S.HOSONO
A.KLEMM

S. THEISEN
An Extended Lecture on Mirror Symmetry

Les rencontres physiciens-mathématiciens de Strasbourg - RCP25, 1995, tome 47

« Conférences de M. Audin, D. Bernard, A. Bilal, B. Enriquez, E. Frenkel, F. Golse, M.
Katz, R. Lawrence, O. Mathieu, P. Von Moerbeke, V. Ovsienko, N. Reshetikhin, S. Thei-
sen », , exp. n°2, p. 33-76

<http://www.numdam.org/item?id=RCP25_1995_ 47 33 0>

© Université Louis Pasteur (Strasbourg), 1995, tous droits réservés.

L’acces aux archives de la série « Recherche Coopérative sur Programme n° 25 » implique 1’ac-
cord avec les conditions générales d’utilisation (http://www.numdam.org/conditions). Toute utili-
sation commerciale ou impression systématique est constitutive d’une infraction pénale. Toute
copie ou impression de ce fichier doit contenir la présente mention de copyright.

‘NuMbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=RCP25_1995__47__33_0
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

An Extended Lecture on Mirror Symmetry

S. Hosono!, A. Klemm* and S. Theisen®

"Department of Mathemathics, Toyama University
Toyama 930, Japan

*Department of Mathematics, Harvard University
Cambridge, MA 02138, U.S.A.

°Sektion Physik der Universitat Miinchen
Theresienstrafie 37, D - 80333 Miunchen, FRG

We give an introduction to mirror symmetry of strings on Calabi-Yau manifolds with an
emphasis on its applications e.g. for the computation of Yukawa couplings. We introduce
all necessary concepts and tools such as the basics of toric geometry, resolution of singu-
larities, construction of mirror pairs, Picard-Fuchs equations, etc. and illustrate all of this
on a non-trivial example.

1. Introduction

It 1s the purpose of these notes to give a pedagogical introduction to mirror symmetry
and its applications. We start with a review of some general concepts of string theory in
view of mirror symmetry. General introductions to string theory can be found in [1].

Some basic properties of closed string theory are best discussed in the geometrical
approach, i.e. by looking at the classical o-model action. It is defined by a map ® from a
compact Riemann surface &, of genus g (the world-sheet with metric hag) to the target
space X (the space-time) & : ¥, — X and an action S(®, G, B), which may be viewed as
the action of a two dimensional field theory. The latter depends on the dynamical field
¢7
background fields. As the simplest example one may take a bosonic action, which reads

whereas the metric G of X and an antisymmetric tensorfield B on X are treated as

1
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where ¢* (i = 1,...,dim(X)) and 0% (o« = 1,2) are local coordinates on ¥, and X
respectively. The dots indicate further terms, describing the coupling to other background
fields such as the dilaton and gauge fields. The first quantized string theory can then be
perturbatively defined in terms of a path integral as’

sx) =% /M / DoeiS(EG B (1.2)
g g

For a particular background to provide a classical string vacuum, the sigma model
based on it has to be conformally invariant [3]. This means that the energy-momentum
tensor, including corrections from o-model loops, must be traceless, or, equivalently, that
the 3-functions must vanish. Vanishing of the dilaton §-function demands that we quantize
in the critical dimension, whereas the (-functions associated to the metric and the anti-
symmetric tensor impose dynamical equations for the background, in particular that is has
(to lowest order in «') to be Ricci flat, i.e. that the metric satisfy the vacuum Einstein
equations?.

Since we are dealing with strings, it is not the classical geometry (or even topology)
of X which is relevant. In fact, path integrals such as (1.2) are related to the loop space
of X. Much of the attraction of string theory relies on the hope that the modification
of the concept of classical geometry to string geometry at very small scales will lead to
interesting effects and eventually to an understanding of physics in this range. At scales
large compared to the scale of the loops (which is related to o) a description in terms
of point particles should be valid and one should recover classical geometry. The limit in
which the classical description is valid is referred to as the large radius limit.

One particular property of strings as compared to ordinary point particles is that there
might be more than one manifold X which leads to identical theories; i.e. S(X1) = S(X3)3.
The case where two manifolds have just different geometry is usually referred to as duality
symmetry [5]. Mirror symmetry [6] [7] [8] [9]. relates, in the generic case, identical string
theories on topologically different manifolds. These symmetries are characteristic features

1 We always assume that we quantize in the critical dimension. Integration over the world-
sheet metric can then be converted to an integration over the moduli space M, with suitable
measure which, for general correlation functions, depends on the number of operator insertions
[2]. By S(X) we mean the generating function of all correlators of the string theory on X.

2 In fact, this point is subtle, as for X a Calabi-Yau manifold (cf. section two), higher (> 4)
o-model loop effects modify the equations of motion for the background. It can however be shown
[4] that o-models for Calabi-Yau compactifications are conformally invariant and that by means of
a {non-local) redefinition of the metric one can always obtain R;; = 0 as the equations of motion
for the background.

% This resembles the situation of quantized point particles on so called isospectral manifolds.
However in string theory the invariance is more fundamental, as no experiment can be performed

to distinguish between X, and Xo.
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of string geometry. For the case of mirror symmetry, which is the central topic of these
lectures, this will become evident as we go along.

So far the analysis of (parts of ) S(X) can be explicitly performed only for very simple
target spaces X, such as the torus and orbifolds. Much of our understanding about the
relation between classical and string geometry is derived from these examples. As a simple
example we want to discuss compactification of the bosonic string on a two dimensional
torus [10]; for review, see also [11]. This also allows us to introduce some concepts which
will appear in greater generality later on.

The torus T? = IR?/T is defined by a two-dimensional lattice I' which is generated by
two basis vectors e; and e;. The metric, defined by G;; = e; - ¢, has three independent
components and the antisymmetric tensor B;; = be;; has one component. For any values
of the altogether four real components does one get a consistent string compactification.
We thus have four real moduli for strings compactified on 7%. We can combine them into
two complex moduli as follows: o = {%—zei‘ﬁ and 7 = 2(b+1¢A) where ¢ is the angle between
the two basis vectors which we can, without loss of generality, choose to be 0 < ¢ < 7
and A = 1/|detG| > 0 is the area of the unit cell of I'. ¢ parameterizes different complex
structures on the torus and is usually called the Teichmuller parameter. The imaginary
part of 7 parameterizes the Kahler structure of the torus. We have used the antisymmetric
tensor field to complexify the Kahler modulus. The role the two moduli play is easily
recognized if one considers ds? = Gijd.rid:rj = 19dzdz where the relation between the real
coordinates z; and the complex coordinates z, Z only involves o but not 7.

If one now considers the spectrum of the theory, one finds various symmetries. They
restrict the moduli space of the compactification which is naively just two copies of the
upper half complex plane. With the definition of the left and right momenta

[(my — omg) — F(ng + anl)]2

ml\'l

1
[(m1 — oma) — 7(na +oni)*, p

2 _
pbr =
09Ty a,T2

the spectrum of the energy and conformal spin eigenvalues can be written as
*=pL+ph+ No+Np—2, s=pj—ph+N,—N 1.3
m”=pp+pr + No+Nr—2, $=pL—pr+NL R (1.3)

where n; and m; are winding and momentum quantum numbers, respectively, Ny r are
integer oscillator contributions and the last term in m? is from the zero point energy.
The symmetries of the theory are due to invariance of (1.3) under the transformation
(0,7) = (1,0), (6,7) = (=7, ~7), (0,7) = (0 + 1,7) and (0,7) = (=1, 7) accompanied
by a relabeling and/or interchange of the winding and momentum quantum numbers. The
transformation which interchanges the two types of moduli generates in fact what we call
mirror symmetry. The torus example is however too simple to exhibit a change of topology
as it is its own mirror. The transformations which reflect the string property are those
which require an interchange of momentum and winding modes. The last three of the
generators given above are not of this type and they are also present for the point particle
moving on a torus (then n; = ny = 0). It is the addition of the mirror symmetry generator
which introduces the stringy behavior. Interchange of the two moduli must be accompanied
by ny ¢+ mq. Composing the mirror transformation with some of the other generators given
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above, always involves interchanges of winding and momentum quantum numbers. E.g. for
the transformation = — —% we have to redefine my — ng,my — —ny{,ne — —my,nN; — Mo
and if we set b = 0 then this transformation identifies compactification on a torus of size
A to compactification on a torus of size 1/A. Integer shifts of 7 are discrete Peccei-Quinn
symmetries. One can show that the interactions (correlation functions) are also invariant
under these symmetries.

This lecture deals with mirror symmetry of strings compactified on Calabi-Yau spaces.
In section two we will review some of the main features of Calabi-Yau compactifications,
in particular the correspondence of complex structure and Kahler moduli with elements
of the cohomology groups H*! and H!'!, respectively. For X and X* to be a mirror pair
of Calabi-Yau manifolds (we will use this notation throughout) one needs that h??(X) =
h3~P4(X*) (for three dimensional Calabi-Yau manifolds this is only non-trivial for p,¢ =
1,2). The mirror hypothesis is however much more powerful since it states that the string
theory on X and X* are identical, i.e. S(X) = S(X*). In particular it implies that
one type of couplings on X can be interpreted as another type of couplings on X* after
exchanging the role of the complex structure and the Kahler moduli.

In section three we give a description of Calabi-Yau compactification in terms of sym-
metric (2,2) superconformal field theory. The moduli of the Calabi-Yau space correspond
to exactly marginal deformations of the conformal field theory. They come in two classes.
Mirror symmetry appears as a trivial statement, namely as the change of relative sign,
which is pure convention, of two U(1) charges [6][7]. By this change the two classes of
marginal perturbations get interchanged. This does not change the conformal field theory
and thus leads to the same string vacuum. In the geometrical interpretation this is how-
ever non-trivial, as it entails the mirror hypothesis which implies the existence of pairs of
topologically different manifolds with identical string propagation.

We will apply mirror symmetry to the computation of Yukawas couplings of charged
matter fields. They come in two types, one easy to compute and the other hard to compute.
On the mirror manifold, these two couplings change role. What one then does is to compute
the easy ones on either manifold and then map them to one and the same manifold via
the so-called mirror map. In this way one obtains both types of couplings. This will be
explained in detail in section six. Before getting there we will show how to construct mirror
pairs and how to compute the easy Yukawa couplings. This will be done in sections four
and five. In section seven we present an example in detail, where the concepts introduced
before will be applied. In the final section we draw some conclusions.

Before continuing to section two, let us give a brief guide to the literature. The first
application of mirror symmetry was given in the paper by Candelas, de la Ossa, Green
and Parkes [12] where the simplest Calabi-Yau manifold was treated, the quintic in P*
which has only one Kahler modulus. Other one-moduli examples were covered in [13] (for
hypersurfaces) and in [14] (for complete intersections). Models with several moduli were
examined in refs. [15] [16] (two and three moduli models) and [17]. Other references,
especially to the mathematical literature, will be given as we go along. A collection of
papers devoted to various aspects of mirror symmetry is [9]. Some of the topics and
results to be discussed here are also contained in [15][18] [19] {20]. These notes draw
however most heavily from our own papers on the subject.
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2. Strings on Calabi-Yau Manifolds

One of the basic facts of string theory is the existence of a critical dimension, which
for the heterotic string, is ten. To reconciliate this with the observed four-dimensionality
of space-time, one makes the compactification Ansatz that the ten-dimensional space-time
through which the string moves has the direct product form X9 = X4 x X where Vg
1s a six-dimensional compact internal manifold. which is supposed to be small, and X4
is four-dimensional Minkowski space. If one imposes the ‘phenomenologically’ motivated
condition that the theory has N = 1 supersymmetry in the four uncompactified dimensions,
it was shown in [21] that X has to be a so-called Calabi-Yau manifold [22] [23].

Def*: A Calabi- Yau manifold is a compact Kdhler manifold with trivial first Chern
class.

The condition of trivial first Chern class on a compact Kéhler manifold is, by Yau’s
theorem, equivalent to the statement that they admit a Ricci flat Kahler metric. The
necessity is easy to see, since the first Chern class ¢;(X) is represented by the 2-form 2%/)
where p is the Ricel two form, which is the 2-form associated to the Ricci tensor of the
Kihler metric: p = R;;dz* AdZ. Locally, it is given by p = —i90log det((gi;)). One of the
basic properties of Chern classes is their independence of the choice of Kahler metric; 1.e.
plg") = plg) +da. If now p(g) = 0, ¢1(X) has to be trivial. That this is also sufficient was
conjectured by Calabi and proved by Yau [24].

Ricci flatness also implies that the holonomy group is contained in SU(3) (rather
than U(3); the U(1) part is generated by the Ricci tensor R;; = Riz). If the holonomy
is SU(3) one has precisely N = 1 space-time supersymmetry. This is what we will assume
in the following. (This condition e.g. excludes the six-dimensional torus T%, or K3 x T?,
which would lead to extended space-time supersymmetries.)

Another consequence of the CY conditions is the existence of a unique nowhere
vanishing covariantly constant holomorphic three form, which we will denote by @ =
Qijkdzi Adz? A dz¥ (i,5,k = 1,2,3), where z* are local complex coordinates of the CY
space. Since §) is a section of the canonical bundle®, vanishing of the first Chern class is
equivalent to the triviality of the canonical bundle.

A choice of complex coordinates defines a complex structure. The transition functions
on overlaps of coordinate patches are holomorphic functions. There are in general families
of possible complex structures on a given CY manifold. They are parameterized by the
so-called complex structure moduli. Using Kodaira-Spencer defomation theory [25], it was
shown in [26] that for Calabi-Yau manifolds this parameter space is locally isomorphic
to an open set in H!(X,Tx). For algebraic varieties the deformation along elements of
H'(X,Tyx) can often be described by deformations of the defining polynomials (cf. section
four).

