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Mirror Symmetry for Del Pezzo Surfaces

Abstract

We describe mirror symmetry as an equivalence of D-modules. On the A-side we give an
introduction to Gromov-Witten invariants, quantum cohomology and the Dubrovin connection.
In particular we compute the small quantum cohomology for Del Pezzo surfaces in general and
the Dubrovin connection for X4 explicitly. On the B-side a mirror D-module is constructed as
some Fourier-Laplace transformed Gaufl-Manin system. We consider its Brieskorn lattice and
explicitly compute it for the toric variety X¢. Furthermore we derive a solution to Birkhoff’s
problem by determining concretely a good basis in the sense of M. Saito. Consequently we
prove a mirror theorem for Xj.

Abstract

Wir beschreiben Spiegelsymmetry als eine Aquivalenz zwischen D-Moduln. Auf der A-
Seite geben wir eine Einfiirung in Gromov-Witten Invarianten, Quanten Kohomologie und den
Dubrovin Zusammenhang. Insbesondere berechnen wir die kleine Quanten Kohomologie von
Del Pezzo Flachen generell und geben explizit den Dubrovin Zusammenhang von X4 an. Auf
der B-Seite wird ein Spiegel D-Modul konstruiert als ein Fourier-Laplace transformiertes Gau$-
Manin System. Darin betrachten wir das Brieskorn Gitter und berechnen es konkret im Falle
der torischen Varietdt X7. Des Weiteren finden wir eine Losung zu Birkhoffs Problem, indem
wir explizit eine gute Basis im Sinne von M. Saito angeben. Daraus folgend beweisen wir ein
Spiegeltheorem fiir Xa.
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1 Introduction

Mirror symmetry has attracted much mathematical attention ever since Candelas et al. [COGP91]
correctly predicted the number of rational curves on a quintic hypersurface in P4. Their ideas were
based on the physical equivalence of two N = 2 super-conformal field theories, related by a sign-
change of the generators of their algebras. Mathematically this predicts a surprising connection
between Gromov-Witten invariants and period integrals of a variation of Hodge structures. Rigorous
proofs of the results of Candelas et al. were given independently in [Giv96] and [LLY97]. In the time
since, mathematicians have tried in various ways to make this connection precise and generalise it.
Amongst the most well-known mirror conjectures are Kontsevich’s homological mirror symmetry
conjecture [Kon95] and the SYZ conjecture [SYZ96].

Our approach to mirror symmetry is based on D-modules. Intuitively, a D-module is a gener-
alisation of a vector bundle with connection. It turns out that the Gromov-Witten invariants of a
variety can be used to define a ring, called the quantum cohomology ring, which in turn gives rise
to a vector bundle with meromorphic connection, called the Dubrovin connection. This object is
in general very complicated to compute. However, much information is retained when restricting
both ring and connection to a smaller number of Gromov-Witten invariants. These objects are
then called small quantum cohomology and small Dubrovin connection or quantum D-module re-
spectively. The latter object in particular will be the centre of our attention in this thesis. Mirror
symmetry for us then consists in finding a mirror analogue to the quantum D-module.

This has been done for nef toric varieties in a series of work [Iri09, RS15]. The proposed mirror
is, inspired by the physical notion of non-linear o-model, a Landau-Ginzburg model. The important
input on the B-side is the Fourier-Laplace transformed Gauf3-Manin system of this Landau-Ginzburg
model. It admits a lattice, called the Brieskorn lattice, which can be extended by solving the Birkhoff
problem to yield a vector bundle with connection isomorphic to the quantum D-module.

In this thesis we will focus our attention on Del Pezzo surfaces. These can be either described
as blow-ups of P? in nine or fewer points in general position or, equivalently, as two-dimensional
Fano varieties. On the A-side they have been extensively studied (c.f. [Vak00, AKOO06]) and a
description of their small quantum cohomology exists [CM95]. We will follow this last paper and
make the computations explicit in the case of the Del Pezzo surface X4. As mirror to X4 we will
propose the same mirror Landau-Ginzburg model as for the related toric variety X§ (up to a change
of co-ordinates). Our major contribution consists in a concrete solution of the Birkhoff problem in
this case.

Let us now give an overview of the structure of this thesis: in chapter 2 we shall give a general
introduction into Gromov-Witten invariants from an algebro-geometric (in particular, not symplec-
tic) point of view. This is foundational for our discussion of the small and big quantum cohomology
in chapter 3. We then introduce Del Pezzo surfaces and discuss their small quantum cohomology
in chapter 4. Combining the previous chapters, we shall then define the Dubrovin connection and
explicitly compute it in the case of X4. This is done in chapter 5. Thus chapters 2 through 5 can
be considered an introduction to the A-side of mirror symmetry, combined with a computation in
the case of Xj .

Consequently chapters 6 through 9 can be considered an introduction to the B-side, containing
a computation for the toric variety X7. We start by introducing D-modules in chapter 6, as well as
toric varieties in chapter 7. We proceed with a discussion of the Brieskorn lattice and its realisation
as a Fourier-Laplace transformed Gauf3-Manin system. This is done in chapter 8. In particular, we
compute there the Brieskorn lattice for X¢, thereby closely following the presentation in [RS15].



Our main contribution consists of an explicit solution to the Birkhoff problem, which is done, after
some introduction, in chapter 9.

Combining the previous chapters we shall then give a brief idea of mirror symmetry and prove
our mirror theorem for the Del Pezzo surface X4 (theorem 10.1).

2 Gromov-Witten Invariants

Gromov-Witten invariants were originally meant to count curves on some projective variety, resp.
symplectic manifold X. In order for this to be a well-defined, finite number we need a couple of
specifications. Firstly we need to specify the kind of curves that we want to count, i.e. we need a
genus g and a homology class 8 € Hy(X,Z). Furthermore we need a number of incidence relations:
cycles Z1,...,Z, € H.(X,Z) in general position, which our curves should meet. However, simply
considering the set

{CCX‘g(C):gand[C’]:BandCﬂZi#@foralli} (1)

turns out to be hopelessly naive. To refine this idea, we shall make two important changes: firstly
we will follow Kontsevich’s idea of stable maps. This means essentially that we stop considering
C C X as an embedded curve and instead let it be an abstract curve together with a morphism
f:C — X. In order to express our incidence conditions we then mark C by specifying n distinct!
points p1,...,pn, € C and require f(p;) € Z;. Secondly we will interpret all our sets (set of
stable curves/ stable maps) as moduli spaces (Mg n/ Mg, (X, 3)) and endow them with additional
structure thus regard them as orbifolds. (1) respectively its equivalent in our new sophisticated set-
up, will then determine a subset in M ,, and thus a cohomology class of in H*(M g, C).2 Working
in general with homology and cohomology classes turns out to be useful. For one thing, we can
push them forward and pull them back along natural maps. But they also carry more information
than just the numbers/ invariants, which are nothing but the order of the class if the class is finite.

2.1 The Relevant Moduli Spaces

We denote by Mg,n the Deligne-Mumford coarse moduli space of n-pointed, genus g stable curves.
A point in ngn represents - up to isomorphisms - the data (C,p1,...,ps), called an n-marked
stable curve, where C' is a projective, connected, at worst nodal curve of genus g and p; € C for all
1, satisfying the following conditions:

e if £ C C is an irreducible component of C' such that E ~ P!, then E contains at least three
special (marked or nodal) points,

e if C has only one irreducible component of genus g(C) = 1, then we have n > 1.

We need to include curves with nodal singularities in our description of M&n in order to obtain a
compact moduli space. Note how the two conditions on (C,p1,...,p,) are equivalent to demanding
that each data point have only finitely many automorphisms (in the obvious sense). The finiteness
of the automorphism groups of our stable curves is essential for Mgm to only have “well-behaved”
singularities. Indeed for n + 2g > 3, M, ,, exists and is an orbifold of dimension® 3g — 3 + n. Both

Lwhenever we talk about marked curves we shall require the markings to be distinct.

2The switch from Z-coefficients to Q-coefficients is motived by the fact that Mg is an orbifold in general. We
go one step further and consider C-coefficients in order to avoid generalisations at some later stage.

3Unless stated otherwise, dimension will always refer to the complex dimension in this work.



the existence as an orbifold (due to Deligne and Mumford) and the dimension count are non-trivial
statements. In spite of that, the latter result was already known to Riemann in the 19th century
[Rie57]. [FP97] gives an excellent introduction to Mg .

From now on let X be a projective algebraic variety and 8 € Hy(X,Z). As mentioned in the
introduction, the moduli space Mg,n - even with its obvious alteration to include only curves on of
class f3 - is insufficient for us to define Gromov-Witten invariants. We need additionally the moduli
space Mg,n(X, B) of n-marked stable maps.

Definition 2.1. An n-marked stable map is a connected, marked, at worst nodal curve (C,p1,...,pn)
together with a morphism f: C — X, satisfying the following two stability conditions:

e if E C C is an irreducible component of C' such that E ~ P! and f(E) = {pt} € X is a point,
then E contains at least three special (marked or nodal) points,

e if C' has only one irreducible component of genus g(C) =1 and f(C) = {pt} € X is a point,
then we have n > 1.

Note how once again the stability condition ensures that the data (C,p1,...,pn, f) does not
have infinitely many automorphisms. The coarse moduli space M ,,(X, 8) for some 8 € Ho(X,Z)
then exists and every point of it represents - up to isomorphism - (C,p1,...,pn, f) as before with
the additional condition that [f.(C)] = 8. Mgn(X, 3) can be shown to be a projective scheme over
C - see for example [CK99].

Before we start working with Mg,n and Mg’n(X ,B), let us point out some interesting maps
between these spaces in form of a commutative diagram:

Mg,n(Xa ﬁ) L)

e

~ n
s

\ Py
Proj;

Mg xX

g,n

Here ev;(C,p1,...,Dn, f) = f(p;) is the so-called evaluation map. proj; and proj, are the projection
onto the first resp. second factor. 7 is the map, which ignores the data associated to X and S, i.e.
f. However, a little care has to be taken when considering . The natural idea of simply forgetting
the additional data f does not work, since the underlying curve of a stable map need not be stable
itself. We can remedy this problem by collapsing any unstable component to obtain a stabilised
curve. Note how this only works for n + 2g > 3.

2.2 Gromov-Witten Invariants

We are now in a position to transfer our intuition from the introduction into precise mathematical
terms. Firstly we convert our choice of cycles 7, ..., Z, into cohomology classes a1, ..., a, util-
ising Poincaré duality. By Kiinneth’s theorem, this describes a cohomology class a1 ® --- ® «, €
H*(X™ Z). This class can now be pulled back to Mg}n()ﬂ B) via ev*, thereby giving us all stable
maps, which evaluate into our cycles. All we need to do now is to forget about the map into X
and focus on the underlying stabilised curve. However, this requires a push-forward, which is why



we need to first use Poincaré duality again, converting into a homology class, after which we can
push this class forward to M, , via 7, and re-convert it into a cohomology class. In other words,
we would like to define the Gromov-Witten class I, , 5 to be

Iynplar,...,on) = PD%1 om0 PDy; (xpoevi(ar®: - ®ap) (2)

g,n

By considering deformations of the tangent bundle of M, ,(X,/) and their obstructions, the ez-
pected dimension of the moduli space of stable maps can be calculated [LT98] as

(1— g)(dim(X) — 3) - /ﬂ wx 41,

where wx is the canonical class of X.

The above idea relies on Poincaré duality holding for both Mg, and Mg, (X, ). Since Mg,
is a smooth orbifold, this was shown by [Beh05]. For M, ,(X,3), however, this may fail, as it
can have singular components, whose dimension exceeds the expected dimension. Thus we have to
modify (2) by expressing it slightly differently:

PDﬁlgm Oy O PDM“(X’B) oev (a1 ® @ ay)
= PD%J] °© (projl)* o Ty (%* ° (projz)*(Oq @ ® an) n Wg,n(X7 B)])
= PDﬁgm o (projy)s ((projs)*(a1 @ -+ ® an) N7 ([Mgn(X, 8)])) -

This is true, provided the expected dimension of the moduli space of stable maps is equal to
the dimension of its highest-dimensional components. This expression then has the advantage of
emphasising the role of the fundamental class | Mg, (X, B)} of Mg n(X, ).

Why is this an advantage? Well, it turns out that we can always define a so-called virtual
fundamental class | Mg n(X, B)}Vlr € H.(Mgn(X,B),C) which has the desirable properties. Virtual
fundamental classes were first defined in [BF97] and [LT98] and their definition is rather involved.
We shall not go into it and instead refer the reader to [Sie04] for a discussion and [CK99] for an
introduction. We can now use this expression and our knowledge of the existence of a virtual
fundamental class to finally define Gromov-Witten classes and invariants.

Definition 2.2. Let the notation and all conventions remain as before.

e For n +2g > 3, the Gromov-Witten class I, g(a1,...,an) is the cohomology class in
H*(Mgxn,C) defined by

PD%“ o (projy ) ((projz)*(al ® - ®ay) N7 ([Mg,n(X, 5)]“)) .

e Forn,g >0, the Gromov-Witten invariant (I, g)(a1, ..., ay) is the complex number defined
by

/7 _evi(ar) U---evy(an).
[Mgn(X,8)]""

Remark 2.3. It is not difficult to show that for n + 2g > 3 the definition of a Gromov- Witten
invariant expresses exactly our previously motivated intuition as in this case

<Ig,n,[3>(0¢1,...,0¢n) :/ Ig,nﬁ(oq,...,ozn).



Remark 2.4. We will often interpret Gromou-Witten classes resp. invariants as maps

Iynp: H(X,C)®" — H*(Mgy,,C) resp.
(Iynp): H(X,C)®" — C

and use the equivalent notation Iy, g(a1 @+ @ o) = Iy pploa, ..., an), respectively (Ign g) (1 ®
e ®@ap) = Ugnp)(ar,. .. 0n).

2.3 Gromov-Witten Axioms

In the previous chapter we have defined Gromov-Witten invariants algebraically. That is not the
only way of approaching the theory. In fact, the earliest definitions of Gromov-Witten invariants
appeared in the context of semi-positive symplectic manifolds [RT95]. Overall both symplectic and
algebraic geometry provide sophisticated definitions of these invariants, which are believed to be
equivalent in the domain of common validity. In some cases this has actually been proven, e.g. by
[Sie99],[CK99]. Fortunately we need not concern us with this, since we only need Gromov-Witten
invariants to fulfil a number of properties called the Gromov-Witten azioms. Both the algebraic
as well as the symplectic definitions satisfy these axioms and one can equally well justify a third,
axiomatic approach to Gromov-Witten theory as in [KM94]. For us it shall suffice to state the
axioms, only in some cases giving an intuition as to why they might be true:

Linearity Axiom The map o
Iynp: H(X,C)®" — H*(Mg,,C)

is linear in all n arguments.

Effectivity Axiom I, 3 = 0 if 8 is not an effective class. This makes intuitive sense because
f«([C)) is effective, when f: C — X is holomorphic.

Equivariance Axiom The symmetric group S, acts naturally on both H*(X,C)®" as well as
H*(Mg,C). On the former by permuting the factors, on the latter by permuting the marked
points. It makes sense - and is indeed an axiom - that the map I ,, g is equivariant with respect
to these two S,,-actions.

Degree Axiom Provided that aq, ..., a, are homogeneous classes, the degree axioms states that
the degree of I, g(a1,..., ) is

2(g — 1) dim(X) + 2/,@wX + Zdeg(ai).
i=1

The Gromov-Witten invariant (I, g) is only non-zero, when I, 3 is a top-degree class.
Therefore, when considering Gromov-Witten invariants, we may assume that

Zdeg(ai) =2(1 —g)dim(X) — 2/ wx +2(3g —3+n).
i=1 B

Fundamental Class Axiom If 8 # 0 and n > 1 or else if n + 2g > 3, we can obtain a natural
map 7y, : Mgn(X,8) = Mg n_1(X, ), given by forgetting about the last marked point and,



if necessary, stabilising the map. If [X] € H°(X, C) is the fundamental class of X, then this
axiom asserts that

Igmﬁ(al, ey 01, [X]) = W:Igvn_l,g(al, ey Oén_l).

This axiom should be rather intuitive as it essentially tells us that the incidence relation
“curve meets X” does not constitute a relevant condition. Note how this axiom implies that

g np) (@, . ;an_1,[X]) =0
whenever 7, exists.

Remark 2.5. Here is a general recipe for how to find the image of (C,p1,...,pn, ) under m, :
if (C,p1,...,pn-1,f) remains a stable map, then it is the image we are looking for. So assume
that (C,p1,...,Pn-1,f) is not stable any more. Note firstly that this implies that [ is constant
on the irreducible component of C', which contains p,. Therefore the condition B # 0 is sufficient
for m, to exist. According to the definition of stable maps, we now distinguish two different cases:
Suppose in the first case that p, lies on the irreducible component C; C C' and that C; # C. Then
the assumption that (C,p1,...,pn_1,f) is not a stable map, implies C; ~ P and that C; contains
exactly three special points, one of which is p, and another of which is a singular node connecting
C; to some other irreducible component of C. The third special point stays special upon collapsing
the component C;. Thus we have obtained a new curve C' and since f|c, was constant we have a
well-defined induced map [ : C" — X. Then ©7,((C,p1,. .. 0n, f)) = (C',01,- - o1, ). In the
second case we have C; = C' is irreducible. Since (C,p1,...,pn, f) is stable and (C,p1,...,Pn-1,f)
is not, we conclude that either n = 3 and C ~ P! or that n = 1 and g(C) = 1. In this case we
cannot find a natural map m,. We conclude that for m, to exist, we require n > 1 and either 5 # 0
orn+2g > 3.

Divisor Axiom Once again let 7, be as in the previous axiom, and assume that it exists. The
divisor axiom concerns the special case of a,, € H?(X,C), when it states that

(ﬂ-n)*lg,n,ﬁ(ah ce- 7an) = (/ an) Ig,n—l,,@(ala SR an—1)~
B

To see why this might be true we return to our intuition about Gromov-Witten invariants:
suppose we are given I, ,,_1 g(e, ..., a,—1), which we think about as a collection of (n — 1)-
marked curves such that each p; gets mapped into Z;, the Poincaré dual of a;. If we want to
make such a curve into an n-marked curve we need to specify one more marked point inside
f(C)N Z,. Since the image of the curve defines the homology class 3, there should be fﬂ Qnp
such choices.

Point Mapping Axiom This axioms describes the case of 3 = 0 and g = 0.* If all a; are
homogeneous, then we have the following formula:

([xorU - Uay) [Mgn] if Y1 deg(e;) = 2dim(X)
0 otherwise.

Iopno(on,...,an) = {

4There can be similar formulae for Ign,0 for higher genus g, but they are rather complicated. See [KM94,
Sect.2.2.5] for a discussion.



If we want to consider Gromov-Witten invariants we notice that - by the degree axiom - we
need to assume n = 3. In other words:

apUapUas ifn=3
<IO,n,O>(Oé1,...,an) = fX :
0 otherwise.
Splitting Axiom In order to state the splitting axiom we need to introduce one more map between

moduli spaces. Suppose we have a splitting of n = n; +ny and g = g1 + g2 such that both
moduli spaces My, ,,4+1 exist. We now construct a map

P Mgl”ﬂlJrl X Mgz,anrl - Mgﬂl

by sending the two stable curves (C1,p1,...,Pn;+1) and (Ca,q1, ..., Gny+1) to the curve (Cy U
C2,D1s- - sDPnyyQls - - - 5 Qny ). Here we obtained C; U Cy by identifying pp, +1 with gp,4+1. This
has the nice side-effect of making the resulting curve stable too. In this situation the splitting
axiom constitutes the following formula for ¢*I, ., g(ai,..., o) :

Z Zgijlgl,nﬂrl,& (alv sy Qg TZ) ® Igymo+1,6, (Tj7 Qny+15- .- >an)=
B=P1+B2 i.j

where the T; are a homogeneous basis of H*(X,C) and (g%) is the inverse of the matrix (g;;)

Genus Reduction Axiom For this axiom we use the fact that we can obtain a natural map
Vi Mg_1pto — Mg, by gluing together the last two marked points of a stable map. Then -
with the notation as in the previous axiom - we have

O Iy mplan, - om) =Y g7 1 nraplar,.. . om, Ti,Ty).
]

Deformation Axiom This axiom intuitively tells us that the Gromov-Witten classes should be
invariant under the deformation of the complex structure of X. We will state it for a smooth
proper map F': X — T with connected base T and fibres X; for t € T. Now choose a locally
constant section 3; € H%(X;,7Z), so that for every t € T we get a map

I*t o H* (X, C)®" — H*(Mg,,C).

g,n,Be
The the deformation axiom asserts that, for locally constant sections ay, ..., a, of H*(X;, C),
Ig)(':], B (a1,...,ay) is constant.

3 Quantum Cohomology

It turns out that Gromov-Witten invariants can be used to define a quantum product and with
it a quantum cohomology ring. This ring first arose in physics (as the chiral ring), where its
mathematical properties are supported by physical intuition. One point of view considers it as a
perturbation of the usual cohomology ring. However, different from the usual cohomology ring, the
quantum cohomology is not functorial. On the other hand we find that the ring structure reveals

10



often very subtle connections between various Gromov-Witten invariants. For example on P? we
have the following recursive formula for Ny, the number of degree d rational curves passing through
3d — 1 generic point:

3d — 4 s (3d—4
No= > NaNg, <d§d§ <3d1 B 1> — d3d, <3d1 B 1)) .

dy+do=d

This turns out to be essentially equivalent to the fact that the quantum product is associative.

3.1 The Small Quantum Cohomology Ring

Let us begin by fixing some notation for this chapter: We shall assume a basis {Ty, T1,...,Tm} of
H*(X,C), where Ty = 1 and all T; are homogeneous elements. Furthermore let g;; = [ v L UTj
and denote by (gi;) the matrix with the respective entries. Similarly we write (g) = (gi;) " for its

inverse. Last, but not least, let 79, ..., 7™ denote the dual basis to Ty, . .., T}y, i.e. T = >, gT;.
Alternatively we view the T as the elements defined by [ ¥ T UT; = 6.

Definition 3.1. For a,b € H*(X,C) we define their small quantum product as

axb= Z Z <1073,5>(a7 b, ,Ti)qﬁTia

i=0 BeH2(X,Z)

where w € H*(X,C) is a complexified Kihler class and ¢° = e2™V=1s  Note the dependence on
the class w.

Remark 3.2. We should pause here to make some general comments on the coefficients of our
quantum cohomology. There are essentially two ways of dealing with the quantum variable ¢°. The
first one is the point of view of definition 3.1. It has the advantage of making ¢° “computable”, i.e.
for given w and B, ¢° is simply a complex number. Additionally, this makes the quantum product x
into a binary operation on H*(X,C) and we do not have to consider more general coefficients. The
second way of dealing with ¢ is to regard it as a formal variable in some coefficient ring other than
C. Adopting this view has the advantage that we can simultaneously solve eventual convergence
issues: note how the convergence of the sum in definition 3.1 is not a priori given. In fact, if we
regard ¢° = V=15 “, then there will be examples, when the sum is divergent. Thus in practice it
18 often assumed that the coefficients of our quantum cohomology are in the so-called Novikov ring,
which is a subring of the ring formal power series C[[Ha(X,Z)]]. A general element of the Novikov
ring is then a power series
> apd’,

BEH2(X,Z)

{ag‘ag#Oand/Bw|<C’}

is finite for all values C € R. Multiplication in the Novikov ring is commutative and for all
B, Ba € Ho(X,Z) we have ¢°1qP2 = ¢Pr 1Pz,

That being said, due to proposition 3.4, we shall not be concerned with convergence issues. Thus
we will be free to consider ¢° as a complex number or as a formal variable. Moreover, in the latter

where ag € C and the set

11



case we do not have to resort to the use of the Novikov ring, but instead will be fine using the
semi-group ring R of Ha(X,Z):

_ Cl¢®; B € Hy(X,Z)]

(¢PrqP> — P +P2) 5, premy(xz)

Remark 3.3. After a choice {f1, ..., B} of basis of Hy(X,Z), we can then identify R = (C[qli7 @],
where g; = ¢%. But note that due to the effectivity axiom (compare chapter 2.3), (I, 5) # 0 im-
plies that 8 € Ho(X,Z) is the class of an effective curve. Therefore we will later choose the
basis {B1,...,5:} in such a way that the cone of effective curves NE(X) is contained in the cone
Y ;R>0B8i C Ho(X,R). This ensure that ¢° will be a product of positive powers of the q;, i.e. *
(and later x) will be a product on the ring Clqy, ..., q.| and there will be a well-defined limit g; — 0.

Proposition 3.4. Let X be a smooth, projective, Fano variety. Then the sum in definition 3.1 is
finite for all a,b € H*(X,C).

Proof: 1t suffices to show that there are only finitely many 5 € Ho(X, Z) for which (Iy 3 8)(a,b, T;) #
0. We know from the degree axiom of the Gromov-Witten classes that this can only happen when

deg(a) + deg(b) + deg(T}) = 2dim(X) — 2 /ﬁ Wy

By the effectivity axiom we can further restrict our consideration to effective classes f € Hy(X,Z),
which form a lattice inside the cone of curves NE(X). Being Fano by definition means that wy
(the anti-canonical class) is ample, which by Kleiman’s condition [Laz04] implies that |3 wy' >0

for all 3 inside the closure NE(X) of the cone of curves. So for any real constant C the set
NE(X) N {E’ /~w)_(1 < C} C Hy(X,R)
B

is bounded® and therefore contains only finitely many lattice points 8 € Ho(X,Z). O

Returning to the definition of the quantum product, we now see that it is a well-defined product
on H*(X,R). Le. for every 3 € Hy(X,Z) we have a formal variable ¢” with the property that
¢* % ¢% = ¢%1 P2, So every element of H*(X, R) is a sum of finitely many ¢°’s with coefficients
in H*(X,C) and # defines a binary operation on H*(X, R), since the sum in definition 3.1 is finite.
In fact, this quantum product gives H*(X, R) a ring structure as the following theorem shows.

Theorem 3.5. H*(X,R) is a super-commutative® ring with identity under the small quantum
product.

Proof: The Equivariance Axiom implies that (Iy3g)(a,b,T;) = (—1)d°8(@des®) ([, 5 (b, a, T;),
which in turn implies super-commutativity. Therefore we only need to show that 7o = 1 = [X] €
H°(X,C) c H°(X, R) is the identity element and that * is associative. For the latter we can refer
the reader to [CK99]. Alternatively, associativity of the small quantum product follows from the
associativity of the big quantum product - see chapter 3.3. To see why Tj should act as the identity

Sequipping Hz(X,R) with the Euclidean topology.
6by super-commutative we mean that a * b = (—1)des(a)deg(®)p 4 g,
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under * recall the Fundamental Class Axiom and the succeeding remark 2.5. There we saw that
unless 8 = 0, (lo,3,5)(a,To,T;) = 0. Furthermore, assuming 8 = 0, the Point Mapping Axiom
provides us with a formula for (I 3.0)(a, Ty, T;). Hence

n n

a *x TO = Z<IO,370>(CL,T0,TZ‘)T1- = Z </ al TO U E) TZ
X

i=1 i=1

n

:zn: /(zn:ajTj)un V=Y a </ Tjun)Ti
i=1 \VX j=1 =1 X
=Y 4T =) aT;
j=1

ij=1

=a.
0

Remark 3.6. It is natural to ask, if the quantum product is related to our usual cup product. This
is indeed the case. In a manner of speaking, the cup product is the limit of the small quantum
product as ¢ — 0 (compare remark 3.3). Considering q in this limit is equivalent to discarding the
inner sum in our definition (over B € Ho(X,Z)) and working only with 8 = 0.

n

axb| o= > (Io.3.0)(a, b, T)T"

i=1

- bUT, ) T
;(/Xau UT)T

:/ aUb,
X

where we made use of the Point Mapping Axiom.

