyt ls=0

Since F (gf) goes like z/2, one expects from (6.3.147) that the Zé? are generically proportional

to /2. But (6.3.138) implies that in fact Z é? goes like 2%/, This is because, as we explained
above, the instanton gas is ultra-dilute. Hence there must be nontrivial cancellations among the
first £(¢ — 1)/2 coeflicients of the right-hand side of (6.3.147). We can now check this against
the trans-series solution of the string equation.

The first thing one can verify analytically is that the term of order z%/2 in Zc(li)

this is in fact a consequence of

vanishes. But

(ud)’, (6.3.148)




which follows from the explicit solution to the recursion (6.3.129).
Furthermore, consider the nonperturbative partition sum

Z"P =exp F"P, (6.3.149)
which we write as
Zup _ Z aF Z,(6) =1+ Z Z R 2 (6.3.150)
£>0 E>0n>1

Based on the multicut prediction (6.3.138), we have the conjecture that for each n, the starting
power of x is n2/2. But the total power of z in the expression above, for each fixed n, is

ahtn/? (6.3.151)
Our conjecture says that zj , must vanish for

2
-1
k+ﬁ<n—:>k<w.

.3.152
5 5 5 (6.3.152)

Therefore, for fixed £, as soon as n is such that the above inequality holds, 2, vanish. In other
words, 2, is only different from zero for the finite number of ns such that

71(712—1) <k (6.3.153)

Let us denote by ny, (k) the maximum number satisfying this bound. We have, for example

nm(0) =1, nm(l) =2, nm(2) =2,---. (6.3.154)
We then conclude that
nm (k)
Zi() = o+ Y 2k = ko + > Zknk” (6.3.155)
n>1 n=1

is a polynomial whose degree is npy (k). Since
Zo=e =1+d¢ (6.3.156)

which is indeed a polynomial of degree 1, we confirm the conjecture for k = 0. Similarly, we find
using the F™P(¢) computed above,

1
P d1£(1048d1 £ + 19299)

2 24576

d1€ (160d?€% + 11705160d: € + 114670521
Zsy=— 1€ (16043 18 ) (6.3.157)
70778880

g d1€ (552320d7¢% 4 12466492352d, € + 79686828333

1 18119393280
p d1€ (331932480d3¢% + 3646348240864 € + 17179325749341)

S .

1159641169920

The above Zj, are polynomials in & of the right order n,, (k). Furthermore, one can easily recover
from these expansions in £ at fixed order in g5 the converse expansions in g at fixed instanton
number and check that they reproduce the form involving the Barnes function (6.2.68).
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Conclusion

In this chapter, we have extended some of the results of the previous one to the multi-cut/multi-
instanton case. We have found a generic expression for the f—instanton amplitude based on the
identification of the higher instanton sectors with multicut solutions with the appropriate filling
fractions. We performed several highly nontrivial checks of our general formula. In particular,
it is correct for the cubic matrix model and in the double-scaling limit at the critical point.
In both these cases, we compute higher-instanton amplitudes independently using a transseries
formalism put forward in [174].
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Part 1V

CONCLUSION
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In this thesis, we have shed some light on various aspects of topological string theory. How-
ever, much remains yet to be done.

Over the last years, there have been many important new developments concerning the com-
putational accessibility of topological amplitudes. The method of direct integration presented
in chapter 2 has contributed to simplifying the task. Furthermore, in a remarkable tour de force
the amplitudes have been computed on the quintic up to genus 51 [69]. Yet, the problem of
completely solving the topological string even on simple compact Calabi-Yau manifolds remains
open. A promising approach might be extending the formalism of [73] to exploit the full diffeo-
morphism symmetry group to constrain the solution, analogously to the approach that led to
the full solution in the open case [180]. Along the way, this should also lead to a better under-
standing of nonperturbative aspects. It may also well be possible to push further the formalism
developed in chapter 2. In section 2.5 we have introduced a set of holomorphic automorphic
forms on the Enriques moduli space which might be enough to parametrize the holomorphic
ambiguity. Using these forms, the boundary conditions obtained from the field theory and the
fiber limits, and some extra information coming for example from Gromov-Witten theory, one
might be able to obtain the topological string amplitudes at higher genus.

The results in chapter 2 have in the meantime been applied to the microscopic counting
of degrees of freedom for 5d spinning black holes [181], as suggested in [182]. Furthermore, as
we have explained in section 4.2, the holomorphic anomaly equations can be rigorously derived
within the matrix model. It would therefore be interesting to combine the results of chapter 2
with those of chapters 5 and 6. One main advantage of the matrix model formulation of the
B-model is that the full recursive equations for the matrix model amplitudes —even though they
imply the holomorphic anomaly equations— are completely determined and don’t give rise to
any holomorphic ambiguities. Hence, the two approaches combined could provide an efficient,
completely determined method to solve the topological string anywhere in moduli space.

From a mathematical point of view, a concrete proof of the generalized integrality conjec-
tures related to Gromov-Witten, Gopakumar-Vafa and Donaldson-Thomas invariants would be
desirable, as proofs are generally rare treats in string theory and would put many ideas on
firmer ground. Also, proving these conjectures beyond the string motivated cases would proba-
bly involve a deeper understanding of the corresponding duality web. A rigorous mathematical
framework for computing Gromov-Witten invariants along the fiber of certain K3-fibrations has
been established in [62, 183]. With these techniques, one might be able to prove some of the
physical predictions made in chapter 3 for Calabi-Yau manifolds of this type.

The matrix model formulation of the B-model and the implications for nonperturbative
computations offer many fascinating directions of future research. For instance, one model
with a known matrix model description which we have not studied in chapter 5 is topological
string theory on the resolved conifold. This theory can be described by a Hermitian matrix
model with a potential of the form (log )2, which has a global minimum at z = 1 and no
saddles [184]. In principle, the way to address the large-order behavior in such cases is to
deform the model, in order to obtain an unstable potential with a calculable one—instanton
amplitude. The original potential is then recovered by analytic continuation [156, 50]. However,
we have not found a suitable deformation which allows one to find the large-order behavior
for this potential. In fact, we would face the same problems if we were to address the large—
order behavior of the perturbation series for the ground-state energy of a (log x)? potential
in quantum mechanics. This is a situation which, to the best of our knowledge, has also not
been addressed in the literature. Furthermore, a more geometric formulation of the instanton
contribution computed in this paper, along the lines of the approach in [33], would be desirable.
Although our expressions only depend on the form of the spectral curve, in principle they are
only suitable for a genus—zero curve written in the form (4.1.20).