In addition to the complex structure moduli there are also the Kahler moduli. They
parameterize the possible Kéahler forms. A Kahler form is a real closed (1,1) form J =

4 Here and below we restrict ourselves to the three complex-dimensional case.

5 The canonical bundle is the highest (degree dimg (X)) exterior power of the holomorphic

cotangent bundle T%.
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wi;dzt A dz7 (with the associated Kahler metric g;; = iw;;) which satisfies the positivity

conditions
/J>0., /J2>o, /J3>0 (2.1)
Jc s X

for all curves C and surfaces S on the CY manifold X. Since 4;J° is the volume form
on X, one concludes that the Kahler form cannot be exact and consequently one has
dim(HY1 (X)) = R > 1 for X Kahler. If there are more than one harmonic (1,1) forms

on X, ie if k' > 1, then '7 t0h,, t' € R, with h, € Hy'(X) will define a Kahler
class, provided the Kahler moduli lie within the so-called Kéhler cone, i.e. (2.1) is satisfied.

From the local expression of the Ricci form it follows that it depends on the complex
structure and on the volume form of the Kahler metric. The question now arises whether
by changing the Kdhler form and the complex structure Ricci flatness is preserved. This
means that the moduli of the CY manifold must be associated with deformations of the
Ricet flat Kahler metric: dg;; with Kéhler deformations and dg;; and 6g;; with deformations

of the complex structure. If one examines the condition p(g + dg) = 0 one finds that
. _ ) _ 1,1 . .
8gi7dz* A dZ? is harmonic, i.e. we can expand it as dg;;dz* A dz’ = ZZ___I §t! h,. Likewise,
7 . . 7 2,1

Qi;'6gpd2* A d2? A dZ* = ZZ:I SAaba, with b, € H»1(X). Here we have employed the
unique Q.

One can show that the only independent non trivial Hodge numbers of CY manifolds
are h%% = h%% = 1 and h!'! and h*! depending on the particular manifold. In addition
we have hP? = h9P (complex conjugation), h?? = h*®~P3~7 (Poincaré duality) and h%? =

h?37? (isomorphism via ). For Kahler manifolds the Betti numbers are b, = 3 AP

) ) Laptgq=r
and the Euler number is thus x(X) = Zf:)(‘x) by.

If we were geometers we would only be interested in the deformations of the metric and
the number of (real) moduli would be A1'! + 2h%1. However, in string theory compactified
on CY manifolds we have additional massless scalar degrees of freedom from the non-gauge
sector, namely those coming from the (internal components of the) antisymmetric tensor
field B;;. As a result of the equations of motion it is a harmonic (1, 1) form and its changes

. _ 1,1
can thus be parameterized as 0 B;;dz' A dZ7 = Eh

a=1
One combines (i6g;;-+3B;;)dz' AdzT = 221:11 0t h, where now the ¢, = t// +1t/, are complex
parameters. This 1s referred to as the complexification of the Kahler cone.

Recall (and see below) that for strings on CY manifolds, the massless sector of the
theory consists of a universal sector, containing the graviton, an antisymmetric tensor field
(by duality related to the axion) and a dilaton, and a matter sector with k!l 27-plets and
h*1 27-plets of Fs and a certain number of Eg singlets. Eg invariance restricts the possible
Yukawa couplings to the following four types: (273%), (?_73>, (27-27 - 1) and (1%). In the
following we will only treat the former two couplings [27]. Not much is known about the
remaining two°®.

§t'h, where t!] are real parameters.

% except for cases in which the corresponding conformal field theory can be treated exactly,
e.g. for Calabi-Yau spaces with an toroidal orbifold limit they can be calculated for the untwisted

sector at the orbifold point [28] and for Calabi-Yau spaces with Gepner [29] model interpreiion af
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One considers the coupling of two fermionic and one bosonic field (Yukawa coupling)
in the ten-dimensional field theory. All these fields are in the fundamental (248) represen-
tation of E, the gauge group of the uncompactified heterotic string’. (The bosonic field is
the Ey gauge field.) One then expands the fields in harmonics on the internal CY manifold
and arrives at couplings which factorize into two terms: one is a cubic coupling of three
fields on the four-dimensional Minkowski space and the other an overlap integral over the
internal manifold of three zero-modes (we are interested in massless fields) of the Dirac
and the wave operators, respectively. The second factor is the effective Yukawa coupling
of the four-dimensional field theory. Under Es D Eg x SU(3) we have the decomposition
248 = (27,3) @ (27,3) & (1,8) @ (78,1). The (78,1) gives the Es gauge fields and the
(1,8) is the spin connection which has been identified with the SU(3) part of the Ey gauge
connection [21]. :

The four-dimensional matter fields transform as 27 and 27 of Es and the zero modes in
the internal CY manifold carry a SU(3) index in the 3 and 3 representations, respectively.
Group theory then tells us that there are two different kinds of Yukawa couplings among
the charged matter fields: (27%) and (f3> The zero modes on the internal manifold can
be related to cohomology elements of the CY space and one finds [27] that the two types
of Yukawa couplings are of the form:

abc abe

KOOV (X) = k2 (X):/ ha Ahy A he, a,bc=1,... A"
X
— _ (2.2)
KD (X)ERO,,@.,(X):/ Q/\b;/\bé/\b:gi]‘k, a,ﬁ,’)’zl,...,hz’l
X

afy

where h, are the harmonic (1,1) forms and b}, = (ba);dij are elements of H*(X,Tx)
which are related to the harmonic (2,1) forms via the unique element of H*(X): (bs)} =
-Z—u—s—lfl[;ﬂikl(ba)kl]—, Q) = 309%Q;k. Note that while the former couplings are purely
topological the latter do depend on the complex structure (through ). Both types of
cubic couplings are totally symmetric. Note also that by the discussion above there is a
one-to-one correspondence between charged matter fields and moduli: 27 < (1,1) moduli
and 27 « (2, 1) moduli®.

These results for the couplings have been derived in the (classical) field theory limit
and do not yet incorporate the extended nature of strings. This issue will be taken up
next.

In general, to compute the string Yukawa couplings, one has to take into account
sigma model and string perturbative and non-perturbative effects. One can show that
both types of Yukawa couplings do not receive corrections from sigma model loops and
string loops. The couplings & are, in fact, also unmodified by non-perturbative effects on

one point (the Gepner point) in moduli space.

7 We do not consider the second Es factor here. It belongs to the so-called hidden sector.

8 This identification is a matter of convention. Here we have identified the 3 of SU(3) with a
holomorphic tangent vector index. The 3 of SU(3) is a holomorphic cotangent vector index and

one uses (Dolbeault theorem) H'(X,T%) ~ H"' (X).
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the world-sheet, which, due to absence of string loop corrections, is just the sphere [30].
The couplings k° do however receive corrections from world-sheet instantons [31]. These
are non-trivial holomorphic embeddings of the world-sheet £y ~ P! in the CY manifold.
In algebraic geometry they are known as rational curves C' on X. Then there are still non-
pertubative string-effects, i.e. possible contributions from infinite genus world-sheets. We
do not know anything about them and will ignore them here. The possibility to incorporate
them in the low-energy effective action has been discussed in [32].

The couplings in eq.(2.2) are computable in classical algebraic geometry, and, were
they the whole truth to the Yukawa couplings of strings on CY manifolds, they would
blatantly contradict the mirror hypothesis: x° is independent of moduli whereas k depends
on the complex structure moduli. In fact, the mirror hypothesis states that the full (27%)
couplings on the manifold X depend on the Kahler moduli in such a way that they are
related to the <§73> couplings on the mirror manifold X* via the mirror map. The main
topic of these lectures is to explain what this means and to provide the tools to carry it
through. The dependence on the Kahler moduli is the manifestation of string geometry
and is solely due to the extended nature of strings.

When computing the Yukawa-couplings in conformal field theory as correlation func-
tions of the appropriate vertex operators, inclusion of the non-perturbative o-model effects
means that in the path-integral one has to sum over all holomorphic embeddings of the
sphere in X. This is in general not feasible since it requires complete knowledge of all
possible instantons and their moduli spaces. In fact, this is where mirror symmetry comes
to help.

We have thus seen that, modulo the remark on non-perturbative string effects, the
Yukawa couplings are £(X) and for the instanton corrected couplings x(X) one expects
an expansion of the form (2: C — X)

(27 fc 2 (J(X))

. — 4] * * * 9
vt = e + 3 [t [ [ R =y v A

which generalizes the Ansatz made in [12], which led to a successfull prediction for the
numbers of instantons on the quintic hypersurface in IP*, to the multi-moduli case. This
ansatz was justified in ref. [33] in the framework of topological sigma models [34]. The
sum is over all instantons C' of the sigma model based on X and the denominator takes
care of their multiple covers. J is the Kahler form on X.

One sees from (2.3) that as we go ‘far out’ in the Kahler cone to the ‘large radius
limit’, the mstanton corrections get exponentially supressed and one recovers the classical
result.

3. Superconformal Field Theory and CY Compactification

Let us now turn to an alternative view of string compactification. We recall that the
existence of a critical dimension is due to the requirement that the total central charge
(matter plus ghost) of the Virasoro algebra vanishes. The critical dimensions for the
bosonic and fermionic strings then follow from the central charges of the Virasoro algebras
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generated by the reparametrization and local n = 1 world-sheet supersymmetry ghost
svstems. which are ¢ = —26 and ¢ = %c = —10, respectively. If we want a four-dimensional
Minkowski space-time, we need four left-moving free bosonic fields and four right-moving
free chiral superfields, contributing (¢, ¢) = (4,6) to the central charge. (Barred quantities
refer to the left-moving sector.) Compactification might then be considered as an internal
conformal field theory with central charge (Cint, cint) = (22,9). There are however internal
conformal field thcories which satisfy all consistency requirements (e.g. modular invariance,
absence of dilaton tadpoles, etc.) which do not allow for a geometric interpretation as
compactification. In the case of CY compactification, the internal conformal field theory
is of a special type. The left moving central charge splits into a sum of two contributions,
Cint = 22 = 13 + 9, where the first part is due to a Eg x SO(10) gauge sector (at level
one; Eg x SO(10) is simply laced of rank 13). The remaining contribution combines
with the right-moving part to a symmetric (i.e. the same for both left and right movers)
(n,n) = (2,2) superconformal field theory with central charges (9,9). A right moving
(global) n = 2 extended algebra is necessary for space-time supersymmetry [35], whereas
the symmetry between left and right movers are additional inputs which allow for the
geometrical interpretation as CY compactification with the spin connection embedded in
the gauge connection [21].

The fact that we have a left as well as a right moving extended superconformal sym-
metry will be crucial for mirror symmetry. Before explaining this, let us briefly mention
the relevant features of the n = 2 superconformal algebra [36]. It has four generators, the
bosonic spin two energy momentum tensor T, two fermionic spin 3/2 super-currents TF:?
and a bosonic spin one current J which generates a U(1) Kac-Moody algebra. If we expand
the fields in modes as T(z) = 3, Loz """ 2, TE(2) = Y. G232 and J(2) = 3. Jpz ™™~
the algebra takes the form (Gt = (G:r)T)

[Ln L] = (n—m)Ln4m + 12(n3 — 1)0ntm,0
(GF,GFY = 2Ly 2 (0 = My + 50 = brran,  {GE,GE} =0 -
LasGE] = (5 =1GErry LTl = =T |
[Jns Jm] = *c'n5m+n,oa [Ja, G = £GE,,

3

The moding of the fermionic generators is r € Z in the Ramond (R) and r € Z + %
in the Neveu-Schwarz (N.S) sector. The finite dimensional subalgebra in the V.S sector,
generated by Lo +1, Jo and Gil/Z is 0Sp(2]2). In a unitary theory we need

(BHGE GF}g) = 2h £ 2rg 4 5% — ) 2 0 (3.2)

for any state with U(1) charge ¢ (i.e. Jo|¢) = q|¢)) and conformal weight h (i.e. Lo|¢) =
h|¢)). Setting r = 0 we thus find that in the R sector h > 55 and in the NS sector (setting

_ 1 lqf
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There is a one-parameter isomorphism of the algebra, generated by U, called spectral

flow [37] 5
ULy ' = Ly + 6J, + 2925,1,() - Ah= —A(g?)

ZC

Up Ty ' = T, + %95,1,0 — Ag= +§9 (33)

UsGEUS = GE,,

States transform as |¢) — Up|@). For 6 € Z + § the spectral flow interpolates between the
R and the NS sectors and for 8 € Z it acts diagonally on the two sectors.

We have two commuting copies of the n = 2 algebra. The left moving U(1) current
combines with the SO(10) Kac-Moody algebra to form an Eg algebra at level one. Hence
the gauge group Es for CY compactifications. (The Es factor, which is also present, will
play no role here.)

Let us first consider the R sector’. Ramond ground states |i)p satisfy GZ|i)p = 0,
ie. {GT,G5}i)r = 0. From (3.2) it follows that R ground states have conformal welght
h = 37. Under spectral flow by 6 = :F%, the R ground states flow into chiral/anti-chiral
primary states of the NS sector. They are primary states that satisfy the additional
constraint Gf1/2[i>NS = 0. (Recall that primary states are annihilated by all positive
modes of all generators of the algebra.) It follows from (3.3) that chiral/anti-chiral primary
states satisfy h = £1¢. The OSp(2|2) invariant NS vacuum |0} is obviously chiral and
anti-chiral primary. Under spectral flow by § = %1 it flows to a unique chiral {anti-chiral)
primary field |p) (|p)) with h = ¢ and ¢ = &£ It follows from (3.2) that for chiral primary
flelds 1 < 2.