3.2 Three-Point Function

Three-point functions constitute a slightly different, sometimes easier approach to the small quan-
tum product.

Definition 3.7. The three-point function (a,b,c) for a,b,c € H*(X, R) is defined to be
(a,b, C> = Z <IO73,5>(a7b7 C)q‘B,

BEH2(X,Z)
with ¢° as in definition 3.1.

Had we started by defining the three-point function, we could now define the small quantum
product by

n

axb= Z(a, b, T;)T".

i=1

13



Proposition 3.8. Let a,b,c € H*(X, R) and denote g(a,b) = [, aUb. Then
(1) glaxb,c)=g(a,bxc)=(a,b,c),

(it) [y axb=g(a,b),

(iii) [y axbxc=(a,b,c).

Proof:

glaxb,c)= /(iabT) Zc]

i=1

n

Z a,b T)c]/ T U T,
= Z<a’abvchz>6Z]

ij=1
= (a,b,c).

(a,b,c) = g(a,b = c) can be shown very similarly. The second part now follows from our previous
observation that Tp is the identity for x, as well as (4):

/ axb=g(Ty,a*b) =g(To*a,b) = g(a,b).
X

Last, but not least, (iii) follows straight from (¢) and (i7). O

3.3 The Gromov-Witten Potential and Big Quantum Cohomology Ring

The fact that we introduced a small quantum cohomology ring has surely alerted the attentive
reader to the potential presence of a big quantum cohomology ring. And indeed this exists.

To introduce the big quantum cohomology we first need to introduce the Gromov-Witten po-
tential. This can be thought of as a generating function for the genus 0 Gromov-Witten invariants.
It has physically a natural interpretation as the genus 0 free energy.

Definition 3.9. The Gromov-Witten potential is the power series

o)=Y Y s,

n=0 feHy(X,Z)
where g° is in the Novikov ring (see remark 3.2) and we set (Inn ) =0 for n < 2.

Remark 3.10. Just like in the case of the small quantum cohomology, there is the issue of con-
vergence of ®, which we have solved here by adopting the Novikov ring. However, if convergence is
assumed there is no further need for the quantum variable q° and we will assume it to be identically
1. Indeed, since we will be mostly concerned with the Fano case, we shall assume the convergence
of ® for now and drop q° in the definition. This is justified by proposition 5.5

"Unfortunately, proposition 3.4 is not sufficient here as the degree condition becomes more complicated for n > 3.

14



Remark 3.11. A little care has to be taken when defining (Iy . g)(v®™). First we introduce coordi-
nates {to, ..., tm} for our basis Ty, ..., Ty,. In these coordinates we can write v = toTo+ - +tmTm
as a function of tg, ..., tm. Then ezpanding v®™ with these coordinates and making repeated use of
the Gromou-Witten Axioms we find

1 e
a<10,n.ﬂ>(ry®n) = Z E(a)<IO,n,5>(Ta>av
a€zZ™ 1 |al=n

where e(a) = %1 is a sign introduced by the Equivariance Axziom. Here we have used the standard
monomial notation for T = Ty°Ty ... Tt al = aglar!...an!, ete. for a = (ag,...,am). For the
Gromov- Witten potential this means that we can write it depending on the t; :

ot = 3 S Sl )0 6 S T i )
ao+...+am >3 BEH, (X,Z)
Note that we have a partial derivative operator d;,,% defined by
O, (tFt) = k=1,
for some monomial t* not involving ¢;. Note also that the super-commutativity implies
O, 0, (@) = (—1)deet) deelti) g, g, ().
Definition 3.12. Let ® be the Gromov- Witten potential of X. In the established notation we define
T, «T; = i 0,04, 0p,, ()T
k=0

Ezxtending this linearly defines a product, called the big quantum product.
Proposition 3.13. Ty = [X] is the unit for *.
Proof:

04y 0¢; 04, (@) = (Lo,3,0)(To, Tj, Tx,) = / T; UTy = gji
X

=ToxTj =Y guT" =T
k=0

O

Proposition 3.14. The Gromov- Witten potential ® satisfies the WDVV (Witten-Dijkgraaf- Verlinde-
Verlinde) equation

> 00,01,01,(D)g" 0y, 01,01, (®) = (—1)eetD sl bdesli)) N9, 5, 0y (©)g* Dy, 01,0, (P)
a,b=0 a,b=0

and this is equivalent to the associativity of the big quantum product.

8Throughout this thesis we shall denote all partial derivatives and partial derivative operators by 8% = 0z.
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Proof: See [FP97, theorem 8.4]. O

Lastly we should point out the relationship between the small quantum cohomology and the
big quantum cohomology. Let v, = >°i_; t;T; and 7 = toTo + >, t;T;, where we assumed
Ti,..., T, span H?(X,C).

Proposition 3.15. Then

m oo 1 N
TixTi=> Y > E<Io,n+3,6>(Ti7Tj7Tk7'7n)Tk exp(/ 72)q”.

k=0n=0 B Ha(X,Z) B
Proof: See [CK99, chapter 8.5.1]. O

In light of this proposition there are now two natural ways of comparing the small and the big
quantum product. The most obvious way is to note that x is given as a sum in terms of the variables
to,...,tn and q°, whereas * depends only on ¢”. Thus we could set v = 75 = 5 = 0 and identify
q”? and ¢” either as the same element of the Novikov ring or by using an appropriate isomorphism,
mapping q° to exp(2my/—1 I P w), depending on our interpretation of ¢° in definition 3.1 (compare
remark 3.2). In other words:

T, +T; =T, *Tj|v2=§=0.

However, the more enlightening way of interpreting the relationship between small and big
quantum cohomology, comes from “restricting to H%(X,C)”. We achieve this by setting ¥ = 0 <
v € H*(X,C) and resorting to our convention that g° = 1. Then we find that o takes on the role
of w in definition 3.1. Explicitly we either set 2my/—1w = 75 or identify ¢° = exp( 572) and find
that the formulae for * and x agree.

3.4 Homogeneity of the Gromov-Witten Potential

Before we move on to explicit computation we should point out that the Gromov-Witten potential
® can be thought of as homogeneous. This requires a precise notion of degree and, chosen suitably,
this will make the (big) quantum cohomology a degree-preserving product. A typical summand of
the Gromov-Witten potential has the form

o t(OI‘U ... tam
0 am)20 """ 'm_
:l:<107n’6>(T0 ﬂ"'va )a()!"'a/m! (4)
Let us assign the following degrees:
[ti] :== 2 — |T}] and Iq?| = —Z/wx, (5)
B

where as usual wx denotes the canonical class of X. Then we find that the total degree of the term
(4) is

t30 ... am
VT T B i

= ;ai(Q — T - 2/ﬂwX.

K2
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But (Io,n,8)(Ty°, ..., T%m) # 0 implies by the degree axiom from chapter 2.3 that
Y ai|Ti| = 2dim(X) — Q/wx +2(n — 3).
i=0 B

Therefore, using these notions of degree we find that ® is homogeneous of total degree 6 —2 dim(X).
Here is another way of looking at the notion of degree and homogeneity: we say that a function
f: C" — C is quasi-homogeneous of degree a € Z \ {0}, if there exist a1, ..., a, € Z such that

FOA 2y, A, = A f (21,0 20)

for all A € C. In this case we say that x; is of degree a;. We can now read the homogeneity of ®
off the next proposition.

Proposition 3.16. Ewvaluate the formal variable q° from the Gromouv-Witten potential (3.9) on
w € H*(X,C) as

o) = expl [ )

B

and denote the resulting Gromov- Witten potential by ®,,, thereby indicating the dependence on the
class w. Assuming the convergence of the Gromov- Witten potential, we have for anyt € C

Doyt (6(27‘%')%0, .. ,6(27|T’"|)ttm> = 6(672dim(X))t<I>w(t0, cestm). (6)

Proof: According to the degree axiom (c.f. chapter 2.3) (I, ) (T5* @ -+ ®@ T2%) is unequal to
zero only if

> |Tila; = 2dim(X) — 2/wX +2(n — 3)
i=0 B

=)> (2- Ti|)ai—2/ﬁwx =6 — 2dim(X).
=0

The claim then follows easily by simply expanding the left-hand side of (6) according to equation
(3). O
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Proposition 3.17. Both * and * preserve the notion of degree introduced in (5).
Proof: Clearly

|02, 01,0, ()| = @] = [ti] — [t;] = [tx| = |T:| + T3] + | Tk| — 2 dim(X).
Since T* is such that [, T, UT* = 1, we have |T| + |T*| = 2dim(X). Thus

m

> 01,010, (®)T*

k=0

|T; x T;| = = |Ti[ + Ty,

which completes the proof for x. In order to see that % too preserves the degree define

1
o) =5 D (lss(r®)e
BEH2(X,Z)

for v € H*(X,C) and ¢” € R (the semi-group ring of Hy(X,Z)). Note that up to the identification
¢® < d°, this is just the term of ® with n = 3. Just as we did with ® we can express v =
todo + - - -+t Ty, and expand .., as a function in the variables tg,...,t;. Pun.n is then cubic
in tg,...,t,, and thus 9;,0;, 0, (P.man) is independent of these variables for all choices of 4, j, k. In
fact, it is not difficult to see that

S 00,0, 01, (Do) T = T4 5 T3,

k=0

In other words, ®,,.., is a potential for the small quantum cohomology. Given that it is contained
as the summand for n = 3 in the Gromov-Witten potential, the same notion of degree makes ®,,,.,,
homogeneous and thus * degree-preserving. O

Remark 3.18. Recall from before that {Ty,...,T,} form a basis of H*(X,C). Assume now that
T; € H*(X,Z) Cc H?*(X,C). Then we have a natural dual basis {SY,...,S"} of the homology

Ho(X,7) and we can express all ¢° as monomials in the q¢; = ¢ fori=1,...r. Now let us express
the anti-canonical divisor —Kx as

-Kx = Z &y
i—1

In this case, by our definition of degree (5), we find that |q;| = 2&;. Alternatively this can be deduced
from the homogeneity of the small quantum product. A typical term in T; x T} has the following
degree (compare definition 3.1):

deg(T;) + deg(T;) = 2dim(X) — deg(Tx) — 2/301)(

= deg(T*) + 2/%;1
]

= deg(T"*) + deg(q”).
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4 Quantum Cohomology of Del Pezzo Surfaces

This chapter is meant to both introduce Del Pezzo surfaces, as well as concretely work out the
quantum cohomology of them. We shall focus particularly on Xy, the blow-up of P? in four points
in general position, since this is the first new surface for which we will show mirror symmetry to
hold. To this aim, chapter 4.1 will borrow much from [Man86] and [Dem80]. Section 4.2 is largely
based on [CM95].

4.1 Del Pezzo Surfaces

Let us first introduce Del Pezzo surfaces. These are smooth, birationally trivial surfaces X, such
that the anti-canonical divisor —Kx is ample. Del Pezzo surfaces are generally classified by their
degree, which is defined as the self-intersection number of its canonical divisor Kx. We have the
following classical result:

Theorem 4.1 (Classification of Del Pezzo Surfaces). Let X be a Del Pezzo surface of degree d.
Then we have 1 < d <9 and the following statements hold depending on d :

d=9 Then X is isomorphic to P?,
d =8 Then either X ~P' x P! or X is isomorphic to the blow-up of P? in one point,

d <7 Then X is isomorphic to the blow-up of P? in 9 — d points in general position, i.e. no three
points are collinear and no six points lie on one conic.

Conversely, denote by X,. the surface obtained by blowing up P? in r points in general position (in
the same sense as before). Then for 1 <r <9, X, is a Del Pezzo surface of degree d =9 — r.

Proof: An excellent proof can be found e.g. in [Man86, Sect.24]. O

This classification theorem tells us that Del Pezzo surfaces can be thought of as blow-ups of
P2. So in order to study them we should aim to understand blow-ups of P2. Recall that a blow-
up of a surface T in a point p € T is a surface S together with a map p : S — T, which is an
isomorphism away from the inverse image of p, i.e. p induces S\ {u~1(p)} ~ T\ {p}. The inverse
image £ = p~1(p) of p is called the exceptional divisor for this blow-up and is isomorphic to P*.
Under the usual intersection product on S, we have that - E = —1. One form of the adjunction
formula (proven in [Huy05, proposition 2.5.5]) tells us that Kg = p* Kt + E, where Kg denotes the
canonical divisor of S and Kt the one of T. Since p.(u*Kr - E) = p.E - Kg = [{p}] - Ks = 0, we
intersect both side of the adjunction formula with E to see that E'- Kg = —1. In fact, the converse
of these observations are true too, as can be seen by the following theorem:

Theorem 4.2 (Castelnuovo’s Contractability Theorem). Let S be a non-singular projective surface
and E C S a (—1)-curve. Then S is the blow-up p: S — T of a non-singular surface T in a point
wE)eT.

Proof: See for example [Mat02]. O

9A (—1)-curve is an irreducible, reduced curve, isomorphic to P! with self-intersection = —1.
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We can make this situation very concrete: let p : S — T be the blow-up of T in p and let us
consider the Picard group of T'. Once again by adjunction we know that Pic(S) ~ Pic(T') & Z[E].
Now let X, be the Del Pezzo surface obtained by blowing up P? in r points in general position. It
does not matter in which order we realise the blow-ups. By our generality condition on the points in
P2 all possible orders produce naturally isomorphic surfaces with naturally isomorphic exceptional
divisors. Therefore we shall think of this situation as u : X, — P2, which induces the isomorphism
X, \(B1U---UE,) ~P2\ {p1,...,p,}, where u(E;) = p;, the exceptional divisors to the points p;
in the centre of the blow-up. Then we have

Pic(X,) ~ Z[H| © Z[E\| ® - - - © Z[E, ],

where H is the pull-back of a class of a line, e.g. defined by the inverse image of a line in P2, which
does not intersect any of the p;. Moreover the intersection product on Pic(X,.) is defined by

forall 1 < 4,7 < r. In this notation, making repeated use of the adjunction formula Kg = p* K1+ FE
for a blow-up p : S — T, as well as using the fact that Kp2 = —3H, we obtain the following formula
for the canonical divisor of X, :

Kx, =-3H+FE, +-+E,.

Proposition 4.3. For r <8, X, has only finitely many (—1)-curves.

Proof: Let D = aH + 81E1 + -+ B-E, be a (—1)-curve. Since D-D = D - Kx, = —1 we have
the following two conditions on « and the 3; :

—3a—fi— = By =—1,
0B 2o 1.
We can combine these equations appropriately and complete the squares to obtain the following
expression:
—6a(Kx, - D) —9(D-D) —6a+9=9?*—ra®—6a+9+ Z(oz2 + 6a3; +967)
i=1
=18=0’(8—7)+ (a—3)+ ) (a+38)°
i=0
Clearly, for r < 8, there are only finitely many integer solutions to this and hence there can only
be finitely many solutions to the original two equations. 0

Example 4.4. We can use the previous proposition to find all (—1) curves. For example, let r = 4.
Then we have to solve the equation

402 + (a—3)2+ (a+3B1)2 + (@ +362)% + (a4 363)% + (o + 384)2 = 18. (7)

By inspecting the first two terms we deduce immediately that 0 < o < 2, so let us consider the
remaining cases separately:
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a =0 Then equation (7) simplifies to 7 + 35 + B3 + B3 = 1. Since we know that D - Kx, = —1,
we find four (—1)-curves, the four exceptional divisors of our blow-up.

a =1 In this case equation (7) simplifies to
(14+381)2 + (1+382)% + (1 +385) + (1 + 384)2 = 10.

Now 10 can be written in eight ways as the sum of four integer squares: (£3)%+(£1)2+2-0 =
2. (4£2)2 +2- (£1)2. Since we are looking for integer solutions, i.e. B; € Z, only one of those
sums of square works: 10 = 2 - (=2)2 + 2 - 1% with B; = —1 for precisely two values of i and
Bi = 0 for the remaining two i. Thus we end up with siz (—1)-curves of the form H — E; — E;
for1 <i<j<A4.

a =2 Last, but not least we have equation (7) simplifying to >_,(2 4+ 383;)? = 1. However, this
implies that for at least one i we have 2 + 33; = 0, i.e. no integer solution.

4.2 Quantum Cohomology of Del Pezzo Surfaces

Now in order to compute the quantum cohomology of X,., the Del Pezzo surface of degree 9 — r,
we would have to make sense of the term

Z Z (Io,3,8)(a, b, T;)q T (8)

i BEHy(Xy,Z)

for any a,b € H*(X,,C). So let us start by recalling the cohomology of X, : H°(X,.,C) = C[X,]
and H*(X,,C) = C|pt] are both one-dimensional and generated by the (Poincaré duals of the)
fundamental class, respectively the class [pt] of a point. Moreover, we know that H?(X,,C) =
Pic(X,) ® C. So we can choose H, E1, ..., F, (in the notation of the previous chapter) to be the
generators of the second cohomology group. Since there is no odd-dimensional cohomology in our
case, we have the following choice of basis of H*(X,,C) : Ty = [X,], Th = H, T; = E;_; for
2<i<r+1andT4o = [pt].

In practical terms the most difficult part of the expression (8) to make sense of, are the Gromov-
Witten invariants (Iy 3 g). Luckily, [GP98] shows that we can simplify our situation by falling back
on our intuition. It is shown there that in our case, the Del Pezzo case, all genus 0 Gromov-Witten
invariants are enumerative in the following sense: Let 5 = dH _Z::1 m; E; beaclassin Ha (X, Z).lo
In order to have a non-zero Gromov-Witten invariant (Iy ,, 3) we need n = 3d — >_._; m; — 1. So
suppose that is the case. Then (I, g) is an actual count of the irreducible, rational curves in X,
of class 3, passing through n points in general position, which, moreover, is the same number as
the irreducible, degree d rational plane curves in P2, which pass through each blown-up point p;
with multiplicity m;.

So let 8 € Ha(X,,Z) be a class, such that the corresponding complete linear system |3| is
non-empty and does not have any fixed components. We define Rg C |3| to be the locus of such
curves in the system, which have at worst nodal singularities. We are now interested in the locus

Sp = {(C,xl,xg,xg) €Rs x X2 | [C] =B and x; € C are distinct, Smooth} .

10By Poincaré duality we have a natural isomorphism Ha(Xy,Z) ~ H?(X,,Z).
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To be precise, we are interested in its closure Sp C |8| x X2. Because, denoting by m; the respective
projection Sg — X,., we can now write

(Insp)(a,bc) = /

evi(a) Uevy(b) Uevi(c)
[Mo,3(Xr,8)]

vir

B [ i (a) U (b) Ums(c).

Sp

Now let 7 : 35 — X2 be the obvious projection. Then we can simplify the previous expression
further:

(To3,8)(a,b,¢) = a SpUmi(a) Ums(b) Ums(c)

:/ m(Sp) U (a®b®c). (9)
X3

Now suppose that a € H**(X,,C) and b € H*(X,,,C). Furthermore suppose that m.(Sg) €
H?* (X3 C). Provided that 4 < x +y + w < 6, we find that the expression (9) defines a linear
functional

H1272z72y72w (Xr; (C) - C
¢ [m(Sp)] - (a®@b@c),
where the intersection product is the one from X32. By duality, this functional must be represented
as the intersection with a cohomology class in H2*+2¥+2w=8(X _(C). Let us call this cohomology
class pg(a,b).

As in chapter 3.1, let 77 for 0 < i < r + 2 denote the dual basis to our basis of T}’s, with (9ij)
being the intersection matrix. Then

r+2 r+2
YooY Tosadab Ty T = Y ") (ps(ab)- (T)T*
=0 BEH (X, 7) BEH>(X,Z) =0

r+2 r+2

= > YO T TT

BEH:(X,,2) =0 j=0
r4+2

= > @) aT
BEH2 (X, ,Z) i,7=0
r+2

= > )l

BEH(X,,Z) j7=0

= > eslab)q’,

BEHZ(XMZ)

giving us the very neat expression for the quantum product in X, :

axb= Z vs(a,b)g’.
BEH2(Xr,Z)
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4.3 Quantum Cohomology of X,

As an example let us calculate concretely the quantum cohomology of X,. We have already seen a
basis for the cohomology of X, in the previous chapter, which was

{[X4]>H> ElaE27E37E4a [pt]}

To find a concrete formula for the quantum product, we now need to do two things: firstly there is
the issue of understanding our simplified function ¢g(a,d) and secondly, we should find out, which
B € Hy(X4,Z) are actually relevant, i.e. non-zero, in our sum.

Let us start with a simple example: suppose that m.(Sg) is the fundamental class of X3. This
happens when dim(Sg) > 6, i.e. when our locus R has a dimension larger than three. Then

m.(Sp) = [Xa] ® [X4] ® [X4] € HO(XF, C),

where we identified H* (X3, C) with tensor products of H*(X4, C) via the Kiinneth theorem. Now
we have two conditions on (homogeneous) elements a,b € H*(X4,C), which ensure that ¢g(a,b) €
H*(X4,C). Say (as before) they are of degree 2x and 2y respectively. By definition, for ¢ €
H??(X4,C) we have

m.Gs)] (0 @b ) = ps(ab) .

so that “intersecting with (g(a,b)” is a linear map from H?*(Xy, C) to C. In order for the product
to make sense on the left-hand side we need z = 6 — z — y, whilst on the right-hand we require
4 < x+y < 6. The inequalities are due to the fact that we need ¢z(a,b) € H*72*(X,,C), i.e.
0 <4 — 2z < 4. Therefore the only possibility is = y = z = 2, i.e. a and b are multiples of the
class of a point [pt]. By linearity it suffices to calculate

[:(Sg)] - ([pt] @ [pt] @ [pt]) =1
and therefore pg([pt], [pt]) = [X4] is the only non-trivial ¢g.

Remark 4.5. By the linearity of the quantum product, we only need to know the products of our
basis elements. But mot even all of those are needed for a complete description of the quantum
cohomology ring. Take for instance the basis element [pt]. We know that for two general elements
a,b € H*(X,C), the quantum product has the form axb = aUb+ ..., where the dots stand for
some other terms, all of which involve the quantum variables q. In our example it turns out that
H x H = [pt] + ..., where the quantum terms are independent of [pt]. Thus we can express [pt] in
terms of H * H and the quantum wvariables. So again due to linearity, we do not need to include
[pt] in an eventual quantum multiplication table of our basis.

The previous example provides already a strong restriction on which 8 € Hy(Xy,Z) are relevant
for the quantum cohomology. We need dim(S(8)) < 6. Since also clearly dim(Sg) = dim(Rg) + 3
and Rg # 0, we need
3 < dim(Sg) < 6.

So how do we find dim(S(8))? We start by finding dim(|3]) for the complete linear system of divisors
equivalent to 8. Let us assume that || has no fixed components and pick a general member Dg
of |8, i.e. [Dg] = B € H*(X,Z). Since X, is rational, Dg is smooth and the dimension of the
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complete linear system is dim(|3|) = h°(X4, O(Dg)) — 1, where O(Dp) is the line bundle associated

to the divisor 3. [Har85] computes this dimension explicitly,!* showing that

Dg-Dp — Dg - Kx,
2

dim(|8]) = =Dg-Ds+1—pa(Dp).

Here, p,(Dg) is the arithmetic genus of Dg, which, by the Riemann-Roch theorem, can be calculated
as pa(Dg) = £(2+ Dg - Dg + Dg - Kx,), where once again Ky, denotes the canonical divisor of
X4. Elements of Rg are, a priori, not smooth, but have nodes. Imposing one such node is one
condition, i.e. each node reduces the dimension by 1. This implies that the locus Rg has dimension
dim(Rg) = dim(|5]) — pa(S). Putting all of this together we get

dlm(slg) =2 Dﬁ . KX4.

Coming back to our special case, let 8 = dH — 2?21 m; E; and recall that Kx, = —3H + Z?Zl FE;.

Then
4

dim(Sp) = 3d +2— ) mi.

i=1

Remark 4.6. In fact, this result was to be expected, since we know that gﬁ takes (in our example)
on the role of Mo 3(Xu, ), for which we have the dimension formula:

virdim(Mo 3(X4,8)) = (1 — g)(dim(X) — 3) — /ﬁwX4 +n

=(1-0)(2-3)—Ds-wx, +3.

So far we have found one necessary condition on 3 to be relevant for the quantum cohomology
of X4. Now also keep in mind that Dg has at worst nodal singularities, which means in particular
that we have p,(Dg) > 0. Therefore by Riemann-Roch:

4

2pa(Ds) =2+ (dH — Z mE> : (dH - Z mE> + (dH — Z miEi> : <—3H + Z E)
=0 1=0 =0

1=0
4 4
=2+d* =) mI-3d+> m.
i=0 =0

Combining the bounds found so far, we end up with two inequalities, which d and m; have to
satisfy:
3d—4<myi+mo+mg+my <3d—1, (10)

since 3 < dim(Sg) < 6 and
(m} —m1) + (m3 — ma) + (m3 — ms) + (mi —my) < d* —3d+2, (11)

since pq(Dg) > 0.

1By the effectivity axiom we can assume that 3 is effective. Then corollary 2.4 in [Har85] shows that 3 is almost
excellent since it has no fixed components. Now the fact that —Kx, (the anti-canonical divisor) is ample implies
that 8 is excellent, whence the result follows from theorem 1.1 in [Har85].
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Moreover, due to the effectivity axiom, we know a further condition on ( : it has to be in
the closure of the cone of (effective) curves NE(X4). This leaves us with the task of finding
NE(X4). Fortunately, two strong theorems can help us with that, both of which are (in general
form) explained and proven in [Deb01]. The first one is the cone theorem. In our case it states that
there is a countable family of rational curves (I';);e; on Xy, such that 0 < —T'; - Kx, < 3 and

NE(X) = {8 € NE(Xa) | 8- Kx, 2 0f + 3R (I)).

Observe here that the condition on the I';, together with adjunction, tell us that the T'; are (—1)-
curves on X4. Moreover we find that

{ﬂeW(X4)’ﬁ~KX4 zo} — ), (12)

due to the second strong theorem, called Kleiman’s criterion: it states that Dg is an ample divisor
on Xy, if and only if Dg -z > 0 for all non-zero z € NE(Xy). But we know that —Kx, is ample,
and since the ample cone is contained in NE(X4), Kx, -z < 0 for all non-zero z in the closure of the
cone of curves, implying (12). In other words, if Dpg is effective, then Dg is contained in the cone
generated by positive multiples of the (—1)-curves of X4, all of which we have found in example
4.4.

In practice, we shall take away mainly one observation from our computation of the cone of
curves of Xy : since it holds for all (—1)-curves, we have that

4
dH — Zszb S ﬁ(X;l) =d>0.
=1

Now let us return to the inequalities (10) and (11). Since m? —m; > 0 for all integers m; € Z,

we see straight away that given d > 0, there are only finitely many relevant curves for us. Now
assume that Zfzo(mf —m;) = N € N. Which d > 0 satisfy the inequalities (10) and (11)? Let us
maximise the sum my +mso 4+ ms + my4 under the given assumption. Reversing our view and setting

T; = mf — m;, we want to maximise the expression

% +1+¢ +1+¢ +1+¢ 41
T 4 X2 1 I3 1 Ty 4.