The most pressing problem is to extend the large-order analysis in chapter 5 to more com-
plicated topological string models, with multi-cut matrix model descriptions. As we have shown
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explicitly in chapter 6, the general multi—cut model with fixed filling fractions can be regarded
as a matrix model in a generic, fixed multi-instanton sector, and by studying nearby filling
fractions one obtains a general framework to address multi-instanton effects in matrix models.
Some aspects of this framework were already discussed in [172], albeit in a different context.
These results should now be applied to topological string theory. The effects we computed in
chapter 6 should obviously correspond to nonperturbative effects in string theories that have
already been found to admit a matrix model description, such as local P? or local P! x P!, both
studied in [34]. In particular, the latter geometry has a special limit where it leads to pure SU(2)
Seiberg-Witten theory [88]. It has already been observed in [185] that SU(2) Seiberg-Witten
theory should indeed admit a matrix model description. As we have done in the previous chap-
ter, the results of the instanton computation could be compared to the asymptotic behaviour of
these theories. This would allow for computation of nonperturbative effects on new and inter-
esting toric backgrounds, such as the case of local P?, and would also be an important step in
further strengthening our understanding of nonperturbative effects in topological string theory.
It might even give hints for the future study of these effects in compact backgrounds.

A related aspect is that the topological string models we have studied in chapter 5 are not
very conventional, since they correspond to toric diagrams with intersecting lines, and this is
reflected in the fact that their spectral curve is pinched. One could smooth out these models by
resolving the singularity, obtaining in this way a spectral curve of genus one with two cuts. In
the context of noncritical string theory, this process is interpreted as adding ZZ branes to the
background [136]. It would be very interesting to see if this leads to some geometric transition
from the local curve backgrounds to other topological string backgrounds.

Nonperturbative effects of order eV can also be found in models defined by sums over
partitions, such as two—dimensional Yang—Mills theory [186, 187]. These effects have been used
in holographic descriptions of topological string theory [188, 189]. It would be interesting to
see if there is any relation between this description and the one we have proposed in terms of
matrix models.

Most of all, it would be desirable to promote the matrix-model inspired formalism to a full
duality, in the sense of associating not only a spectral curve and a formalism to generate am-
plitudes, but a well-defined matrix model —including a potential- to a given B-model geometry.
It is however not yet clear if such a potential always exists and if it is unique. Furthermore,
the nonperturbative effects that we identified in the one-cut case from the traces they leave in
the asymptotics of the perturbation series deserve further investigation. Eventually, one should
find a full nonperturbative description of the topological string, possibly involving hypermul-
tiplets. This might imply merging our study with the effects investigated by [165]. For the
more complicated geometries described by two-cut matrix models, the precise asymptotics and
corresponding nonperturbative effects have yet to be identified.

Another puzzling issue related to the multicut models is the interplay between background
independence, holomorphic anomaly and modularity. As Witten has observed a long time ago
[173], there is a close analogy between background independence and the holomorphic anomaly.
In turn, as we have seen in chapter 2, the topological string free energies are modular functions.
This structure is again related to the holomorphic anomaly, since modularity or holomorphicity
is but a matter of polarization [73]. It would be interesting to check explicitly that our multi-
cut/multiinstanton formalism in the theta-resummation satisfies background independence, and
to understand the implications for the modular structure of the amplitudes.

The issue of nonperturbative definitions in terms of gauge theories is obviously central not
only in topological strings, but in string theory as a whole. If the AdS-CFT conjecture could
be proved, possibly along the lines of [190, 55|, one could comfortably take the well-defined
holographic gauge theory as a nonperturbative definition of string theory. However, even then
a better understanding of the full duality map would still be necessary, and one would need to
find holographic descriptions for more general backgrounds.
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Summarizing, many aspects of the delicate interplay of topological strings, matrix models and
gauge theories clearly remain to be understood. Still, in spite of all these unsolved problems,
the topological string has been a source of much challenge, surprise and joy; at least for the
author, who personally believes it can yet provide many more hints and clues about the sense
in which string theory is a theory of nature.

165



Appendix A

Heterotic techniques

A.1 Lattice reduction

In [41], Borcherds developed the technique of lattice reduction to compute integrals of the form

d2

b = [ PO Po) (A.11)
F T3

where M is a lattice of signature (b™,b7), On (7,71, 72; P, @) is the generalized Siegel theta

function with projection P and polynomial insertion ¢ as defined in appendix C.1 and Fj; is a

(quasi) modular form of weight (—%_ -m, —% —m™) that can be constructed from a (quasi)

modular form F with weights ( +mt -t —m™,0) as Fiy = 722 bt F'. The integral (A.1.1)
can be decomposed into a sum over a reduced lattice K of signature (b* — 1,0~ — 1) and a new
integral ®x involving K instead of M ([41], Theorem 7.1). Iterating this procedure, on arrives
at an integral ®x, with a lattice Ky of signature (b* —b~,0) respectively (0,6~ — ") that can
in principle be solved using standard methods.

The reduction steps proceed as follows. Choose two vectors z, 2z’ in M with z primitive and

(z,2) = 0, (2,2") = 1. The reduced lattice is then defined as K = MZLZZL. We also define

reduced projections P in a natural way:

Pi(\) = Pi(\) — %zi. (A.1.2)

1

We can then expand the polynomial ¢ in terms of (A, z4) as

SPON) = D = z)" (A 2)" dne n- (PON). (A.1.3)

h+,h—

The statement of Borcherds’ theorem is then that with these conventions, z_%_ sufficiently small
and Py(A\g) # 0, @y is given by

+!ZZ (2i iﬂ:( >< );A;K ;;h]‘MP(A))

h>0 bt h—

zZ_

qu()\[{, 7L4‘@))0()\2 t)lh++h7_2h ( l
7 2|z || Py (M)

2wzrﬁ+<AK>\> |

’Z+|

>h—h+—h—j—t+b;+m+—3/2

Ky bt —h——j—t—pt+j24m+—3/2 (
(A.1.4)

166



For P, (\) = 0, the last two factors have to be replaced by the analytic continuation at e = 0 of
7l2 h—ht—h=—j—t+bt /24+mtT—-3/2—¢
< > D(—=h+ht+h™ +j+t—b"/2—m" +3/24+¢). (A.15)

2
22:+

A.2 The antiholomorphic dependence of the heterotic F'9

In this appendix we discuss the antiholomorphic dependence of F(9)(t,f) in heterotic theories.
In section A.2.1, we show how the complicated result of the heterotic computation of the F(9)
in the STU-model given in [29] can be simplified, along the lines of [41]. In section A.2.2 we

write down the result for F j(Eg ) on the Enriques Calabi-Yau and derive (2.4.110).