We now look at the operator product of two chiral primary fields ¢;(z)¢;(w) ~ 3 (z—
w)he=ki=hiy () where the 1, are necessarily chiral but not necessarily primary. U(1)
charge conservation requires q; = ¢; + ¢; and due to the inequality h > l%ﬂ with equality
for primary fields we conclude that in the limit » — w only the chiral primaries survive.
They can thus be multiplied pointwise and therefore form a ring 7% under multiplication:
$id; = Y., cij*ér where the structure constants are functions of the moduli (cf. below).
This ring is called chiral primary ring. The same obviously holds for anti-chiral fields
forming the anti-chiral ring.

Note that spectral flow by 6 is merely a shift of the U(1) charge by £ and the
accompanying change in the conformal weight. Indeed, in terms of a canonically normalized
boson (¢(z)d(w) = —In(z—w)+...) we can express the U(1) current as J(z) = /£9¢(2)
Any field'® with /(1) charge g can be written as bq = e"\/gq‘f’o where O is neutral under
U(1). The conformal weight of ¢4 is 5-¢* + ho and of berso it is =(qg+ £6)* +ho, in
agreement with (3.3). We thus find that the spectral flow operator Uy can be written as
Up = = ¢"V5% and also p(z) =Ui(z) = e i/56(2)

The foregoing discussion of course applies separately to the left and right moving
sectors and we in fact have four rings: (c,¢) and (a,c) and their conjugates (a,a) zad

% The following paragraphs draw heavily from ref.[7].

10 Recall the correspondence between states and fields: [¢) = lim .0 ¢(2)]0).
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(c,a). Here ¢ stands for chiral and a for anti-chiral.

We will now make the connection to our discussion of CY compactification and set
(¢,¢) = (9,9). We have already mentioned that N = 1 space-time supersymmetry for
the heterotic string requires n = 2 superconformal symmetry for the right movers. This is
however not sufficient. The additional requirement is that for states in the right-moving N'S
sector qr € Z. The reason for this is the following [35]. The operator {1 (z) takes states in
the right-moving V.S sector to states in the right-moving R sector i.e. if transforms space-

time bosons into space-time fermions (and vice versa). In fact, U%(z) = ¢89() ig the
internal part of the gravitino vertex operator, which, when completed with its space-time
and super-conformal ghost parts, must be local with respect to all the fields in the theory.
When considering space-time bosons this leads to the requirement of integer U(1) charges!!
(which have to be in the range —3,...,43)'%. Since we are dealing with symmetric (2,2)
superconformal theories both g7, and gr must be integer for states in the (NS, N.S) sector.

We now turn to the discussion of the moduli of the Calabi-Yau compactification. In an
effective low energy field theory they are neutral (under the gauge group Es x E3) massless
scalar fields with vanishing potential (perturbative and non-perturbative) whose vacuum
expectation values determine the ‘size’ (KK&hler moduli) and ‘shape’ (complex structure
moduli) of the internal manifold. In the conformal field theory context they parameterize
the perturbations of a given conformal field theory by exactly marginal operators. Exactly
marginal operators can be added to the action without destroying (2,2) super-conformal
invariance of the theory. Their multi-point correlation functions all vanish. In fact, one
can show [31][6][38] that there is a one-to-one correspondence between moduli of the (2,2)
superconformal field theory and chiral primary fields with conformal weight (h, k) = (3, 1).
The chiral primary fields are (left and right) (anti)chiral superfields whose upper compo-
nents (they survive the integral over chiral superspace) have conformal weight (1,1) and
are thus marginal. The lower components with weights (1,1) provide the internal part
of the charged matter fields (27 and 27 of Eg). The gauge part on the left moving side
and the space-time and superconformal ghost parts on the right-moving side account for
the remaining half units of conformal weight for the massless matter fields. We have thus
a one-to-one correspondence between charged matter fields and moduli: extended world-
sheet supersymmetry relates the 27’s of Eg to the marginal operators in the (¢, ¢) ring and
the 27’s of Eg to the marginal operators in the (a,c) ring'?.

11 Ty see this, take the operator product of the gravitino vertex operator (e.g. in the 1/2 ghost
picture) 1q (z) = e™¢/? S“eiéé(:) (5% is a SO(4) spin field) with a space-time boson (in the zero
ghost picture) with vertex operator V = (s.t.)ei%d). The operator products of the spin field with
the space-time parts (s.t) are either local, in which case we need ¢ = 2Z + 1, or have square root

singularities, and we need ¢ = 27Z.

12 Space-time supersymmetry and the existence of the unique state |p) with ¢ = = thus requires

that ¢ be an integer multiple of 3.
13 Note that this identification is again a matter of convention. The arbitrariness here is due

to a trivial symmetry of ?the theory under the flip of the relative sign of the left and right U(1)
charges (cf. below).
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We have encountered the four chiral rings. The fields in the four rings can all be
obtained from the (R, R) ground states via spectral flow. The additive structure of the
rings is therefore isomorphic. not however their multiplicative structures. They are in
general very different. The (c, ¢) ring contains fields with U(1) charges (qz,qr) = (+1,+1)
whereas the (a,c) contains fields with (¢z,qr) = (—1,+1), both with conformal weights
(hr,hpr) = (% %) The latter are related, via spectral flow, to states in the (¢, c¢) ring with
charges (2,1).

We now turn to a comparison between the chiral primary states and the cohomology
of the CY manifold. We expect a close relationship since the (2,2) super-conformal field
theories we are considering correspond to conformally invariant sigma models with CY
target space. Let us first look at the (c¢,c) ring. In the conformal field theory there is a
unique chiral primary state with (qz,qr) = (3,0) whereas there is the unique holomorphic
three form  in the cohomology of the CY space. By conjugation we have the state with
charge (0,3) and Q € H**(X). Also (qr,qr) = (3,3) & QA Q. The fields with (qr,qr) =
(1,1) are marginal and correspond to the complex structure moduli, whereas the fields with
(qr,qr) = (2,1) are related (via spectral flow by (—1,0)) to marginal states in the (a, ¢) ring
with charges (—1,1). They correspond to the complex structure deformations. In general,
if we identify the left and right U(1) charges with the holomorphic and anti-holomorphic
form degrees, respectively, one is tempted to establish a one-to-one correspondence between
elements of the (c,c¢) ring with charges (¢, ¢r) and elements of H %97 (X). This becomes
even more suggestive if we formally identify the zero modes of the supercurrents with the
holomorphic exterior differential and co-differential as G& ~ 9, G ~ d. Via the spectral

flow (by (r,0r) = (—3,—13)) we can also identify GT, ~ 9 and G, ~ §. Furthermore,

one can show [7] that each NS state has a chiral primary representative in the sense
that there exists a unique decomposition |¢) = |¢o) + Gil |61) + G |¢2) with |¢o) chiral
2 2

primary. For |@) itself primary, |@,) is zero. This parallels the Hodge decomposition of
differential forms. In fact, the one-to-one correspondence between the cohomology of the
target space of supersymmetric sigma models and the Ramond ground states has been
established in [39]. Let us now compare the (c, c) ring with the cohomology ring, whose
multiplicative structure is defined by taking wedge products of the harmonic forms. We
know from (2.2) that in the large radius limit the Yukawa couplings are determined by
the cohomology of the Calabi-Yau manifold X. However, once string effects are taken into
account, the Yukawa couplings are no longer determined by the cohomology ring of X but
rather by a deformed cohomology ring. This deformed cohomology ring coincides with the
(¢, ¢) ring of the corresponding super-conformal field theory. For discussions of the relation
between chiral rings and cohomology rings in the context of topological o-model we refer
to Witten’s contribution in [9)].

On the conformal field theory level, mirror symmetry is now the following simple ob-
servation: the exchange of the relative sign of the two U(1) currents is a trivial symmetry
of the conformal field theory, by which the (¢, ¢) and the («q, ¢) rings of chiral primary fields
are exchanged. On the geometrical level this does however have highly non-trivial implica-
tions. It suggests the existence of two topologically very different geometric interpretations
of a given (2,2) internal superconformal field theory. The deformed cohomology rings are
isomorphic to the (¢, ¢) and (a,c) rings, respectively. Here we associate elements in the
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(a,c) ring with charge (qr,qr) with elements of H3t9L 97,

If we denote the two manifolds by X and X* then one simple relation is in terms of
their Hodge numbers:

WPI(X) = R3PA(XY) (3.4)

The two manifolds X and X'* are referred to as a mirror pair. The relation between the
Hodge numbers alone is not very strong. A farther reaching consequence of the fact that
string compactification on X and .\'* are identical is the relation between the deformed co-
homology rings. This in turn entails a relation between correlation functions, in particular
between the two types of Yukawa couplings.

It is however not clear whether a given (2, 2) theory always allows for two topologically
distinct geometric descriptions as compactifications . In fact, if one considers so-called
rigid manifolds, i.e. CY manifolds with k%! = 0, then it is clear that the mirror manifold
cannot be a CY manifold, which is Kahler, i.e. has A'"! > 1. The concept of mirror
symmetry for these cases has been exemplified on the Zj3 x Zj3 orbifold in [40] and was
further discussed in [41].

To close this section we want to make some general comments about the structure of
the moduli space of Calabi-Yau compactifications which will be useful later on (see [11] for
a review of these issues). In this context it is useful to note that instead of compactifying
the heterotic string on a given Calabi-Yau manifold, one could have just as well taken the
type I string. This would result in NV = 2 space-time supersymmetry. In the conformal
field theory language this means that we take the same (2, 2) super-conformal field theory
with central charge (¢,¢) = (9,9) but this time without the additional gauge sector that
was required for the heterotic string. This results in one gravitino on the left and on the
right moving side each. The fact that the identical internal conformal field theory might
also be used to get a N = 2 space-time supersymmetric theory leads to additional insight
into the structure of the moduli space which is the same for the heterotic as for the type II
string and which has to satisfy additional constraints coming from the second space-time
supersymmetry. This was used in [42] to show that locally the moduli manifold has the
product structure

M= ./'\/th1,1 X ./\/thz,1 (35)

where M1,1, Mj21 are two Kahler manifolds with complex dimensions h*! and h2?!,
respectively. The same result was later derived in refs. [43] [44] [45]. In ref.[45] it was
shown to be a consequence of the (2,2) super-conformal algebra. N = 2 space-time
supersymmetry or super-conformal Ward identities can be used to show that each factor
of M is a so-called special Kahler manifold. Special Kahler manifolds are characterized by
a prepotential F' from which the Kahler potential (and thus the K&hler metric) and also
the Yukawa couplings can be computed. Locally on special Kéhler manifolds there exist
so-called special coordinates ¢; which allow for simple expressions of the Kahler potential

14 Mirror symmetric manifolds are excluded if y # 0.
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K and the Yukawa couplings & in terms of the prepotential as'® [46]

K =-In Q(F—F)—(fi‘f_i)(FiJ“Fi)}’ (Fi:gg) (3.6)

Kijk = Fiji

with one set for each factor of M!®  To reproduce the classical Yukawa couplings
(2.2) FY1(X) is simply a cubic polynomial whereas F*! is a complicated function of
the complex structure moduli. Instanton corrections will modify F'! such as to reproduce
the couplings (2.3). Mirror symmetry then relates the pre-potentials on X and X*. If A,
are the complex structure moduli on X* then one can find a local map (the mirror map)
Mo (X*) = M1(X) + A\ = () such that F2Y(A)(X*) = FU1(#)(X) and similarly
for FY1(X*) and F*1(X). We will find below that X;(t) are transzendental functions
containing exponentials. It is an interesting fact that A(q'), with ¢ = 2™ is always an
infinite series with integer coefficients.

4. Construction of Mirror Pairs

We have already alluded to the fact that a classification of consistent string vacua 1s
still out of reach. In fact, even a classification of three-dimensional CY manifolds, providing
just a subset of string vacua, is still lacking. (One only knows how to classify the homotopy
types of the manifolds by virtue of Wall’s theorem; [23], p. 173.) What has been achieved
so far is to give complete lists of possible CY manifolds within a given construction. But
even here one does not have criteria to decide which of these manifolds are diffeomorphic.

The constructions that have been completely searched for are hypersurfaces in four-
dimensional weighted projective space [47] and complete intersections of k hypersurfaces in
3 + k dimensional products of projective spaces [48]. In these notes we will limit ourselves
to the discussion of hypersurfaces. Mirror symmetry for complete intersections has been
discussed in [49] and [17].

Weighted n-dimensional complex projective space P[] is simply C* 1\ {0} /C* where
C* =C\ {0} acts as A+ (z0,...,2n) = (\“920,...,A""2,). We will denote a point in IP"[7]
by (z0:---:zn). The coordinates z; are called homogeneous coordinates of IP™[] 17 and
w; € Z4 their weights. For w = (1,...,1) one recovers ordinary projective space. Note
however that IP"[kw] ~ IP"[]. In fact, due to this and other isomorphisms (see Prop.
1.3.1 in [50]) one only needs to consider so-called well-formed weighted projective spaces.
IP"[w] is called well-formed if each set of n weights is co-prime. Weighted projective P[]
can be covered with n+1 coordinate patches U; with z; # 0 in U;. The transition functions

15 From this it follows immediately that the <f3) couplings receive no instanton corrections
since they would lead to a dependence on the Kahler moduli.