Viewing this as as real function (R20)4 — R under the additional constraint that 1 +xo+x3+x4 =
N >0, we can easily find that the expression reaches a maximum when z; = % for all 7. Therefore

we have a maximum of mq + - - - + my, when m; = \/% + % and in this case:

my +mg+mz+my <24+2VN+1
<24+2vd?—-3d+3
=2+ /3+ (24 - 3)2

< 2d—1 < 3d — 4 for large d.

Therefore, in our case, we only need to check d € {0,1,2,3}. This is easily done and we can
solve the inequalities (10) and (11), aided by the facts that firstly in all cases d? — 3d + 2 € {0, 2}
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and that secondly m? —m; < 2 has its only integer solutions at m? —m; = 0(= m; € {0,1}) and
m?2 —m; = 2(= m; € {—1,2}). Therefore we can write the quantum product of Xy in the form

a*b:aub+chﬁ(a,b)qﬂ7
Bel

where

I ={E}

U{H}U{H—Ei}U{H—Ei—Ej}
U{2H—Ei—Ej}U{2H—Ei—Ej—Ek}U{2H—E1—EQ—Eg—E4}
U{3H — 2E, — E, — B, — B}

for every {i,j,k,1} = {1,2,3,4}.
All we are left with now, is to understand the ¢z in those cases. In order to do this, we shall
distinguish them by the self-intersection number of a general member Dag:

Dg - Dg = —1 The exceptional divisors of X, are particularly easy to handle, since they are the
only member of their respective complete linear system. In other words, let 5 = [E] for some
(—1)-curve E C X4 Then we have |E| = {E}. Hence our locus Sg = {E} x E x E x E'\ A,
where A is the large diagonal. In taking the closure of this we simply add A and find that
Sp = {E} x E x E x E and therefore 7.(S3) = [E] ® [E] @ [E] € H5(X}). Now say
a,b,c € H*(X4,C) are of degree x,y, z respectively. Then we have

m(Sp)  (a®b@c) = (Dg - a)(Dg - b)(Dg - c),
which is only defined and non-zero, if a, b and ¢ are all divisors on X4. Therefore we have

@ﬂ(a,b):{(Dﬁa)(Dﬁb)ﬂ ifaabE.H2(X47(C)

0 otherwise.

Dg-Dg =0 In this case the linear system |3| is one-dimensional. Rg is the locus of smooth
members of this pencil, since in all our cases p,(Dg) = 0. Hence it is an open and dense subset
of |3] and dim(Ss) = 4. So, pushing forward, we have 7.(Sg) € H*(X3,C). Complementary
classes are therefore of complex codimension four, i.e. they are in the linear span of [pt]® [pt]®
[X4] and a ® b ® [pt] (for divisor classes a,b) and all similar associated classes in H8(X3,C),
which can be obtained by symmetry.

However, m.(Sg) - ([pt] ® [pt] @ [X4]) = 0 for the following reason: Dg - Dg = 0 means that
B defines a ruling of our surface X4 and that members of the class 8 are fibres of this ruling.
The intersection before answers mathematically the question of how many members of 5 go
through two generic points of X,. But two generic points will not lie on the same fibre of this
ruling, meaning there is no such member of 3.

Now consider the intersection product m.(Sz) - ([a] ® [b] ® [pt]). The last factor forces the
curve to go through a point. Since S defines a ruling of X, this defines a unique member
Dg of 3. This member then intersects a and b in Dg - a, resp. Dg - b points. Hence we have
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7.(Sg) - ([a] ® [b] ® [pt]) = (Dg - a)(Dg - b). Moreover, we can use the symmetry to see that
™ (Sp) - (la] @ [pt] ® [b]) = (Dp - a)(Dp - b). Thus

(Dﬁ : a)(DB : b)[X4] ifa,be HQ(X4,(C)
(a,b) = (Dg-a)B if a € H%(X4,C) and b = [pt]
RSV (Ds - b)B if b€ H%(X4,C) and a = [pt]

0 otherwise.

Dg - Dg =1 We argue similar to the previous case: we know that dim(|3|) = 2, and since we only
have cases with p,(Dg) = 0, R is an open dense subset of |3|. Therefore dim(Sg) = 5 and the
complementary classes to m.(Sg) in X3 are of complex codimension five, i.e. in H°(X3,C).
This vector space is generated by the classes a ® [pt] ® [pt] and its associates by symmetry.
Since the dimension of || has gone up by one, we now have a unique member Dg of 5 going
through any two general points. This member will intersect a in Dg - @ points, implying that
7.(Sg) - (a ® [pt] ® [pt]) = Dg - a. Now once again use the symmetry to find that

(Dg -a)[X4] ifa€ H*(X4,C) and b = [pt]
_ J(Ds-b)[X4] ifbe H*(X4,C) and a = [pt]
eal@b) =1 5 if a = b = [pt]
0 otherwise.

Dg - Dg =2 In this case we have dim(|5]) = 3 and since p,(Dg) = 0 we have Rg as a dense
open subset of |3|. Now dim(Sz) = 6 and we know that there is a unique member of |3|
intersecting three general points of X4. We conclude that 7. (Sg) = X3 and that these cases
are not relevant for us after all.

We are now in a position to explicitly compute the quantum product of our basis elements.
Recall that due to remark 4.5 and the fact that [X4] is the identity for the quantum product, we
shall restrict ourselves to products of basis elements in H?(Xy,Z).

H+H=[pt|+ (H — E; — Ez)quElez +(H—-E;, — Eg)quEliE%'
+(H — By — By)¢" BB 4 (H — By — E3)qfl P27 Fs
+(H — By — BEy)q"""P2=Fs  (H — B3 — E)q" ~Fs—Fa
+qH_E1 +qH_E2 + qH—E3 + qH—E4 +4q2H—E1—E2—E3—E4

H % El = (H — E/’1 _ Ez)qH7E1*E2 4 (H _ El _ E3)qH7E17E3
+ (H — B - E4)qH_E1_E4 + qH—E1 + 2q2H—E‘1—E2—E‘3—E4

H * EQ = (H — E1 _ Eg)qH7E1*E2 4 (H _ E2 _ Eg)qH7E27E3
+ (H _ E2 _ E4)qH—E2—E4 + qH—E2 + 2q2H—E1—E2—E3—E4

H+Ey = (H— Ey — B3)g" 5755 4 (H — By — E3)g 527 Fs
+ (H _ E3 _ E4)qH7E37E4 + qH7E3 + 2q2H7E17E27E37E4

H*E,=(H—F, — E)¢" 5175 4 (H — By — BEy)g" P24
+ (H — B3 — Ey)qH—Pa=EBs 4 gH=Bs | g2H—F1—By—E3—F4
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E1xE = —[pt] + E1y¢"™ 4+ (H — By — Ey)¢"""P17F2 4 (H — By — E3)¢fT~P1—Es
+ (H _ El _ E4)qH—E1—E4 =+ qH—E1 +q2H—E1—E2—E3—E4

Ey % Ey = (H — By — Ey)g T~ 51—EB2 4 (2H-E—Ex—Es—Es

EyxFEy=(H—F, — ES)qH—El—Eg 4 @?H-B1-E2—Ba—Es

Ey+«E,=(H—FE, — E4)qH—E1—E4 4 PH-B1-E2—Bs—Es

By« Ey = — [pt] + E2q™ + (H — Ey — Ey)q" P75 4 (H — By — Eg)g" 5275
+ (H _ E2 _ E4)qH—E2—E4 + qH—E2 +q2H—E1—E2—E3—E4

Es x E3 — (H — Ey— ES)quEszg, + q2H7E17E27E37E4

EyxEy= (H — By — By)q~B2=Fa | (2H-E1—Ex—Es—E,

Es* B3 = — [pt] + Esq™ + (H — By — Eg)q" """ 4 (H — By — E3)q" %27 Fs
+ (H _ E3 _ E4)qH—E3—E4 4 qH—E3 +q2H—E1—E2—E3—E4

Es+Ey=(H — By — E4)qH7E37E4 4 ?H-B1-E2-Bs—Eu

EyxEy= — [pt] + Bag™ + (H — By — Eq)q" P17 4 (H — By — By)g" =%
+ (H — By — By)qf P Fa y gH-Fa | 2H-F1—F>—F3—F,

5 The Dubrovin Connection

In this chapter we shall explore the main geometric consequence of the quantum product, called
the Dubrovin connection. This is in fact a family of connections on the trivial bundle H*(X,C) x
H*(X,C) —» H*(X,C), where the quantum product on the fibre over every point depends on the
base point. Afterwards we shall find an explicit expression for the small Dubrovin connection in
our example of Xj.

5.1 Definition and Properties

Once again let us recall the notation from previous chapters: we have a smooth projective variety
X and a basis {Tp = [X], T4, ..., Tm} of the cohomology ring H*(X,C). Denoting by {T%}™, the
dual basis, i.e. fX T*UT; = &;5, we have furthermore the quantum product x on H*(X,C), which
is defined by

T x Ty = 04,01, (®)T"
k=0

for our basis and extended linearly. Here ® is the Gromov-Witten potential as in definition 3.9.

We have previously regarded the factors q” as formal variables in the Novikov ring. Let us now
assume that the Gromov-Witten potential converges, in which case we will set q° = 1 (compare
remark 3.10). Then we can view the quantum product as a symmetric, bilinear operation

x: H*(X,C) x H*(X,C) —» H*(X,C).

This is important when we consider the vector bundle H*(X,C) x H*(X,C) — H*(X,C). Since
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H*(X,C) is a finite-dimensional vector space, we can find a global trivialisation

TH*(X,(C) — H*(X, C) X H*(X, C)

(O, Y _t5T5) = (Ti, Y t5T5),
=0 )

where we denoted by t; the coordinates with respect to T;. We can use this trivialisation to define

the family of connections, collectively known as the Dubrovin connection by defining it on the global
frame {0,,...,0,, }:
5 (3,) = 7(T+ T)

for any 7 € C*.

Proposition 5.1.
e The connections V7 are torsion-free and this property is equivalent to x being commutative.
e The connections V™ are flat and this property is equivalent to * being associative.

Proof: For two vector fields V,W € I'(Ty+(x,c)), the torsion tensor of a connection V is given by
TV, W) =Vy(W)—=Vw(V)-[V.W].

Here [V, W] denotes the Lie bracket of two vector fields. It suffices to compute the torsion on our
global frame {0, } :

TT (at-u 815]') = VBtL (8tj) - Vgtj (8151) - [atl ) at].]
=7(Ti*T; — T; * T;).
Similarly we have the curvature tensor for U, V,W € I'(Ty-(x,c)) given by
R(U,V)(W) = VuVy (W) = VyVu(W) = Vg (W).
Once again it suffices to compute this on {J, } :
RT(atw atj)(atk) = 5’%‘ 5tj (atk) - gtj 5% (atk) - V[Tati ,atj] (atk)
= 73T % (Tj x T)) — 72(Tj % (T  Ty)) — 0
= 72(T; % (T, x Tj) — (T; x T) * Tj).
O

Before we restrict ourselves to the small Dubrovin connection we should discuss two more
manipulations/ extensions of V™ : firstly, we would like to extend the range of 7 from C* to P!.
Practically this is a formal step, where we introduce singularities at 0 and oo € P'. For the moment
we shall not concern ourselves overly with this issue and will assume that 7 is an affine coordinate
on C C P'. However, we will eventually pick up this trail and also consider the coordinate z = 7!
on the other copy of C C P!, when we discuss the nature of the singularities introduced.
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Let us denote by 7 the projection:
7P x H*(X,C) — H*(X,C).

Our second extension of V7, and the one we will be mostly concerned with, is the combination of
all V7 into a single connection V on the bundle T := 7 “(Ta+(x,c))- This is equivalent to defining

VaT, which we will do in such a way that V will remain flat. It will be a meromorphic connection
with singularities at 0,00 € P'.

For our definition of V_ we will closely follow the arguments of [KM94]. We begin our discussion
with a short recap of the so-called Fuler vector field. Recall our definition of a function f: C" — C
being quasi-homogeneous. We demanded that for all A € C and some collection a;,a € Z we have

f()\al‘rlv"'v)‘anzn):Aaf(xla"'axn)' (13)

Deriving both sides of (13) by the x; and by A, we find that f satisfies the following differential
equation, independent of A:

af = iz, (f). (14)
i=1

So let us define the differential operator £ = > a;x;0,,. Then equation (14) is saying that f
satisfies the equation Ff = af, i.e. that f is an eigenfunction of E. Note that the converse holds
too: let f : C™ — C be an eigenfunction of E with eigenvalue a. Now let g(A\) = f(A*zq,..., \%"xy,)
for some fixed z1,...,2, € C. Then Ef = af implies that ag = A\dx(g) and thus that g(A) = c\®
for some constant c¢. Now ¢ is dependent on the z;, but since g(1) = f(z1,...,2,) we find that in
fact f satisfies equation (13), i.e. f is quasi-homogeneous. We consider F to be a vector field on
C™ and call it the Euler vector field, since for a; = - -+ = a,, we recover the classical notion of Euler
vector field

210z, + -+ Tp0y,, . (15)

‘We now want to define an Euler vector field on our trivial bundle
H*(X,C)x H*(X,C) - H*(X,C).

In order to do so let us switch our point of view from vector fields or differential operators to local
flows. The classical definition 15 produces the radial vector field, i.e. a flow in the direction of the
scalar multiplication. For us, the vector space structure will be less important. Rather we want to
define the Euler vector field taking into account our multiplication x on the fibres of the bundle,
i.e. a flow “in the direction of ®”.

Chapter 3.4 and in particular proposition 3.16 suggest we should be considering a flow of the
form

t; — 6(2_|Ti Dtti,

W w— 2wxt, (16)

P s (6—2dim(X))tg

However, we can do better: In [KM94], the authors proved the following helpful proposition:
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Proposition 5.2. Erpress v = vy +v2 +7', where ; has degree i and ' are the summands of all
other degrees. Then:

. D, (7) =P, (v2 +7') + “something quadratic in vo + 7',
. Duy(v2 +7') = Pury (V') + “something quadratic in v and y'”.
Proof: See [KM94, proposition 4.4]. O

Practically this means for us that we could replace the flow (16) by

W w,

. eIt for |T;| # 2,
YU 426t for [Ty =2,

where the &; are defined by
—wx = ZﬁiTiy
i=1

assuming (as above) that H2(X, C) is spanned by {71, ...,T;}. ® however, does not have a uniform
expression in this flow. Rather we find due to the chain rule that

01,040y, (D) ,_>e((6—2dim(X))—(2—|Ti\)—(2—\TJ\)—(2—ITk\))tatiat_3tk(q))

= (T T —2dim(X)tg, 5, 5, (D)

This latest flow can be expressed as exp(tY'), where Y is the vector field

m T

Y= 2-|Ti)td, +2) &,

=0 i=1

In light of (15) and since we will later want 7 to have degree —2 so that z = 7! will have degree
2, it now makes sense to extend this to the Euler vector field E on the bundle T =n* (TH*(X@)
by defining:

E:=Y —270,.

Then we can finally define the connection VonT by
Vo, (0r,) = 7(T; » Ty),
Ve(d,,) = (T3 = 2)T,
where we make no notational difference between lifts of local sections of Ty (x c) and the local
sections themselves.
Remark 5.3. How does that define @gT (0r,)? We have
V@) = Vy_200,(0,)
=7(Y *T;) — 27V, 0,
and thus

~

1 2T,
VE;T(atl):i(Y*E)"‘ ‘ |

2T

T;. (18)
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Proposition 5.4. The connection v is flat with a simple pole at T = 0 and a pole of order two at
T = 00.

Proof: Since V7 is flat, it remains to show that
Vio,,.2(0,) = Ve, Vil(@,) (19)
for all 4, j € [0,m]. The left-hand side of the above equation is easily calculated:

(01, E)(t;) = 0, (E(t;)) — E((t5))

_ {8%(25]‘) — E(5i;) for i € [1, 7]
at7: ((2 - |TJ|)t]) - E((SZJ) for ¢ ¢ [177"]
= (2= [T}]) 6:.

Since additionally
[&fw E](T) =0,

we can conclude that

[atﬂE] = (2 - ‘TZDatz

and thus R
Via,, 5)(0;) =7 (2 —|Ti|) (Ti * Tj).

Our next task consists in calculating the right-hand side of equation (19). Commence by calculating
Vo, V() = Va, (1T =2)0,,) =7 (1T = 2) (T, Ty). (20)
However,

VEVa, (81,) = Vi (1(Ti x T)))

N m 21
=Vp <TZat,iatjatk(q>)Tk> 1)

k=0

is a slightly more complicated expression. The crucial question being, how does E (as a vector
field) act on 0;,8;,0y, (®)T". Recall from (17) that

Y (01, 0,04, (®)) = (ITi| + |T;| + |Tk| — 2dim(X)) Oy, 0y, O, (P)

and that

m

Oy, 01,01, (®)T" = Z Oy, 01,01, (®)g"* Ty,
=0

where g“b are entries of inverse matrix of the matrix, defined by its entries as g, = f v To UTy.
Therefore we have non-zero entries, only if |T,| 4+ |Tp| = 2dim(X), which implies that

Y(atiatj atk (@)Tk) = (‘TZ| + |T]| - |Tk|) atiatjatk (@)Tk
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We are now in a position to further simplify the right-hand side of equation (21):

Ve <T > 0,0.,0, (@)Tk>

ﬁE(T) Z atiatjatz(q))glka +7 Z atiatjatz((b)glk§]5(atk)

k=0 k,1=0 k,1=0
+7Y VE(0:,0,,0.,(9)g™) T
k,1=0
= 3 (=270, (7) + 7(|Tx| - 2)) 01,01, 0,,(®) g™ Ty,
k,l1=0
+7 > (Y(0r,04,00,(®)g"™*)T)
k,1=0

= Z (=47 + 7Tk + T(\ T3] + T3] — |Ti|) 0, 00, Or, (2)TF)
k=0
=7 (|Ts| + |T}| — 4) (T; x T}).

Therefore, combining this with (20) we have shown that
Vo, VE(0:,) = VEVe, (0,) =72 — |Ti|) (Ti « T),

which completes the proof of the flatness of V. It remains to examine the singularities at 7 = 0
and 7 = co. We know from our analysis of V™ and remark 5.3 that we can express V as

= 30 B
V=) roWdt; — (B + —=)dr,
=0

where the matrices Q(9) encode the big quantum multiplication by T}, By encodes the big quantum
multiplication by the Euler vector field E and B, is the matrix of cohomological degrees of the
basis. From this representation the simple pole at 7 = 0 is obvious. In order to see pole of order
two at T = 0o, change coordinates from 7 to z = 7=!. Then

and therefore
& ~~nmdti (By B
V = Q@ =4 220 de,
which shows the pole of order two at z = 0, which is 7 = 0o, and concludes the proof. O

The Dubrovin connection also appears naturally in the context of Frobenius manifolds, where it
is known as the second structure connection. This link allows us to establish the claim from remark

3.10.

Proposition 5.5. In the case that X is a smooth H?-generated Fano variety, the sum in definition
3.9 converges.
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Proof: This was shown in [Rei09]: the Dubrovin connection is sometimes known as a (logD —
trTLEP(w))-structure. In proposition 1.10. of the cited paper, the author shows a 1 — 1 corre-
spondence of such (logD —trTLEP(w))-structures with Frobenius type structures with logarithmic
pole. These in turn are shown in theorem 1.12. to be unfoldable to a unique (up to unique isomor-
phism) Frobenius manifold with logarithmic poles. The big quantum cohomology then underlies
this logarithmic Frobenius manifold and is thus convergent. However, the entire argument is based
on two further facts: firstly it assumes that the small quantum cohomology is convergent, which
it is in our case due to proposition 3.4. Secondly it assumes that H?(X, C) generates H*(X,C) as
an algebra, which is why we added that condition in our formulation of this proposition. This last
condition is easily shown to be true in the case of X being a smooth nef (and hence Fano) toric
variety (c.f. [Ful93]). O

5.2 The Small Dubrovin Connection

The big quantum product is often difficult to compute. In contrast, the small quantum product is
sometimes more accessible, whilst still retaining interesting geometric information. For this reason
we would like to adjust our Dubrovin connection to reflect the small quantum product, rather than
the big one. The way we are going to achieve this goal has already been alluded to in our discussion
of big vs. small quantum cohomology from chapter 3.3. Namely, we shall restrict our base space to
H?(X,C). So instead of considering the tangent bundle Tr-+(x,c), we will now consider the trivial
H*(X,C)-bundle over H%(X,C). If we call this bundle 7 and furthermore denote the projection

7: P! x H*(X,C) = H*(X,C),

then we are interested in the bundle 7*(7). Since  restricts to the small quantum product in our
set-up, we now have a connection V7 on T for every 7 € C*, defined by

5, () = (T« T)),

where now 1 <7 <7 and 0 < 5 < m. Even our generalisation to @ restricts well. In light of (18)
we find that

-~ 2 —|T;
Vaf(Ti):—wX *Tl+ 27|_ |

makes V a flat, meromorphic connection on 7*(7) with singularities along 7 = 0 and 7 = co.

T;

Remark 5.6. It should be mentioned that the entire argument of the previous section made no use
of the precise form of the Gromouv- Witten potential. We merely used the homogeneity of ® and the
definition of x in terms of third derivatives of ®. Therefore one could develop the entire theory of
the Dubrovin connection for a general homogeneous potential. This is called the Dubrovin formalism
and applied to D,,..., from proposition 3.17, it would also yield the small Dubrovin connection.

Here is a reason, why restricting to the small quantum product adds intrinsic value: we can
now interpret V7 as a connection on the trivial bundle H*(X,C) x H*(X,C) — H?(X,C), which
encodes the small quantum product in its entirety. The fibre over every w € H?(X,C) is a copy
of H*(X,C) and thus comes intrinsically with a notion of small quantum product. Assuming
convergence, this small quantum product *,, on the fibre H (X, C) is now dependent on w by the
factor exp(2my/—1 || 8 w). In particular, * is invariant under the natural map

2
H*(X,C) — 7 X.C) = KMyx.
(2mv/—1)H2(X,Z)
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We call the latter space the Kdhler moduli space. Provided that H?(X,C) is torsion-free (which we
shall assume), then
KMx ~ H*(X,C) ®7 C* ~ (C*)".

Therefore we have a natural change of coordinates
tir g =e"
and V descends to a meromorphic connection on
H*(X,C) x P! x KMx — P! x KMy.

Moreover, we see that in g;-coordinates, there is a well-defined limit for ¢; — 0. Since * is a
binary operation on H*(X,C), which is polynomial in the ¢; in the case that X is Fano, we can

extend V to a connection
H*(X,C)x P! xC" = P! xC".

If X is not Fano, then we will not be able (in general) to extend V over all of C", but can still
extend it over some open neighbourhood of the origin in C". Note how over 0 € C", the quantum
product just degenerates to the usual cup product on the cohomology due to remark 3.6. From
now on this latest version of V is what we mean, when we refer to the Dubrovin connection.

5.3 The Dubrovin Connection of X,

Let us make this explicit in our example of X4. In other words, let us try to express V=d+0
for some matrix of one-forms 2. In order to simplify our lengthy expressions let us also express all
terms involving the quantum variable ¢ in terms of the “basis”
=" . @=c" , @a=¢" , u=¢" , ¢=¢"

Recall that in our expressions of the form ¢” we had 8 € Hy(X4,Z), i.e. in the dual (with respect
to the ordinary intersection on X,) of H%(Xy,7Z), for which we have already chosen a basis, namely
{H,E1,Es,E5,Es}. It seems therefore natural to choose the dual basis to our previous choice,
ie. {H,—FE),—FE>,—FE3,—FE,;}, which leads us naturally to choose the above ¢;s. Let us denote
the basis {H, E1, ..., E4} as before by {T1,T», T3, T4, T5}. As in chapter 4.3 extend this to a basis
{Tb,...,Ts} of H*(X,C), by setting Ty = [X4] and Ts = [pt]. Given our trivialisation and the fact
that H2%(Xy,Z) and Hy(X4,7) are dual, we have the natural identification ¢; = e** and therefore
dt; = % for 1 < i < 5. Therefore we will express

. 5. da B
V=dtr) o0 (Bo+:°> dr,
i=1 i

where, by definition of the Dubrovin connection, the columns of €2; are given as the coefficients of
our basis vectors {Tp,...,Ts} in the expressions of T; * T} (once again for 1 < i < 5) Furthermore

By = =301 + Qo + Q3 + Q4 + Qs5, (22)
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since K, = —3H + E1 + Ex + E3 + E4, and

o

(23)

SO OO OO

[N eNoeNoeNall =]
OO OO~ OO
O OO OO O
SO R OO OO
O OO o oo
NO OO O OO

For instance, the fact that Ty * T; = T}, tells us that the first column of Q) is the (i + 1)th
standard basis column vector.
Furthermore we know from chapter 4.3 the following expressions:
Ty Ty = (q1q2 + 103 + Q144 + 4105 + 443 42439445) To
+ (919243 + 919294 + Q10205 + 19394 + 919305 + q1Gag5) T
— (019293 + 019294 + q19295)T2 — (919293 + 419394 + q193G5) T3
— (19294 + 9193Ga + q19495) T4 — (919205 + 19395 + q194q5)T5 + T,
Ty % Ty = (102 + 247142430495)To + (014203 + Q1q20a + q142¢5)Th
— (019293 + 010291 + 010205) T2 — 01029375 — 91924 Ts — 1429575,
Ty Ts = (q1q3 + 241 92q3q495)To + (019203 + 914394 + q1q305)Th
— 192¢3T> — (919293 + 19304 + 019395)T5 — 9134 Ta — q1G395T5,
Ty % Ty = (q194 + 247 42439495)To + (019244 + 014391 + ¢144g5)Th
— 19204T> — 0139413 — (919244 + q19394 + q19495) Ty — q194q5T5,
Ty = T5 = (105 + 24792439495)To + (914205 + 010305 + q14aq5)Th
— 1920512 — 1939513 — 194951y — (919205 + ¢19395 + q19495) T,
Ty + Ty = (0192 + 4192039495)To + (019203 + Q10244 + 1G2q5)Th
— (@203 + Q1 @2qs + (@205 — 45 ) T2 — 1243 T3
— q19294Ts — q19295T5 — T,
Ty« Ts = 412430405 To + 01020371 — 010243 T> — q1G2437T3,
Ty % Ty = 4142430405 T0 + 102041t — 110204 T> — 1244 Ty,
Ty + Ts = 4792439405T0 + 19205T1 — 019205T2 — 41424575,
T+ Ts = (9193 + 41 9239495)To + (019243 + 1934 + q1q3q5)Th
— 12032 — (14203 + Q14304 + @asas — a5 )T
— 193941y — q193q5T5 — T,
Ts Ty = q342439495T0 + @193 Th — q193q4T5 — q193qa Ty,
Ty« Ts = q79239495T0 + 1939571 — q19395T5 — 9143575,
Ty« Ty = (104 + 41 92039205)To + (010204 + 1q304 + q1qaqs)Th
— 1929412 — q1q394T5
— (q14204 + @304 + 115 — a3 )T — qraagsTs — T,
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Ty * Ts = 414243949510 + 1920511 — ¢194q5Ts — q1qaq5T5,
Ts + Ts = (q1¢5 + 4192039495)To + (010205 + 919395 + q194q5)Th
— 1929512 — 1439513 — q194g51}

— (@205 + 1305 + 1qaas — q5 )15 — T
So we know all Q) apart from their respective right-most columns. These are given by the
coeflicients of the expression T; x Tg for 1 < i < 5. We previously computed that
Ty =T, + T}
—(q192 + 143 + @194 + 0105 + 443 92q39445) To
—(19293 + 919294 + 919295 + 19394 + 919395 + q19495)T1
+(q19203 + 419294 + q19295) T2 + (914293 + 19392 + q19395) T3
+(q19294 + 019394 + q19445) Ty + (016295 + 014395 + q1G495)T5 (24)
=—TyxTy
+(q192 + 4192939405) To + (414203 + q142q4 + q142q5)Th
—(q10203 + 14294 + 19205 — ¢5 1) T>
1929313 — 1929414 — q1G245T5.