A.2.1 A simple form for F9 in the STU-model

In [29], an explicit expression for the holomorphic and antiholomorphic dependence of the
topological amplitudes in the fiber limit of the STU-model was found. This expression is
obtained from a one—loop computation in the dual heterotic theory, given by the integral
(2.4.94), which is then performed by using the technique of lattice reduction [41]. One finds

that F(9 = F{?) + F9) | where [29]
229-1749-3 o
FyY) = 4nU16,.1 + e S (0,05 7 <U1> C22+1—g)), (A.2.6)
1 =0
g 29—2[g=1-h/2] s I
(g>1) 20-2( 1 2 (2m)"(29 — 2)!
Frie =477 (=1)7 ;ZZ E% > co(r?/2.0) Jhi(2g —h—2j —2)!
r#0 =0 h a=0

(=1)*" (s +a)!
27ta gl(s —a)!

j(sen (Re(r )" (Re(rty))' ™~ Lizyatjpi-2g(e”"Y)

(Thth)!

27393, (0,9 — 1) L2 2g — 2 1
z Z S—)w 5)

(ThU1)9~! —1—s)!""2 (A.2.7)

s=

g
£ Y attep2e5i2 (0, 1) (B+2(l—y9)

I
1=0 (Tt
l#g 1
2g —2)! 3
XZ el 1) (3+s+t-9)

We refer to F égg;, thg)e g a5 the degenerate and nondegenerate contributions, respectively. Also,
s:=129—2—h—j—1-1/2|—1/2; y=(T,U), the complex norm is defined as 2 = 2ryry,

and 7'y = [Re(r - y)| +ilm(r - y). The coeflicients c4(m, ) can be obtained from the expansion

E E ~
4 “0p Z ch m, 1) g™y, (A.2.8)
meQ >0
where ﬁg are defined by
23\ > d 9
(2wN) gP (1,7). (A.2.9)
(191()\| QZ::O
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Note that these P (T 7) are the modular, almost holomorphic extensions of the Py(7) defined

n (2.4.99), that is, Pg is obtained from P, by replacing Fy — Es. The only ant1holomorph1c
dependence in 73 thus lies in the EQ(T 7). Using the explicit expressions for Pg given in [79],
one can show that independently of the specific model,

_1Y\
cg(m,l) = l(!(41r))lcg_l(m)’ (A.2.10)

where ¢4(m) are defined analogously to (2.4.98), that is

EyFEg

24 -

> cg(n)q" = Py(q) ;

n

(A.2.11)

In what follows, we will systematically express everything in terms of the coefficients c4(m).
It turns out that (A.2.7) can be dramatically simplified. We will need the identity:

(G S () e

This is valid for any A, B,C € Z, see [41] for a proof. A special case of the above formula is the
following. Let C, I and m™ — h™" be integers such that 0 <1 < C <m™ — h™ — . Then,

(=1)i(m* —ht+C—2j—1-1)!
2 gl m* —ht —2j)((C =)t

J
The proof of this statement is easy. Set B =1,A =m™' — ht in (A.2.12) to obtain

S(mt—htHC—2j—1-DICt c z
D s I (c T (e T EJ: <m+ - j) (;) (A-2.13)

J

Since C' > [ > 0, any non-vanishing term on the right-hand side must fulfill m*™—h*t —-C < j <1,
in contradiction with the assumption C < m™ — At — .

We also have the following three additional nontrivial identities. First of all, let s := |2g —
9 h—j—1-1/2|—1/2. Then,

C _ )
(29 —2)! (s+C — HI(=1)C~
Z 229-2 [I1pl51(2g — 2 — h — 25)!(s — C + §)I(C — j)! (A.2.14)

_ { (29634) (l—lc)! C <min(l,2g —3—1) (A.2.15)

0 otherwise.

This is valid for any pair of positive integers g,l. The second identity reads,

g—1
Z<—1>SS.((;9__12_)!5)'"¢<3+ %) — _2Cs=2) (g _9)1. (A.2.16)
s=0 ' '

The final identity we will need is

91 - 1919293 _
SZ:(:)(_l)l+s22(82g)+5 (25)(‘?5_ 12)L S)'F(§+8+l—g) _ ( 1()29 _(239_ 2?;)' l)'\/771'47l (A217)

which is valid for any [ € N,/ < g — 1. Making use of (A.2.13) and (A.2.15), we can convert
the sums over h,j,a in (A.2.7) into a single one over C' = j +a = {0,---,l}. Then, (A.2.16)
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and (A.2.17) can be used to simplify the second respectively third term in (A.2.7). The sum
over r can be restricted for all g > 3 to a sum over r for which Re(r - y) < 0, or equivalently to
a sum over positive r and a finite number of boundary cases. At genus 2, however, there is a
contribution from Re(r - y) > 0, it reads [29]

co(r2/2) L
—L 7] Y. A2.1
16750, ig(e™"Y) ( 8)

We can then write down a simplified expression for the nondegenerate part of F(9) in the STU
model:

>1
sy
gimm lig:g ! 3 (™) (=Re(r-y))"™% (TQ)Li (e
= — 0 C i g—1( 5 ) L13—2g414C
— r>0 l 12 (271 Uh) 2 (A.2.19)
22 1 ¢g-1(0) (29— 3 —1)!
97\ (349 R VAS
ECIrEN AU Z TTET A A S oy TR
where we also have used the fact that in the STU model, ¢1(0) = —22, and we have removed

an overall prefactor of 4(27i)?9~2 to agree with the normalization of the topological string
amplitudes.