18 We will denote the special coordinates on M1, by t and the ones on Mj21 by A

17 We will sometimes denote them by zo,...,zn and othertimes by zy,..., zn4y1. We are confi-

dent that this will cause no confusion.
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between different patches are then easily obtained. The characteristic feature to note about
the transition functions of projective space is that in overlaps U; N U; they are given by
Laurent monomials. For example, consider IP? with homogeneous coordinates (zq: 21 :22)
and the three patches U;, + = 0,1,2 with inhomogeneous coordinates po(zp : 21 : 22) =
(uog,v0) = (2,22), p1(z0:21: 22) = (u,v1) = (Z—",ff—) and @a(z0: 21 1 22) = (ug,v2) =

20’ 2o 1

(;—2, %) The transition functions on overlaps are then Laurent monomials; e.g. on Uy N T

we have (uy,v;) = (ULO 22), and we have ¢,(U; N U;) ~C x C*; ¢;(U1 N U, NUs) = (C)°.
The reason for dwelling on these well-known facts is that below we will treat this example
also in the language of toric geometry and that it is the fact that transition functions
between patches are Laurent monomials, that characterizes more general toric varieties.

Weighted projective spaces are generally singular. As an example, consider IP?[1, 1, 2],
ie. (z0,21,22) and (\zg,Az1, A\%2y) denote the same point and for A\ = —1 the point
(0:0:22) =(0:0:1) is fixed but A acts non-trivially on its neighborhood: we thus have a
Z, orbifold singularity at this point.

A hypersurface X in (weighted) projective space is defined as the vanishing locus of
a (quasi)homogeneous polynomial, i.e. of a polynomial in the homogeneous coordinates
that satisfies p(A*“zg,..., A" 2,) = Ap(20,...,2,) where d € Z is called the degree of

p(z); 1.e. we have

plz) =0} (4.1)

In order for the hypersurface to be a CY manifold one has to require that its first Chern
class vanishes. This can be expressed in terms of the weights and the degree of the defining
polynomial as(23]

X = {(:0:...::n) € P"[w]

c1(X) = <§: w; — d)J (4.2)

where J is the Kahler form of the projective space the manifold is embedded in. A necessary
condition for a hypersurface in IP*[i5] to be a three-dimensional CY manifold is then that
the degree of the defining polynomial equals the sum of the weights of the projective space.
However one still has to demand that the embedding X — IP"[w] be smooth. This means
that one has to require the transversality condition: p(z) = 0 and dp(z) = 0 have no
simultaneous solutions other than zy = ... = z, = 0 (which is not a point of IP"[w]).
There exists an easy to apply criterium [51] which allows one to decide whether a given
polynomial satisfies the transversality condition. This criterium follows from Bertini's

theorem (c.f. e.g. Griffiths and Harris in [22]) and goes as follows. For every index set
(k) mgk)
J=A{j1,---,551} €{0,...,n} = N denote by z}"(k) monomials z; " - .zim“'

d. Transversality is then equivalent to the condition that for every index set J there exists
either (a) a monomial 277, or (b) |J|-monomials z}"(k)zk with |J| distinct £ € N\ J.
Analysis of this condition shows that there are 7555 projective spaces P*[15] which
admit transverse hypersurfaces. They were classified in [47]. In case that ¢; = d/w; €
Z,Vi=0,...,k one gets a transverse polynomial of Fermat type: p(z) = Z;}___O z¥.
If the hypersurfaces X meet some of the singularities of the weighted projective space,
they are themselves singular. Let us first see what kind of singular sets one can get. If

of degree
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the weights w; for : € I have a common factor Ny, the singular locus S of the CY space
is the intersection of the hyperplane Hy = {z € P*[i]|2; = Ofor: ¢ I} with Xg. We will
see that the singular locus consists either of points or of curves.

As IP*[15] is wellformed we have |I| < 3. Consider |I| = 3 and apply the transversality
criterum to J = I. Obviously, only transversality condition (a) can hold, which implies
that p will not vanish identically on Hy, hence dim(S;) = 1. It is important for the
following to consider the C*-action on the normal bundle’® to this curve. We write the
¢1(X) = 0 condition as Y ey w; + 3 o r(w;/Ny) = (d/Ny), with w! € Z> and (w;/Ny) ¢
Z. Because of (a) one has d = ), muw; = Nj Y icp miw;, for m; € Zy, from which
we can conclude 3° .. (wi/N;j) € Z. Locally we can then choose (2ky s 2ky) With k; ¢ 1
as the coordinates normal to the curve. The C*-action which fixes S; will therefore be
generated by (zx,, zt,) — (A2, A" 2k, ), Where we define A = ¢2™/M1. That is, locally the
singularity in the normal bundle is of type C*/Zp,.

Finally for |I] < 2 clearly dim(S7) < 1. From the analysis of the divisibility condition
imposed by transversality and ¢;{X) = 0 we can summarize that the C* action in the nor-
mal bundle of singular curves or the neighborhood of singular points is in local coordinates
always of the form C*/Zy, and C*/Zy, with

A (21, 22) = (A2, A )

4.3

A (z1,52,23) = (/\zl,/\“ZQ,/\bZ3) with 1+a+b=Nj,a,beZ (4:3)

Note that for the case of fixed curves invariant monomials are le’,zé\” and zyz9, l.e. we

can describe the singularity as {(u,v,w) € C*luv = w™'}. This type of singularity is

called a rational double point of type Ay, ;. The relation with the Lie-algebras from the

A series and the discussion of the resolution of the singularities within toric geometry will
be given below.

Let us mention that the types of singularities encountered here are the same as the
ones in abelian toroidal orbifolds, discussed in [52] [53]. The condition on the exponents
of the C*-action there is related to the fact that one considers only subgroups of SU(3) as
orbifold groups. This was identified as a necessary condition to project out of the spectrum
three gravitinos in order to obtain exactly N = 1 spacetime supersymmety [54]. As we will
briefly explain below, it also ensures cl(X) = 0, 1.e. triviality of the canonical bundle of
the resolved manifold X. Desingularisations with this property are referred to as minimal
desingularizations [55]. In ref.[47] the Hodge numbers of the minimal desingularizations
of all 7555 transverse hypersurfaces were evaluated.

Among the singular points we have to distinguish between isolated points and excep-
tional points, the latter being singular points on singular curves or the points of intersection
of singular curves. The order Ny of the isotropy group I of exceptional points exceeds that
of the curve. In order to get a smooth CY manifold X, these singularities have to be
resolved by removing the singular sets and replacing them by smooth two complex dimen-
sional manifolds which are then called exceptional divisors. Each exceptional divisor D
provides, by Poincaré duality, a harmonic (1,1) form hp: fD a = fX a A hp for every

18 The normal bundle on C is the quotient bundle N¢ = Tx|c/Tc.

48



closed (2,2) form « and hl’l(};’) = # exceptional divisors +1 where the last contribution
counts the restriction of the Kihler form from to embedding space to X (to which one can
also associate a divisor).

There are only few hypersurfaces, namely the quintic (i.e. d = 5) in IP*, the sextic in
P*[1,1,1,1,2], the octic in IP*[1,1,1,1, 4] and finally the dectic in P*[1,1,1,2,5], which do
not require resolution of singularities and the Kéhler form they inherit from the embedding
space is in fact the only one, L.e. for these CY spaces h1'! = 1. One easily sees that these
Fermat hypersurfaces do not meet the singular points of their respective embedding spaces.
They were analyzed in view of mirror symmetry in [13].

If one considers the lists of models of ref.[47] one finds already on the level of Hodge
numbers that there is no complete mirror symmetry within this construction. Also, if one
includes abelian orbifolds of the hypersurfaces [56] the situation does not improve.

One can however get a mirror symmetric set of CY manifolds if one generalizes the
construction to hypersurfaces in so-called toric varieties. Since they are not (yet) familiar
to most physicists but relevant for describing the resolution of the above encountered
singularities and for the discussion of mirror symmetry, we will give a brief description of
toric varieties. For details and proofs we have to refer to the literature [57]. Toric methods
were first used in the construction of Calabi-Yau manifolds in [55] and [52]. They have
entered the discussion of mirror symmetry through the work of V. Batyrev [58] [59] [60]
[49][61].

Toric varieties are defined in terms of a lattice N ~ Z™ and a fan ¥. Before explaining
what a fan is, we first have to define a (strongly convez rational polyhedral) cone (or simply
cone) o in the real vector space Nr = N @7 R:

o= {i a;ng; a; > 0} (4.4)

=1
where n; is a finite set of lattice vectors (hence rational), the generators of the cone. We
often write simply (n1,...,ns). Strong convexity means that o N(—c) = {0}, i.e. the cone
does not contain lines through the origin. A cone o is called simplicial if it is generated
by linearly independent (over IR) lattice vectors. A cone generated by part of a basis of
the lattice N is called a basic cone. If we normalize the unit cell of the lattice to have
volume one, then a simplicial cone (ni,...n.,) is basic if det(ny,...,nm) =1 (here n; are
the generators of minimal length). If a cone fails to be basic, not all lattice points within
the cone can be reached as linear combinations of the generators with positive integer

coefficients.
To every cone we can define the dual cone ¢ as

oV = {x € Mgr;{z,y) >0forally € a} (4.5)

where M is the lattice dual to NV and (,) : M x N — Z, which extends to the R bilinear
pairing Mg x Nr — RR. o is rational with respect to M but strongly convex only if
dim(o) = dim(Mg). (For instance the cones dual to one-dimensional cones in R?, are
half-planes.). Also (¢¥)" = 0. Given a cone we define

Sy =0"NM (4.6)
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which is finitely generated by say p > dim M = dj lattice vectors n;. In general (namely
for p > dp) there will be non-trivial linear relations between the generators of S, which

can be written in the form
Z/—tmz‘ = Zwm (4.7)

with p; and v; non-negative integers. A cone then defines an affine toric variety as
UU:{(Zl,...,Zp)E(DP|Z“:ZU} (48)

where we have used the short hand notation Z#* = Z}" ---Z:dM . In the mathematics
literature one often finds the notation U, = Spec(C[S,]) = Spec(C[Z1,...,Zp]|/I) where
the ideal I is generated by all the relations Z# = Z” between the gerators of S,.
To illustrate the construction, let us look at a simple example. Comnsider the cone
o generated by (N + 1)e; — Ney and e;. Then S, is easily shown to be generated by
ny = €7, ng = Nejf + (N + 1)e} and n3 = ef + e5 which satisfy (N 4 1)n3 = ny + ne. This
leads to
Uy ={(2y,24,23) € C¥|2,Z, = ZNT1} (4.9)

This is just the Ay rational double point discussed above.

A face 7 of a cone ¢ is what one expects; it can be defined as cNut = {v € o : (u,v) =
0} for some u € o¥. The constructive power of toric geometry relies in the possibility of
gluing cones to fans.

A fan ¥ is a family of cones o satisfying:
(1) any face of a cone in X is itself a cone in Z;
(12) the intersection of any two cones in ¥ is a face of each of them.

After having associated an affine toric variety U, with a cone o, we can now construct
a toric variety [Py associated to a fan ¥ by glueing together the U,, o € &:

Py =] U, (4.10)
oces

The U, are open subsets of IPs. The glueing works because Uy is an open subset of
both U, and U] i.e. Uynyr = Uy;NUy . On the other hand Usvn(oryv # Ugv NU(g1yv, hence
gluing is natural for the cones o. A last result we want to quote before demonstrating the
above with an example is that a toric variety IPg is compact iff the union of all its cones
is the whole space IR". Such a fan is called complete.

To see what is going on we now give a simple but representative example. Consider
the fan ¥ whose dimension one cones 7; are generated by the vectors ny = e, ny = ¢5 and
n3 = —(e; +e3). T also contains the dimension two cones oy : (n1,n2), o3 : (n2,n3), 03 :
(n3,n1) and of course the dimension zero cone {0}. We first note that ¥ satisfies the
compactness criterium. The two-dimensional dual cones are o) : (e}, e3), o) : (—e}, —e} +
e3), 03 : (—e3,ef —e3) and Uy, = Spec(C[X,Y]), Uy, = Spec(C[X~1, X~Y]), U,, =
Spec(C[Y ™', XY 1)) each isomorphic to C*. These glue together to form P2. Indeed, if
we define coordinates u;,v; via Uy, = Spec(C[u;, v;]) we get the transition functions for IP?
between the three patches. Note also that Ur, = Us;no; ~ CXC* and Uy, Agyne, = Uy =
(C*)2. To get e.g. the weighted projective space IP?[1,2,3] one simply has to replace the
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generator n3 by n3 = —(2e; + 3ez). In fact, all projective spaces are toric varieties. This
will become clear below.

We now turn to the discussion of singularities of toric varieties and their resolution.
We have already given the toric description of the rational double point. The reason why
the corresponding cone leads to a singular variety is because it is not basic, i.e. it can
not be generated by a basis of the lattice N. This in turn results in the need for three
generators for S, which satisfy one linear relation. The general statement is that U, is
smooth if and only if ¢ is basic. Such a cone will also be called smooth. An n-dimensional
toric variety Xy is smooth, i.e. a complex manifold, if and only if all dimension n cones
in X are smooth. We do however have to require more than smoothness. We also want to
end up with a CY manifold, i.e. a smooth manifold with ¢; = 0.

It can be shown that if ¥ is a smooth fan (i.e. all its cones are smooth) Xy has
trivial canonical bundle if and only if the endpoints of the minimal generators of all one-
dimensional cones in ¥ lie on a hyperplane (see the proof in the appendix to [52]). The
intersection of the hyperplane with the fan is called the trace of the fan. An immediate
consequence of this result is that a compact toric variety, i.e. corresponding to a complete
fan, can never have ¢; = 0. One therefore has to consider hypersurfaces in compact toric
varieties to obtain CY manifolds.