Hence we can simplify

T1 *Tﬁ = — (Tl *Tg)*TQ
(12 + 6342030205) (To * T1) + (919203 + 010204 + Q1425 ) (T4 * T1)
—(q10203 + 14204 + 010205 — ¢3 ) (T1 = T2)
—q1q2q3(Th * T3) — q1G2q4(Ty * Ty) — q1q2q5(T1 * T5),

by substituting the respective expressions which we already know. This yields the following identity:
T+ Ts = (q1 + 247929341 + 247920305 + 243929495 + 247 439495) To
+(q192 + 0103 + 194 + 0105 + 463 92q39495) T

—(q192 + 2436203295) T2 — (0193 + 24792q39495) T3
—(q1qa + 263 02039495)Ts — (105 + 203 42G3G495) T5-
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Similarly, by using the second equality in (24) we find

Ty + Ts = (47929304 + 41924305 + 47 424445) To
+(q102 + 247 42439245) T1 — (0142 + 47 92439405) T2
— 410243040513 — 47142430405 Ts — 4742030295 Ts,
Ty + Ts = (47929394 + 4192435 + 43 439495) To
+(q103 + 247 42439245) Ty — 47920304957
G103 + 4192430405) T3 — ¢ 42039495 Ts — 419203949575,
41920394 + 41924495 + 41939495) To

(
Ty+xTs = (
(s + 247 02439405) Tt — 474243040512 — 4742030495 T
(
(

+
—(q191 + 4192939495) T4 — 434203949575,
Ts * Ts = (41929305 + 41929495 + 43 439445) Lo

+(q105 + 263 92039205) Tt — 41024394052 — 41024349573

—4142039205 T4 — (015 + 419293945) T 5.

Thus we can finish this chapter by writing

B
T4 | o) Tdqo L o® Tdgs L oW Tdqy n Q(5)Tdﬁ _ (BO + °°> dr,
q1 q2 q3 g4 qs5 T

where the Q) are given on the following pages, B is given as (23) and By can be calculated from
the Q) according to equation (22). Furthermore it is a matter of simple matrix multiplication to
verify V is indeed both flat and torsion-free. For this purpose it suffices to show that

- ) (i
00,001 —0  and 4, (Q) _a, (Q > —0 (25)
qj ' i

for all distinct pairs of 1 < i < j < 5 and that moreover

(i) _ _ _ _ (i)
Q ’ Byt Boc}_'_aqi(B(ﬂ'B()o)_aT(TQ ):0

qi T T qi

for all 1 < i < 5. Note that the latter equation is equivalent to the equation

[Boo, Q9] = ¢;0,,(Bo) + QW

i

since By commutes with the Q) due to (22) and (25). All these equations are readily checked and
(unsurprisingly) found to be true.
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6 D-Modules

This chapter is mainly meant to introduce our notation in regards to D-modules. We will avoid a
deeper discussion on the theory. Excellent sources for that may be [HTT08, BGK*87].

6.1 Direct and Inverse Images

For the following chapter let X, Y be smooth algebraic varieties of dimensions n, m respectively and
let f: X — Y be a smooth map. We denote by Dx the sheaf of differential operators on X, i.e.
the sheaf that is generated by Ox (the structure sheaf) and ©x (the sheaf of vector fields, a.k.a.
the sheaf of derivations of Ox, a.k.a. the tangent sheaf of X). For any € X we can find an open
neighbourhood U C X containing x and a local coordinate system {z;, 0y, }1<i<n C Ox(U)xOx (U)
of Dx such that!?

0x(U) = P Ox(U)d, and  [0s,,8,,] =0, [0s,,25] =6, and Dy = ) Ox (V)L
i=1

a€eNn

Since Dy is a sheaf of non-Abelian rings, we need to distinguish between left and right Dx-
modules. The category of left Dx-modules (resp. right Dx-modules) will be denoted by Mod(Dx)
(resp. Mod(DY)). Ox has naturally the structure of a left Dx-module, where elements of Ox act
by multiplication and elements of ©x act by differentiation. We denote by wx the canonical sheaf
of X. Then wx in turn has the structure of a right Dx-module, given by

wV = — Liegw (w € wx,d € Ox),
where Liey denotes the Lie derivative. It can be shown that the functor
wx oy () : Mod(Dx) — Mod(D3P)
is an equivalence of categories with its quasi-inverse given by

wx' Boy (8) = Hom o, (wx,Ox) ®oy (9) =
= Hom o, (wx,e) : Mod(DY) — Mod(Dx).

Thus we can use these functors to turn left into right modules and vice versa. This is particularly
useful when defining the direct image, since the direct image is more easily defined for right Dx-
modules.

However, we cannot simply define direct and inverse images sheaf-theoretically and then endow
them with a D-module structure. Instead we need to use the language of derived categories: by
D(Dx) (resp. D*(Dx)) we denote the derived category of the Abelian category Mod(Dx) (resp.
its derived category of bounded complexes). It is a fundamental fact that any object of D®(Dx)
has an injective resolution. Moreover, it is not difficult to show that any such object is represented
by a bounded complex of flat Dx-modules [HTTO08, 1.5.6]. But beware that the injective and flat
resolutions of any object in D?(Dx) are not in general the same! Since the bifunctor ®p,, is right

12By 02 for some a € N (non-negative integers) we mean 957 - - 057
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exact with respect to both factors in the category left Dx-modules, we can use flat resolutions to
define the derived tensor product by
(o) ®5 . (8) : D*(Dx) x D*(Dx) — D"(Dx)
(M ,N')—~ M @4 N
In order to endow our inverse and direct images with a D-module structure we initially define
such a structure on the simplest of D-modules, namely Dx itself. We denote the (Dx, f~1Dy)-
bimodule Ox ®¢-10, f~'Dy by Dx_y. This is the inverse image in the category of O-modules of

Dy with the obvious right-module structure of f~'Dy, induced by the right multiplication of Dy
and the left Dx-module structure, defined by the action of ¥ € O :

Y @ s) =9 () ®s+1/1219(yi o f)®0dy,s,

i=1

where ¢ ® s € Dx_,y and {y;, 0y, 11<i<m is a local coordinate system of Y. With a little care we
can also define Dy . x, which we will use for the direct image. However, we want Dy, x to be a
(f Dy, Dx)-bimodule, which is why we have to change right and left module structures in Dx_,y-.

Dy, x :=wx Q®ox Dxoy Qp-10, flwy!

~ YDy ®0, w{,l) ®f-10y WX-
The modules Dx_,y and Dy, x are called the transfer bimodules for f: X — Y.
We are now in a position to define the derived inverse image functor by
Lf*:D"Dy) — D*(Dx)
M = Dx_y @f1p, [T'M.

The derived direct image functor is defined to be

Rf, : D*(Dx) — D®(Dy)
M Rf.(Dyx &%, M).

Proposition 6.1. For f : X =Y andg:Y — Z, smooth maps between smooth algebraic varieties,
we have

L(go fY¥ =Lg"oLf"  R(go f)+ = RfsoRg,.
Proof: [HTTO8, chapter 1]. O

6.2 The Characteristic Variety

The following two chapters are meant to introduce a particularly well-behaved kind of D-modules,
so-called holonomic D-modules. Despite holonomicity being by no means an obvious concept, it is
a rather natural generalisation of ODEs in higher-dimensional cases (c.f. chapter 6.3). Furthermore
holonomic modules turn out to have some nice properties, which make them invaluable in the
study of differential equations as well as the answer to Hilbert’s 21st problem, the Riemann-Hilbert
correspondence.
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Holonomicity is defined in terms of the dimensions of the characteristic variety of a D-module.
However, this variety is per se not defined for complexes of D-modules. Therefore we will leave the
derived category for now and define a holonomic Dx-module for an algebraic variety X, only to
return later to extend the definition for complexes of Dx-modules.

We start by defining a filtration FyDx C --- C F;Dx C --- on the ring of differential operators
by their order. In other words FoDx = Ox, FiDx = Ox®Ox (the tangent sheaf) and any operator
of the form 205 = x{" - - 22~ 921 - - - 9P is contained in F5Dx, where |3] = 81+ - -+ 3,. Clearly
Dx is the union of all F;Dx and if we set F_1Dx = 0, then we can define

oo

FDx

GrDX:@GriDX: o
i=0 ~iT1TX

i=1
Now GrDyx is a sheaf of commutative algebras. If we choose an open set U C X and a local
trivialisation {z;,d,,} and furthermore denote by &; the image of 9,, € Gr Dx, then we have

Gr' Dy = @ ove”.

la|=1

Moreover, by regarding &3, ..., &, as the coordinate system of the cotangent space 7 : T — X, we
obtain a canonical identification

GI‘DX = 0[51,,571] =~ W*OT;E.

In many instances it is sensible to study Dy indirectly by studying GrDx, since the latter
is commutative and many properties of one can be inferred from the other. This is particularly
valid, since we can similarly pass from a Dx-module M to a GrDx-module Grf M. This is
defined by using an exhaustive filtration by quasi-coherent Ox-submodules F;M of M, which is
compatible with the order filtration on Dx. In other words, we need F;M = 0 for ¢ < 0 and that
(Flpx)(F]M) C Fi+jM.

If we have such a filtration, the we define

EM
Fi M’

Grf' M =
i€z

which is a graded module over the graded ring 7.O7;. Unfortunately, Grf" M does in fact depend
on the choice of filtration and not all those choices are suitable. We call F' a good filtration if
Gr" M is coherent over T, Org. It is not difficult to show that any coherent Dx-module M admits
a globally defined good filtration and that vice versa any M admitting a good filtration is coherent
(c.f. [HTTO8]).

The coherency of M is thus a property which can theoretically be determined by considering the
coherency of Grf" M. If we want to find more of these “linked” properties, we have to find some,
which are independent of the choice of filtration. One of them is the support Supp(M), the set of
x € X, where the localisation of M is not trivial. However, we get a finer characteristic, when we
change the setting from X to T*X. We define the characteristic variety' of M by

Ch(M) = Supp(OT; ®7r*17r*(97—;( 71'—1(G1"F M)).

13 Also sometimes referred to as singular support of M.
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In a way, Ch(M) can be seen as a local property: For an open subset U C X we have

Ch(M)NT; = {p €Ty

f(p)=0forall fec \/ Anng, p,, (Gr” M(U))} ,

where Ann denotes the annihilator. In fact, the radical of the annihilator of Grf” M in Gr Dx can be
shown to be independent of the choice of good filtration, thereby making Ch(A) C 75 independent
of that choice.

Many interesting facts can be proven about the characteristic variety, but we shall restrict
ourselves to simply stating a few of them and referring the reader to [HTTO08] for full proofs.

Proposition 6.2. Let M be a coherent Dx-module. Then
o Ch(M) is conical, which means that (m,€) € Ch(M) = (m, A§) € Ch(M) for all X € C.

e For M # 0 the Bernstein inequality holds:
dim(X) < dim(Ch(M)) < dim(7%) = 2dim(X).

e m(Ch(M)) = Supp(M).
e Let N1, Ny be coherent Dx -modules, which fit in the short exact sequence
0— Ny —- M — Ny — 0.
Then the characteristic varieties are related by

Ch(M) = Ch(Ny) U Ch(NN).

6.3 Holonomic D-Modules

Definition 6.3. A coherent Dx-module M is called holonomic if either dim(Ch(M)) = dim(X)
or M =0. A complex of coherent Dx-modules is called holonomic if all modules of its cohomology
complex are holonomic.

Why is this a sensible definition? Consider a system of differential equations P;(f) = 0 for
1 < i < k, where the P; are differential operators acting on a function f = f(x). We have P; € Dx.
So we might consider the module

Dy Dy
M=—"X =X
(Pr,... Py I

Then
Htomp, (M,0x) = {cp € Homp, (Dx,O0x) ’ o) = O}
(26)
~{reox| (=0 v},

where the second line follows since ¢ € #om p, (Dx,Ox) is determined by ¢(1) € Ox and since
I is generated by the F;.
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In the one-dimensional case, we know that the solution space to a general ODE is always finite-
dimensional. However, the solution space in (26) might not be finite-dimensional in general. If we
want it to be “as small as possible”, we should aim to make M small or equivalently I large. This
makes intuitive sense: if we add more independent operators to our system of differential equations,
then fewer functions should satisfy the entire system and the solution space should shrink. Now
passing to our associated commutative situation, this means that we would like to increase Gr I.*4
But by doing so we make our characteristic variety Ch(M) smaller, since the annihilator of Gr?’ (M)
grows. From this point of view, holonomic modules should be exactly those modules corresponding
to systems of differential equations with minimal solution space. For precisely this reason, systems
of differential equations, which give rise to holonomic Dx-modules, are sometimes called mazimally
overdetermined.

These ideas are in fact the statement of the Riemann-Hilbert correspondence, the most sophis-
ticated solution to Hilbert’s 21st problem. It is stated not for holonomic, but instead for regular
holonomic D-modules:

Theorem 6.4 (Riemann-Hilbert correspondence). Let X be a smooth algebraic variety X and
denote by D?h(DX) the derived category of bounded complexes of reqular holonomic Dx-modules. The
de Rham functor

DRy : Db, (Dx) — D%(X)

is an equivalence of categories. Here D2(X) denotes the subcategory of D*(Mod(Cx)) consisting of
those bounded complexes, whose cohomology sheaves are constructible. Furthermore it induces an
equivalence of categories

DRX : MOdrh(’Dx) l) PeI"V((Cx),

where Mod,,(Dx) denotes the category of regular holonomic Dx-modules and Perv(Cx) the full
subcategory of perverse sheaves of Db(X).

Proof: See for example [Kas84]. O
The connection to our previous formulation is best seen in the following corollary:
Corollary 6.5. The solution functor
Soly : D%, (Dx) — D5(X)°P
M — Romp, (M ,0x)
gives an equivalence of categories.

In addition to the Riemann-Hilbert correspondence there are a number of reasons to study
holonomic D-modules and in particular their derived category, which we denote by Dy (Dx) (re-
spectively DY (Dx) for bounded complexes). For one thing, proposition 6.2 shows that D?(Dx) is a
full triangulated subcategory of D%(Dx). In fact, denoting by Mody,(Dx) the category of holonomic
Dx-modules, [Bei87] showed that

D*(Mod,(Dx)) ~ Db (Dx).

“Defined in the obvious way by F'I = F*Dx N 1.
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Moreover, even though Lf* and Rf, might not preserve coherency, they do preserve holonomicity!
So for f: X — Y we have well-defined maps

Lft : DY(Dy) — Db (Dx) and Rf, : D! (Dx) — D% (Dy).

All other standard operations on complexes of D-modules preserve holonomicity too, e.g. the tensor
product (e) ®% _ (e), the exterior tensor product (e) X (e) or the duality functor D : D} (Dx) =
D! (Dx)°P.

Holonomic D-modules also have strong links to the theory of flat (or integrable) connections.
This is easy to see, as a Dx-module is nothing but an Ox-module, together with some linear map

V:0x = &nde (M),

extending the Ox-module structure. V obviously has to satisfy certain conditions, but these turn
out to be exactly the same as those for a connection. So the left Dy-module structure in terms of
V is given by

I9m = Vy(m) ford e ©x,me M

and obviously any such structure defines a connection by the very same formula. The following
theorem details this connection.

Theorem 6.6. Let M # 0 be a coherent Dx-module. The following four conditions are equivalent:
(i) M defines a flat connection.

(i) M s coherent over Ox.

(iii) Ch(M) =TxX ~ X (the zero-section of T*X ).

(iv) M is holonomic.

Proof: See [HTTO8]. O

7 Toric Varieties

Ultimately, our aim is to show mirror symmetry (respectively our version of that) for the Del Pezzo
surface X4. The way to do this is to show that the same mirror works in our case as it does in
the case of X3, the toric surface obtained by blowing up the plane in four points (which are now
not in general position). In order to achieve this goal we need to introduce toric varieties as well
as construct their mirror, which is the aim of this chapter.

7.1 Torus Embeddings

First off let us clarify that throughout we will refer to the algebraic torus T, = (C*)™ simply as
“torus”, thereby creating no confusion with the geometric definition of torus as (S')”, since we will
never actually use the latter. Now how is a toric variety related to the torus? In general we can
think of toric varieties as complex algebraic varieties, obtained by partially compactifying T, with
additional elements in the boundary. This explains the original, very suggestive name of “torus
embeddings”. But that name was dropped in favour of toric varieties, because these objects come
not only with an embedding of the 7;,, but also with an action of the torus on itself, which by
definition is required to extend to the entire variety.
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Definition 7.1. A toric variety is an algebraic variety X such that the following two conditions
hold:

1. X contains the algebraic torus T, as a dense open subset > and

2. the natural action of T,, on itself extends to an action on X.

The significance of the induced torus action is that we may think of the points in X \ T}, as
being determined by it. We shall do this by considering the limiting behaviour of certain subgroups
of T,,. From the definition of a group action it is immediate that any subgroup of T;, also induces a
group action on X, so maybe by considering the correct types of subgroup we can find a structure
in X \ T,,. Indeed let us define

Definition 7.2. A one-parameter subgroup of T;, is a group homomorphism

Aavan) o Cx T,
to— (.t

for some (a1, ...,a,) € Z".1°

Now every one-parameter subgroup gives us a way of observing the behaviour of 7T, inside X
by virtue of considering the A(al"“’“")(t) in the limit of ¢ becoming small, i.e.
lim A(@1-9n) (1),
t—0
In fact, the group of one-parameter subgroups of 7;, form a free abelian group, usually denoted
N, of rank n = dim(X). As X is a (partial) compactification of T;,, we are mainly interested in
the boundary X \ T,,, i.e. the above limit points. Any toric variety is uniquely determined by the
limiting behaviour of its one-parameter subgroups. We can neatly describe these by considering
N ®zR ~ R", where one-parameter subgroups with the same limit define a cone and all these cones
together form a fan. X is then uniquely defined by this fan.
However, there is also a dual way of thinking about toric varieties. Instead of one-parameter
subgroups we may consider characters of X :

Definition 7.3. A character of T, is a group homomorphism
A(brsbn) T, S
t=(tr, .. tn) = t0 - thn
for some (by,...,b,) € Z" .17

Characters of T,, too form a free abelian group of rank n, called the character lattice and
denoted M. The duality becomes obvious when we start composing one-parameter subgroups with
characters. For a € N and b € M we have a map x’o\® : C* — C*, given by t + t! for some [ € Z.
In other words, we have a bilinear pairing

( , Y1 MxN — Z
— 1

151n the Zariski topology.

161t can be shown (see e.g. [Hum75, §16]) that every group homomorphism A : C* — T, is of this form, thus
justifying that the definition restricts to integers.

170Once again it can be shown (e.g. [Hum75, §16]) that every group homomorphism x : T, — C* is of this form.
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Once we have bases for N and M, and therefore isomorphisms of each with Z", this pairing is
easily shown to be the usual dot product. Therefore it is non-degenerate and induces identifications
M ~ Homgy(N,Z) and N ~ Homy(M,Z).

7.2 An Elaborate Example

In order to clarify the above concepts let us consider the following, slightly elaborate example of a
toric surface, which nonetheless will show up repeatedly in the coming chapters.
Let G be the group

tito _ tolsty

_ *\7 =
G_{(t17,t7)€((c ) t4t5t6 t6t7 o }

As G is a subgroup of T7 we have a natural action

GxC'—CT
((th e ,1f7)7 (1‘1, Ce ,.1?7)) — (t1$17 e ,t7.’L‘7).

Furthermore define Z C C” to be the following subset:

Z = U {xi:xj:O},

i—j#E1

where the indices i, j are supposed to be taken modulo 7.
The surface we wish to consider is defined to be the quotient by the group action of G :

_C"\Z

X
G

Since G is a Lie group acting smoothly, freely and properly on the smooth manifold C7 \ Z, we
know that X is in fact itself a smooth manifold. Each element z € X can be denoted [z1,...,x7] =
[t121,...,trzy] for any (t1,...,t7) € G.

Now let us consider the dense open subset of X, defined by = € X such that x;---x7 # 0. We
can assign to every element x one representative in C” of the equivalence class of x in the following
way:

Ty X34 1 1
[xl,...,gc7]: 3 T, o, —T3y...,—T7
T3T4X5 Ty I3 Ty
= [ylay2717"'71]

with y1,y2 € C*. Therefore we see that we have a natural embedding
T, — X
(yla y?) — [y17y27 ]-7 ey ]-]

Since the natural action of 75 on itself extends in the obvious way to an action of 75 on X,
we have indeed a toric variety. So given T5 ~ {[y1,¥2,1,...,1]}y,cc-, what can we say about the
boundary of T in X? Every element of X has representatives in C” and given the way we defined
Z and the action of G, all elements in X \ 75 have representatives, which have zeroes in exactly
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one or in two adjacent coordinates. Assume that [z1,...,27] € X \ Ty is such that x; = 0 for some
ie{l,...,7} and z; # 0 for all i # j. Choose some fixed j € {1,...,7}\ {i} and define ¢, = i
for k ¢ {i,j}. By using the equations, which define G as a subgroup of T7, we can find unique
ti,t; € C* with the property that (¢1,...,t7) € G. Then [z1,...,27] = [t121, ..., trx7]| simplifies to
give a representative of x in C7, which has some complex number z € C* in the jth coordinate, a
0 in the i¢th coordinate and 1s everywhere else. So the condition x; = 0 defines a one-dimensional

subset of X, isomorphic to C*. E.g.
1 1
{[xl,...,xﬂ ’ Ty xg £ 0,27 = 0} = { 2 Ty, —To,...,—Xg 6 x7}

LyT5T¢ i) Te ’ To2X3T4
= {[Z, 1, ey 1, 0]}26@*'

Similarly we can handle the last remaining cases, when we have x € X with z; = x;41 = 0 and
x; # 0 for j ¢ {i,i+ 1} (once again we consider the indices modulo 7). In these cases we can find a
unique element in (¢y,...,t7) € G such that [t121,...,t727] has ones in all coordinates apart from
the 4th and (¢ + 1)th, where we find Os. So these subsets just consist of a single point. Thus we
have found X to have a nice stratification as depicted in figure 1.

{0,0,1,1,1,1,1]}

{[1,0,0,1,1,1,1]}

{[0,1,1,1,1,1,0]}

{[z,1,1,1,1,1,0]}
{[1,1,0,0,1,1,1]}

{I,1,1,1,1,0,07} (1,1,1,0,2,1,1]}

(1,1,1,1,0,0,1]} {11,1,1,0,0,1,1]}

Figure 1: The stratification of X. Arrows indicate inclusion in the closure, all z € C* and the
centre point represents 75 € X.

Now here is another way of looking at X, which uses our one-parameter subgroups to “probe”
X. As we remarked earlier, the different limits of the one-parameter subgroups A(®?)(¢) : C* — X
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as t — 0, should form a fan inside N. Note that

. a 1 ifa=0
lim t* =
0 ifa>0

and that the limit does not exist for negative a. We therefore have the following situation:

lim MA@ (¢) = lim ¢, t1,...,1]
—

t—0

= tli_%[tS:l? cre 7t57}7

where
a =81+ Sg — S4 — S5 — Sg,
b=59+4+ 53+ 54 — 8¢ — S7.

The limit exists if we can find sq,...,s7 € R, which satisfy the above equations. Additionally
we need to impose on the s; that at most two of them are unequal to zero and if s;,s; > 0, then
i—j =21 mod 7. Given these conditions, we can distinguish all possible solutions, depending on

which s; > 0 and then reconstruct the (a,b), which correspond to those s;. We find that:

[1,1,1,1,1,1,1] ifa=0,b=0,
[0,1,1,1,1,1,1] ifa > 0,b=0,
[0,0,1,1,1,1,1] ifa > 0,b> 0,a > b,
[1,0,1,1,1,1,1] ifa>0,b>0,a="h,
[1,0,0,1,1,1,1] ifa>0,b>0,b> a,
[1,1,0,1,1,1,1] ifa=0,b> 0,
[1,1,0,0,1,1,1] ifa <0,b>0,a+b> 0,
ggM“Wﬂ= [1,1,1,0,1,1,1] ifa <0,b>0,a+b=0,
[1,1,1,0,0,1,1] ifa<0,b>0,a4+b<0,
[1,1,1,1,0,1,1] ifa <0,b=0,
[1,1,1,1,0,0,1] ifa <0,b<0,b> a,
[1,1,1,1,1,0,1] ifa <0,b<0,a=b,
[1,1,1,1,1,0,0] ifa <0,b<0,a > b,
[1,1,1,1,1,1,0] ifa=0,b<0,
[0,1,1,1,1,1,0] ifa > 0,b<O0.

As we can identify the one-parameter subgroups of T with Z2, we can picture all cases neatly in
one diagram, separating the domains of different limiting behaviour. The result is shown in figure

2.

7.3 Toric Varieties

Here is a different way to think about toric varieties: notice that characters can almost be interpreted
to be coordinate functions. As such we may even think of them as forming a ring of functions
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[1,1,1,0,1,1,1] (1,1,0,1,1,1,1]
[1,0,1,1,1,1,1]

[1,1,0,0,1,1,1] | [1,0,0,1,1,1,1]

[1,1,1,0,0,1,1] 0,0,1,1,1,1,1]

[1,1,1,1,0,1,1] [1,1 1,1,1] [0,1,1,1,1,1,1]

(1,1,1,1,0,0,1]

[0,1,1,1,1,1,0]
[1,1,1,1,1,0,0]

[1,1,1,1,1,0,1] (1,1,1,1,1,1,0]

Figure 2: The subsets of R? corresponding to different limiting behaviour of tlir% A(@:0) (t).
—

T, — C. So in particular, we can think of them as (C[zf[,...,z,jf], where we need to include
inverses, since for any b € Z" and its respective character x*, we have x®.x =% = x, the identity in
this ring.

We have previously in this chapter seen, how a toric variety defines a fan in Ng. By duality we
therefore also obtain a collection of cones in Mg (they do not form a fan in general). Any cone of
such a fan defines a subalgebra of C[zT, ..., 2] and therefore an affine variety itself (by considering
the spectrum). How are these varieties related to the original toric variety that we started with?
The answer is that they are the same, so let us give a more detailed description of how to obtain a
toric variety from a fan in Ng.

Suppose we have a fan ¥ in Ny and let us consider a face o of it. By dualising we obtain a cone
o* in Mg. Let ey, ..., e, be the standard basis of R” and denote the characters xy¢ = x;. Then all
elements of o* form an algebra inside (C[zf, ..., zX], which we shall denote S,. Moreover, S, and
thereby o define the affine variety Spec(S,).