A.2.2 Application to the Enriques Calabi-Yau

The above expressions have to be adapted slightly for the Enriques Calabi-Yau. We only consider
here the geometric reduction suited to the large radius limit. As shown in [79], the polylogarithm
is replaced by Li,,(z) — 2mLim(x%) — Li;,(x), and the norm of the reduced lattice is doubled.
We also replace the quantity 277U; appearing in the STU-model by Y = =X as in (2.4.81),
and the coefficients c4(m) are now defined by (2.4.98). There is a new important simplification:
co(r?) and ¢y>1(0) vanish, and thus there is no contribution from negative r at any genus g > 1,
since (A.2.18) becomes
CO(T2> SLia(e™"Y Lix(e~27Y)) = A

e (8Liz(e™"¥) — Lig(e )) =0. (A.2.20)

Furthermore, the degenerate contribution (A.2.6) and the last term in (A.2.7) vanish for all

g > 1, while ¢;(0) = 4, and the full F (t t) for the Enriques reads

g—1 min(l,2g—3—1) 29 l 3 -C
oD (=2Re(r - 1)) 2
(t.8) = Z Z Z l— 120 Y Cg-1(r7)
1=0 r>0 (A.2.21)
- . - . —or 1 1
: (23 29 CLis_sgpivc(e”™) — Lig_agiirc(e? t)) T W g— ) ye U
Using
Re(t") 0 Lin(e™"") = —Re(r - t)Li,_1(e™"), (A.2.22)
this can be cast into the following recursive form:
g1 29 5 D (29 —3—1)! (t9r + {al) e (o 4+ {m-c)@al S aal_c}“(g—l) (t)
—3_1—= (] — 10121 l
= & (2g—-3-1-O)I-0O)C"12 Y
1

C2072(g — 1)y L
(A.2.23)
Notice that this exhibits the structure of the antiholomorphic amplitudes written down in [73].
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Appendix B

Worldsheet instanton tables and
topological amplitudes

B.1 Instanton tables and heterotic-type II duals

Table B.1 lists the dual K3-fibrations for the Zy-orbifolds defined in table 3.1 [105]. Tables
’ Type Group ‘ (np,ny) ‘ CY weights ‘
Z2,3+8 WL U(4) x Ef xU(1)* | (167,15) | (1,1,12,16, 18, 20)
Z2,2+8 WL U(3) x E, x U(1)* | (230,14) (1,1 12,16,18)
Z2,1+8 WL U(2) x By x U(1)* | (319,13) u,gzmsm
Z2,0 +8 WL Ey x U(1)* (492,12) | (1,1,12,28,42)
Z3,3+6 WL U4) x Bf xU(1)* | (129,13) | (1,1,6,10,12,14)
Z3,2+6 WL UB)x B x U)* | (168,12) (1,1,6,10,12)
Z3,1+6 WL U(2) x Ef x U(1)* | (221,11) (1,1,6,10,18)
73,0+ 6 WL By x U(1)* (322,10) (1,1,6,16,24)
Z4,3+4 WL | SU4) x SO8) x U(1)* | (123,11) | (1,1,4,8,10,12)
74,2 +4 WL | SU(3) x SO(8) x U(1)* | (154,10) (1,1,4,8,10)
Z4,1+4 WL | SU(2) x SO8) x U(1)* | (195,9) (1,1,4,8,14)
Z4,0 +4 WL SO(8)" x U(1)* (272,8) (1,1,4,12,18)
Z6,3+0 WL | SU(4) x By x U(1)* (139,7) (1,1,2,6,8,10)

Zg,2 + 0 WL SU(3) x Ef x U(1)4 (162,6) (1,1,2,6,8)

Zg,14+0 WL | SU(2) x Egy x U(1)* (191, 5) (1,1,2,6,10)

Zg,0 +0 WL By x U(1)* (244, 4) (1,1,2,8,12)
Table B.1: The chains of heterotic-type II duals studied in [105]

B.2-B.15 give instanton numbers at g = 0, - -

-4 for the Zs 34,6 orbifolds defined in table 3.1.

glZ=-1] o 1 2 3 4 5 6
0 21960 | 56808 | 1364480 | 20920140 | 240357888 | 2244734960 | 17884219392
1 0| 4] -1008 | -119360 | -3077460 | -50495040 | -617959240 | 6118785792
2 0] o0 6 2848 | 185694 | 5045376 | 87240260 | 1122823296
3 0l 0 0 8 23780 | -255792 |  -7276660 | -131766240
4 0] 0 0 0 10 4704 329630 9782592

Table B.2: Z,, 8 Wilson lines, dual to X 1:1:12:28:42
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P _ 1| =1 0 3 1 7 2 u 3 15
9|3 1 1 1 1 1
0 -2 | 176 | 612 | 12672 | 30240 | 320976 | 661696 | 5031040 | 9509328 | 58372272
1 0 0 4| -352 | -1212 | -26400 | -64136 | -719392 | -1509700 | -12091776
2 0 0 0 0 -6 528 1804 40832 100422 1173600
3 0 0 0 0 0 0 8 -704 -2388 -55968
4 0 0 0 0 0 0 0 0 -10 880

Table B.3: Zs, 84+1 Wilson lines, dual to X 11:12:16.30
J[Z=—1[-t] o] 2] 1] 3] 2] f[ 5] @
0 -2 | 90 | 432 | 5904 | 18252 | 142146 | 365600 | 2144016 | 4936140 | 24107760
1 0 0 4| -180 | -852 | -12348 | -39080 | -320436 | -844140 | -5189400
2 0 0 0 0 -6 270 1264 19152 61578 524952
3 0 0 0 0 0 0 8 -360 -1668 -26316
4 0 0 0 0 0 0 0 0 -10 450
Table B.4: Zy, 8+2 Wilson lines, dual to X 1:1,12:16,30
2 3 13 5
gl =-1]-3|-%] O ; : 1 2 S 2 2
0 -2 | 28 | 64 | 304 | 2144 | 3392 | 11412 | 52144 | 75136 | 211040 | 781312
1 0 0 0 4| -56 | -128 | -596 | -4456 | -7168 | -24632 | -117376
2 0 0 0 0 0 0 -6 84 192 880 6880
3 0 0 0 0 0 0 0 0 0 8 -112
Table B.5: Zs, 8+3 Wilson lines, dual to X 11:12:16,18
2 3 2 2 3 7 8 12
9| 5=-1]-5|-5] 0 5 5 1 5 5 2 5
0 -2 | 14| 52| 200 | 1020 | 2158 | 7068 | 23916 | 43080 | 122840 | 347376
1 0 0 0 4| -28 | -104 | -388 | -2124 | -4628 | -15320 | -54064
2 0 0 0 0 0 0 -6 42 156 568 3284
3 0 0 0 0 0 0 0 0 0 8 -56
Table B.6: Zg, 8+4 Wilson lines, dual to X 1:1:12:16,18,20
z_ 1 3 1 5 3 13
gl5=-1|-3][-5] O 2 8 1 2 E 2
0 -2 8| 241|264 | 9104 | 17272 | 86292 | 634464 | 1009936 | 3647120
1 0 0 0 4| -16 -48 | -516 | -18256 | -34688 | -174152
2 0 0 0 0 0 0 -6 72 760 27440
3 0 0 0 0 0 0 0 0 0 8