The singularities we are interested in are cyclic quotient singularities. A standard
result in toric geometry states that Xy has only quotient singularities, i.e. is an orbifold, if
¥ is a simplicial fan, i.e. if all cones in ¥ are simplicial. Given a singular cone one resolves
the singularities by subdividing the cone into a fan such that each cone in the fan is basic.

Let us demonstrate this on the rational Ay double point. The two-dimensional cone
o was generated by (N+1)e; —Ney and e, which is not a basis of the lattice N = Z2%. We
now add the one-dimensional cones ag) generated by me; —(m—1)es form =1,...,N. (In
this notation og and o4 are the original one-dimensional cones.) The two-dimensional

cones ag) : (mey—(m—1)eg, (m+1)e;—mey), m = 1,..., N are then basic and furthermore
we have a ¢; = 0 resolution.

The original singular manifold has thus been desingularized by gluing exceptional
divisors D, m = 1,...,N. To cover the nonsingular manifold one needs N 4 1 patches.

One generator of (0£2))V and one of (ag_)l)v are antiparallel in £V. These generators

therefore correspond to inhomogenous coordinates of one of N IP!’s. The exceptional
divisors are therefore IP!’s. By inspection of the various patches one can see that the P'’s
intersect pairwise transversely in one point to form a chain. The self-intersection number
is obtained as the degree of their normal bundles, which is —2, so that the intersection
matrix is the (negative of ) the Cartan matrix of Ay ; for details we refer to Fulton, ref.[57].
Such a collection of IP'’s is called a Hirzebruch-Jung sphere-tree [62]. Recalling that the
rational double points appeared in the discussion of curve singularities of CY manifolds
we have seen that the resolved singular curves are locally the product of the curve C' and
a Hirzebruch-Jung sphere-tree.

Data of toric varieties depend only on linear relations and we may apply bijective
linear transformations to choose a convenient shape. E.g. given the canonical basis e,
e; in IR?, we may use e; as generators of the cone and n; = ﬁel + N—Nﬁeg, ng = eg,

as generators of N = R? to describe the Ay singularity. This form generalizes easily
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to higher dimensional cyclic singularities such as C*/Zy, the general form of the point
singularities (4.3). They are described by e;, ¢t = 1,2,3 as generators of the cone and the
lattice basis n; = 1{—’(61 + aes + besg ), ny = €3, ng = e3. The local desingularisation process
consists again of adding further generators such as to obtain a smooth fan. One readily
sees that as a consequence of (4.3) all endpoints of the vectors generating the nonsingular
fan lie on the plane E?:] z; = 1, as it is necessary for having a trivial canonical bundle
on the resolved manifold. The exceptional divisors are in 1-1 correspondence with lattice
points inside the cone on this hyperplane (trace of the fan). Their location is given by

3 e271‘i7vl— 3
2 :« 4 3 52 Z
P = eiﬁ (al,ag,ag)EZ 5 627”1\’ EZN, GizN,aiZO

;22
1=1 62m N

1=1

(4.11)
The generator of the isotropy group Zy on the coordinates of the normal bundle of the
singular point is given in (4.3) and €1, €3, €3 span an equilateral triangle from its center.
The corresponding divisors can all be described by compact toric surfaces which have been
classified.

The toric diagrams for the resolution of singular points are thus equilateral triangles
with interior points. If we have exceptional points then there will also be points on the
edges, which represent the traces of the fans of the singular curves.

Whereas in the case of curve singularities, whose resolution was unique, this is not
so for point singularities. Given the trace with lattice points in its interior, there are in
general several ways to triangulate it. Each way corresponds to a different resolution.
They all lead to topologically different smooth manifolds with the same Hodge numbers,
differing however in their intersection numbers.

To obtain a Kahler manifold one also has to ensure that one can construct a positive
Kéhlerform (2.1). This is guaranteed if one can construct an upper convex piecewise linear
function on ¥ (see Fulton, ref. [57]). The statement is then (see e.g. [60]) that the cone
K(X) consisting of the classes of all upper convex piecewise linear functions (i.e. modulo
globally linear functions) on £ is isomorphic to the Kahler cone of IPy. This construction
is reviewed in [16]. Below we will consider hypersurfaces in IPg. The positive Kahlerform
on the hypersurface is then the one induced from the Kahler form on Pg.

We will now give another description of toric varieties, namely in terms of convex
integral polyhedra. The relation between the two constructions will become clear once we
have demonstrated how to extract the cones and the fan from a given polyhedron. The
reason for introducing them 1s that this will allow for a simple and appealing description
of the mirror operation and of the construction of mirror pairs [59].

We start with a few definitions. We consider rational (with respect to a lattice N)
convez polyhedra (or simply polyhedra) A C Nr contalning the origin vo = (0,0,0,0). A
1s called reflezive 1t its dual defined by

4
AY ={(z1,...,24) | zl"iyi > —1lforall (y1,...,ys) €A} (4.12)
=1

is again a rational polyhedron. Note that if A is reflexive, then A* is also reflexive since
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(A7) = A. We associate to A a complete rational fan Z(A) whose cones are the cones
over the faces of A with apex at vg.

The ! dimensional faces will be denoted by ©;. Completeness is ensured since A
contains the origin. The toric variety IP5 is then the toric variety associated to the fan
E(A*), 1.e. IPA = IPE(_\t)

Denote by v;, i =0,...,s the integral points in A and consider the affine space C**!
with coordinates a;. We will consider the zero locus Z¢ of the Laurent polynomial

fala,X) =ao— > a; X%, fa(a,X)eClX{H, ... X (4.13)

in the algebraic torus (C*)* C P4, and its closure Zf in IPAo. Here we have used the con-
vention X* = X{"' ... X}*. Note that by rescaling the four coordinates X; and adjusting
an overall normalization we can set five of the parameters a; to one.

f = fa and Zj are called A-regularif for alll =1,...,4 the fo, and Xié—‘%f@,, Vi =
1,...,n do not vanish simultaneously in (C*)*. This is equivalent to the transversality
condition for the quasi-homogeneous polynomials p. Varying the parameters a; under the
condition of A-regularity, we get a family of toric varieties.

In analogy with the situation of hypersurfaces in IP*[5], the more general ambient
spaces [P and so Zf are in general singular. A-regularity ensures that the only singu-
larities of Z; are the ones inherited from the ambient space. Z; can be resolved to a CY
manifold Zf iff P has only so-called Gorenstein singularities, which is the case iff A 1s
reflexive [59].

The families of the CY manifolds Z; will be denoted by F(A). The above definitions
proceed in an exactly symmetric way for the dual polyhedron A* with its integral points
vi(i=0,---,5%), leading to families of CY manifolds F(A*).

In ref. [39] Batyrev observed that a pair of reflexive polyhedra (A, A*) naturally
provides a pair of mirror CY families (F(A), F(A*)) as the following identities for the
Hodge numbers hold

=l(A)-5- Y rO)+ >  U(O)N(O)

codim@=1 codim©@=2 (4 14)
WY (Zpa) =R (Zpa)

=A%) -5— Y O+ > re)e)

codim®* =1 codim®* =2

Here [(©) and [/(O) are the number of integral points on a face © of A and in its
interior, respectively (and similarly for ©* and A*). An [-dimensional face © can be
represented by specifying its vertices v;,, -, v;,. Then the dual face defined by ©* =
{z € A" | (z,vi,) = -+ = (z,vs,) = =1} is a (n — | — 1)-dimensional face of A*. By
construction (©*)* = ©, and we thus have a natural pairing between [-dimensional faces
of A and (n — [~ 1)-dimensional faces of A*. The last sum in each of the two equations in
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(2.4) is over pairs of dual faces. Their contribution cannot be associated with a monomialin
the Laurent polynomial'®. We will denote by k1 and k1! the expressions (4.14) without
the last terms.

A sufficient criterion for the possibility to associate to a CY hypersurface in P[]
a reflexive polyhedron is that IP*[] is Gorenstein, which is the case if lem[w;,. .., ws]
divides the degree d [63]. In this case we can define a simplicial, reflexive polyhedron
A() in terms of the weights, s.t. Pax(g) = IP*[w]. The associated n-dimensional integral
convex dual polyhedron is the convex hull of the integral vectors p of the exponents of all
quasi-homogeneous monomials z# of degree d, shifted by (—1,...,~1):

5
A* (@) = {(z1,...,25) € R Y wizi =0,2; > —1}. (4.15)

=1

Note that this implies that the origin is the only point in the interior of A.

If the quasihomogeneous polynomial p is Fermat, i.e. if it consists of monomials
z:l/w" (i =1,---,5), IP*[w] is clearly Gorenstein, and (A, A*) are thus simplicial. If fur-
thermore at least one weight is one (say ws = 1) we may choose e; = (1,0,0,0, —w,),

= (0,1,0,0, —w3), 3 = (0,0,1,0,—w;3) and e; = (0,0,0,1, —w4) as generators for A,
the lattice induced from the Z° cubic lattice on the hyperplane H = {(z1,...,z5) €
R Zf___l w;z; = 0}. For this type of models we then always obtain as vertices of A*()
(with respect to the basis e, ..., es)

=(d/w, —1,-1,—-1,=1), v} =(=1.djwy —1,-1,-1), vF =(=1,=1,d/ws —1,—1),

v; =(-1,-1,-1,d/wgy — 1), vi =(-1,-1,-1,-1)
{(4.16)
and for the vertices of the dual simplex A(w) one finds

v = (1,0,0,0), 1o = (0,1,0,0), v3 = (0,0,1,0) , vs = (0,0,0,1)
. (4.17)

vs = (—wr, —wz, —ws, —wy)

It should be clear from our description of toric geometry that the lattice points in the
interior of faces of A of dimensions 4 > d > 0 correspond to exceptional divisors resulting
from the resolution of the Gorenstein singularities of IPo». This in turn means that the
correspending Laurent monomials in fa correspond to exceptional divisors. For those
CY hypersurfaces that can be written as a quasi-homogeneous polynomial constraint in
P*[15], we can then give a correspondence between the monomials, which correspond (via
Kodaira-Spencer deformation theory) to the complex structure moduli, and the divisors,
which correspond to the Kahler moduli. The authors of ref. [64] call this the monomial
divisor mirror map. Not all deformations of the complex structure can be represented
by monomial deformations, which are also referred to as algebraic deformations. We will

19 In the language of Landau-Ginzburg theories, if appropriate, they correspond to contributions

from twisted sectors.
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however restrict our analysis to those. We will now describe it for Fermat hypersurfaces
of degree d, following [59].
The toric variety P () can be identified with

P a5 = Ha(w)

5 (4.18)
= {[Uo, U1, U, Us, Uy, Us] € PP [ U = UG},
i=1
where the variables X; in eq.(4.13) are related to the U; by
(1, X1, Xs, X3, X, ﬁ;ll—’f] -, % % g—z % -(Ui]. (4.19)
Let us consider the mapping ¢ : P*[w] — Hy(i) given by?°
[21, 22, 23, 24, 25) = [z12023 2425, 200 200 V2, 2408 20108 258, (4.20)

Integral points in A(w) are mapped to monomials of the homogeneous coordinates of IP*[]
by
id/w;
[Ty 2
L ST (4.21)
(H?:l Zi) =

Note that the Laurent polynomial fa and the quasi-homogeneous polynomial p =
¢*(Upfa) between which the monomial-divisor map acts correspond to a mirror pair. The
point at the origin of A is always mapped to the symmetric perturbation z; - - z5 which
is always present. It represents the restriction of the Kahler form of the embedding space
P A~ to the hypersurface.

The situation for CY hypersurfaces in non-Gorenstein IP*[17)’s was discussed in [16].
Here the corresponding polyhedron is still reflexive but no longer simplicial and the asso-
ciated toric variety IPa is Gorenstein.

We have already mentioned that Fermat hypersurfaces in weighted projective space do
not intersect with the singular points of the embedding space. This is no longer generally
true for non-Fermat hypersurfaces. What does however hold is that hypersurfaces Z A 1n
the corresponding (Gorenstein) IPo do not intersect singular points in Po. The singular
points of the embedding space correspond to the lattice points in the interior of faces of
P of codimension one. The Laurent monomials for these points thus do not correspond
to complex structure deformations and we will in the following always restrict the sum in
(4.13) to those lattice points of A which do not lie in the interior of faces of codimension
one.

p= (p1, pz, psy pa) = S*(XHUs) =

20 Tn toric geometry this mapping replaces the orbifold construction for the mirror manifolds

described in [8].
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The final point to mention in this section is the computation of topological triple
intersection numbers. They represent the classical part (field theory limit, large radius
limit) of the (27%) Yukawa couplings.

Given three divisors the topological triple intersection number can be computed in
terms of an integral of the (by Poincaré duality) associated harmonic forms: D;-D;- Dy =
[xhp; A hp; Ahp,. In toric geometry their evaluation reduces to combinatorics. The
results are scattered through the (mathematics) literature [57][65] and have been collected
in [16]. We will not repeat them here.

5. Periods, Picard-Fuchs Equations and Yukawa Couplings

Now that we have learned how to construct CY manifolds and even mirror pairs we can
move on towards applying mirror symmetry. This, as was mentioned before, requires the
knowledge of the (ﬁ3) Yukawa couplings on the mirror manifold X* in order to compute
the (27%) couplings on X. But in addition we need to know (at least locally) how to map
the complex structure moduli space of X* to the Kahler structure moduli space of X. This
1s the so-called mirror map. Our discussion will be restricted to the neighbourhood of the
large complex structure limit of X* and the large radius limit of X which will be mapped
to each other by the mirror map.

For the purposes of getting the Yukawa couplings and the mirror map the Picard-
Fuchs equations play a crucial role. So let us turn to them. It is quite easy to explain
what they are but harder to find them explicitly. We will start with the easy part.