We have for instance 0 < o as a face of every strongly convex cone (we assume all our cones
to be strongly convex). By duality this corresponds to the inclusion ¢* < Mg. Now the algebra
defined by the entirety of Mg is exactly C[zT,. .., 2], which we identify as the coordinate ring of
the torus (C*)™. So our inclusion corresponds to the affine inclusion T,, < Spec(S,).

Here is another instructive example: Suppose we have an n-dimensional cone 0 C Ng ~ R",

generated by the one-parameter subgroups corresponding to the elements e;,...,e, € R™. Then
o* C Mg ~ R"™ is also generated by e1,...,e, € R™ (where ¢; is dual to e;) and thus we have
Se = Clz1,...,z,] and the affine variety corresponding to o is Spec(Sy) ~ C™.

Note how a face 7 < ¢ of a cone o C N now corresponds to a subvariety Spec(S;) < Spec(Sy).
This is in fact the reason why it is often preferable to work with cones and fans in Ng rather than
their equivalent counterparts in Mg. Suppose now that we have two cones 01,09 C Ng and that
they share a common face 7 = o1 N 9. By our previous observation we now have two inclusions
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Spec(S;) < Spec(S,,). Thinking of the Spec(S,,) as charts, these inclusion provide us with the
gluing data, necessary to construct a variety. By this procedure a fan 3 defines an abstract toric
variety Xy, which in turn defines a fan in Ng by considering the limits of one-parameter subgroups
of Xy. This latter fan turns out to be precisely 3.

In fact, this is part of a more general observation regarding the connection between fans and toric
varieties. Many properties of the defining fan ¥ “translate” to properties of Xs;,. This “dictionary”
is part of the reason, why toric varieties have proven to be invaluable. Here are two more examples
of this dictionary, the proves of which can be found in [CLS11].

Theorem 7.4. Let X, be defined by the fan ¥ C Ng.

e Then Xy is smooth if and only if all cones in X are reqular, i.e. their minimal generators
can be extended to a Z-basis of N.

e Then X is compact (in the classical topology) if and only if the support of 32, i.e. the union
of all cones of 3, is equal to Ng.

Theorem 7.5 (Orbit-Cone Correspondence). Let Xy, be defined by the fan ¥ C Ng. Then there
s a bijective correspondence

{cones o in X} «— {T),-orbits in Xx}.
Moreover, denoting the T, -orbit corresponding to a cone o by O(o), we have
dim(O(0)) = n — dim(o)
for all cones o in X.

Moreover it can be shown that for a strongly convex cone o C Ng, the limit lim;_,o \*(¢) exists
in Spec(S,) if and only if u € o. This, together with the orbit-cone correspondence explains how
we recover the fan ¥ as the limits of one-parameter subgroups in Xs.

Here are two illuminating examples:

Example 7.6. Let X be the fan with three two-dimensional cones 01,09, 03, which are generated by

{e1,ea},{ea, —e1 — ea}, {—e1 — ea, e1} respectively. This fan is shown on the left in figure 3. Then
the dual fans are generated by {e1,e2},{—¢e1,—c1 + e}, {e1 — €2, —e2}. So we have

1 1
50'1 :C[$7y]7 So’z :(C|:7y:| ’ So’3 :(C|:xa:|
xx Yy
and for all three corresponding affine varieties, which we call U,,, we have U,, ~ C2. We can
embed the U,, in P? as the three standard open subsets, i.e.
Uy, < P2 Upy — P2 Uy, < P2
(u,v) — (1:u:v) (u,v) +— (u:l:v) (u,v) = (u:v:l)
Let us now consider the glueing data, for example between o1 and oo. The glueing data here consists

of a map gio : Uy, — U,, which maps (z,y) — (%, %). This induces a map on the intersection

{(x:y:z)’x#O}ﬂ{(x:y:z)‘y#O}CPQ.

But since (1:u:v) = (+:1:2), we find that the induced map is the identity. Similar computations
can be done with g1z and go3 and they all induce the identity. In other words, P? is obtained by
glueing three copies of C? in exactly the same way as we glue our U,,, which shows that Xx = P2.
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This example generalises easily into n dimensions. We define ey = —e; —- - - —e,, and let X be the
fan, whose cones are generated by the proper subsets of {eg, e1,...,e,}. Using the same techniques
as above we find that each n-dimensional cone o corresponds to an affine patch U, ~ C™ and those
affine patches glue together precisely in the way that they do for P", proving that X5, ~ P™.

01

g
g9 1

g3

Figure 3: The fans from example one on the left (associated with P?) and from example two on the
right (associated with By(C?)).

Example 7.7. For our second example let ¥ be the fan in Ng, which is shown on the right of figure
3. ¥ has two top-dimensional cones o1 and o2. o1 is generated by es and e; + €3, g2 by e1 + €3
and ey. Therefore o7 is generated by {e1, —e1 + €2}, So; = Clx, 2] and Us, ~ C2. Similarly e1 — €9
and €2 generate o3, implying that Sy, = (C[%, y] and U,, ~ C2. Now consider the blow-up of C? at
the origin, given as algebraic variety by

By(C?) = {((5517@), (y1:92)) | z1y2 = $2y1} cC?xP.
We can embed our affine spaces U,, into Bo(C?) in the following way:

Us, — Bo(C»\ {y1 =0} Us, — Bo(C?)\ {y2 =0}
(u,v) = ((u,uwv), (1:v)) (u,v) = ((uv,u),(v:1))

Interpreting U,, C BO(CQ), we have once again a map g12 : Uy, NUyy — Uy, NU,,, given by the
glueing data. The glueing data requires (u,v) — (uv, %), since it maps {£,x} to {%,y} Therefore
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the induced map g12 s given by

12
—
—

12

CxcCx = CxcC

and we conclude that gy is the identity on Uy, NU,,, implying that X5 = Bo(C?).

Recall now the fan corresponding to C2. It has only one two-dimensional cone, namely the
cone o generated by ej,es € Nr. Under the orbit-cone correspondence this cone corresponds to a
Ts-orbit of dimension zero, i.e. to a point. It is easily seen that this point is in fact the origin. We
can then interpret the fan of By(C?) as the fan of C2, where we have replaced o, i.e. the origin, by
o1 and o9 and the ray generated by e +eg, i.e. by a one-dimensional Ts-orbit and two points. This
is exactly what a blow-up does, replacing a point by some copy of P! (at least for surfaces) and our
second example is one instance of a more general procedure by which we blow up toric varieties:

Theorem 7.8. Let ¥ C Ng ~ R"™ be the fan associated with Xs. and suppose that o is an n-
dimensional cone of ¥, which is generated by a Z-basis {u1,...,un} of N. Furthermore let ug =
up + -+ uy, and let X' (o) be the set of all cones generated by subsets of {ug,u1,...,u}, which do
not contain {uy, ..., un}.

e Then we have a fan
X (o) = (E\ {o}) UX'(0),

which is in fact a refinement of X.

e Furthermore we have a toric variety Xs-(,) associated with this fan and an induced morphism

@ XE*(J) — Xyx.

o ¢ makes X« (s the blow-up of 3 in the point P,, corresponding under the orbit-cone corre-
spondence to the T,,-orbit of .

Proof: The first bullet point is a simple check. The second one is a little more involved and we
refer the reader to [CLS11] for a detailed explanation and proof. The third bullet point becomes
easy, once we accept the second. The key ingredient is noting that ¥ and X*(o) are the same on
Ng \ |o|. We can therefore without loss of generality assume that Xy is the affine toric variety C"
and work the same example as above, just now in n dimensions (an easy generalisation). O

Remark 7.9. We can now characterise the toric variety first encountered in the previous chapter.
From the orbit-cone correspondence we know that the fan from figure 2 defines the very variety,
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which generated it. Here is a way of constructing this fan as a blow-up of P? : Start with the fan of
P2, i.e. then one with ray generators ei,es, —e1 — eo. For any three distinct points of P2, we can
find an isomorphism sending them to the points (1:0:0),(0:1:0),(0:0:1). So without loss of
generality we may blow P2 up in those three points. Using the procedure described above we do this
by adding the rays generated by ey + ea, —e1 and —eo. Then adding the additional ray generated
by —e1 + ea amounts to further blowing up P? in a fourth point, albeit a very special point, since
it corresponds to a Ty-orbit, which we created by one of our earlier blow-ups. This is in fact the
difference between the toric variety from the fan in figure 2 and the Del Pezzo surface X4, since for
the latter we had to blow up P? in four generic points. For this reason we shall from now on denote
the toric variety from figure 77 Fan of X by XJ.

7.4 The Kahler Cone of a Toric Variety

Since it will play an important role in chapter 8.4, let us now discuss the nef cone, and its closure
the Kahler cone, of a toric variety. This is yet another example of how the fan ¥ of a toric variety
Xy determines its geometry.

In general, the K&hler cone Nef(X) of a smooth, complete variety X is the set of all nef divisors
classes. Given that a divisor D on X is nef by definition, if D - C' > 0 for all irreducible curves
C C X, it is clear, that Nef(X) is indeed a cone. Now define the Mori cone NE(X) of X to be

NE(X) = { Y ailCi]

Then we see that the closure of the Kéhler cone is the dual cone to the closure NE(X) of the Mori
cone, where the duality is with respect to the intersection pairing between curves and divisors. In
fact, this provides us with a practical way of determining Nef(X): we start by finding NE(X),
usually with the help of the cone theorem. Then we use our knowledge of the intersection pairing
to find its dual, i.e. Nef(X).

In our case of a toric variety X, stemming from a fan ¥, both those steps are considerably
simplified by the combinatorics of . Suppose that the support of X, i.e. the union of all its cones
in Ng ~ R", is convex of dimension n. Then the toric cone theorem [CLS11, Theorem 6.3.20] states
that

C; € X an irreducible curve,0 < a; € R}.

NE(Xz)= Y, Rxo[D/],
TE€X(n—1)

where X (n — 1) denotes the set of all codimension 1 cones in ¥ and [D;] is the class of the orbit
corresponding to such a cone 7 under the orbit-cone correspondence. In particular, given that
NE(Xy) and Nef(Xx) are dual, we know that the Kéhler cone of Xy is rational polyhedral. Thus
we have an easy way of finding NE(Xx) and in order to determine Nef(Xy) it only remains to
dualise this cone. This is done using the intersection pairing of divisors and curves on Xy and
is once again considerably simplified by our knowledge of . Since we will focus on compact,
smooth toric surfaces later on, let us demonstrate the technique in this case. Here ¥ consists of the
origin, some rays pi, ..., pn, which are generated by primitive vectors a1, ...,a, € N and the two-
dimensional cones o1, . .., 0,, where o; is generated by a; and a;;1.'® By assumption of smoothness
the set {a;,a;41} forms a Z-basis of N for all . So in particular there are four integers «, 3,7, 0

18The indices here and throughout the rest of this discussion are to be taken modulo n.
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such that

ai—1 = aa; + Bai
aiy1 = ya; +0a;_1.
Upon plugging one equation into the other and using linear independence, we find that 8§ = 1, i.e.

B =0 = 1. Since all our cones are assumed to be strongly convex, we know that a;_1 and a;y1
lie on two different sides of the line Ra; C Ng. Thus we have 8 = = —1 and

a;—1 + a;+1 = ba;

for some b € Z and all ¢. Denote now by D,, the torus invariant divisor corresponding to the ray
pi- Then the intersection pairing on Xy is given by

1 ifir—j=+£1 modn

"Dy, =4—b ifi=j

Pi
0 otherwise.

This is proven for instance in [CLS11, Theorem 10.4.4] and can easily be extended to higher di-
mensions and general simplicial toric varieties.

Example 7.10. In our case of XJ the toric cone theorem writes

7
NE(XS) = Z R>o[Di],

where D; is the divisor corresponding to the ray p;, which in turn has primitive generator a; given
in figure 2. Concretely:
(a a)_1107171710
o701 1 1 00 -1 1)

In order to determine the Kdihler cone we have to find the dual cone to NE(XY), where the pairing
between two divisors is the intersection pairing. Let us choose the basis {[D1], [D2], [Ds], [D4], [Ds]}
of Pic(XY). Then according to the theory we just developed the intersection pairing is given by the
following multiplication table:

[D1] [D2] [Ds] [D4] [Dg]
D -1 1 0 0 0
D) 1 -1 1 0 o
D]l 0 1 -2 1 0
DJ] 0 0o 1 -1 0
D]l 0o o o o -1

Thus, writing a general element as a[D1] + B[D2] + v[Ds] + 0[D4] + €[Dg] we have to find all
a, B,7,6,e € R which fulfil the following seven inequalities, arising from the intersection with each
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-a + f > 0,
a — B 4+ =~ > 0,
B - 2y + 6 > 0,

Yy o — 9 > 0,

6 + ¢ > 0,

— ¢ > 0

« + e > 0

In particular, we want to find the primitive generators of the rays of the cone defined by these
inequalities. Though this task is technical and complex, it is not in fact difficult and we shall skip
most of it here. Each inequality defines a half-space inside R® and the rays which we are looking
for, are simply the intersections of suitably many of those half-spaces. Thus the strategy is to
successively equate some of these equalities until one is left with a one-dimensional solution space.
For instance, assuming that the first two inequalities are in fact equalities (i.e. intersecting the first
and the second half-space), we find that o = B and v = 0. This simplifies the remaining inequalities
immensely. Equalities four and sixz now read —6 > 0 and —e > 0 respectively. But since the fifth
inequality assures us that the sum d+¢€ is greater or equal to zero, we are led to believe that § =€ =0
and hence we have found a ray generated by [D1] + [Ds2]. This way we can continue and eventually
find all generators of the Kdhler cone. They are

= [Di] + [Do],
= [D1] + 2[D5] + [D3],
= 2[D1] + 2[D5] + [Ds],

= [D1] + [D2] + [D3] + [D4l,

= [D1] + 3[Ds] + 2[Ds] + [D4] — [Dg],
= [D1] + 2[Da] + [D3] + [D4] — [De],
= [D1] + [D2] + [D3] + [D4] — [Ds],
= [Da] + [D3] + [D4].

7.5 The Landau-Ginzburg Model of a Toric Variety

The aim of this chapter is to construct the mirror theoretic dual to a toric variety Xyx. This dual
is called Landau-Ginzburg model and was first proposed by Givental [Giv95, Giv98]. In order to
construct this Landau-Ginzburg model we will need a particular short exact sequence, which will
be introduced in theorem 7.11. In our proof of theorem 7.11 we will be closely following [CLS11].

Let us first set up some notation and convention: let Divy(Xy) be the sub-group of the group
of divisors!? Div(Xy), which are invariant under the torus action on Xy. In other words, a divisor
D is in Divyp(Xy) if and only if t.D = D for all ¢ in the torus T'.

Recall that we previously used the description Pic(X) = H?(X,Z) (which is true under provided
that H'(X,Ox) = 0, in particular for Del Pezzo surfaces) and also described the Picard group as
the group of invertible line bundles on X with the group operation being the tensor product. In
this chapter, however, we will use the bijection between divisors and line bundles on X. Since two

19We shall mix up Weil and Cartier divisors freely in this chapter, since all varieties that we consider will be
smooth.
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linearly equivalent divisors define the same line bundle, we shall think of Pic(X) as the class of
divisors modulo linear equivalence.

Theorem 7.11. For a smooth, compact toric variety Xs; we have a short exact sequence
0 — M — Divp(Xy) — Pic(Xg) — 0, (27)

where M denotes the character lattice. The map Divy(Xs) — Pic(Xyx) is given naturally in our
above interpretation as sending a divisor D to the equivalence class of its associated line bundle.
Here the first map interprets m € M, respectively its character x™, as a rational function on Xy
and maps

m Z ordp(x™)D,
DeDivy(Xs) prime
where ordp (f) denotes the order (of vanishing or of poles) of a rational f : Xy, --+ C along D.
Let us start off by investigating the structure of Divy(Xy) :
Lemma 7.12. Denote the set of rays of ¥ by X(1) and the closure of the orbit associated to p € ¥(1)
by D,. Then
Divy(Xy) = @ ZD,.
pEX(1)
Proof: Suppose that we have D € Divyp(Xy) and assume furthermore that D is supported on
T C Xy, i.e. that there exists 2 € Supp(D)NT;,. Now let y € T}, be arbitrary. Since (yz~1).D = D,
we know that y € Supp(D) and therefore T,, C Supp(D). However, this is clearly a contradiction
as codim(Supp(D)) = 1 and codim(7T;,) = 0. We conclude that a torus-invariant divisor D is only
supported on Xy \ T),.
Now let € Xx \ T},. Then x determines a T,-orbit, which corresponds to some face o of . If

o =p¢€ X(1), then z € D,. Otherwise o contains a one-dimensional ray p and by our construction
of X5, we know that x € U, is in the closure of U, and so once again we have x € D,. Thus

Xs\Tw= |J D,
pEX(1)
and the assertion follows immediately. O

Lemma 7.13. In the same notation as before let m € M have an associated character x™ € C(Xy),
the rational functions on Xx.. For p € ¥(1) let a, € N denote its primitive generator in N. Then

div(x™) = Z (m,ap)D,.
peEX(1)

Proof: This is trivially true if m = 0, so assume m # 0. Since x™ is both defined and does not
vanish on T,, C X»

Supp(div(x™)) € Xs\Tn= | J D,
peX(1)

and we are only interested in ordp, (x"). Because a,, is primitive, we have an isomorphism N ~ Z",
where a, maps to the standard basis vector e;. Thus we know that

U, = Spec(Clz1, 2%, ...,25]) ~ C x (C*)" L.
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m # 0 implies that x™ € C(z1,...,x,) is invertible. We can write
yr=at! (28)
g

for some | € Z and f,g € W Now the e; are one-parameter sub-groups and the z; are

their dual characters. In other words, z; 0e; : C* = T — C* and z; o e; = §;;. Thus we have a
decomposition

(m,e1)e1 ..

— X . X<mven>6n — x§m761> P x<m1en>. (29)

n

By comparison of equations (28) and (29) we see that
ordp, (X™) = (m, e1) = (m, ap)

and therefore

diviy™) = 3 (m.a,)D,.

pEX(1)

O

Proof of Theorem 7.11: We have already defined all maps of our short exact sequence so it remains
only to prove exactness.

Exactness at M is equivalent to the injectivity of M — Divp(Xs). By theorem 7.4 we know
that compactness and smoothness of Xy imply that {a,},cx(1) contains a basis of Ng. Injectivity
is then a trivial corollary from lemma 7.13.

Exactness at Pic(Xx) boils down to the surjectivity of the map Divy(Xy) — Pic(Xx). So let
[D] € Pic(Xx). Then D is a divisor on Xy, (though not necessarily torus-invariant). Consider D|r,,,
its restriction to T,, ~ (C*)™. It is well-known that Pic((C*)™) = 0, implying that D|p, = div(f)
for some rational f on T,,. Since Xy is just the closure of T;,, f also defines a rational f : Xy --+ C
and D|p, = div(f)|r,. Then

Supp(D — div(f)) C Xs \ Th,

implying that D — div(f) € Divp(Xx).

So we are left to show exactness at Divp(Xyx). Obviously we have that [div(x™)] = 0, so
the composition of maps M — Pic(Xyx) is zero. So suppose that we have D € Divy(Xy) with
[D] = 0 € Pic(Xyx). This says that D = div(f) for some rational f € C(Xx). As D is torus-
invariant, it can only be supported outside of T,,, i.e. Supp(D) C Xx \ T, Hence we know that
div(f)|r, = 0. This in turn implies that f|r, : T, — C* is an invertible morphism and thus has
the form f|r, = ex™ for some non-zero ¢ € C and m € M (c.f. [Hum75]). This shows that D is in
the image of M — Divy(Xys) and thus concludes the proof. O

We can now start our construction of the Landau-Ginzburg model of Xy. In general a Landau-
Ginzburg model is the data f : Y — Y’, a dominant morphism between two varieties, and a
holomorphic k : Y — C, sometimes called the superpotential. Let us start by finding the morphism
f. Given the short exact sequence (27), we have a surjective map

DiVT(XE) — PiC(XE),
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which, after a choice of basis, becomes a surjective map

712 _y 7IS1)|~dim(Xs)

Denote |2(1)| = n, dim(Xs) = d and |X(1)| — dim(Xs) = n — d = r. Upon tensoring over Z with
C* our short exact sequence (27) becomes
1— 8o =(C) — 8 = (C)" %5 Sy = (C*) —> 1.

In particular, we have a torus fibration ¥ : S; — So. This fibration will play the role of our
f Y — Y’ as introduced earlier. Furthermore we define the superpotential of this Landau-
Ginzburg model to be

K: St —>(C,
n

(X1, ., 20) »—>in.
i=1

Let us denote this Landau-Ginzburg model succinctly by writing
W:(n,ﬂ):Sl —)Ct XSQ, (30)
where the index t denotes our coordinate on C.

Example 7.14. Let us construct the Landau-Ginzburg model in the concrete case of our toric
variety X7 from chapter 7. Recall the specific form of ¥ C N from figure 77 Fan of X7. Choosing a
basis {e1,e2} of N determines the concrete form of the rays in 3(1) and in particular their primitive
generators ay,...,a7:
(a1,...,a7) = (e1,e1 +e2,e2,—€1 + €2, —e1, —€1 — €2, —€2).

This in turn, combined with lemma 7.13, determines the first map in our short exact sequence:

M — Divy(XY),

€1+ D1+ Da — Dy — D5 — De,

eo = Do+ D3+ Dy — Dg — Ds.

Having identified M ~ 72 via the basis {e1,e2}, let us also identify Divr(Xg) ~ Z7 by choosing the
basis {D1,...,D7}. Then, assuming row vectors, the above map is represented by the matrix

110 -1 -1 -1 O

01 1 1 0o -1 -1)°
So let us choose a basis for Pic(X§) ~ Z° : {[D1],[Ds], [Ds3], [D4], [De]}. Then the interesting map
Divp(X$) — Pic(X2) is represented by the matriz

100 0 O
010 0 O
001 0 O
00 0 1 0
11 0 -1 1
00 0 O 1
011 1 -1
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After tensoring with C* we can now summarise our Landau-Ginzburg model as before in the fol-
lowing form:

W : (C*)" — C x (C*)5,

T4Z7 T
(x1,...,27) = | &1+ -+ + 27, | 2105, T2X527, T327, ) .
T5  XT5T7

There is, by no means, a canonical choice of basis for Pic(X]) and the above mechanism works for
any basis, but always depends on that basis. For reasons that will become clear later (chapter 8.4
and in particular example 8.16), choose the following basis for Pic(XY) :

= [D1] + [D2],

= [D1] + 2[D2] + [D3],

2[D1] + 2[Ds] + [Ds],

= [D1] + [D2] + [Ds] + [D4],

= [D1] + [D2] + [D3] + [D4] — [De]-

With respect to this basis Divp(X§) — Pic(XY) is represented by

_)
0o -1 1 0 O
1

1 -1 0 0
-2 0 1 0 0
1 0 -1 1 0
0 0 1 -2 1
0 0 0 1 -1
0 1 -1 0 1

In other words, we have
W (C*)7" — C x (C*)?,

Loy T2X7 T1X3T5 T4le T5T7
($1,...,.T7) T+ -+ 27, 2 ) ’ 2 .
X3 I LoXaX7 T Te

We can actually apply this example’s construction to the general case: let X5 be a smooth,
compact toric variety. Choose a basis {ej,...,eq} of N. If 3(1) = {p1,...,pn}, then we can
describe the corresponding primitive integral generators a; of the p; as (column) vectors

41

a;= | < | =auer+ -+ aqeq.

With the natural basis {Dy, ..., D,} of Divy(Xys), where D; is the divisor corresponding to p;, we
can express the first map of the sequence (27) as

M — DiVT(XE),

mier + - -+ mgeqg — Z ZaijmjDi,

i=1j=1
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where once again, {¢;} C M is the dual basis to {e;} C N. In other words:
(my,....,mq) — (m1,...,mq) - (a1,...,an).

In order to similarly express the second map of (27), we need to choose a basis {u1,...,u,} of
Pic(Xy). Once we have done so, we can write

DiVT(Xz) — PiC(Xz),

i d;D; — i i bijdin,
i=1

j=1i=1
where
bll blr
B = (blv ,b,«) =
bnl bnr

is a n X r integer matrix, satisfying
(a1,...,ayn) - B=0.

On tensoring our short exact sequence over Z with C*, we thus gain the following explicit description
of ¥ :

9 S] — 52
b br
(X1, @) = (271,207,
where we used the short-hand notation % = 281 ... zbni,

8 Brieskorn’s Lattice and the Gauf3-Manin Connection

In this thesis we will not be concerned with mirror symmetry in its original form as in chapter 10.1.
Instead, we shall prove a mirror theorem for D-modules. Simply put, this will involve the equivalence
of two D-modules: the A-model D-module and the B-model D-module. The former is also known
as the quantum D-module. Being on the A-side of mirror symmetry, it is essentially given by the
Dubrovin connection, which we discussed earlier. The upcoming two chapters are concerned with
finding the analogue to the Dubrovin connection on the B-side. We defined the Dubrovin connection
to be a flat, meromorphic connection on a holomorphic vector bundle over P! x U, where U C C"
was some open neighbourhood of the origin in some local compactification of a parameter space.
Our first step in finding the B-model analogue will be to construct a holomorphic vector bundle
with meromorphic connection on C x U. For historical reasons this is called the Brieskorn lattice
and is the subject of the next chapter. The ensuing chapter will then consequently be concerned
with the Birkhoff problem, which is the attempt to extend this vector bundle with connection to
P! x U.
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8.1 Brieskorn’s Lattice According to Himself

The Brieskorn Lattice has its origins, as suggested by the name, in a groundbreaking paper by
Brieskorn [Bri70] on the monodromy of an isolated hypersurface singularity. The set-up is the
following situation: we are given a holomorphic map f : X — A, where X C C"*! (containing
the origin) and A C C is a small disc centred at the origin. We assume that f has an isolated
hypersurface singularity at 0 € X and that f(0) = 0; hence (in local co-ordinates zg,...,z, on
C"t1) 8,,(f) = 0 for all i. Brieskorn was originally motivated by the study of the monodromy
of the germ of an isolated hypersurface singularity f : (C"**,0) — (C,0). In choosing sufficiently
small balls around both origins and restricting to the preimage, we can arrive in precisely the above
situation f: X — A.

Milnor had proven earlier in [Mil68] that (for X and A sufficiently small), for each ¢t € A’ =
A\ {0} the fibre X; = f~1(t) has the homotopy type of a bouquet of u n-spheres, where y is the
aptly called Milnor number. Moreover, the restriction (still denoted by f) f: X' = X\ Xg — A’,isa
locally trivial fibre bundle. The monodromy of the singularity is given, as the action of 71 (A’ tg) ~
Z on the cohomology group H"(X,,C) ~ C#. Define a vector bundle H = Uieca H"(X;,C) on
A’. There is an equivalence of categories between the category of vector bundles on A’ and the
category of locally free sheaves on A’. This equivalence assigns to H the sheaf of sections

H=H®&c, Oa =R f.Cx ®c,, Oar.

Furthermore we have a natural connection V on H, defined by V(o ® g) = 0 ® dg for 0 € H
and g a local section of Oas. We will think about V as being defined by the flat sections of
‘H, which we interpret as elements of H = RPf,Cx,. This connection on H is called the Gaufs-
Manin connection. The presence of the Gaufl-Manin connection enables us to talk about parallel
transport and thus we can describe the monodromy action of an element v € m(A’,#y) in the
following manner: choose an element of H"(X,,C) and transport it parallel along . This defines
amap h, : H"(X,,,C) - H"(X,,,C) and the monodromy of f is defined to be the representation
h:mi (A tg) = Aut(H"(Xy,,C)) given by v — h.,.