Table B.7: Zg, 3 Wilson lines, dual to X11:2:6.8,10
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Table B.13: Z4, 44+1 Wilson lines, dual to X 114814
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g|Z=-1] o0 1 2 3 4 5 6
0 -2 | 624 | 54792 | 1609088 | 28265184 | 360251424 | 3659578208 | 31296575232
1 0 4| -1236 | -113312 | -3551892 | -66631944 | -903741184 | -9729986112
2 0 0 -6 1840 174270 5731824 113066144 1610777952
3 0 0 0 8 -2436 -237648 -8154292 -168125136
1 0] o 0 0 10 3024 303422 10826544
Table B.8: Z3, 6 Wilson lines, dual to X :1.6,16,24
2
g|BE=-1| -] o0 3 1 I 2 i 3
0 -2 1 104 | 420 | 11856 | 30240 | 373464 | 801472 | 6750016 | 13138500
1 0 0 4 -208 -828 | -24336 | -62984 | -818896 | -1787716
2 0 0 0 0 -6 312 1228 37232 97350
3 0 0 0 0 0 0 8 -416 -1620
Table B.9: Z3, 6+1 Wilson lines, dual to X 1:6:10,18
2 1 2 5 8
9| 5=-1]-3] 0 3 1 3 2 3 3
0 -2 | 54| 312 | 5616 | 18900 | 167778 | 454688 | 2914704 | 6972912
1 0 0 4| -108 | -612 | -11556 | -39656 | -369684 | -1025244
2 0] o] o 0 6 162 904 | 17712 61602
3 0] 0] 0 0 0 0 8 -216 -1188
Table B.10: Zs3, 6+2 Wilson lines, dual to X 16,1012
2 _ 1 3 1 5 3 13 5
gllg=-1ll-5|-%] 0] 5| ¢ 1 2 3 2 2
0 21 16| 40 | 232 | 2024 | 3320 | 12228 | 61600 | 90592 | 269456 | 1065784
1 0 0 0 4 -32 -80 -452 | -4144 | -6880 | -25832 | -135472
2 0 0 0 0 0 0 -6 48 120 664 6328
3 0 0 0 0 0 0 0 0 0 8 -64
Table B.11: Zs, 6+3 Wilson lines, dual to X 11,6:10,12
g|Z=-1] o0 1 2 3 4 5
0 -2 | 528 | 90036 | 3679520 | 80559180 | 1212246784 | 14073864648
1 0 4| -1044 | -183224 | -7903452 | -183923136 | -2938551600
2 0 0 -6 1552 278466 12502704 304651808
3 0 0 0 8 -2052 -375744 -17481820
4 0 0 0 0 -10 2544 475034
Table B.12: Z4, 4 Wilson lines, dual to X 11412,18
2
gl =-1]-3] 0 1 1 i 2 Y 5
0 -2 | 80 | 372 | 18432 | 52428 | 832848 | 1908808 | 18982912 | 38738880
1 0| 0 4] -160| -732 | -37344 | -107072 | -1776928 | -4135132
2 0] o] o 0 6 240 1084 56576 | 163146
3 0] o] o 0 0 0 8 ~320 1428




g|Z=-1]-1] o] 2 1 5 2 : 3
0 -2 | 42 | 288 | 8928 | 34488 | 381894 | 1127168 | 8355360 | 21263796
1 0] 0 4] -84 | -564 | -18108 | -70688 | -817692 | -2463540
2 0] 0 0 0 -6 126 832 27456 107982
3 0| 0 0 0 0 0 8 -168 -1092
Table B.14: Z,, 4+2 Wilson lines, dual to X 11,4810
g[F=—1T5[3] of ;[ 5[ [ 3] BT of 3
0 22| 12| 32| 224 | 3136 | 5536 | 23392 | 139688 | 213248 | 694400 | 3063424
1 o] ol o 4 24| -64| -436| -6344 | -11264 | -48112 | -298288
2 o] o]l o 0 0 0 -6 36 96 640 9600
3 0| 0] o0 0 0 0 0 0 0 8 -48

Table B.15: Z4, 4+3 Wilson lines, dual to X 14810,12

B.2 Explicit Higher—-Genus Formulae

In this appendix we present some explicit expressions for free energies at high genera, in both
the quartic matrix model and Hurwitz theory. This is just a partial list of our results, as most
formulae quickly become too intricate to put in print. In spite of this, we hope these explicit
expressions may be of future interest (and, as far as we know, have never been computed before).

B.2.1 Quartic Matrix Model

As we have reviewed in section 4, an algorithm for computing free energies in the quartic matrix
model was put forward in [132], and we have applied it up to genus g = 10. Here, we present
a partial list of our final results. In [132], the quartic free energies were computed up to genus
two, with the result (here ¢t = 1)

Fo(a?) = —% log (a?) — 214 (1-a) (9-a?), (B.2.1)

Fi(®) = % log (2 — a?), (B.2.2)
—a?)?

Fy(a?) = é M (82 +21a® — 3a%). (B.2.3)

It was further conjectured that, for genus g > 2, the general structure of the free energies should
be of the form

(1-a2)%!
Fg(a2) = W,PQ(QZ% (B24>
with P,(a?) a polynomial in o? such that
1 4g — 3)!
Pyla? =1) = (49 —3) (B.2.5)

2-629-1 gl(g — 1)

Using the exact same procedure as in [132], we have extended the analysis up to genus ten,
verifying both conjectures above. In particular, we have obtained at genus three

Ps(a?) = _Wlm (17260 + o (—32704 + 9a? (=325 + 950% — 15a* + a%))) , (B.2.6)
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which can be explicitly compared to another genus three calculation performed in [191, 192],
with both results in complete agreement. At genus four, we obtained

Pi(a?) = ~ 3580 (—1421392 + o* (12438536 + o (—13719796 + 270 (—15694+
+5810a” — 14560 + 238a° — 230® + a'?)))) (B.2.7)
and at genus five
Ps(a?) = —ﬁ (—383964880 + o (—1573981616 + o (7592114712+
a? (—6114807776 + 81a* (—781725 + 326811a” — 101961a’* + 235350+
—39150° + 445a'0 — 31a'? + a'1))))). (B.2.8)

Finally, at genus six the free energy follows from the polynomial

Psla?) = (139728961867968 + o (—369974786833952+

79606800
o? (—955888270184512 + 30 (1037832523698416 + o (—662581722466844+

+55971a% (—39761282 + 17910398a* — 63711120 + 1787698a° — 3920070+
+65901a'” — 8214a'? + 7160 — 39a'% + '%)))))) . (B.2.9)

Although we have extended this calculation up to genus ten, the expressions quickly get too
messy and little illuminating, therefore we do not display any further polynomials. Our results
further allow us to conclude that the polynomial P,(a?) is of order 3g — 4 in a?. One final
consistency check concerns the case of o> = 2, corresponding to the critical point of the quartic
model. In this situation it must be the case that

Py(a? =2) = (-1)92°07 Vg, (B.2.10)

where a4 are the coefficients appearing in the expansion of the double-scaled free energy (ob-
tained from Painlevé I in the 1/3 normalization; see section 4 for details). Again, our results
pass the test.