We know from the discussion in section two that the dimension of the third cohomology
group is dim(H?) = b3 = 2(h*! + 1). Furthermore we know that the unique holomorphic
three form 2 depends only on the complex structure. If we take derivatives with respect
to the complex structure moduli, we will get elements in H*° @ H*' @ HY? @ H%3. Since
bs is finite, there must be linear relations between derivatives of £ of the form £Q = dn
where L 1s a differential operator with moduli dependent coefficients. If we integrate this
equation over an element of the third homology group Hs, i.e. over a closed three cycle.
we will get a differential equation LII; = 0 satisfied by the periods of §2. They are defined
as II;(a) = fl‘; Qa). T; € H3(X,Z) and we have made the dependence on the complex
structure moduli explicit. In general we will get a set of coupled linear partial differential
equations for the periods of {). These equations are called Picard-Fuchs equations. In
case we have only one complex structure modulus (i.e. b3 = 4) one gets just one ordinary
(in fact, hypergeometric) differential equation of order four. For the general case, i.e. if
by > 1, we will describe below how to set up a complete system of Picard-Fuchs equations.

For a detailed discussion of ordinary differential equations we recommend the book by
Ince [66]. For the general case we have profited from the book by Yoshida [67]. There exists
a vast mathematical literature on PF systems and the theory of complex moduli spaces:
main results are collected in [68]. Two results which are of relevance for our discussion are
that the global monodromy is completely reducible and that the PF equations have only
regular singularities. The first result enables us to consider only a subset of the periods
by treating only the moduli corresponding to ! out of A%! moduli. The second result
means that the PF equations are Fuchsian and we can use the theory developped for them.
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A systematic, even though generally very tedious procedure to get the Picard-Fuchs
equations for hypersurfaces in P[], is the reduction method due to Dwork, Katz and
Griffiths. As shown in ref. [69] the periods II;(a) of the holomorphic three form Q(a) can
be written as?!

ni(a):/nﬂ(a):/v/ri pE‘;), i=1,...,2(h% +1). (5.1)

Here

5
w= Z(—l)i'wizidzl /\.../\c?z\,-/\.../\dz5; (5.2)
1=1

I'; is an element of H3(X,Z) and v a small curve around the hypersurface p = 0 in the
4-dimensional embedding space. a; are the complex structure moduli, i.e. the coefficients
of the perturbations of the quasi-homogeneous polynomial p. The fact that {(a) as defined
above is well behaved is demonstrated in [70].

(%) w is exact if f(z) is homogeneous with degree such
that the whole expression has degree zero, leads to the partial integration rule, valid under

the integral (0; = 3—’27):

The observation that %

3

fop 1 Oif

e (5.3)

In practice one chooses a basis {pi(z)} for the elements of the local ring R =
Clz1,- .., 2n+1]/(0ip). From the Poincaré polynomial associated to p [7] one sees that there
are (1,/32’1,%2’1, 1) basis elements with degrees (0,d,2d,3d) respectively. The elements
of degree d are the perturbing monomials. One then takes derivatives of the expressions

Tk = —i—’,‘;—%) (n = deg(px)/d) w.r.t. the moduli. If one produces an expression such that
the numerator in the integrand is not one of the basis elements, one relates it, using the
equations J;p = ..., to the basis and uses (5.3). This leads to the so called Gauss-Manin

system of first order differential equations for the m which can be rewritten as a system
of partial differential equations for the period. These are the Picard-Fuchs equations. In
fact, the Picard-Fuchs equations just reflect the structure of the local ring and expresses
the relations between its elements (modulo the ideal). It thus depends on the details of the
ring how many equations and of which order comprise a complete system of Picard-Fuchs
equations. To see this, let us consider a model with %! = 2, i.e. we have two monomials
at degree d : 1 and pg. Since the dimension of the ring at degree 2d is two, there must be
one relation (modulo the ideal) between the three combinations %, ¢1¢2, ¢3. Multiplying
this relation by ¢; or ¢, leads to two independent relations at degree three. Since the
dimension of the ring at degree three is one, there must be one further relation at degree
three. The system of Picard-Fuchs equations for models with h%1! = 2 thus consists of one

21 Again, here and below we only treat the case of hypersurfaces in a single projective space.

Complete intersections in products of projective spaces are covered in [17)].
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second and one third order equation **. For models with k! > 2 a general statement is no
longer possible. For instance, for h%1 = 3, the simplest case is a system of three equations
of second order. The three relations at degree 2d then generate all relations at degree 3d.
There are however cases where this is not the case and one has to add extra relations at
degree three, leading to third order equations. Examples of this type are presented in [16].

It is clear from the discussion that the Picard-Fuchs equations we have obtained only
contain those complex structure moduli for which there exists a monomial perturbation.
Also, the method outlined above applies only to manifolds in projective spaces and not to
manifolds embedded in more general toric varieties.

We will now describe an alternative and often more efficient way to obtain the Picard-
Fuchs equations using the toric data of the hypersurfaces. The general method has been
outlined, in the context of mirror symmetry, in [58] and is based on the generalized
hypergeometric system of Gelf’and, Kapranov and Zelevinsky (GKZ) [71]. We will not
decribe it in its generality here, since for our purposes the following simplified treatment
is sutlicient.

The way we will proceed is to compute one of the periods, the so-called fundamental
period [19][58] directly and then set up a system of partial differential equations satisfied
by this period. This system is the GKZ hypergeometric system. It is not quite yet the PF
system since its solution space is larger than that of the PF system, which are the periods
of the holomorphic three form, of which there are 2(h%! 4+ 1). (As mentioned before, we
are only able to treat a subset of the 2(h%! + 1) periods.) However the monodromy acts
reducibly on the (larger) space of solutions and the periods are a subset on which it acts
irreducibly. It is often (sometimes?) easy, starting with the GKZ system, to find a reduced
system of differential equations which i1s then the PF system. This will be explained in the
example that we will treat below.

Before showing how to compute the fundamental period and how to extract the GKZ
generalized hypergeometric system, we first have to discuss the correct choice of coordinates
on moduli space. We have already mentioned that we will only discuss the mirror map
in the neighbourhood of the large complex structure limit. The large complex structure
limit corresponds to the point in moduli space where the periods have maximal unipotent
monodromy [72]. This in particular means that the characteristic exponents of the PF
equations are maximally degenerate. What this means is the following: if we make a
power series ansatz for the solution of the PF equations one gets recursion relations for
the coefficients. However, the condition that the lowest powers vanish, gives polynomial
equations (of the order of the differential equations) for the (characteristic) exponents of
the lowest order terms of the power series ?*. At the point of large complex structure
the common zeros of these polynomials are all equal, and in fact, by a suitable moduli

22 In these considerations we use the fact that the homogeneous subspace of R of degree nd
is generated by the elements of degree d and furthermore that taking a derivative w.r.t. to the
modulus parameter a; produces one power of the corresponding monomial ¢; in the numerator of
the period integral.

23 In the case of ordinary differential equations this polynomial equation is called indicial equa-

tions; see e.g. [66].
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dependent rescaling of the period (this constitutes a choice of gauge, c.f. below) they
can be chosen to be zero. According to the general theory of Frobenius we then get,
in a neighbourhood of large complex structure, one power series solutions and the other
solutions contain logarithms. We will have more to say about these solutions later. The
problem now consists of finding the correct variables in which we can write a power series
expansion with these properties.

To find these variables it is necessary to introduce the so-called lattice of relations.
Among the 5+ h%*! integer points vy, . .. ,Vj2145 (Vo is the origin) in A which do not lie
in the interior of faces of codimension one, i.e. those points to which we associate Laurent
monomials in (4.13), there are relations of the form ) liv; = 0,!; € Z. The vectors !
generate the h%! dimensional lattice of relations. In this lattice one defines a cone, the
so-called Mori cone, whose minimal set of generators we denote by [*, a = 1,... A%
(They are also a basis of the lattice of relations.) This cone is in fact the same as the
one mentioned in our brief discussion about the Kahler condition of the resolution of

singularities. We then define the extended vectors (I*) = (= 5.1, {l¢}) = (1§, {{#}). In
terms of the parameters appearing in the Laurent polynom1al (4.13) the large complex
structure limit is deﬁned to be the point u; = ... = u;z,, = 0 in complex structure moduli
space with u, = a” =] a

A systematic method to find the generators of Mori’s cone has been reviewed in
[16] where the construction of the upper convex piecewise linear functions was explained.
An equivalent way?? is as follows. Consider a particular ‘triangulation’ (i.e. decomposition
into four-simplices with apex at the origin) of A with lattice points vo,...,752,1,5. Each
four-simplex is then specified by four vertices (in addition to the origin v9). We then take
any pair of four simplices which have a common three simplex and look for integer relations
Y nsv; = 0,n; € Z of the five non-trivial vertices such that the coefficients of the two
vertices which are not common to both four-simplices are positiv. This provides a set of
relations. There will be k%! independent relations in terms of which the others can be
expanded with non-negative integer coeflicients. They constitute the basis of Mori’s cone
and define the coordinates in the neighbourhood of large complex structure.

Let us now turn to the computation of the fundamental period. In the language of
toric geometry the period integrals are written as 2°

ag dX 1 dX 4

[Ii(a) = /F o X) X1 /\---/\-X: (5.4)

with T; € Hy((C*)* \ Zf) and f(a,X) the Laurent polynomial (4.13). We get the fun-
damental period if we choose the cycle I' = {(Xl, ., Xa) € C4l|Xi| = 1}, expand the

integrand in a power series in 1/q¢ and evaluate the integral using the residue formula.

24 which we have learned from V. Batyrev; see also [73].
25 This in fact differs from the period defined before by a factor of ag, which we have included

for later convenience. This corresponds to a redefinition of - a¢{2.
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Straightforward computation gives

wola) = Z (%Z:?' Elia;: (5.5)

ni20

pivi=0

i.e. the sum is over a subset of the lattice of relations. Since the generators of Mori's cone
are a basis of the lattice of relations we can in fact express the relations to be summed
over in the form Y n,l* and sum over the n,. If we then introduce the variables uq, the

. 4 Y
fundamental period becomes=®

welu) = (—Z“lgna)! yle = c(rn)u” 5.6
) {%:} Hi>o(2al?na)!]’;lua Z (=) (58)

n

where the sum is over those n, which leave the arguments of the factorials non-negative.
It is now straightforward to set up a system of h?! partial differential equations which
are satisfied by wo(u). Indeed, the coefficients ¢(n) satisfy recursion relations of the form
pa(na,ng+ ec(na,ng +1) —qg(na,ng)c(na, ng) = 0. Here pq and g, are polynomials of
their respective arguments. The recursion relations translate to linear differential operators

L3 =ps(Qa,0p) —1sqs(Oa,05) (5.7)

where we have introduced the logarithmic derivatives ©, = Ua;gd—- The order of the

operator L equals the sum of the positive (or negative) components of I8, The system of
linear differential equations Lsw(u) = 0 is the generalized hypergeometric system of GKZ.
Since it is related to the polvhedron A, it is also called the A-hypergeometric system.

The hypergeometric systems that one gets this way are not generic, but rather (semi-
non)resonant in the language of [71] in which case the monodromy acts no longer irre-
ducibly. It is in general not straightforward to extract the PF system from the GKZ
system, but in simple cases the operators L, factorize L, = ¢,D, and the D, form
the complete PF system. The general situation, which might require an extension of the
A-hypergeometric system, has been discussed in [16] and [17].

In any case, when the dust settles, one has a system of PF operators of the form

Do = pa(0) + Y fap(t)qas(©) (5.8)
B

where pa, gap and fog are polynomials with f,(0) = 0 and p, is homogeneous and p, and
qap are of the same degree. The homogeneity of p,(©) follows from the characterization of
the large complex structure by the requirement that the characteristic exponents of the PF
differential equations should be maximally degenerate and the gauge choice which gives s
power series solution that starts with a constant.

¢ Here and below we will use the following notation: for a multi-index n = (n1y...,nN) we

n n
define [n| =ni + ... + oy, u” =uf' - upl? and also n! = [[ n;!.
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Note that the terms in (5.8) of top degree in the © correspond to relations between
monomials of the same degree modulo the ideal, whereas the lower order terms corre-
spond to terms in the ideal. This comment applies if we work with quasi-homogeneous
polynomials.

A necessary condition for a set of period equations to be complete is that there be
2(h*! 4 1) degenerate characteristic exponents at z = 0. The polynomial ring

R=C[01,,052.]/{pa(©)} (5.9)

then has (1,};2’1,52‘1, 1) elements at degrees (in ©) (0,1,2,3). This in particular means
that the symbols of D, generate the ideal of symbols 7. This observation is important for
the determination of the singular locus of the PF equations. But let us first explain what
is being said [67].

The PF opcrators D, define a (left) ideal I in the ring of differential operators?®,
te. D &1 & Dw = 0. The symbol of a partial linear differential operator D in &
variables of order m, ie. D = le!Sm ap(u) (gd;)p; (lp] = p1 + -+ + px) is defined as
o(D) = T pem ap(WE . &1,... & is a coordinate system on the fiber of the
cotangent bundle 7*U at = = 0. The ideal of symbols is then o(f) = {¢(D)|D € I}.
The singular locus is S(I) = 7(Ch(I) — U x {0}) where the characteristic variety Ch([)
is the subvariety in T*U given by the ideal of symbols (i.e. given by ¢(D) = 0,D € I)
and 7 the projection along the fiber, 1.e. setting ¢ = 0. The singular locus is also the
discriminant of the CY hypersurface, i.e. the locus in moduli space where the manifold
fails to be transverse ?°. We will demonstrate the method introduced here in the example
in section seven.