Brieskorn started his observations by studying the complex of relative de Rham differentials
Q5 /7 for a morphism of smooth varieties g : ¥ — Z. Let Q). denote the sheaf of holomorphic
p-forms on Y, then

OP
=
dg N Q%

This complex gives rise to sheaves HDp(Y/Z) = RPg. Q3 /7 on Z, which have particularly nice
properties, when applied to our case of ¢ = f being the Milnor fibration. For instance, Brieskorn
proved that HD i (X/A) are coherent sheaves of Oa-modules and [Seb70] proved that they are
torsion-free. Moreover, it is not difficult to see that

HBr(X/A)], ~H.

Therefore we can interpret HPg(X/A) as an extension of H over the origin. Since we have the
GauB-Manin connection on #, we now want to transfer it to Hjj (X/A) and hope that it has a
nice extension over the origin.

In order to do this, let us consider the homological Milnor fibration H* = Usear H, (X¢, C) and
the associated, locally free sheaf H*. We have a non-degenerate pairing (,) : H x H* — C which
extends to a non-degenerate pairing (,) : H x H* — Oas. Similarly we have a non-degenerate
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pairing Hp g (X'/A’) x H* — Oas. This is given in the following manner: let o € H* be a flat local
section of H*. We think of ¢ as o(t) € H,(X},C), a family of cycles. Now let w be a local section
of HEr(X'/A"). Then w is represented by an n-form (still denoted w) such that dw = df A n for
some n-form 7. Our pairing is then given by

I(t) : HP (XA x H* — Oa

(w,0) — w.
o(t)

[Kul98] then shows two facts about these pairings:

d
guom=[ o

e With w’ a local section of H and o as before (i.e. a local section in H*):

e with w, o as before:

d / _ !
o) = (Vo (), ).

Thus we see that the flat connection V on H carries over via our identification of H ~
Br(X/A)|ar to a connection

Vo, : Hpr(X/A)o = Hpr(X/A)o (31)
W=,

where dw = df An € Q}H. However, there is a problem with this: we do not know a priori, whether
n represents an element of Hyy (X/A)o, i.e. whether there exists £ € Qx,0" with dn = df A ¢&.
Indeed, it might not. This is expression of the fact that f has a critical value at 0, i.e. the fibre at
the origin is singular. Therefore we expect the connection V to also have a singularity at 0 € A.
So we have to expand our definition of connection to include meromorphic connections:

Definition 8.1. Let K = Oa o[t™1] be the field of germs of meromorphic functions at 0 € A. Let
M be a finite-dimensional vector space over K. A meromorphic connection on M is a C-linear map

Vat:M%M

satisfying the Leibniz rule, i.e. Va,(gm) = %m + gV, (m). For a meromorphic connection on M
we define a lattice of M to be a finitely-generated Oa o-submodule E C M such that KE = M.

Remark 8.2. Given an Oa o-module E of finite rank with a connection Voa,, we can extend this
connection naturally to a connection on M = E ® I, by defining

Vo, (e@t™) =Va,(e) @t —e@kt™F1

for any e € E.
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So in this new terminology we can express our map Vp, (which, as we saw, was not in fact a
connection, not even well-defined) from (31) as a map

Vo, : HBr(X/A)o @ K = HPr(X/A) @ K

and we find that it now defines a connection, which we will still refer to as Gau3-Manin connection.
Furthermore HpR (X/A)o is a lattice. Brieskorn in [Bri70] showed a number of properties of this
Gauf-Manin connection, chief amongst are the fact that it is regular singular, meaning that flat
sections have moderate growth towards 0 € A and that the monodromy is neatly encoded in the
differential equation that these flat sections have to fulfil.

Moreover, he was able to explicitly compute the monodromy by giving a formula for the Gauf3-
Manin connection: he did so by considering two more natural lattices in HPg (X/A)o @ K.

%
d(f.2%)

is an interesting sheaf for two reasons: firstly we have a natural inclusion Hpy (X/A) < H', which
is in fact an isomorphism when restricted to A’. Secondly the connection operator Vg, restricts to
HPR(X/A) nicely:
Vo, : HEr(X/A) = H' (32)
w7,
where dw = df An € Q?{H. This can be seen easily when considering the problem we had with the
original definition of Vy, in (31). Moreover, the stalks at 0 of both sheaves define lattices of our

connection and in fact
Vo, : HEr(X/A)g — 7-[6

provides an isomorphism (c.f. [Kul98]). The second natural sheaf, which Brieskorn considered, is

R )
Codf Ad(fT)

Once again there is an isomorphism
Hpr(X/A)|ar = Har =2 H |ar

Moreover, we also have an inclusion
dfn:H — H".

This, combined with the Gaufi-Manin connection as in (32) imply that

Vo, : H —H" (33)
w — dw.

0 is called the Brieskorn lattice.
One may ask, how the Brieskorn lattice is special enough to merit its own name. For Brieskorn
the answer lay in the computability of the Gaufl-Manin connection using the Brieskorn lattice: note
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that an element of H” is represented by an (n + 1)-form w = g(x)dz.2° It is not difficult to show
that there exists k € N such that f*H” C H' (c.f. [Kul98]). So once we have found some ¢ € Q%
such that f¥dz = df A &, we can combine (32) and (33) to

Vo, (ffw) = kf*'w + f£Vo, (w) = Vo, (df A g€) = d(g€)
and thus obtain the explicit formula for the Gau3-Manin connection on the Brieskorn lattice as
Vo, : Hy @K — Hi @ K
we fTRd(ge) — kfw.

But the Brieskorn lattice has more interesting properties: [Seb70] showed that H{ is torsion free
and [Mal74] later refined this to show that H{j ® K is a vector space of dimension y (the Milnor
number) over K.2!' Moreover, Malgrange showed in [Mal74, Mal75] that the Brieskorn lattice has
another nice module structure:

Theorem 8.3.
e The action of 9; induced by V has an inverse O; .

e The action of 0,5_1 makes H({ into a module over the ring of micro-local differential operators

k
c{{o; "} = Zaka;k ‘ Z |ak|% converges for some r > 0

k>0 k>0

o Hj is also free of rank p over the ring C{{@t_l}}.

However, a priori, the Brieskorn lattice is just one lattice of many of the Gaufl-Manin connection.
In the original case of an isolated hypersurface singularity, M. Saito gave a characterisation of H{
in terms of Hodge theory. In our case of a non-isolated singularity, [DS03, Sab06] suggested that
instead of looking at the Gaufl-Manin system, we should consider the Fourier-Laplace transformed
Gauf3-Manin system instead. They showed that it is of the form

Fo ()12

2d( £ 0) — df A FO N

where z = 0, 1. Moreover, we can express the Brieskorn lattice canonically as the stalk at 0 of the

sheaf
i (QSL(/A) (]
2d(f 25 0) — df A Q5

(34)

20Here dz = dro N -+ Ndxn
21Both these results are in fact also true for HER(X/A)o and Hj
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8.2 The D-module Perspective

How can we translate this situation and in particular the Brieskorn lattice into our language of
D-modules?

Recall from chapter 6.3 a Dx-module is a natural generalisation of the notion of a connection.
A vector bundle on a smooth variety X is a locally free, coherent sheaf of Ox-modules. Equipping
it with a flat connection is the same as equipping the sheaf of Ox-modules with a Dx-module
structure. But there are natural generalisations of this concept in D-module language.

Definition 8.4. Let D be a mormal crossing divisor of a smooth algebraic variety X. Denote
by Ox (xD) the sheaf of holomorphic functions on X \ D, which are meromorphic along D. A
meromorphic vector bundle is a locally free, coherent sheaf of Ox (xD)-modules.

Once again we see that equipping a meromorphic vector bundle with a connection is the same as
giving the corresponding sheaf of Ox (xD)-modules a Dx-module structure. Parallel to definition
8.1 we can define a lattice inside a meromorphic vector bundle with connection.

Definition 8.5. Let M be a coherent Ox (xD)-module with connection. A lattice N C M is a
coherent Ox -submodule, which generates M over Ox (D).

So from the point of view of D-modules, the Brieskorn lattice is the germ of a coherent Oa-
submodule, which generates the Gaufi-Manin connection over Oa (x0). So how can we express the
Gauf3-Manin connection as D-module? Assume for a moment that g : Y — Z is smooth. Defining
5,/ as before we had defined HEr(Y/Z) = R"f*(Q;//Z). Similarly we can define H{, (Y/Z) for
any p € Z. By the relative Poincaré lemma, we know that Q;,/Z is a resolution of the sheaf g='0y
and thus

Hpr(Y/Z) = RPg.(97'Oz) ~ R? f.(Cy) ®c, Oz.

Using e.g. [Kul98, I1.5.1,2] we find that H}(Y/Z) ~ g+ (Oy). For general g : ¥ — Z, we call
9+ (Oy) the Gauf-Manin system.

Now in order to find the Brieskorn lattice inside the Gau3-Manin system we need to use some
other of its defining properties. In particular, we stated in theorem 8.3 the structure of the Brieskorn
lattice as module over micro-local differential operators. So in the algebraic study of the Brieskorn
lattice, one also needs an algebraic equivalent to the notion of a micro-local differential operator.
Luckily this turns out to be a well-known phenomenon, called the Fourier-Laplace transformation.
Let M be a D¢r-module with coordinates (t1,...,t.) on C". Then the Fourier-Laplace transforma-
tion of M, in the sense of algebraic D-modules, is denoted by FL;} /" (M). It is an D(cr)--module,
where (C")*, the dual vector space to C", has dual coordinates 7y, ..., 7.. FLy; """ (M) is the same
vector space as M, but with an action of 7,...,7. and 0-,...,0,,.. The action of 7; is defined to
be the same as the action of —0;, on M, whereas 0;, acts like ¢;. Pham showed in [Pha85] that
indeed switching from the C{t}-module structure to the C{{d; '}}-structure of H{ is the analytic
equivalent of the Fourier-Laplace transformation.

Now let us return to our situation of the Milnor fibration f : X — A. Realising the Brieskorn
lattice as a lattice in the stalk of H” at 0 € A, it remains only to localise our Fourier-Laplace
transformed Gaufl-Manin system there. Thus

FL; (K f+Ox)[r ] (35)

is the object, which we are interested in and in which we aim to find a lattice corresponding
algebraically to H{. This can be done given the characterisation of the Brieskorn lattice as in (34).
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For this reason too we shall frequently change co-ordinates 7—' = z. However, before we proceed

let us generalise the situation a bit and adapt it to our Landau-Ginzburg model.

First of all, let us leave the local situation of a germ of a hypersurface singularity. We want to
consider f : X — C;, an algebraic function from some complex, quasi-projective variety X to C.
We assume that f has only finitely many isolated hypersurface singularities. This leads to a number
of isolated critical values in the complex plane, above which the hypersurface in X described as the
fibre of f has a finite number of singularities. Fortunately, the definition of the Gau3-Manin system
carries over from the local situation. The same is true for the Fourier-Laplace transformation, which
means that we are still interested in basically the same object (35).

How is this connected to our Landau-Ginzburg model? The Landau-Ginzburg model can be
interpreted as precisely the above situation for a family of maps f. Let us compare this to our
Landau-Ginzburg model from (30). In the same notation as in chapter 7.5, we can restrict the
superpotential  to fibres of the map ¥ : For ¢ € S we have a hypersurface X, = 97'(¢q) C 5.
Moreover, given the short exact sequence

1*)50*)5‘1&52*)1,
we see that the fibres are canonically isomorphic to Sy. So for each ¢ € S we have a map
: SO — C.

H|Xq

Here is another way of looking at this: let us begin by noting that the short exact sequence (27)
splits. In particular, even after tensoring with C*, we can still find a section g : So — S7 of the
map 1J. For completeness sake let us denote the short exact sequence by

/1_9\,1
1*“%;’51« Sy — 1. (36)

As a result we have an isomorphism (.g : Sp x Sy — Sy, where (.g(y,q) = ((y).9(¢) and the
product is the usual product inside the multiplicative group S;. In other words, when we consider
S1 >~ Sp x Sz, then ¥ simply becomes the projection onto the Sy factor and we obtain a family
k: Sy — C indexed by q € Ss.

Example 8.6. Recall our running example:

W:Sl—>(c><52

ToXy ALy X1X3T5 T4dg .135337))

(l’l,...,$7)—> T+ -+, 9 ) ; 5
X3 I ToXaXy Ty T6

Now fit g = (q1,-..,q5) € S2 and a section
g: SQ — Sl
1
q— <1, e 1aQ1Q3Q4Q5a91QQQ§Q4QS7Q1Q§Q§QEQ57QZQSQ4Q5> .
434495

Then we have an isomorphism

So — X, =97 (q)

1
(ylay2) = <y17
a3

4495

Y2 2 1 2 3 2 1 1
Y1Y2,Y2, 41939495 —, 4142939495 —, 4195439495 —,424394G95 — | .
Y1 Y1 Y1Y2 Y2
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Thus our Landau-Ginzburg model can be interpreted to encode the following family of Laurent
polynomials:

WqZS()—>(C

( ! R P 1
Y1,92) — Y1 + Y1Y2 + Y2 + q1939495 — + 4142939495 — + 919293945 + 42939495 —-
qs Y1 Y1 Y1Y2 Y2

4495

Note that this representation is by no means unique. It depends, for instance, on the choice of
section g, or more generally on the choice of isomorphism Sy ~ X,. Note also that each z = g(q) €
X, has an associated, natural isomorphism mapping 1 € Sy to x :

So 5 X,
y = Cy)x = (z1y™, ..., zay"™),

where the a; are as in chapter 7.5. It is often more convenient to think of our family of Laurent
polynomials as

(pA:SOX;S’l —>(C><Sl
(y7x) = (xlyal +---+ 9Unya"755) = ((,DA(.’E),J}),
indexed by x € 5;.

Remark 8.7. Note how Sy appears in two different roles: in our Landau-Ginzburg model, it is the
domain of W. For the closely related family of Laurent polynomials it is a parameter space.

Thus interpreting our Landau-Ginzburg model as a family of polynomials on the fibres of ¥,
we are still interested in the same algebraic object: the Fourier-Laplace transformed Gau-Manin
system. Only now this system is also dependent on the parameter ¢ € Sy, respectively x € S7. In
other words, we are interested in

FL] (H°W,0s,)[r ).

However, we might run into a problem here: recall that for a fixed ¢ € S5, our Landau-Ginzburg
model defines (via the restriction of k) a polynomial Sy — C. This polynomial can have a number
of critical values in C, each coming from one or more critical points in Sy. Letting ¢ vary in Ss,
these critical values vary in C. The problem now occurs when, for some gy € Sz, one of the critical
values in C approaches infinity. We can still build up our theory, considering the direct image (and
then its Fourier-Laplace transform), but the Brieskorn lattice might not be coherent any more. In
this case our Fourier-Laplace transformed Brieskorn lattice would not be coherent either and thus
we have to discard this bad point gg € S3. Clearly equivalently we can discard the bad parameters
x € 97 1(qo). These parameters x together define the so-called non-tame locus A> C S;. For
the entire theory to work, we have to restrict our Landau-Ginzburg model to tame points, i.e. to
S¢ =51\ A* and

w

Si,:Sf—MCtxsgz(Cxﬁ(Sf).

So what exactly does it mean for a parameter x € S; to be bad? Respectively, can we find an
easy criterion to tell if the superpotential is non-tame at x? We can. Being bad in this sense means
that @4 (z) is degenerate with respect to its Newton polygon. Recall that the Newton polygon of
a Laurent polynomial ) ;. foy® is the polygon

Q@ := Conv ({a e z? ‘ fa # 0}) ,
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where Conv(.S) denotes the convex hull of a set S. Let now I be a proper face of Q). We define the
critical locus of x° € S; with respect to I" by

Spie” = {(yl,u-,yd) € So ‘ ey (Y wfy™) =0 for all k € [1»d]} :
aiEF

Then we have the following definition:

Definition 8.8. The non-tame locus of @4 is the set
A = {:r € S ‘ a0 4 Q with ST £ @}.

We also say that the fibre of pa at x has a singularity at infinity.

Example 8.9. Let us calculate the non-tame locus in our Landau-Ginzburg model from before. In
our case we have that

Q = Conv ({ay,...,ar}) = Conv ({a1, az, aq,as, ar}),

110 -1 -1 -1 0
A(011 1 0 -1 —1)'

where

Our @4 is given by
Y2 1 1 1
0a(®)(y1,y2) = T1y1 + To2y1Yo + T3Y2 + T4 + 25— + 26— + 27 —.
Y1 Y1 Y1y2 Y2

The proper faces of Q are given by the single vertices a;, as well as the five line segments

aiaz, G204, Aa4G¢, Gagar, Ga7aj.

Clearly, when we restrict pa to a single vertex, we will be left with only one summand. Since
Y1, Y2, x; € C*, the resulting two equations (after applying y10,, and y20,, have no solutions. So
let us consider I' = ajas. In this case
Sﬁrit’m = {(ylayQ) € (C*)? ‘ z1y1 + Toy1y2 = 0 and x2y1y2 = 0}
g ®.

Similarly we have Sffit’l‘ =0 forT =agar and I = Gra;. Next let I' = agaz. Then

S;rit,w = {(yl,yz) ‘ T2Y1Y2 — u% =0 and x2y1y2 + T3y2 + u% = 0}
1 1
= {(yl,m) ’ 2oy} — x4 = 0 and w3y, + 274 = 0}
_ {(_%,yﬂ} if dxoxy — CB% =0
0 otherwise.
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Therefore we have that for x € Sy with 4xewy — 23 = 0, S{iﬁm # (. In other words:
{4wozy — 235 = 0} C A™.

Similarly we have

Scrit,a: _ {(y17 _2%46)} Zf dzywe — x% =0
r 1] otherwise

in the case of I' = agag. We define

S7 = (C*)"\ ({4mozs — 23 = 0} U {dzy26 — 22 = 0}) .

Observe that
43:2954—95%:0(:)4@—1:0

and
4w4x6—x§=0©4q4—120,

where we used that

Taly T2X7 T1T3T5 T4le $5$7>

19($1,~-~,»T7)_((ha--w%)_( 2

23 xy T wemymy’ 2?7 we

Accordingly we define
S5 =9\ ({qx = V/a} U{qs = 1/1})

and will henceforth mean
W = (k,9): 5] = Cx 53,

whenever we refer to “our Landau-Ginzburg model”.

8.3 Computing the Structure of the Brieskorn Lattice

Recall that we are interested in the following object:
FL7 (H° (W4 Osp)) 7], (37)

where
W = (k,¥): 57 — Cx S5

is our Landau-Ginzburg model. This module has no obvious, concrete description, so we want to
use this chapter to compute the structure of it explicitly.
Given our discussion around the split sequence (36) we have the following commutative diagram:

514>Ct

2N

S() X 52 — SQ
Write W/ = (ko (€.g),m) : Sp x S3 = C x Sa. Then we can express (37) equivalently as

FL] (H° (W Os,xs3)) [T '].
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Moreover, consider yet another commutative diagram:
So x S5 S N Sy x S¢
w’ w
Cy x S 9o X9, Cy x S
Using the base change properties of the direct image (c.f [HTT08]), we obtain:

FL7 (HO (W Osyx59)) 77 = FLT (77 (H* (W O, x5))) [ "]
=gt FL] (KO (W4 Os,xs9))[7 ).

The latter object has a very nice description, found in [RS15][theorem 2.4 and proposition 3.2],
which we are now going to describe. .
We start with an abuse of notation: denote by W the map

Sy xC" — C, xC"

(1, ya), (21, Tn)) — < (ny> ,(xl,...,xn)> (38)

where the a; are as in chapter 7.5, i.e. they are the primitive integral generators of the fan ¥ of the
toric variety Xy . However, they need not be defined in terms of the toric data, we can equally well
assume that they are simply n vectors ai,...,a, € Z%, which generate Z¢ over Z. In [DS03] it was
shown that then

Rl onjonl2*]

(2d — dFN) T, Q7 [2£]

Sp x €™ e

~ FL] (KO (W, Os,xcn))[r Y, (39)

where we wrote W = F x 7. We will compute the right-hand side of this equation, but in doing so
should keep track of what happens to the left-hand side, in order to obtain the Brieskorn lattice as
(the restriction to the tame locus of) the lattice

%* QTSLO x C™ fcn [Z]

(zd — dFN)T, Q2L [2]

Sp X C"/cn

In [RS15] the authors described (39) explicitly as a GKZ system.

Definition 8.10 (GKZ system). Let cy,...,cs be vectors in Zt and write C = (c1,...,cs) for the
corresponding t X s matriz. Write L for the module of relations of C, i.e. l = (l1,...,ls) e LCZ?
if and only if lyc1 + - - -+ 1lscs = 0. Furthermore choose coordinates A1, ..., s on C° and denote the
sheaf of differential operators on C* by Dcs. Lastly let v = (y1,...,7) € Ct. We define

D(Cs

MY = ,
€ Des(O)ier, + Des (Z1)b=1,... 4
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where

0= [ ox - I o%
i|l7;<0 i‘li>0
S

Zy = chiAiaAi + V-

i=1

We shall only consider M}, for v = (1,0,...,0) and for such special v we will denote the GKZ
system simply by Mc.

Let us adapt this to our situation. We do not actually need the most general definition here,
as we will always assume the matrix C' to be the one given by toric data. However, it will not be
A= (ay,...,a,), but rather the enhanced, homogenised matrix A, given as

A =
This is then a (n—r+1) x (n+1) matrix. We denote its columns by ao, .. ., a,. Also, staying true to
our previous notation, we shall give C"*! coordinates ¢, 1, ..., z,. Thus M 7 is the Den+1-module
D(Cn+1
Ms = ,
A T

where 7 is the sheaf of left ideals of D¢nt1, generated by

O, — Ot w0 0 = Tlijns0 0% ifhi+- 41, >0,
[T <0 05 — oyl 00 ifli+--+1, <0,

n
Zy = E ki ;0,5
i=1

i=1

Here %k runs from 1 to d and the generators of Z include all box operators I € L. Note that L is
isomorphic for A and A : given a relation (I, ...,1l,) of the columns of A, (—ly — - —1,,1l1,...,1,)
is a relation on A and vice versa, given a relation (lg,...,[l,) of A, we see that

loag + -+ +lpa, =0 = liag +---+1lpa, =0.

Theorem 8.11 ([RS15]-theorem 2.4). Given W:SyxC" — Cp x C" as in (38), there exists an
isomorphism .
¢ : FLY(M7)[~"] — FL](H" (W4 Os,xcn))[7 7]

of D¢, xcrn-modules.
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This is important as we can compute the module FL] (M 3)[r~!]. If we denote it by ./\//\lg, then

- Dc, xen |77
My = ===,

where 7 is the sheaf of left ideals generated by 0, = FLI (0;) for | € L, as well as Z, = FLI (Z)
for k=1,...,n and E = FL{ (F). Explicitly:

= Lt U l;
O =t IT ok = T o2

illi<0 i|l7;>0

n

Zy = E akiT;0z, ,
i=1
n

E = g 20y, — TO7.
i=1

Now for this to be applicable to the Landau-Ginzburg model, we still have to restrict the
entire situation to C; x Sy, i.e. return to W : Sy x S — C; x S;. Denote by j the open
inclusion Sp x S1 < Sp x C". Then in particular, the left-hand side of theorem 8.11 restricts
to M\Ec = j*(M ). Informally speaking, this simply amounts to inverting the x;. The right-hand
side of theorem 8.11 restricts to

FLT (H* (W Osx5,)[r ']

Given the identifications so far, how do we identify the Brieskorn lattice? In order to answer
this let us consider the ring

R = C[z,xli, . ,xf](zQ@,zaml,...,z@xn>

and the associated sheaf R of quasi-coherent O¢_xg,-algebras. R is not the same as D¢, xgs, or
Dc, xs,, however on {z # 0} R restricts to Dc: x5, . On this locus we can replace 0, in our definition
of by

ﬁg — Zzi\li>0|f|l — H (Zami)fli _ H (Zaxl)li

’i|li<0 i‘li>0

and Zk and E by Z\,’C = z,Z\k and E' = 2F respectively. So define the sheaf 7 of left ideals of R by
J =R(@Dier + R(Z})k=1...n + RE". (40)

Still following [RS15] we denote oﬂ/ljgc = %

Proposition 8.12 ([RS15]-Corollary 2.12). The restriction of the isomorphism ¢ from theorem
8.11 to C, x S1 maps OA//TEC isomorphically to

TS0y w515, 1]

(z2d — dFN)T, 02"} [2]

Sg x 51/5‘1
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Let us return to our object of interest (37):
FLT (' (W, Osy)) 7] = G M.

We need to figure out, how g acts on M A‘ic. Once again we are being helped by [RS15, proposition
3.2]. The authors show that applying g* is essentially the same as pushing forward the vector fields
0y, along ¥ to vector fields on So. In particular, the result is independent of the choice of section g!

How is that described in practical terms? Let us recall our set-up: we have a short exact
sequence

0 —— M <2 Divyp(Xy) —2 Pic(Xg) — 0, (41)

where the matrices A and B depend on the chosen bases. We have chosen so far {e1,...,e4} as
standard basis for M ~ Z% {Ds,...,D,} as basis for Divy(Xx) ~ Z" and {ui,...,u,} as basis
for Pic(Xyx) ~ Z". With this choice we found the matrix A = (ay,...,a,) to be comprised of the
n integral generators of 3(1) C N, where the a; are expressed in the basis {e1,...,eq} dual to our
choice of basis of M and where each a; generates a ray p; over R>o, which corresponds under the
orbit cone correspondence to a divisor D;. Upon tensoring with C* we obtained another short exact
sequence
1 —— S~ (C)4 sy §) ~ (C)» —Py Sy~ (C*) —— 1.

If we write the matrix B = (b;;) = (b1,...,b,), then we could express d(z) = (ab1,... xb").
In particular, giving S, coordinates q,...,q, we see that ¢; = a° bni

b1
1 "
push-forward the vector fields z;0,, :

i = -z, We can now

19* (l'zaml) = x; Z 811 (.’Ebj> 8qj = T; Z bm‘l’bjiei 8%. = Z bijqjé)qj . (42)
J=1 j=1 j=1

This is especially useful, when we combine it with the observation that we can express the ideal
Z C Dc, xs,[771] using generators, which are purely in terms of zx;9,, and 229, : clearly the Z],
and E’ from (40) are already of this form. So let us replace the operators 0] from before with

n —1;—1 l;—1
0y = H R (H xil> H H (22i0z, — jz) — H H (2205, — jz).
i=1

i|l;>0 i|l;<0 j=0 i|l;>0 j=0
Here we made explicit use of the fact that

k—1
xf@f = H(mﬁw — k).

j=0
Upon pushing forward the operators ﬁ;’ , Z,’C and E' , we simply replace the zx;0,, with their
respective expressions according to (42). Conveniently, all Z;, then vanish, since

T

Zi = ari0u(@;00,) = YD ak;bjiqidy, = Y (AB)kig;0y,-
j=1

i=1 j=1 i=1
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Now recall the map (Pic(Xs))Y — (Divp(Xs))Y, dual to the map Divy(Xs) — Pic(Xs) repre-
sented in our bases by B. Choosing the natural dual bases in all involved vector spaces, we can
then represent this map by BT, the transpose of B. Note that we can identify L. C (Divy(Xx))Y
with L. = (Pic(Xx))Y, since the columns of B and hence the rows of B” naturally generate all the
relations between the rows of A, i.e. the vectors ay,...,a,. Under this identification we have

l=U4D]+---+1,D; =miul +... + mpu;
(I, ... 1) = mibd 4+ -+ m,b.