B.2.2 Hurwitz Theory

If we expand (5.6.134) in gg, and use that [151, 161]

O?Fy! — K"
k=1
we obtain the recursion relation
H/ —tgy\ _ ot 2k pH (o —tm)  2k+21-2

P = 2o | S ted, 1) + 25 Lot mgae| |

I>1 k>2 >0 29

9y
(B.2.12)

where we keep the coefficient of gi? in the right hand side. If we combine this recursion with the
general form of Hurwitz numbers (5.6.130), we can obtain explicit expressions for the polynomials
appearing in (5.6.130) up to high genus. The first few are,

e
Py = X B.2.13
200 = 340 * 14207 ( )
6 5 4 3 2
X 53x 1741y 137y X
Py(y) = B.2.14
300 = 1008 * To0s0 + 362880 T 131440 T 80640° ( )
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Y 6079y% 42419y 7 87739xS  280603y° 109yt 1291y3 Y2

P =
1(x) 1440 © 604800 = 1209600 = 2177280 = 17418240 = 53760 = 21772800 72(5})3?620?5’))
() Y2 17387yt 6728910 44696593x°  193701347y% 373153137
S\X 1056 665280 345600 79833600 273715200 91238400
8679559x5  2295119x°  1525901y* 233 2
X X X X, __ X (B.2.16)

82114560 205286400 3832012800 7603200 958003200
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Appendix C

Mathematical Background

C.1 Theta functions and modular forms

Properties

In our conventions, the theta functions are defined as follows:

)(wlr) = Y g2 i tina) (C.L1)

nez

where a, b are rational numbers and g = e?™". They show the following periodicity properties:

I3 (wlr) = I (wlr),  ILL](lT) = e (vl )
IT51lr) = 01 (—vlr),  If](—olr) = PO (v]r)  (abe %Z)

We use a modified Jacobi/Erderlyi notation where ¢¥; = ﬂ[ig], vy = 19[(1)/2], I3 = 99,
g =)0 sal-

Under modular transformations, the theta functions transform according to
I (olr + 1) = eVl v )(vlT)

v . . 2 C.1.3
93] (l - 1) = VT ST 9 L) (1

T T

The Dedekind n-function of weight % is related to the v-derivative of ¥;:

= %ﬁ (1—-4") (C.14)

0
%191(1))\1}:0 =) = 2> (7). (C.1.5)

We can always set the variable v to zero by changing the shifts (a, b) appropriately:

UG} (0 + e + eofr) = ¢TI R gy, (©16)

In our conventions, we will systematically use shifts rather than the variable v. We also note
the following identities

02(0]7)93(0]7)04(0]7) = 2 1* (C.1.7)
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93(v]7) = I1(v|7) = V5(vl7) — Vi (vl7), (C.1.8)

We have the following identities for the derivatives of ¥-functions

)

aT(?) 12 T (94 + %) (C.1.9)
U3

aT(?) 1277 T (9% — ) (C.1.10)
9 i

o ( n4) 1277( 04 — v3) (C.1.11)

Note that the above is valid for all rational values of a,b,h,g. The case h,g € {0,1/2}can be
seen as a special case, relevant for Zs-orbifolds, while h,g € {0,1/n,---(n — 1)/n} arise in the
Zp-case (see, e.g., [193] or [194]).

We also use the short-hand notation

Ofp)(r) == 9] 0l7) (C.1.12)

as well as

Ifpl(m-) := 9[](0]m) (C.1.13)

The following formulae for doubling the 7—modulus hold:

(3(7) + 93(7)) (C-L14)

Eisenstein series

The Eisenstein series Fs,, are defined as

4an anflqk:

B2n E>1 1 _qk .

E2n:1_

(C.1.15)

FEs, with n > 1 are holomorphic modular forms of weight 2n. The Eisenstein series Fs is often
called quasi-modular since under modular transformations, it transforms with a shift

EQ(—i) =72 (EQ( )+7f7>. (C.1.16)

Adding a term that compensates this shift yields the modular, but only “almost holomorphic”

form of weight two B,
~ 3
FEo=Fy — — (C.1.17)
Ty
The ring of almost holomorphic modular forms is generated by Eg and the next two Eisenstein

series

k,3 k 1 s 5
E4:1+24021_q =5 (95 + 03+ 93)
k>1
kg o - - ) (C.1.18)
—1—5042 =5 (93 +93) (93 +93) (9 = 93)
k>1
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For derivatives of Eisenstein series, we have

d 1
qd—q log n = ﬂEQ(T) (C.1.19)
and the Ramanujan identities

d 1,
U Bx(q) =15 (B2(a) — Ea(a)),

d 1
I E4(q) Zg(E2(Q)E4(Q) — Eg(q)), (C.1.20)

d

= Eo(a) =3 (Ba(a) Bsla) — F3(0))

Lie algebra lattice sums

Any shifted lattice sum over Eg can be written in terms of theta functions as

8
2 . .

S gFemter = Y[ o[ e Sie (C.1.21)

pel gy +ay a,B i=1

In particular,
1 P

Ey= E (C.1.22)

pEl g

2 .
D D L S (C.1.23)
(@0)#(0.0) 20[1 | J0[3 ] pelpg+ay

with ¢(a,b) as defined in section 3.2.
An obvious generalization of (C.1.21) is the modified Siegel-Narain Theta function over a general

shifted lattice T' of signature (b*,b~) with an insertion of (pg)29—2
g 2g—2 1L PR orqp.
Of(r,y,a,0) = > (pr)¥ ¢ 2 q 2 TP, (C.1.24)
pEl+ay

We also use the notation

A PL2 PR2
Or(r 12 Pg) = 3 expl—=—)o(P(p))g 5 7 %

81T
pel+vy1 2

2P, (C.1.25)

where 71, v are shifts, P is an isometry from I'xR to RbUf, ¢ is a polynomial on RVTOT of degree
m™ in the first b variables and of degree m™ in the others, and A is the Euclidean Laplacian
on R""?™ . The isometry P defines projections on R, R~ written as P,(p) =pr, P-(p)=npr.
We will here only consider cases where the shifts are proportional, v; = ay ~ 9 = by.