Let us now turn to the discussion of the remaining solutions of the PF equations in
the neighbourhood of the point u = 0. Due to the fact that the characteristic exponents
are all degenerate, the fundamental period is the only power series solution. The other
(2h%1 +1) solutions contain logarithms of u. We will now show that there are R solutions
with terms linear in logarithms, the same number of solutions with parts quadratic and
one solution with a part cubic in logarithms. This corresponds to the grading of the ring
R (eq.(5.9)).

Extending the definition of z! = I'(z+1) to z € R, and that of the coefficients ¢(n+ p)
in (5.6) for arbitrary values of k2! parameters po, we define the power series

wo(u, p) = Z c(n + p)u™te. (5.10)

Clearly, setting p = 0 gives the fundamental period. By the method of Frobenius the
logarithmic solutions are obtained by taking linear combinations of derivatives D, =

27 This is a feature of PF systems and not generally true for generalized hypergeometric systems.

A counterexample can be found in ref. [67].
28 Here we work in a neighbourhood U of the origin of a coordinate system on ch*

29 An alternative way to determine the discriminant of hypersurfaces in [Pa was given in [49].
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o b—"ag of wo(u,p), evaluated at p = 0. As [D,,0,,] = 0 it is then sufficient to

Zri)® nl
check
D, (’Dawo(u,p))]p:O =0, Va (5.11)

to establish D,wo(u, p)|,=0 as a solution. By consideration of the explicit form of the series
(5.10) one can show that the conditions for vanishing of the constant terms in (5.11)

Dy (pa(p)e(0, p)u?)],g = 0, Ve, (5.12)

are in fact also sufficient. A moment’s thought shows that the following construction of
the operators D, is valid. We consider the ideal 7 in the polynomial ring C[8], generated
by the po(©). We endow C[O] with a natural vector space structure with the normalized
monomials as orthonormal basis. We can then define Z+ which consists of the (homoge-
neous) polynomials orthogonal to the elements in Z. If we denote a homogeneous element
in Z+ by 3 b,6™ then the D, are simply

1 b
(Inf) — E om
Dp = (2 z)'"l '0p (5.13)

Here the sum is over the n; such that > n; = |n|. The corresponding solutions con-
tain up to |n| powers of logarithms. Note that since the PF equations are always at
least of order two, the solutions linear in logarithms are w;(u) = Dl(l)wo(u,p)lpzoz
ﬁé—%wo(u, p)]pzo (z=1,...  h21). In section six we will show that as a result of mirror
symmetry, the operators D) and D® are of the form D®) = —%a-_%z)—g > m?jkap,.apj Ty

and Dl(z) = %(Z;i)g 2 K9310p; 0p, with £ the topological triple couplings in a basis to be

introduced there.
To summarize the discussion above we collect all the solutions to the PF equations

into the period vector:

wo(u)
(1)
D> wo(u, =
()= | iy o(%,p)lp=o0 | (5.14)
D wO(U,P)Ipzo
(u,p

The final point we want to discuss in this section is how to compute the (2_73> Yukawa,
couplings as functions of the complex structure moduli. In the next section we will relate
them, via the mirror map, to the (27%) couplings on the mirror manifold.

We have already given an expression for the <73> couplings in eq.(2.2). There is in
fact a more convenient (for what is going to come) way to write the same expression in
terms of bilinears of the (derivatives of the) periods of Q [74] [75]. For this purpose we
introduce an integral basis of H*(X,Z) with generators o; and 87 (3,5 = 0,..., k%) which
are dual to a canonical homology basis (A, Bj) of H3(X,Z) with intersection numbers
A A) =B;-B; =0, A* - B; = 6. Then

/Qi:/ai/\ﬁj:—/ B =6l
Al X B;

/.
(11
}—-—i
Ut

-~
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with all other pairings vanishing. This basis is unique up to Sp(2(h*! + 1),Z) transfor-
mations.

A complex structure on X is now fixed by choosing a particular 3-form as the holomor-
phic (3,0) form Q. It may be expanded in the above basis of H3(X.Z) as Q = z'a; — Fi 5
where ' = [,,Q, Fi = fB; Q) are periods of . As shown in [76] and [77] the z' are
local complex projective coordinates for the complex structure moduli space, i.e. we have
F; = Fi(z). The coordinates z* are called special projective coordinates. They are re-
lated to the special coordinates of eq.(3.6), say in a patch where z° # 0, i.e. \; = 5.
Under a change of complex structure 2, which was pure (3,0) to start with, becomes a
mixture of (3,0) and (2,1), i.e. 35Q € HEY g HD, In fact [26] 2% = k;Q + b; where
b; € H®Y is related to elements in H!(M, Tx) via Q and k; is a function of the moduli but

independent of the coordinates of X. One immediate consequence 1s that [ QA g?, = 0

Inserting the expression for {2 in this equamon one finds F; = 2 7T (z .7- ), or F; = a~'
with F = 120 Fi(z), Flpz) = p? f( ). From 52— 20 e H®O g H&D g HUY it imme-
diately follows that also [ A 5 a —= {0 = 0. In fact, this is already a consequence of the
homogeneity of .7-' Finally, WQ e HGO ¢ H@D g g(1.2) ¢ H(©3) and one easily

finds f‘Q A Jz* Bz-’ 8z’° Q= 32‘8:7 32“‘7: (ZO)QmF where F = ( ) F (Cf (36)),
here 1,7,k = 1,...,h%!. If one computes the (0, 3) part of 33§ explicitly [75], one recovers
indeed the couplings &;jx in (2.2). From the discussion above it also follows that under
a change of coordinates A\; — i(t) the Yukawa couplings transform homogeneously and
thus Rijx = [ QA D;0;0k() holds in any coordinate system, whereas it can be written as the
third derivative of the prepotential only in special coordinates. If we redefine ) — EIEQv
the periods are (1, A;, 8’?\ F2F - \; a?\ F). We also note that K = —In [ Q A Q, which is
easily shown to be in agreement with (3 6), up to a Kahler transformation.

We are now ready to link the Yukawa couplings to the PF equations. In inhomogeneous
coordinates \; the Yukawa couplings are

] o e l
Kijk = /Q A mﬂ = ;(z 0;0;0rF1 — F10:0;0r2") (5.16)

where z! and F; are periods of Q (in a symplectic basis, i.e. for the particular choice of
cycles A!, By as specified above).
We now define
r(kyyeka) _ ok k k ka _l
Wk = 3 gl o8 R - Fiof - 034

: (5.17)
=Y (o F — Rok:) . '

In this notation, W& with 3~ k; = 3 describes the various types of Yukawa couplings and
W) =0 for S k; =0,1,2.

If we now write the Picard-Fuchs differential operators in the form

Do =) fHo* | (5.18)

k
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then we immediately obtain the relation

Y W =0 (5.19)
k

Further relations are obtained from operators dy,D,. If the system of PF differential
equations is complete, it is sufficient for deriving linear relations among the Yukawa cou-
plings and their derivatives. which can be integrated to give the Yukawa couplings up to
an overall normalization. In the derivation, we need to use the following relations which

are easily derived
VV“’O‘O‘O) — 2(9)\1 VV(B"O’O"m
, 3 , 1.
LI, (3,1,0,0) — aa/\l LV( .1.0,0) 'Jf“ 50/\2 I];, (3,0,0,0)
I//T/(Zﬂ‘zvovo) —_ a)\l LL’(I)Zvouo) + a)\2‘/‘/(2717070) (5 20)
. 1 / 1 ‘9
I/v(Z,I,I,O) — a)\lvv{],l‘l,()) 4+ ;aAQ{/V\Z.O,l,()) + 50)\3W(“"1‘0’0)

1

vv(l,l,l,l) — (a}\l-[/v(o,l,l,l) —f—a)\,zI/V(l’O’l"l) _*_0/\3{/1/(1,1,0,1) +8A4I/V(1’1’1’0)) )

N |

By symmetry the above relations exhaust all possibilities.

We have now described all the calculation that have to be done on the mirror manifold
X*, namely the computation of the couplings f?:ijk(X* )%, In the next section we show how
to go back to the manifold X on which we want to compute the (27%) Yukawa couplings.

6. Mirror Map and Applications of Mirror Symmetry

The question now arises whether mirror symmetry is merely a hitherto unknown
mathematical curiosity or whether it can also be used as a practical tool in string theory.
The demonstration that this i1s indeed the case will be attempted in what follows. We
will show how mirror symmetry allows for the computation of the otherwise difficult (if
not impossible) to get Kahler moduli dependence of the (27%) Yukawa couplings. The
methods developped can, in principle, be applied to any CY hypersurface and incorporates
the dependence of those Kahler moduli which correspond to toric divisors. Given a general
model it is however in practice technically rather cumbersome to actually carry the program
through. However, for models with few moduli it can and has been done successfully. A
simple but non-trivial example will be given in the following section. But before turning
to 1t, we still need a few ingredients.

In the previous section we have shown how to compute, via the PF equations, the

(27") couplings on a Calabi-Yau space given as a hypersurface of a toric variety. If we
now also want to compute the (27*) couplings, we proceed as follows. We go to the mirror

%0 In fact, if we are only interested in the couplings ijx(X) we do not need the Rijk(X™)

explicitly, as will become clear below.
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. % ,T—,_,—S . .
manifold X* and compute the (27") couplings there and then use mirror symmetry to go
back to .X'. What this requires is to find the map from the complex structure moduli space

with coordinates uq, (e =1...., ﬁ“ (}g* )} to the Kéhler structure moduli space on X with
coordinates t;, (i = 1,..., 2" (X) = h®1(X*)). The mirror hypothesis then states that

the two Yukawa couplings transform into each other under this transformation. What one
has to take into account is the transformation properties of the Yukawas under coordinate

transformations: for ¢; — #,(¢) they transform as rijk(t) = g—f‘_%@%%-klmn(f(t)). Another
. . . i . . . ' J :
point to consider is the normalization of the periods and consequently also of the Yukawas

which are quadratic in the periods. In fact, a change of Kahler gauge®! 0 — f(u)Q results
in an change of the Yukawa couplings #;;x — f*(u)&ijx. The gauge we choose is such that
the fundamental period is one, i.e. f(u) = 1/wo(u). The h??! solutions linear in logarithms
are then
wi(u)
ti(z) = . 6.1
(2) = 2 (6.1

They serve as the coordinates on the Kahler moduli space on X in the neighbourhood of
infinite radius which is obtained for Im(¢;) — oo (recall that Im(¢;) are the real moduli).
Equations (6.1) define the mirror map. This coordinate choice can be identified with the

special coordinates of special geometry®? [77][78]. As discussed in [79], in these coordinates
the Picard-Fuchs differential equations can be written in the form

k
> 00K 80, T1(t) = 0, (6.2)

1=1

where K;x = 0;0;0x F is derived from the prepotential F = wiF (0; = -3—%). This system
of fourth order equations can be rewritten as a system of linear differential equations,
the Gauss-Manin system in special coordinates. The solutions of (6.2) are easily written
down in terms of F: II(t) = (1,t;, 0; F,2F —t;0; F). Note that these are the periods in the
canonical basis discussed in section five, after going to inhomogeneous coordinates. The
mirror conjecture now states that F'(¢) can also be identified with the prepotential for the
Kahler structure moduli of the manifold X.
The Yukawa couplings are then

1 Ouqa(t) Oug(t) Ouq(t) _
kijk(t) = Oy, 01, 0, F(t) = N EIEARTS Bij ) Bt,(c )&aﬂ,y(u(t)) (6.3)

Here Ko3- are the Yukawa couplings on the mirror manifold which we showed how to
compute in the previous section. In order to espress the couplings xijx in terms of the

Kahler moduli ¢;, we have to invert the expressions t;(u) = ZJ’(‘)—EZ% = 5= log(ui) + O(u)

31 This corresponds to a Kihler transformation of the Kahler potential K = — log(f QA Q) of

moduli space.

32 These are the so-called flat coordinates of the associated topological field theory.
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which leads to expressions of the form u; = ¢;(1+ O(q)). Here we have defined ¢; = e*™.
This then provides the Yukawa couplings as a power series in the variables ¢;.

We now want to compare this with the general form for these Yukawa couplings given
in eq.(2.3). For this we introduce the {multi) degree of the curve C', which is defined as
n; = fc h, € Z for h; € H(l"l)(X,%). For the integral over the Kahler form we then get
JoJ =2 tini. In terms of the degrees and the variables g, the Yukawa coupling 1s

N({{n;})nin;n q;
fis = H’(i)jk n Z ({ni})nin; {»”Hl 11 (6.4)
(i} 1 - qu

where N({n;}) are integers. In the simplest case of isolated non-singular rational curves C'.
they give the number of curves at degree {n;}. More generally they have to be interpreted
as Euler numbers of a suitably compactified moduli space of holomorphic maps of degree
{n;} from P! (the genus zero world-sheet) to the CY manifold.

Before turning to the example in the next section, we want to say a few words about
the prepotential. If we introduce homogeneous coordinates on the Kahler structure modul:
space of X via t; = z'/z°, then the most general ansatz for the prepotential F(z) =
(29)?F(t) which respects homogeneity, is

1, =20zF 1 i 0 I o2
F= gk T T ‘)a,]; bz + 5e(27)7 + Finse, =
1~ ) ~1 (6.5}
:(20)2(6 ”kft tk+ aljft ~{-bt ; +F‘inst.(t)>

We have split the prepotential into the classical intersection part and the instanton part
(Finst.); fi?jk are the classical intersection numbers. The constants a;;, b; and ¢ do not
enter the Yukawa couplings x;1(t) = 0;0;0¢F(t). Their real parts are also irrelevant for
the Kahler potential. There is a continuous Peccei-Quinn symmetry #; — t; +a;, «a; real **
which is broken by instanton corrections to discrete shifts [80]. Requiring this symmetry
in the absence of instanton corrections gives Im(a;;) = Im(b;) = 0.