Thus

T

ﬁxiz — ;L'(lT) — ﬁ(]’jmibi _ H ({Ebb)mb _ ]f[q,ml _ ﬁq;h(l)
i=1 bl P i

i=1
Lastly note that the anti-canonical divisor —Kx,, xan be expressed as Y. ; D; on a toric variety.
In particular, this yields a convenient description for E’ :

-
E' =270, + Z uf(w;é)zqiaqﬁ
i=1
where, as usual, w}; denoted the anti-canonical bundle. This implies the following proposition:

Proposition 8.13 ([RS15]-Prop 3.2.). For g and MEC as before we have

b

G = DCTX%Z[T_I]

where I is the sheaf of left ideals generated by

—1;—=1 /n—r
S VI H( mikzqkaq,c—jz>
1

alug (1)>0 ill; <0 j=0 k=
li—1 /n—7r
_ H q;ua(l) H H (Z mikzqkaqk ]Z)
aluq (1)<0 ill;>0 j=0 \k=1
for alll € L and by the operator
B=220.+ 3 ul(wil) iy, (43)

i=1

Now that we have the structure of (37), it is not difficult to find explicitly our Brieskorn lattice.
Define 1
De, xs, (7]

loc .__
OMZ" = Oc, xs3 ®0c, s, E:

with Z as before. Then [RS15] show that this D¢, « sg-module is equipped with an increasing filtra-
tion Go by Oc, xsg-modules, such that Gy QMIEC is locally free of rank k! Vol(Conv(ay,...,a,)).
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The Brieskorn lattice is then the zeroth term of this filtration OQME‘QC = GyOM OC, which is the
restriction to C, x 59 of the sheaf associated to the module

Clz, qf[, (220, 2q10qy, - - -, 2Gr0q,)
(E,0)eL

Example 8.14. Let us now apply the previous constructions to our running example. Recall our
choice of basis {u1,ua, us, ug, us} with the u; being defined in example 7.14. So we have

_KXZ = [Dl] + -+ [D7] = Q[Dl] + 3[D2] + 2[D3} + [D4] - [D@] = Uz + us,
which implies that E is the operator
E =220, + 24204, + 2q50q;. (44)

In order to describe the Brieskorn lattice we need to find suitable box operators. Clearly we do not
need all of them, but rather enough to make sure that OQMEC has rank Vol(Conv(ay,...,a,)) =17.
The following relations | € 1L will suffice for this purpose:

I = 0,0,-1,0,0,0,—1) =—uy—uj —uy —uf
Iy = -1,0,0,0,—1,0) = —u} — 2ul — 2uj —u}
I3 = 1,0,0,0,—1,0,0 =—u] —uy—2uj —uj —up

(

(0,

(— )

(1,-1,0,0,0,0,—1)

(0,0,0,0,—1,1,-1)

(000 1,1,0 -1)

I = (0, 100) =—u5 —uj3
(0, ,0)
(0, )
(-1 )
(— )
(= 1)
(
(

ly =
ls =

I =

ls = 10,1, =—uy —uj —uy
lg = 1,1,0 100 =—u] —u; —us
lip = —1,0,0,0,0 =—uz—uy —uy
lii = 101 —-1,0,0,0 =—u] —u3—uy —uj
lig = 1,0,0,0,0,— =—u] —uy—2uj —uj

0,1,-2,1,0,0, 0) =u?
0,0,0,0,1,-2,1,0) =u.

Upon “translating” them into box operators an clearing the denominators, they yield the following
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fourteen operators on Clz, ¢, ..., qT (220, 2q10y,, - - - , 2G50y, ) :

&, =

1

5, =

(—22q104, + 2q304;)(2q204, — 2304, + 2G504,) — 4243945,
(210q, + 2204, — 2q304,) (24204, — 245045) — NG5G350,
Oiy = (—2q204,) (20304, — 2240y, + 20504,) — 7102439405,
= (2q10g, + 2q204, — 2q304,)(2q20q, — 2304, + 245045 ) — q2(—2q204, ),
Oy = (2q30q5 — 22q40q, + 2G504;) (2204, — 243045 + 24504;) — q5(2q10q, — 2G50y;),
Ois = (20104, — 24304, + 20404, ) (20204, — 230, + 24504;) — 4105(24304, — 22qu0q, + 2450q5),

Oi, = (—22q10y, + 24304, ) (24304, — 22440y, + 245045) — 42a3(2010g, — 20304, + 204y, ),
Ois = (—22q10y, + 24304, (2040q, — 24504;) — 424344 (24304, — 2210, + 2050y5),

Oty = (20104, + 24204, — 24304, ) (20304, — 224404, + 245045) — 410203(—2210g, + 2q30g,),
Oio = (—20204,)(—22¢18g, + 24304,) — 430405 (2010g, + 24204, — 2030y,),

Ony = (—20204,) (2010, — 24304, + 24204,) — 1030405(—22q10q, + 2¢30y,),

Or, = (—20205,) (2040, — 20504;) — 11020304 (20205, — 2q304, + 2050s,),

Obs = q1(—22¢18, + 24304,)* — 2q1(—22q104, + 24304,)

- (Z(ha!h + ZQQan - Zq38!J3)<qual]1 - Zq3aqa + zq48¢J4)7
Dlm = q4(ZQ36Q3 - 2Zq4aQ4 + Zq58%)2 - ZQ4(ZQ38q3 - QZQ46q4 + Zq58%)
- (qualh - Zq?:a% + ZQ48q4)(ZQ4aq4 - Zq5aQ5)'

How can we be sure that these few box operators, together with E generate Z? For this purpose let

us rewrite Oy, ... ,0;,, as a column vector in the form
Elll (Zq18q1)2 1
: =M. : +1 1, (45)
|f|114 (ZQ58 5)2 T14

where the “column vector of squares” is the transpose of

((zqﬁql )%, (20104, (202045 ) (24105, ) (24305 ), (24104, ) (2040y, ), (20104, (2450g5),
(24204,)%, (20204,) (203045) (242045 ) (24404, ) (24204, ) (2504, )

(ZQ38Q3)27 (ZQ38q3)(ZCI48q4), (ZanlIs)(qu)a%)? (zq48q4)2, (zq4aQ4)(Zq5BQ5)7 (2q58q5)2) (46)

and where the r; are the “square-free terms”, i.e. terms only involving (2q;0 )F fork=0,1. We
know that OQMIEC 1s isomorphic to the module

Clz, qli, ol q?](zQ(’“)Z, 2q10qy, - - -5 2q504 )
(B, O)ieL
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Ot oococooococo0co0coco0o0oO

and that it should be free over C|z, qi e ,qgt] of rank 7. In fact, a basis of this module is given by
{17 Z(haqu s 7ZQ58Q57 (quaQ1)(zQ2aqz)}' (47)

In order to show this we realise firstly that E gives us a relation to express 220, in terms of this
basis. Furthermore we have fifteen entries in our matrix of squares. We would like to express them
all in terms of our basis, which means in practice that the matriz M needs to have rank fourteen.
In our example we readily write down M as

-2 2 0 -2 0 1 0 O -1 0 1 0 0
0 0 1 -1.0 0 1 -1 0 -1 1 0 0
0 0 o o0 0 -1 2 -1 1 -2 1 0 0
1 -1 0 1 1 -2 0 1 1 0 -1 0 0
0 0 0o o0 o0 1 -2 1 -1 2 0 0 -2
1 -1 0 1 0 -1 1 0 1 -1 -1 0 1
0 -2 4 =20 0 0 O 1 -2 1 0 0
0 0 -2 2 0 0 0 O 0 1 -1 0 0
0 1 -2 1 0 1 -2 1 -1 2 -1 0 0
2 —2 0 0 0 -1 0 O 1 0 0 0 0
-1 1 0 0 0 1 -1 0 -1 1 0 0 0
0 0 0 0 0 0 -1 1 0 1 -1 0 0
4 -1 2—4¢1 -1 0 0 1 -1 0 -l+4q 1 0 0 0
0 0 -1 1 0 0 0 0 qa 1—4Q4 —1+QQ4 —1+4Q4 1—4Q4

This matriz does indeed have rank 14, as we can see by reducing it to echelon form:

2q1
1-4q;

-1
-1
-1
-1
-2
-2
-2

—_
o
o
o
o
o
o
o
o
o

(==l el el BoNoNoNoN ool ol
=l eoleololoReoNeNal S =l =]
[N NeNoNel =Nl
[N eNeoNoNBoell —lelolloll]
[N eBall s =l =Nl
O OO OO oo
O R OO OOoOOoOOoO o oo
(== en i en e e e Mo Mool ol o]

O OO DO DO DO OO OO+ O
O D DD DO DDDODDODO OO
O DD DO DODOH OO OO
O OO H OO O oo
O P OO OO oo O
—_ O OO OO OO oo o

o
o
o
o
o
o
o
o

where, as we recall from (46), the second column corresponds to the coefficients of (2q10y, )(2¢20y, ).
Thus we know that our Brieskorn lattice
Clz, ¢ ..., ¢E)(2%0., 210y, - - - 2q504,) _ Clz, ¢ ..., ¢5)(2%0., 210y, s - - -, 245045

<Ea|f|l>l€]l4 <E7|ﬁli>1§i§14

is free of rank 7 over Clz, qut7 . ,qsi], with a basis is given, for instance, by (47).
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8.4 Extending the Brieskorn Lattice

As we mentioned earlier, the Brieskorn lattice is supposed to be a lattice of a D-module on C x U,
where U is a suitably small neighbourhood of the origin in C". Only then can we attempt to solve
the Birkhoff problem by extending it to P* x U and thus get the B-model equivalent of our Dubrovin
connection. However, so far we have OQMIEC being a sheaf on C, x .S9. Therefore we have to extend
the Brieskorn lattice through the inclusion S§§ < Sy — C” and afterwards restrict to a suitable
UccCn.

Realising the inclusion S§ < Sy is particularly easy. Since we will eventually restrict to U, a
ball around the origin of C”, it suffices to show that there exists such a ball, which does not intersect
a compactification of the non-tame locus. In mathematical terms: let S§ := C" \ (S2 \ S9), where
So \ S9 denotes the closure of Sy \ S in C". We want 0 € S§, which then immediately implies the

existence of a ball B.(0) of radius ¢ = inf {|q| ‘ q ¢ 8Ss\ Sé’} > 0, such that B.(0) C S9. However,
this might not be true as the following example shows.

Example 8.15. Given our calculations in example 8.9, we see that in our case any & < 1/a will
suffice. Here is an example of how this might fail, i.e. how the non-tame locus might intersect the
origin: recall our initial choice of basis for Pic(X§) from example 7.14. Since in this basis

T4T7 T >

(x1,...,27) = | 2125, T2x527, X327, ,
Ts Ty

we see that our non-tame locus is given not only by

4m4x6—x§:O@4<x4x7>< 6 >—1:0@4q4q5—1:07

Ts 57
but also by

Taly

491y — :c% =0< 4 (zaxs27) < > - (x3x7)2 =0 4qoqs — qg =0.

5
So in this example, 0 € A,

The reason for the problem in this example is that our initial choice of basis of Pic(XY),
{[D1], [D2], [Ds], [D4], [Ds]}, was not contained in the Kéhler cone of X$. Recall the short exact
sequence (41):

0 —— M <2 Divp(Xy) —2 Pic(Xg) — 0.

The ensuing calculations of our Landau-Ginzburg model relied on the matrix B and hence on the
choice of basis {u1,...,u,} of Pic(X). Iritani showed in [Iri09, appendix 6.1] that if u1,...,u, €
Nef(X) are in the Kéhler cone and that furthermore —Kx is contained in the cone generated by
U1,y .-, Uy, then 0 € S9. We will henceforth assume that the u; were chosen to fulfil these two
conditions.

Example 8.16. Let us see how this affects our running example of X7 : start by recalling the
Kahler cone of X from example 7.10.

Claim 8.17. There exists no Z-basis {u1,...,us} of Pic(XY), such that —Kx¢ is strictly on the
inside of the cone generated by uq, ..., us.

80



Proof: Assume such a basis existed, i.e. that there are x1,...,x5 > 0 such that _KXZ = Kiu1 +
-+ kyus. As {uy,...,us} is a Z-basis, this implies that the k; € Z. Thus each x; > 1. Now let us
identify Pic(X$)r =~ R® by choosing coordinates with respect to the basis {D1, Do, D3, Dy, —Dg}.
Note that the Kéhler cone is contained in the non-negative orthant, as all its generators are. This
implies that u = ay D1 + aa Dy + a3 D3 + a4 Dy — a5 Dg € Nef(X§) can be part of our basis only if
a1 <2, <3, a3 <2, a4 <1and as <1, since

—Kxg =Y [Di] = 2[D1] + 3[Da] + 2[D3] + [Da] — [Dg].

So let us find all such points. Once again this is a straightforward, but tedious task: start off by
writing v = Byv1 + - - - + Bgvg ,where the v; are the generators of the Kahler cone as determined in
example 7.10. Then (Bi,...,8s) = BT relates to (az,...,a5) = al by

11211110
12 213 2 11
0111211 1]|8=ca
00011111
00001110

This is equivalent to

B1+ Be = az — 2a3 + ay,
B2 — B — 287 + fs = —a1 + az — 2as,
B3+ Br — s = a1 — g + az — ay + as,
Bi+ Ps = ay — as,
Bs + Be + Br = as.

Given our conditions on the «; and the fact that 5; > 0 we end up with only a few possible values
of «, of which only fewer are realised by a possible 3. As a result we have 16 possible candidates for
our basis, excluding 2D 42D+ = 2v7, the origin and _KXZE' In {D;, D3, D3, D4, — Dg }-coordinates
they are

(1,1,0,0,0), (2,1,0,0,0), (1,2,1,0,0), (2,2,1,0,0),
(2’3717070)’ (0’ 1717170)’ (1’ 1’ 17170)’ (27 1’ 17170)7
(]"2717]‘70)’ (2’2517170)’ (273’ 17170)7 (]‘73’25170)7
(1,2,1,1,1), (2,2,1,1,1), (2,3,1,1,1), (1,3,2,1,1).

Clearly
_KXZ = (23 3,2,1, 1) = (la 2, 17070) =+ (17 11,1, 1)
= (2, 2, 1,0,0) + (0, 1,1, 1, 1)

are the only ways of describing —Kx as the sum elements of the Kéhler cone. In particular, there
exists no choice of Z-basis {u1,...,us}, in which _KXZ = Kiuy + - - - ksus with all k; > 0. In fact,
we see that at most two k; can be non-trivial. O

In light of this claim we choose {v1,v2,vs,v4,v7} as in example 7.10 as our basis for Pic(Xy),
thus explaining the initially strange choice in examples 7.14 and 8.14.
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So provided we have chosen a suitable basis of Pic(XY), which we are assuming, we have a small
open neighbourhood U C C” of the origin such that S§ N U = S2 NU. By a simple restriction
of the sheaves we worked with before, we now interpret QMEC as a sheaf of D¢y (5,nr)-module
and g QMEC consequently as a Oc_y (s,nv)-module. Now let R be the sheaf of Oc. xcr-algebras
associated to the ring C[z, q1, ..., ¢-](2%0.,2q104, , - - ., 24+, ). As we have seen in chapter 8.3, both
E and 0, can be expressed in terms of z and zg;0y,. Seeing now that R restricts to Des x (Unss)
on C: x (UNS,), we find that E and [, for | € L define the ideal Z from proposition 8.13
in Desy(wns,)- In particular we have ﬁ/ﬂczx((]m%) = OQMEC|(CZ><(UQS2)’ which implies that
R/Z
entirety of U was proven in [RS15, Theorem 3.7]: define QM 3 := Oc,xv®oc_ e E/f The authors
showed that a neighbourhood U of the origin exists on which QM 7 is Oc, xy-coherent and that
furthermore there exists a meromorphic connection with poles along {z = 0} x U and C, x D (D
being the normal crossing divisor defined by ¢ - - - ¢, = 0), which extends the Dc: x (Uns,)-module

structure of QML%C C:x(UnSy)- Thus we have extended our Brieskorn lattice to C, X U as a sheaf
of modules associated to

Crx(UNSz) = QMEC\C:x(Unsz)- The important step in extending the Brieskorn lattice to the

(C[Za qiy-- -, qT]<Z2827 quaqp ey quaq,,,>

F = —
(E,O) e

(48)

9 Birkhoff’s Problem

As mentioned in the introduction to the previous chapter, we now need to extend our Brieskorn
lattice from C x U to P! x U. Only then can we compare it directly to the Dubrovin connection
from chapter 5. A much more thorough introduction to the Birkhoff problem, and in particular its
many connections to the Riemann-Hilbert problem, can be found in [Sab08].

9.1 Birkhoff’s Problem Historically

Birkhoff was not trying to extend any bundles with connections from C to P!. At least he would not
have formulated it that way. From his point of view he was studying systems of linear differential

equations of the form
dX

dr
for some d x d matrix A(7) = Ag+ 7 1Ay + ..., which is assumed to be analytic for large enough
(complex) |7|. His aim was to put (49) into as simple a form as possible, by using a gauge transfor-
mation X = P(7)Y. Here, P(7) is also required to be analytic for large enough |7| and in particular
to be analytic wherever A is. His transformed equation would then read

*A(T)X (49)

v
— =71"B(1)Y,
=By,

where B(7) = Bg + 7 !By + ...+ 77°B, for some minimal natural number s. Birkhoff’s claim in
[Bir09] was that s = k + 1 suffices. However, counter-examples were found in the 1950s [Gan59,
Masb9] and Turrittin [Tur63] later pointed out Birkhoff’s mistake and gave a revised analysis. In
the case k = —1 for example he found s = 1 to be minimal.
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Both Birkhoff’s and Turrittin’s arguments are based on a generalisation of the following fact:
let a complex-valued function f(t) be analytic for large enough |t|. Then f(t) = g(t)t*h(t), where g
is analytic for large |t| and invertible at oo, h is an entire invertible function on C; and k € Z. Why
would this be true? For example by utilising a Laurent series expansion or otherwise, we can write
f(t) =g(t) + h(t) for any complex-valued function f, which is analytic for large |t|, and where g is
analytic for large |¢|, does not vanish at co and where I is entire. Now observe that the multivalued
function log(f(¢)) is analytic for large |¢| and its monodromy (with respect to a single large loop
counter-clockwise around the origin) is given by addition of 2kmy/—1. Thus log(f(t)) — klog(t)
is single-valued and analytic for large |t| and we can express it as §(t) + h(t). Afterwards apply
the exponential function on both sides to obtain the desired decomposition. The generalisation to
matrices used by Birkhoff is given by the following proposition.

Proposition 9.1 (Birkhoff Factorisation). Let L(7) be a d x d matriz depending on T € C. Assume
that on the annulus 0 < r < |7| < R < co L(7) is analytic and has nowhere vanishing determinant.
Then there exist two d x d matrices P(7),Q(7) and a unique sequence ay > ... > aq of integers
such that P is analytic on |T| < R, Q on |7| > r and on the annulus we have

L(r) = P(7) Diag{7**, ..., 7%}Q(7).

Let us now translate Birkhoff’s problem into a language more suitable for our purposes. Start
by performing the co-ordinate change z = 7! in equation (49). We obtain

ax
dz

where r = k + 2 and B(z) = A(z71). This is clearly the differential equation fulfilled by constant
sections of the trivial bundle on U with connection V, where U C C, is a small neighbourhood
of the origin and V is given by the connection matrix z~"B(z). Birkhoff’s claim was that for any
such connection on U there exists a holomorphic change of coordinates after which the connection
matrix takes the form

C n Cy

Cle)= 25+

Now let us be more specific and consider the situation, where V is given algebraically as a flat
connection on a trivial meromorphic bundle on P'. Then A(7) € Mat,(C[r*]) and we want a gauge
transformation with P € GL4(C[z]). Even more, we shall assume that » = 2, i.e. we have at most
a regular singularity at oo. Note that this gives no information on the germ of the bundle with
connection at 7 = 0, where it may well be irregular.

+2B(2)X =0, (50)

Remark 9.2. Here is an important observation about bundles on P': say E — P! is such a bundle
of rank d. We will always be thinking in the equivalent sheaf of sections € of E. Covering P* using
the two open sets {|r| < R} and {|7]| > r}U{oo}, we see £ is uniquely defined by a cocycle, which in
this case is the equivalence class of an invertible matriz L(T), holomorphic on {r < || < R}. By the
Birkhoff factorisation 9.1, the same cocycle is defined by the diagonal matriz Diag{T® ... 7%},
Thus we see that € ~ Opi(a1) @ -+ @ Op1(agq) for some sequence of integers a; < ... < aq. This is
known as the Birkhoff-Grothendieck theorem. Moreover, assume now that we have a meromorphic
bundle on M with singularities in a discrete set of points ¥ C P*. It is not difficult to find locally
around every point of X a lattice of M and since they all agree with M on P!\ X, they can be
glued to a global lattice £ of M. This lattice is a holomorphic bundle on P' and hence of the form
Opi(a1) ® -+ @ Opi(aq). Now tensoring both sides with Op1(xX), we find that M is necessarily
isomorphic to the trivial bundle Op: (¥X)2.
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So let us return to our previous set-up: we have a meromorphic bundle M with flat connection V,
which has singularities at 0 and oo only. V is given by the connection matrix A(7) € Matq(C[r%]).
We shall also assume that the singularity at oo is regular and that M admits a lattice £ of order r
in a neighbourhood of 0. The Birkhoff problem thus translated asks whether there exists a global
trivial lattice £, extending &£, which is logarithmic at oo.

9.2 The Problem in Our Case

Let us now take a closer look at our situation. From the algebraic point of view we have a trivial
vector bundle over C, x U, given by the module F as in (48) over the ring Clz,q¢,...,¢:]. Say a
basis of this module is given by monomials (2q19,,)" - -+ (2¢,:0,,)" = (2qrdy,)*. This can be done,
since E is of the form (43) and thus we can commute terms involving 229, to the right and there

replace them by — 3 uj} (w;é)ijaqj. Then the (rational) connection on this module is given by
V =d+ Q, where

. () 44; dz
— 3247 qc
Q_ZQ T
Jj=1
Here QU) is the matrix representing the action of 2q;04, on the module and Q7 as the one repre-
senting the action of 220,. Both QU) and Q¢ are with respect to our chosen basis of F'.

Clearly this situation differs from the one originally considered by Brieskorn mainly in the way
that we have a family of connections on C, parametrised by the set U C C". Suppose we restrict
our attention to some particular ¢° € U. Then we have a well-defined restriction to a connection
V° on C,. Denoting the dependence of 27 = Q9(z,q), V° is given by the connection matrix
Q° = 272Q9(z,¢°). Fortunately, it turns out that solutions to the Birkhoff problem admit local
extensions, a statement which the following proposition aims to make precise in our particular case.

Proposition 9.3. Let FF — C, x U be a holomorphic bundle with a meromorphic connection V.
Suppose we have solved the Birkhoff problem for some particular value q° € U, i.e. we have found
a basis €° of F° (the fibre at q°), such that the restricted connection V° is given by the connection
matriz Q° = (Boo/z + BS/2%)dz. Then there exists an open set V. C U containing q¢° and a local
frame € of F' over V' such that |0 = €° and in the basis €, V is given by the connection matriz

B, B C
Qz,q) = (z+ olg ))d + 29 (Q)
and where By(q°) = B§ and C is a matriz of 1-forms.

Proof: See [Sab08, theorem VI.2.1]. O

In our case we find 22€2° as the matrix representing the action of 220, on our basis elements,
which as we recall, are of the form (zg;9,,)! for some I € N". Now in F' we have

220:(2q104,)" = [2°0:, (2410,)"] + (2010q,)" 2% 0

=1 Z(qualh)il ++[0s, quaéi] - (24,04,)"" | + (24104,)" Z uj WX )2q;0q,

T

= [1]2(2a104,)" = | D 45 (wx)2Y | (2a10,,)",

Jj=1

84



where the last equality follows since 2q;d,, and zq;0,, commute for all 4, j and since QU is precisely
the matrix representing the action of zq;d,, on our basis elements. Thus we see that in our case
B is a diagonal matrix with |I| at the diagonal place corresponding to the basis element (2q79,, )’.
However, B§ might contain terms involving z, so it is not in the correct form yet and solving the
Birkhoff problem means finding a basis, in which it is independent of z.

Here is an important observation: Provided we have chosen a basis of F', then the connection
matrix € is given in terms of the matrices By(z,q) and By, as above, as well as the matrices (91928
representing the action of 2q;0,, on our basis. Instead of restricting to some fixed parameter ¢° € U,
let us restrict to some fixed z € C (as we did when introducing the Dubrovin connection in chapter
5). Then our restricted connection matrix takes on the form

T ) dq
O = QU =22

where the only difference to our original form of €2 is the missing dz term and the fact that we are
assuming z to be fixed in Q) (z, ¢). Assume we found a basis of F in which each Q) is independent
of z. Then by our previous observation on the form of By(z,¢q) as a weighted sum of the QU), we
would automatically have By being independent of z. Thus we would simultaneously solve the
Birkhoff problem at any point ¢° € U and construct the basis € of F over C, x U from proposition
9.3.

Following [Gue08], here is an argument why we should always be able to find a solution to our
modified Birkhoff problem, i.e. locally around some ¢° find a basis such that z* is independent of
z. Note first that the action of zq;0,, on a basis element (2q10,,)! does not involve negative powers
of z. Thus our connection matrix Q7 is of the form

1
Q= —w+Jg+ 202+ - + 2P0,
z

where w and the 1J; are matrix-valued 1-forms, depending on the g;. Since the connection V* =
d+ Q7 is flat (c.f. [Sab08, chapter 0.12.]), its dual connection V** = d — (Q*)7 is flat too. We can
find (at least locally) a fundamental solution to the differential equation defined by V#*, i.e. an
invertible matrix X with entries in C|z,q1,...,¢:], which are holomorphic in a neighbourhood of
q°, such that

dX = ()TX = ()T =axx—1.

Now letting P = X7 we have expressed
QF = P~ dP.

By proposition 9.1, we know that P has a Birkhoff factorisation as P = NM, where we have
included the diagonal term into the right-most factor:

1 1
Now using the gauge transformation P — PL = N, where L = M-, we have

0F = P71dP — QO = N"dN.
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However,
N~'N = (PL) *d(PL)
=L 'L+ L YdL.

Since the left-hand sight contains only negative powers of z, whereas the right-hand side contains
mostly positive ones, we see that

~ 1. _
QF = — My w(Mo)~".

Furthermore, imposing that
lim Mo= lim M=1Id

q;i—0 2,q;—0

determines M and hence L uniquely. This would show the general existence of a solution to the
Birkhoff problem in our setting, were it not for the fact that [Gue08] assumes that ¢ depends
(locally) holomorphically on the ¢;, which is given on Sy, but unfortunately not on our extension
to C". Be that as it may, [Sab06] shows that in general a solution exists to the Birkhoff problem
at every point ¢ € S9 and based on [Gue08] it was shown in [RS15] that one can indeed construct
a solution to the Birkhoff problem even over our extension to U C C". The strategy is to restrict
to the fibre C, x {¢ = 0} and solve the Birkhoff problem there, i.e. construct a good basis (in
the sense of [Sai89]) in which the restricted connection takes the desired form. Since such a basis
extends locally by theorem 9.3, we have solved the Birkhoff problem on P! x V C P! x U and by
restriction assume that V =U.