Elliptic Identities

We use the following conventions for the elliptic integrals of the first, second and third kind:

Flp, k) = /Owdt F(5.k) = K (), (C.1.26)

V1= ksin?(t)’
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E(p, k) = /@ 1 — ksin2(t)dt, E(g, k) = E(k), (C.1.27)
0
® dt T _
im0 k) = /0 (1 —nsin?(t))\/1 — ksing(t)’ f(n, 2’ k) = T(n, k). (C.1.28)

A key relation is due to Legendre;

™

B(k)k(1 — k) + E(1 = K)K (k) = K(k)k(1— k) = 3 (C.1.29)

Furthermore, we have the following elliptic identities for the ”circular” case k < n < 1 [195]:

II(n, k) = K(k) + ch(n, k) (1 — Ao(e(n, k), k)), (C.1.30)
where -
d(n, k) = m, e(n, k) = T (C.1.31)

and Ag is Heuman’s Lambda-function
Ao = % {K(k)E(e(n,k),1 —k)— (K(k) — E(k)) F(e(n,k),1 —k)}. (C.1.32)

Furthermore, if (1 — k)72 =1 [195],

1-n1 1—no

Fny, k) + F(no, k) = K(k),  E(ny, k) + E(na, k) = B(k) + \/ansk. (C.1.33)

Theta functions and Eisenstein series can be expressed in terms of elliptic functions as follows:

93 = —%kK(k)Q
v3 = —%K(z@)2
D= = (1= KK (k)
4” (C.1.34)
Fs(q) = — (3K (k)E(k) + (k — 2)K (k)?)
Falq) = g (K2 — k+ 1) K (k)?
Fola) = g (k+ 1)k~ 2)(k — ) K ()"
where y
k= 19—2. (C.1.35)

C.2 Cohomology and characteristic classes

In this section, we summarize some basic concepts of differential and algebraic topology used
throughout this thesis. For more details and further reading, see the classic book [196].

Cohomology

Let M be a differentiable manifold, and QP (M) the space of p-forms on M. Then the ordinary
exterior derivative of forms d, defined by

df = glj;dxi, d(w A p) :=dw A p) + (—1)¥lw A dp, (C.2.36)
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is a map from QP(M) to QP! inducing the complex

0404l ... oo (C.2.37)

Let ZP(M) C QP(M) denote the subspace of closed p-forms. Since d? = 0, dQ?*~1(M) C ZP(M).
The de Rham cohomology groups of M are defined by

ZP(M) Ker d
14 — —
Hpp(M) = dQP~1(M)  Imd

If M is a complex manifold, the complex structure induces a split of the tangent spaces at each
point as

.- (C.2.38)

T¢ (M) =TF (M) ® T; (M) (C.2.39)
and we can define
OPUM) = {¢p € PTUM) : ¢p(2) € \PTH(M) @ NTF(M)Vz € M}. (C.2.40)

Similarly, the operator d breaks up into two parts, d = 9 + 0. Denoting the space of 9—closed
forms as Z5*(M), we can define the Dolbeault cohomology as

ZPYM)
HPYUM) = 0 . C.2.41
0 ( ) an,q—l(M) ( )
The Dolbeault theorem says that for any complex manifold M
HI(M,QP) = Hg’q(M). (C.2.42)

We also have the following famous lemma:
Lemma (Poincaré).
Every closed form on R" is exact.

This fact simply means that the de Rham cohomology groups on reasonable real manifolds
are locally trivial. There is also a O-Poincaré lemma for the Dolbeault cohomology, stating that
the same is true for 0-closed forms on environments in C". Another central fact is the following
Theorem (de Rham).

Let M be a real C'*° manifold. Then, the de Rham cohomology is isomorphic to the singular
homology, in fact, the cohomology groups H*(M) and the (singular) homology groups H.(M)
are —as notation and naming suggest— dual vector spaces.

To put it otherwise, there is a direct correspondence between closed modulo exact forms and
cycles modulo boundaries. This is also encoded in Stokes’ theorem: given a real manifold M, a
p-form A and a (p + 1)-—chain N, recall that Stokes theorem states

/NdA—/aNA. (C.2.43)

This induces a map from H?(M) to Hq—,(M), associating to each closed p-form A a (d—p)-cycle
N with the property

/ A/\B:/ B VB e Z7P(M). (C.2.44)
M N

Poincaré duality states that this map is an isomorphism.

Definition.
The Betti number b, of a manifold M is the dimension of the n-th de Rham cohomology H"(M).
For complex manifolds, the Hodge number hP? gives the dimension of the Dolbeault cohomology
HP4(M), and we have

bp= Y hPY. (C.2.45)
ptg=n
If M is Kéahler, complex conjugation and Poincaré duality imply

BPd — pn—am—p — paP, (C.2.46)

180



Characteristic classes

Consider a bundle F with fibre F' and structure group G over a base space M. The characteristic
classes of ¥ encode the non-triviality of F, i.e. "how much” E differs from the trivial bundle
F'x M. They are subsets of the cohomology classes of M. By extension, we call the characteristic
class of a manifold the characteristic class of its tangent bundle. For us, the most relevant
characteristic classes are the Chern classes, defined as follows.

Let F = dA+ AN A be the curvature of the connection A on E. The total Chern class ¢(E)
is then defined as

- .
2m 2m (C.2.47)

=14c(E)+---€ H(MR)® H*(M,R) @ --- .

A Calabi-Yau manifold is defined as a Kéhler manifold with ¢; = 0. The theorem conjectured
by Calabi and proved by Yau (1977) states that any compact Kéhler n-fold with ¢; = 0 admits
a metric of SU(n) holonomy. Such a metric can be shown to allow for a covariantly constant
spinor field and is therefore necessarily Ricci flat.

C.3 Toric Geometry, local Calabi Yau manifolds and mirror
symmetry

Many of the backgrounds considered in this thesis are local Calabi-Yau’s. We now briefly review
the main ideas about this class of geometries, focusing on the toric case and following the
approach of [31]. For more details, see [31, 197, 198]. Recall that the tautological line bundle
J over the projective space P" is the obvious bundle where the fiber over a point in P™ is just
the corresponding line in C"*!. Maps from this fiber to C are sections of its dual line bundle
H = Hom(J,C). More general line bundles can be generated as direct products of these two
basic ones, and we get the bundles O(d) = H®? and O(—d) = J®.