From the function F, viewed as the pre-potential for the Kéhler structure moduli

space on X, we construct the vector (z°, 2%, (0F/9z%),(0F /9z°)) = 2°II(t) with

1
t;
z]kt tk-f—(L,Jt +b +a( mst)

(t) = 1
é ]ktlt]tk + bit; 4+ ¢+ O(e*™)

(6.6)

The mirror conjecture now says that this is the same as the period vector (5.14). Comparing
the last components of these two vectors, using that log z; = 2rit; +O(¢?) we verify that, up

33 Under constant shifts of Re(t;) the sigma-model action (1.1} changes according to /A5 ~
fs d*zbi; () (8¢ D — oo led) j ijdqb Adp? = f¢(2) b. For ®(3I} topolegically trivial
h = da and AS = 0.

66



to an overall normalization, the coefficients of the operator Dﬁ,s) are indeed the topological
couplings. We also conclude that the fully instanton corrected couplings «;;x are given by
the concise expressions

D wo(u(t), p)|
wo(u(t))

Let us finally turn to the constants a;;, b; and ¢ in the prepotential. From what has
been said we see that they can be expressed in terms as the expansion coefficient ¢(0, p) in

eq.(5.6): ¢ = D(3)c(0,p), , b = D-2) (0, p)] and a;; = 0. One finds

9 ~(I5+> N =o

kijk(t) = O, O, £=0 (6.7)

apﬂ 1>0
o 0 72
27 o By - SR
555 35,0 = ( 2 ) (6.8)
9 9 9 aiBry afry
50955550 =2 + Y 1) ¢(3)

>0

An interesting observation is now that for all hypersurfaces that we have treated explicitly,
the following relations hold:

x(X) = /X 3 L8181+ 1)

1>0 (69)
/ 0a Nho = =k0,, (1813 = > 1017
X i>0

For the case of singular hypersurfaces we have no proof of these relations. For non-singular
complete intersections in products of projective spaces equivalent formulas are derived and
proven in [16]. Above results lead to the following expressions for the constants b; and c:

1 N
b = §1Z hh o= (R (6.10)

We thus find that ¢, being imaginary, is the only relevant contribution of a,b,c to the
Kahler potential. In fact the value of ¢ reproduce the expected contribution from the o
model loop calculation. Moreover (6.10) reproduces the values for b and c of all examples
where the prepotential is derived by specifying the integral basis[12][13]. We therefore
conjecture that the prepotential (6.5) describes in general the Yukawa couplings and the
Kahler metric for Mp21(X*) and therefore by mirror hypothesis also on Mj1.1(X) in the
region of convergence of the large complex (Kéhler) structure expansion.

We now have to comment on the topological couplings 5~ The indices refer to the
coordinates t4, which, via the mirror map (6.1), are related to the u,. In the large radius
limit we have t, = # log(uy). The coordinates u, are monomials in the perturbation
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parameters in the Laurent polynomial fa. These parameters are in one-to-one correspon-
dence with (exceptional) divisors on X. To the coordinates u, we thus have to associate
linear combinations of divisors. or, equivalently, of harmonic (1, 1) forms. For Fermat hy-

persurfaces this is done in the following way. If hy hp,,... . hp,, (n = EQ’I(X’*) -1 =
h'1(X) —1) are the harmonic (1.1) forms corresponding to the basis ag, ..., an, the forms
corresponding to the basis uy,...,uj2; are,
hr=h hp =Y 1&sha (6.11)
(o 4

7. A Two Moduli Example: Hypersurface in P*[2,2,2,1,1]

After all the rather formal discussions, we now want to present an example for which
we choose the degree eight Fermat CY hypersurface in IP*[2,2,2, 1, 1] defined by

po(z) =21 +25 +25+ 25 +28 =0 (7.1)

We will end up with the various Yukawa couplings between the to 27-plets of Eg, in
particular their dependence on the Kahler moduli. This will also provide the number of
rational curves at all degrees (instanton numbers).

Being a Fermat model, both A and A* are simplicial and their corners can be easily
written down usiug (4.17). Constructing the remaining lattice points in A and A* and
applying formulas (4.14) gives h1'}(X)=2 and and h?!(X) = 86 and the reversed numbers
for the mirror partner. Note however that BZI(’;’) = 83. This corresponds to the fact that
we can only incorporate 83 complex structure deformations as monomial perturbations of
the quasi-homogeneous polynomial pg. In fact, one readily writes down the most general
quasi-homogeneous polynomial of degree eight. It has 105 monomials. Using the freedom
of homogeneous coordinate redefinitions, which provide 22 parameters, we are left with 23
possible monomial deformations which we might choose to be the degree eight elements

of the ring R = %—}'—"’l An easy way to see this is that if we make infinitesimal
homogeneous coordinate transformations py changes (to first order) by terms in the ideal.
We also understand the number of Kahler moduli. The model has a singular Z, curve
C and the exceptional divisor is C' x IP'. We thus have h'"' = 2, one of the forms coming
from the embedding space and the second from the exceptional divisor. Since we have
a singular curve we expect a lattice point on a face of A of dimension one (i.e. on an
edge). This point is v5 = (=1,—1,-1,0) = (s 4+ v4). Via the monomial-divisor map it
corresponds to the perturbation z}2#. The Laurent polynomial for the mirror is thus

‘ . . as ae
X) = ao - (@ X1 + a2 X + a3 Xs + s X e ) 72
fA( ) ag (al 1+ a2 o+ agAs + ay 4+X12X22X3‘X4 1LX1X2X3 ( )

where we may use the freedom to rescale the variables X; and the polynomial to set
a; = ... = as = 1. Equivalently we can write the homogeneous polynomial p(z) =

po(z) —agz1 - z5 — agzizi.
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There are two independent relations between the lattice points which can be repre-
sented by the following two generators of the lattice of relations: [(1) = (—4,1,1,1,0,0,1)
and {(!) = (0,0.0,0.1.1.—2). They do in fact generate the Mori cone and thus define the

coordinates in the neighbourhood of the large complex structure point: u; = u = #1223248
o]

dgqdr
s

and us = v = . The fundamental period is

6

wo(u,v) = Zc(n,m)u"vm (7.3)

with
(4n)!

(n1)3(m!)?(n — 2m)!

c(n,m) =
The Picard-Fuchs equations are then found to be D; pw(u,v) = 0 with

Dy = 0%(0, —20,) — 4u(40, + 3)(40, + 2)(40, + 1)

r (7.4)
Dy = 02 — (20, — 0, +1)(20, — 0,)
where £; = 0,D; and L, = D,.
From the Picard-Fuchs equations we can read off the symbols o(D;) and o(D;) which
generate the ideal of symbols:

o(D1) = w2 (ubu(l — 4*u?) — 20¢,)

7.5

o(Dq) = v* €% — v(2v€, — uéy)? (75)
To get the discriminant we have to look for simultaneous solutions of ¢(D,) = ¢(D;) =0
other than £, = £, = 0, which leads to the characteristic variety Ch(I). Setting £, =&, =0

A~

then gives the discriminant. It is straightforward to verify that dis(X*) = A1AA3A4 with
Ay = (1 —512u + 65536u* — 262144u’v) , Ay = (1 —4v), Az =u, Ay = (7.6)

being its irreducible components.

The PF equations also determine the Yukawa couplings (up to an overall multiplicative
constant). From the PF equations we derive three third order equations with operators
©,D;, ©,D; and D; which provide three linear relations between the four different Yukawa
couplings. We can thus express all of them in terms of one for which we derive two linear
first oder differential equations which can be integrated. The final resulf is:

Ky = e Koy = cmm 2068
EETUALALT TR T A IARA 1)
i e 512u — 1 i _ cl — 256u + 4v — 3072uv )
T I AR AN, T 201(AgA4)?

where ¢ is an integration constant which will be fixed below. These are the (773) couplings
on the manifold X*. We now perform the mirror map to compute the (27%) couplings on
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X To construct the variables t; = 2% we need the solutions to the PF equations which

wo(u)
are linear in logarithms of the variables. Following our discussion in section five we write
1 0
wi(u) = %a_p,-w‘)(“”’)
= i_iz [(An+p1) +1) TPy, ke
2mi Op; [3(n+p1+ 1) (m+p2+ 1) (n—2m+p1—2p2+1) pr=ps=0
= wo(u)logu; + w;(u)
(7.8)
where .
wi(u) = =— Y di(n,m)u"v™ (7.9)
2me £~
with (¢ =T"/T)
di(n,m) ={4¥(dn+ 1) = 3Y(n+ 1) —¥(n — 2m + 1) }c(n,m) (7.10)
7.

da(n,m) = {=2¢(m + 1) + 2¢(n — 2m + 1) }c(n,m)

We can also write down the remaining solutions of the PF equations. The ideal
T is generated by I; = 0%(0©, —20,) and I, = 0% so that a basis of Z* is
{1,0,,0,,02,0,0,,20% +020,}. The elements at degrees zero and one lead, via (5.13),
to the periods wy and w; o already given above. The elements at degrees two and three
give the remaining solutions, with up to two and three powers of logarithms, respectively.

The topological triple couplings, i.e. the infinite radius limit of the (27%) couplings on
X, are, using the rules given in [16] and an obvious notation, k° = 8J° - 8JD? - 16D3.
Here J and D refer to the divisors which correspond to the two lattice points vy and vg,
respectively with the associated moduli parameters ag and ag. To transform to the divisors
whose associated moduli parameters are v and v, we have to take linear combinations (c.f.
(6.11)) and define Dy = J and D, = %(J — D). In this basis the triple intersection
numbers are k° = 8D?% + 4D}D,. They will be used to normalize the couplings (27%).
Ratios of the couplings in the latter basis can also be read off from the elements of 7+:

(2) _1 : 1.0 1
D" = 353%00; 8,y and D® = —5457%0p:0p; Opi

Now we are almost done. What is left to do is to make the coordinate transforma-
tion from the complex structure moduli space of X* with coordinates u,v to the Kihler
structure moduli space of X with coordinates #;,t, and to go to the gauge wo = 1, 1.e. 0
divide the Yukawa couplings by (wo(z(t)))? and express them in terms of q; = €?™ (this
involves inversion of power series). At lowest orders this leads to the expansions

k111 = K91, + N(1,0) ¢ + (N(1,0) +8N(2,0)) ¢f + N(1,1) g1 g2 + O(¢*)
= 8 + 640 ¢; + 80896 ¢ + 640 g1¢2 + O(q*)

Ki12 = fi(l)lg + N(l, g1 + 0(q3) =4+ 640q1q2 + O(‘ZS)

K122 = Kigp + N(1,1) q1q2 + O(¢*) = 640 q1¢2 + O(¢°)

K22z = K99y + N(0,1)g + (N(0,1) + 4N(0,2)) 62 + N(1,1) q1q2 + O(¢°)
=dq +4q +640 gz + O(¢°)
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from which we can read off the numbers of instantons at lowest degrees. Results at higher
degrees can be found in refs.[15] and [16]34.

This completes our discussion of this model, which served as a demonstration of the
techniques outlined in earlier sections. These techniques have been anplied for models
with up to three moduli in [16] and [17] and can easily be extended to even more moduli.
The hard part seems to be to set up the PF equations. It is not always as easy as in the
example above (cf.[16]).

8. Conclusions and Outlook

We have tried to convey an idea of the main concepts necessary to understand recent
developments of Calabi-Yau compactification of string theory. One of the main advances
in the past few years has been the use of mirror symmetry to compute Yukawa couplings.
The information necessary to get the Kahler potential, which is of course essential in order
to normalize the fields and hence the Yukawa couplings, is also contained in the Picard-
Fuchs equations. This has been done explicitly for models with hl'! = 1 in refs.[12] and
[13], and for a few models with A1 = 2 in [15]. We have conjectured that, at least
in the vicinity of the large radius limit, we have constructed quite generally the correct
prepotential from which one can get the Kahler metric. The analysis presented here was
restricted to the region in moduli space close to the large complex structure and large
radius. In the references just cited, this has been extended to the whole moduli space.
Since one expects the internal dimensions, or, equivalently, the vacuum expectation values
of the moduli, to be of order one (in units of 1/a’), one needs expressions for the Yukawa
couplings which are valid in this range.

Even though there has been considerable progress towards the computation of phe-
nomenologically relevant couplings in strings on Calabi-Yau manifolds, there is still a lot
of work left to do. The computation of the Yukawa couplings involving the Eg singlets
is one of them. Also, as long as we have no information on the value of the moduli, the
Yukawa couplings are not yet fixed. A potential for the moduli might be generated by
non-perturbative string effects. At present there is no hope to compute them. Some infor-
mation of their possible form can be obtained from studying functions of the moduli with
the correct transformation behaviour under duality transformations. However, for general
CY compactifications the duality groups are not known, and even if so, one still has to face
the task to construct functions of the moduli which are candidates for a non-perturbative
potential. One would expect that in general this will not lead to a unique answer. Also,
most of the things said here seem to be restricted to the symmetric (2,2) theories. An
open problem is the treatment of more general string vacua. We hope to be able, in the
not so far future, to report some progress on some of these issues, may be even at the same
occasion.

34 Note that in ref. [16], the degrees of the rational curve are defined with respect to the basis

hj,hp as njy = fc hy and np = fc hp whereas here we define them with respect to the basis

thath as (Th,nz) = (fc thfc th)'
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