Now consider a Riemann surface, holomorphically embedded in a Calabi-Yau manifold X.
The holomorphic tangent bundle of X at 3, can be decomposed as the direct sum of the tangent
bundle of ¥, and its component normal to X,

TX|s, = TS, ® Ny, . (C.3.48)

The normal bundle Ny, is a holomorphic rank two complex bundle, and its first Chern class
precisely cancels the one of 7>, due to the Calabi-Yau condition, thus

c1(Ns,) =29 — 2. (C.3.49)

Locally, X can then be described as the total space of the normal bundle over ¥, and we obtain
the noncompact, local Calabi-Yau threefold

N — 3, (C.3.50)

A general lemma (for a proof, see [196], p.516) says that any holomorphic line bundle over P! is
decomposable into a direct sum of line bundles, therefore, local Calabi-Yau’s with the two-sphere
as a base can always be written as

O(p —2) ® O(—p) — PL. (C.3.51)

The special case where p = 1 is our old friend, the resolved conifold.
As explained in [199, 163, 143, 31], many local Calabi-Yaus admit a toric construction as
patches of C? glued together. In terms of toric geometry, this procedure can be described as
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Figure C.1: a patch of C?

follows. We want to describe a Calabi-Yau threefold as a T? x R fibration over a base R3. The
geometry of this fibration is completely determined by its degeneration loci where one or several
cycles shrink to zero, and these can be represented by a planar graph in a subspace of R?. Each
edge v points to a vector (p,q) € Z, which labels the cycle degenerating along this edge, fulfilling
pro + qrg = const.. The Calabi-Yau condition can be translated to

> v =0, (C.3.52)

smoothness is ensured by demanding
‘Ui A ’Uj’ =1, (C.3.53)

and C3-patches correspond to trivalent vertices. Let us see explicitly how C? patches are con-
structed. We introduce the moment map

p:C3 - R3

(C.3.54)
(21,22,23) = (T, g, 7y) = (|21]* = |23]%, |22]* = |23]%, Im(212223)).

The fibers are then generated by the r, via the Poisson brackets 0.z = {e-r, z;} with respect to
the standard symplectic form w =1), dz; A dZ; on C3. With our choice of basis, r, generates
the line R and the T?-fiber is generated by the circle actions

eITe IS 1 (21, 29, 23) — (€21, €029, 07 z), (C.3.55)

Labeling the cycles generated by 74,73 by (0, 1) respectively (1,0), the degeneration loci of this
fibration in the r,-base can be graphically represented as shown in Fig. C.1. More complicated
geometries can be represented gluing different C3-patches together.

Generally, the geometry that we want to describe by a toric diagram is given by a set of k
D-term constraint equations

ZQ?‘Z’L‘Q :tA7 A= 17 7k7 (0356)

where QZ-A are integral charges summing to zero, and the toric manifold is obtained after dividing
out the toric symmetry group’ .
G:z —ellicay, (C.3.57)

Each C3-patch is naturally described by a different set of three coordinates among 21, - - - 2y 43.
Let us illustrate this procedure of constructing a toric diagram from a given geometry with the
standard example of O(—3) — P2. This geometry is described as a hypersurface in C* by the
constraint equation

21| + | 22| + |23]* — 3]20)® = ¢. (C.3.58)

!see [31] for a physical interpretation of this construction
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The coordinates are labeled such that zq,---z3 parameterize the P2-base and 2y the C-fiber.
There are three patches labeled by z; # 0 for ¢ = 1,- - - 3, since the base is not allowed to shrink
completely. Each of them locally looks like C3, since z; can be chosen to ensure the constraint
(C.3.58) and the remaining three coordinates are unconstrained. In the patch z3 # 0, we can
choose the same Hamiltonians as above,

2 2

Ta = |21]° — |20]
o (C.3.59)
Tﬁ - |Z2‘ - |ZO| 5

and the degeneration loci are again as shown in Fig. C.1. However, in the patch where the
constrained coordinate is e.g. 21, we have to replace z; in 7, and write 7o, = t+2|2]?—|22|%—|23|%.
Accordingly, the T? is on this patch generated by

eloratiBra . (2 2y, 23) — (e!07F) 5y, 7P 5y el zy), (C.3.60)
and one can read off that the degenerating cycles are a (2,—1), a (—1,1) and a (—1,0)—cycle,
corresponding to rq + rg = const., ro + 2rg = const., and r, = 0. Hence, the C3-patch looks
like the lower right corner of Fig. C.2. The full picture shown is obtained after adding the third
patch and gluing the three patches together, connecting parallel edges.

Now we need to add branes in order to obtain the full, open string picture. In this thesis, we
consider Harvey-Lawson-branes wrapping special Lagrangian submanifolds [200, 163, 143]. They
are specified by their location on the edges of the toric diagram, and therefore have topology
C x S%, since one circle is degenerate. In the toric diagram, they appear as lines. What does

i’z’
\\Q,-l)
Oty
(0,D)A L)
(LO) (1,0 \2,_1)
(1-1)

Figure C.2: The toric diagram of O(—3) — P?

the mirror of a toric Calabi-Yau manifold with branes look like? It turns out that the effect of
mirror symmetry is thickening the lines in the diagram such that one obtains a Riemann surface.
The B-model geometry is then a fibration over this surface. It is obtained from the mirror of
the D-term constraint, reading

Qi1 + -+ Qi gz = —t°, (C.3.61)

where y; are the C*-fields dual to z;, and % = t* 4 if® is the complexified Kihler parameter.
Here, 0% are the 6-angles of the gauge group U(1)®. The corresponding mirror geometry is then

zz = et WVt g eV (uvd) = 3 (U V), (C.3.62)

where U = e",V = eV are variables in C* parametrizing the solutions {y;(U,V)} to (C.3.61),
and X4 (U, V') = 0 describes a family of Riemann surfaces, parameterized by t. A-branes wrapping
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Figure C.3: The local P?-geometry with A-branes and its mirror with B-branes appearing as
points

special Lagrangian submanifolds map to B-branes on holomorphic submanifolds in the mirror
geometry. These submanifolds are defined by x = 0 in the above geometry, thus, they are
parameterized by z and can occur at any point on the Riemann surface. Accordingly, their
moduli space is parametrized by (u,v) satisfying ¥(u,v) = 0. This mirror picture is illustrated
in Fig. C.3. The mirror curve is thus visualized as a thickened version of the one-dimensional
toric diagram. In particular, this regularizes the geometry, as branes can now move smoothly
from positions at the outer edges to positions on the inner edges without any singularities. This
regularization effect is due to A-model world-sheet instantons ”absorbed” in the geometry. Note
also that the mirror curve is punctured and therefore non-compact.
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