Remark 9.4. We have in this chapter happily mized the algebraic and analytic points of view. At
this last stage, however, we should stress that the extension of a solution to the Birkhoff problem
from P! x {q =0} to P* x U is purely analytic. This is since the non-tameness along Ss \ S§ may
introduce new monodromy phenomena. See [RS15] for more details.

The draw-back for us is that these proofs are all existential rather than constructive proofs. In
order to explicitly solve the Birkhoff problem we have to find a change of basis matrix L, such that
the new connection matrix L~1Q*L 4+ L~1dL is of the form %w with w independent of z. We will
be aided by the natural notion of degree on the quantum cohomology ring (see chapter 3.4)and the
assumption that an equivalent exists on the B-side. If, as in equation (43)

T
E =2%0, + Z uf(w};)zqﬁqi,
i=1
then we define the degree of z to be 2 and of ¢; to be 2u} (w;{;) and we assume that our change of
basis matrix L preserves this notion of degree.

9.3 Solving the Birkhoff Problem for X7

Let us now solve the Birkhoff problem in our specific case. In order to express our connection V* as
d + €* and explicitly calculate £2* we have to consider the action of z¢;0,, on the Brieskorn lattice.
In our chosen basis {1, (2¢;0y,), (2q104, )(2g20q,) }i=1,....5 We write a general element S € F' as row
vector

,,,,,

5 So

So+ Y Si(2:04) + S6(20104,)(24205,) = |
i=1 Se
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Then express this action in matrix form as

24i0q, + FF — F

S QW

6 6
= (Y- aUs; |+ [d-08)s; | zaudy,) +
7=0

6 6
+ {32088 | (2a5055) + | S° 08, | (20104,) (20204,),

§=0 §=0
where Q) = (ka)) In other words:

e The first column of Q) is simply the (i + 1)th standard basis column vector.

e For k=2,...,6, the kth column of @, (9 ... Qi )T is such that

(2504,) (2qk—10g ) 95,2+Zﬂ“zq] 194, 1) + Q9 (20104,) (24204, ).

e The last column of Q@ (42, w7 is such that

(20:04:) (20104, ) (24205,) = 2 + Z O (245104, _,) + O (2105, ) (2420,,)-

The Q) thus expressed we can write
5
 dg;
0% — Q2

So our first task is to compute the Q(*), which we do by solving equation (45). Equation (45)
expresses our box operators [J;, as sums of “squares” (elements of the form (2qi04q,)(2q;0q,)) and
“lower degree terms” (elements of the form (z¢;9,,) or constant elements). Since the box operators
vanish in ¥, we thereby obtain formulae for all elements of the form (2¢;0,,)(2q;0,,), i.e. we obtain
columns two through six of each matrix Q). Note that we have already reduced the matrix M
of equation (45) to echelon form, so it only remains to carefully repeat the same row operations
which reduce M to echelon form, to the vector (r1,...,714)7 from equation (45). This is a matter
of simple linear algebra and we find the following formulae for (2¢;0,,)(2q;0,,) for different values
of 1<i,j<5:
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(“Poshz)(vbg — 1)%b — ("PQVbz) (Vb — T1)D + (*Pothz)(€b1hg + €b — g)Sb¥h + (*Pthz)SbVheh + (PQThz)(1hy — 1)Sb¥beh + (€bTh + T)ShVhehTh = NA@@@NV
(PQehz)(Q1bz) + (Qbz)(EbT1h — <)V + ("Vhz)<hVbg — (QEhz)(SDVEDThE + SbVHED — ShVD + €HTHTH — VHEDTHID) +
AmeN@NXm@gS — m@vw@m@ + AGQSNX@%@S% — Shvb + g@wvm@ 4+ Am@mvgm — m@vw@mwmw = Amme@NX@Qw@NV

Yhy — by — by — by —

A@QN@NX@QH@NVE + (*Po%bz) r-1, + 1 vh | — (YPQ¥hz) VL, o + 7bebTh | —
Thg — 1 7D vbEbeh by — VhEhThg + thb — by, Ty,

vhy — 1 by — 1
b5 eh VL L apvheh 4 SHYBEHID, — _
(Tothe) | 5=+ * C ™ Shihg + Sbvb — Ibehthg + IhEbah by + Yhebahibg — Ghahlh
(Poebz) (b + V=T e (o1b2) ( (1by — 1)%b¥beD + il S Ty 1 vbebTh — _("oVhz)
w@m@mvﬂvﬂ ﬂvﬂvm:“ — H@N +7h m@ﬂ@m.@:wm. + m@ﬂ@ﬂ — Sh + €beh1h — w@m®m~w~@w 4

(*PoThz)(Pothz)g + (¢ Qmwwv@mwwvém —

(*Potbz)(Sb¥bibg — Sh¥b + Vhehthlby — ch1bg)eh — (*Pthz)(€behthy — $h)vbeb + ('Po1bz)(h¥h1by, — Sb¥D + th1by;)€h + (€beh1by, — b)Vhehth = (*Pohz)(*PQthz)
(Bebz)(‘Tg1be)g + (Moshe) bbb +

("ovbz)"bsbthy — (Ppshz)(<hvb — VBTh + ehibg — ShVBIbE)Eh + (*pThz)hbEb + (Q1bz)(ShYbThY, — SbVb + h1by)Eh 4 (8behibg — b)¥hebeh = (*PQVbz)(gehz)
(Feehz)("e'h2)g + (M@<hz)(2D1h + 1)¥hebibg + ("Vhz)(Yhy — 1)Heb +

(*@¥bz)(<bVb — ShVBThg 4 Tb — VhEHTH b — Vhibg)eh + (*eehz)(%h + €behbg)Vheb + (PQ1bz)(ShVh1by — ShVD + b)Eh 4 (¢hThg 4 1)<bVhebTh = (“Potbz)

(*PpThz)(*Pothz)g + Amomm@&@m@g&m — ("Po¢bz)(vbeb — 1)ebTHIbg — Agmm@mv@m@mvém — ('"bQ1hz)€hTh by, + (SheD1h — €hTHIbY, — Sh)VhehTh = (“Ppshz)(*Pothz)
(*Ppthz)(*Po1hz)g + (*PoShz)(€b1b — T)VDEHTh +

Awwmw@w«vw@m@mwm — AQQm@NXw@m@S + bz — w@vm@ww + AN@QN@NVv@M@N@S — ASQSNvm@m@Sw + Ambmvg — €beh1bg — msw@m@m@ = Awav@NXNwmm@Nv

(*PpThz)("Po1hz)g + (*PShz)¥bebebg + ("Po¥hz) (Vb — 1)€beh + (“Ppehz)(¥bg — 1)€bTh — ('Po1bz)ebTh + ShvbebTh = (*Poebz)(*bpThz)
(“Pothz)(*ehz) + (*@<Dz)vhEbThy +

("Po¥hz) (Vb — 1)€bTh + (“p€hz)(Vbeby + €bTh + €b — 1)Th + (*PThz)Th — (*P1bz)(Thg — 1)€hTh + (b + €bTH1bZ)VheHTh = NAN@QN@NV
(Potbz)('PoThz) + (*Pohz)vbEDTH1D — (€2 (%b¥Dh 4 b — ¥hEDTD)EDTDH - (*Poebz)VhEDTHID — ("o 1bz)(SD¥D — eh)€bTbg + ¥hEDEDTDg — = (o%hz)( "o 1hz)
(*PoThz)(*Po1hz) + (*Pebz)(SbVD — Th)€b1b — (PoThz)(Sh¥hb — Th)ehThy + w@m@m@@ — = ("Pgvbz)(*Po1hz)
(PQebz)(h1bz) + (@hz)PhELTHID + (QEbz)(¢bTh — SD)VhEDTD + (*eehz)¥hEDTDD + (QTbz)<h¥bEbibg — Sh¥bEHTHID = (“eshz)(PQibz)
by -1 by — 1 by — 1
(Teb=)("etba) 5= = ("D gy g g PP + (o) g bbb
hy — hy — by —
Amwmwm@wv 14 ﬁN _ i ! YhEDTH 4 AN@QNWNV ¥ T YhEHTH +
h Shlbg — €bTb1bg + €heh — Thy Sh + €bh1bhg — €hTh
1hy, — 1hy, — hy — hy —
(oeh2) VL spepih 4 (Boibz) [ —— Lz - L V-1 WhEbThTh = (P1hz)

Sh + €hehlhy — €hTh 1hg, sbvb(1by — 1) + b $hebThy — SheD + €hah + Sh



It remains to compute
(Zqi8Qi)(zQ1alJ1)(quaQ2)

for 1 <4 <5 in terms of our basis. To make our live easier, note that (zq58qs)2 does not contain a,
(29104, )(2G20y,) term. Hence

(Zq18Q1)(Zq56Q5)2 = [(quafh)v (ZQ56Q5)2} + SO(ZQ16Q1) + 51 (ZQI8Q1)2 + 55(Zq18Q1)(Zq58<Z5)’

where (2¢50,.)? expressed as row vector in our basis is (So,...,S5,0) and [,] denotes the usual
commutator. So we compute

(2104, ) (205045)° = 0102050405 (q2 + Q20304 + 3qaqs + 2)
+ 439495(q2 — 49192 + 91439495 — 2q12)(2q10,,)
+ 01630105(¢2 + 4105) (20204, )
+ q143G495(2g2 — 4243 + 242G3q4 — q3Gaq5 + 2)(2q304;)
+ 4142430205 (1 — 494)(2404,) + 0192039495 (1 + 24) (250, )-

This helps as we can now express

(24104, )(245045)* = (24504, ) (29104, ) (245045 ))
= [24504s5, (24104, ) (245045
+ Ro(24504,) + R1(2104, ) (2450y5) + -+ + Rs(2450,,)°
+ (20104, ) (24204, ) (2450q5 ),

where this time (2q10y, )(2¢50,,) as row vector is (Ro, ..., Rs, 1) in our basis. Thus we find

(24104, )(24204,) (245045 ) = 20192050495 (q2 + 420304 + qaq5) + 2(¢19243q445)
+42939495(1 — 4q1 + q193) (29104, )
+ 2014205 0405(24204,) + 24142430405 (1 — g3 + 2q344) (2q30y,)
+ 20142430495 (1 — 4q4) (2040q,) + 201426304 (q2 + 24105) (2G5y5 )-
Similarly we calculate the remaining terms, the result of which is shown on the next page. We could
now write down the connection matrices Q%) like in chapter 5.3. However, due to the involved terms

being even more complicated than there, one would probably need a larger page format to do so
and we will refrain from it here.
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(Poebz)( P 1bz)hEbTh D +
(“P@shz) ((vbgbeh1b)z + (Sbvbg + VhEDTHID — eh)VhEhTh1bT) +
("evbz)(vby — 1)<b¥bEbTHThE +
€,
("Poebz) ((vbgbeh1b)z — (Sb¥bthy + hebg — Shg + VhETh1bg + EbTh1h — €hTh)VbEHTHID) +
(*Poebz) ((vbEbeb1b)z + (VbEHTHID — <b)¥hEDTHIDE) +
("P@1bz)(%bEb1b 4 Sb1by — b + EbThlhg)vhebeh +
¢ €
((Sb + ebg)vbEbThID)z + (£bVbg + ShVbEDTHID — ShVhEHThE + VhEDThbg — ShThy)vhEbeh1b = ("PQvbz)(™ehz)(Po1bz)
AQ@N@NXSQSN?@ME@SN +
(“P@shz) ((vbgbeh1bg)z + (SbVb + VhEDTHD — Th)VhEDTh DY) +
va®¢®NVAm@w@N + vaﬁu@ﬁ — ._”vmwm@:v +
€b
(*oebz) ((vbgbeh1bg — €bTb1b)z + (¥bEDTHIbY + VhEDThbg — Sb¥bthy + hvbebg — vhebeby + €hth — hvbg)eheh1b) +
(*Qehz)((vbgbeh1bg)z + (VhEDEh 1Dy — Shg)VhEDTH1D) +
("Po1bz) ((¢beh1bg)z — (Sb¥bEbb 4 <b¥hlby, — b¥b + vhEhTh by + €bTh1b)€hTh) +
(b + ebg)vbEDThbE)z + (SbVEDLTh1bE — VhEDTh by — ShVDEDThY + ShVbg + Shebg)VhEDTHID = (*Pothz)(*Qehz)( Po1h?)
(®Qehz)(*PQ1hz)VDETHTH +
<b,
(“PQShz)((vbEbeh1b)z + (Vb + VbEbeh1b — Thg)vhEbeh1hy) +
Aw@@@ﬁm@@m + mmvﬁ&v — SM@N@S +
("Poebz) ((vhEbeb1b — €beh1b)z + (b¥bthg + <h¥beb — <hbg 4 YhEbeh1hg + vhEheh1h — theh — vhehebg)ehehlb) +
(*Poehz) ((YhEBED D)z + (VhEDTh1bE — Sbg + Sb)VHEHEHID) +
("Pobz) ((tbeb1bg)z — (<bVb1by — Sh¥b 4 ¥hEHTh by + €heh1b)eheh) +
((Sb + eby)vbEbTh1b)z + (SbVbEDTHD — VhEDThbg — Sbvhebebg + £bvb + ShTbg)vhEbehlb = (Ppthz)(PQlbz)

% —
(PoThz)("Thz) | vhED + PV epepp +
T
(stoshz) ( (vbEbebB)z + —F — Lpepa
ez) ( ("bgbebb)z + G ﬂ@%%s — (&b + VDEDEDTH — SHVD)VHEDTDTD | +
A:@@Nv Sh¥h — ﬁ (vb €HThIhH
ehiby, v Cm -
by — 1
(“Poebz) ( ( vhEDTHID — ————€bebID | z + (SDEDEDE + Sh¥D + THEDTHbg)EbTH1H Wy —1 .
g —1 ¢ (83 2) + Sh — ShTbg + b 1by — €bTh by, "hebeb1h | 4-
by —
ebnThz vhEHTH1h YHEHTH Ihr — Wy —1
(Tgeh=) | ("D )2 + Pyhebebe €hCh1h — Sh1hg — m@w@m@g&
A:@va ﬁmwggm z Am@mv — Shy + €pTh1h €heh7\PhEHTH T Wy —1
T ¢+ i ¢ + €bebg) §+‘§N§N +
¢ C°¢C

by — 1
Am@ + m@mvm@mmg _ ?g _ dm@m@

ShYHEPTHT YhEDTHT g
A m@ b1b + @N@N@ @NVN + Am@m@mwg — Mvm@SN — Shebth + m@vwwm@mwg 4+ w@w&m@g = AQ@QNV%SQSNV



Now that we have found our connection matrix

d d
4 R Q(5)£7
241 2qs

0 =W
we can attempt to solve the Birkhoff problem. In other words we need to find the unique change-
of-basis matrix L such that:

o L preserves the degree of the operators zq;0,. Recall that due to the form of our Euler
operator (44), z, g2 and g5 have all degree 2, whereas ¢1, g3 and g4 have degree 0.

e The new connection matrix Q7 is of the form

N  da;
O = L 'O°L+ L \dL = ZQ i
i1 ql

where for all 7, 0@ is independent of the parameter z.
e In the limit of z and the ¢; approaching 0 we have

lim L =1d(7), (51)

(2,q1,---,q5)—0
the 7 x 7 identity matrix.

How does this translate into practice? Note the degrees of our basis vectors: since deg((2¢;0,,)*) =
2k, we have that L has to have the shape of a block upper diagonal matrix:

L= (52)

o O Q2
oS Mo
Q0

where the blocks are square of respective sizes 1, 5 and 1. The preservation of degree forces us
furthermore to assume that a, L and e are of degree 0, b and d are of degree at most 2 and c is of
degree at most 4. Thus we know that a = a(q1, g3, q4), L= L(ql, q3,q4) and e = e(q1, 43, q4) are all
independent of z, g2 and ¢5. Moreover,

b= q2b2(q1, ¢3,qa) + q5b5(q1, 43, Ga) + 2b2(q1, G3, q4),
¢ = q3ca2(q1, 43, qa) + 4205¢25(q1, 43, qa) + G22¢2:(q1, 03, 1)

+ q2ess(q1, 43, qa) + gs2¢5: (01, a3, qa) + 2222 (q1, G35 Ga)s
d = qada(q1, 93, q1) + 45d5(q1, q3, qa) + 2d-(q1, G3, qa)-

(53)

Throughout this computation we should keep in mind that a, ¢ and e are scalars, L is an invertible
5 x b matrix and b and d are 1 x 5, respectively 5 x 1 matrices.

Now paying careful attention to the order of multiplication (since we are dealing with a block
matrix of different-sized blocks) we can express the inverse of L :

a”l —a(b.L7Y) (ae) " (b.L71.d—c)
L7'=1o0 L1 )
0 0 e !
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In order to find ﬁz, we need to express the Q) in the same block shape as L :

0 (1) (1)
(@) O o oW
Qv = 21 22 23 | »

0 Q@

where we note that le) is the ¢th standard column vector.

Concretely we have
5

~ . da;
z (1) q’L
’ _;Q 26i-

where o ‘
QW =110 L + 21719, (L).
This is easy enough to compute and we find that Q@) = (ﬁ&?) has the following entries:
0 = = —b.L7".Q4),

s 1 -~ ~ ) N~ ~ N~
o = - (zbi b L VL - b L QWb+ QWY.L - b.L*l.QgQ.L) :

1, = o~ o
+= (b.L*l.d.Qg‘Q).L _ CQQQ.L) ,
ae

. 1 - - ) ) - ) ) - .
QY = . (zcl- — b L d — b L7NQY) + Q) .d — b. L7 .QY d + eQ\) — eb. L71.QY)

B, T i 1 ~_ ~_ i i
+Qb L d — c@gg) r = (zel-b.L Ld — zee; + b.L1.d.Q%).d — cQgQ).d) :
ae

Q) = aL ™04,
QU I-17. .1 1ot > 1 607 lx_ 5 ~
0 =T L T Qi+ T QT - 1T 0l

i = i T =1 0 =1 =1 56 lx_ i )T -
O =2L7"di =22 L7 d+ L7Q d + cL ™ .QE) +eL Q5 — ~L71.d.Qfd — Q)L ",

(i o1 i
Qg:))) = Qg; + - (zei + Qégd) ,

where a;, b;, ¢;, d;, e; and L denote the partial derivative with respect to ¢; of the respective block.
Note that this notation is consistent with (53). Before we start the analysis, observe that the only
blocks with z-dependence are b, ¢, d and Qgg, ég, ég All of these, save ¢, are linear in z, whilst
¢ is quadratic.

So let us start by considering ﬁgg) : Since Q) is independent of z, we must have
A 1 i
0-(05) = = (e + Qffd.) =0, (54)

e
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Writing

d, = |03

d5

this gives us one (scalar) equation for each i. Noting that es = e5 = 0 and reading off our expressions
for the Q| these five equations can be written as

_qie = S B B AN
0 1 1 2 2 2 O
—(3€3 = 1 2 2 2 2 53
—(4€4 1 2 2 % 1 54
0 1 2 2 0 3
Being a linear system we can solve it for d, :
01 2q1(1 —4q1) —(1—4q1)gs 0
62 0 —qs3 0
o3| =|-a(l-4q) |er+ |2(1 —q1 —qa) | es + [ —qa(1 —4qs) | eq. (55)
04 0 —(1 —4q4)q3 2q4(1 — 4q4)
d5 0 —2q3q4 —(1 —4q4)

However, in order to determine d, we need more information. Conveniently, the expression for Qgg’)
also contains d. This time we consider the second derivative:

261’

~C ~_ ~_ ~_ i 2~_ i ~_ i
() = 2L71.9,,(d.) ~L7'd. 2L 1.8Z(Qé2)).dz—gL L d,.QW.d. +2c..L.Q%.

Since this equals to zero and as Lis invertible, we obtain a matrix equation for each i :
90, (d.) + 0.(Q).d, — 2d.. (e + Q). M _
Qi( Z)+ Z( 22)' z et ez+Q32~ z +szQ21 .

Note now two things: firstly that the third term, the one in brackets, vanishes due to (54). Secondly

note that for i = 2 the entire equation reduces to 92(c) (221) = 0. Since Qégl) # 0 (it is the second
standard column vector), we must have

1
Coz = 5(“)?(0) =0.

So consider ‘

Clearly these equations are trivially true for ¢ € {2,5}. Qg?é) is independent of z, which implies that
d, must be too. By equation (55) this yields that gzes is independent of g3 and consequently also
e1 and e4. Thus we have the following equation for e :

e(q1,q3,q4) = € (q1,94)10g(gs) + €(q1,q4).
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Now deriving e by ¢; and ¢4, keeping in mind that e; and e4 are independent of q3, we see that
¢’ can only have trivial dependence on qi,qy, i.e. it is a constant. This is now, where the third
condition (51) from before becomes important:

lim e=1
z,q—0

exists. We conclude that e’ = 0, which is equivalent to e having no g3 dependence, i.e. € = e(q1,q4).
Let us return to the equations (56). For ¢ = 1 these read:

2

0= T+ 00 (0,
-1

0= 1_4(]1(514—&11(53)

A first observation now is that
8ql (51 =+ 253) = —2(]4(1 - 4(]4)(9(11 (64) = Ov

which implies that
a<h (64) = atham (6) = alM (61) = 0.

Moreover, we can explicitly calculate the derivative of §; according to (55):
9q, (01) = 2(1 — 8qu)ex + 2q1(1 — 4¢1)0g, (e1)
= 2(1 — 6(]1)6’! + 2611(1 — 4(]1)(9(]1 (61) =0.

Then this is equivalent to

1-— 6(]1
etV 400 () = 0 (a0 T= der) =0,
Since e has no g4 dependence, we conclude

€
S = ¢ (log(1 — /1 —4q;) —log(1+ /1 -4 "(qa)-
el 0 1—4q1:> e £<0g( V1—4q1) —log(1 + (I1)>+€(CI4)

But once again using the limit argument from before we find € = 0, i.e. e = ¢(q4) only depends on
qs. Last, but not least, notice that (56) with ¢ = 4 yields (amongst others) the equation

2
T-ag, %+ % (03) = 0.

Thus we can argue as before showing that in fact e has no g4 dependence either. In other words, e
is a constant, and due to our limit argument we can conclude

e=1.
Notice that now going back to our formula for d, we also find

d, =0.
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Armed with this knowledge, we can now consider
s -~ ; ~ NP P 5~
. =L 'L+ L .QW b, + L .0.(QY).L - L Ld..QY) L.

As this expression has to equate to zero and simplifying according to what we just learned, we
obtain the following matrix equations for each i :

Li+ Q)b +0:.(Q%).L =0,
Now for ¢ = 2 this reduces to the simple Qg).bz = 0, which implies (since Qg) #0)
b, =0.

So far we have found b, = d, = ¢,, = 0, so the only block with z dependence in L is ¢, which
()

is linear in z. Therefore, there is only one remaining term in our expression for 6213, which is
quadratic in z : ézci. But all terms, which are quadratic in z, sum up to 0, implying that

Co, =c5, =0= 8Z(L) =0.

. . . . . Al
This makes life a lot easier for us. For instance consider now le) :

N¢ a;
0-(QfY)) = - =0.

Thus a is a constant and once again due to (51) we have
a=1.
Now let us consider another block of ﬁ(i), this time ﬁgg :
O =L ' Li+L0.QH =0 = Li+0.(QY).L=0.
This is helpful when considering 6(112) :
9.0 =b; —b.L 'L — b.L".0.(Q)).L
b = b L' (Lo + 0-(Q8)).I)
=b; =0
for all 4. Since b, = 0, we deduce that b is constant and hence
b=0.

So far we have determined blocks of L in such a way that @(fs has no z dependence for most

values of r and s. The remaining equations are

Oh=0 = ¢+0.Q) =0,

() =0 = dit0:(Q5)d+0:(Q8) =0, (57)
Q 0 = Li+0.(QY).L=o0.

95



Let us start with the first one, since it is particularly easy: for i = 5 this equation reads

Q2025 + 205C55 = — Q102034
Upon deriving this by g5 we find that

55 =0
2
= C25 = —(19394-

Then we use the case i = 2 :

2q2¢20 + q5ca5 = —q10394(4q2 + q5),

from which we deduce
22 = —2q145a.

Similarly easy is the second equation amongst (57). Since
5 5
0-(Q) =0 and  0.(Q) =0

we have
ds = 0.

Now for ¢ = 2 we still have no z dependence in Qgg Q(Qg however is another matter:

24143
@ —q14344
do = —0.(Qy3) = | —(1 — q3q4)q143
0
—Q1(I§CI4
And thus we have
2419243
*Q1Q2Q§Q4

d= —(1 - CISCI4)(I1Q2Q3
0

—q1429344

Solving the third equation of (57) is slightly more intricate. However, this is mainly due to the
fact that much more unknowns are involved. A first glance at

Li+0.(Q).T =0 (58)

reveals that this equation is trivially true for i = 2,5. For i = 3 we have that the right-hand term
vanishes, implying that L3 = 0. So let us denote
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where \;; = Ai;(q1,¢4) depends a priori solely on ¢; and ¢4. For ¢ = 1 equation (58) is

72)\11 Ce 72)\15
)\11 ‘e )\15 O o 0
1= 0Ogq : - : ~1—4q (1)1 (1)5 ,
A51 As5 0 ... 0
whereas for ¢ = 4 it becomes

0 ... 0

_ All e A15 1 0 o 0

L4 8‘14 - . : = 1_ 4q4 )\31 e )\35

)\51 “ee )\55 _2)\31 cee —2)\35
As1 Ass

As a first observation note that the second row of L depends neither on ¢; nor on g4, meaning that
it is constant:

(Aa1,.-.,A25) = (0,1,0,0,0).
We denote the resulting dependences by

A1) A2(q1) Az(q1)
. 0 1 0 0 0
L= Xs31(q1,q4) A32(q1,91) A33(q1,91) A3a(q1,q4) As35(q1,qa)

A1 (Q4) )\42(Q4) )\43((14) )\44((14) )\45((]4)

A51(qa) A52(qa) A53(q4) As54(q4) As5(q4)

Let us take a closer look at the first row of El. We find that for 1 <7 <5:

Aa(qr) Ais(q1)

2
9g, (M1i(q1)) + m)\u(%) = 0.

We solve this the following way:

1

1
——————04,(A1i) + At
v1—4q (1 —4q)vT—4q

0=

1
= A1) = N1 —4q,

where X is a constant, defined by the limit of z,q — 0 of Ay; :

()\11, ey )\15) = 4/ 1-— 4ql(1,0,0,0,0).

In precisely the same manner we also find

(Aa1, -+ \as) = /1 — 4¢4(0,0,0,1,0).
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This determines the last row of our equation in the case i =4 :

0gs(A155 -+ As5) = (0,0,0,1,0).

1
\/1 — 4Q4

Simple integration and a look at the limit behaviour then shows that
1 1
()\157...,A55):<0,0,0,—2 1—4(]4+2,1>

Remains to find the third row of L. This time we have to solve the two equations

1

Oqy (M3, -5 As3) Z\/ﬁ(l,O,O,O,O)
1

04 (13-, As3) :\/TTCM(O’ 0,0,1,0)

Thus we have
(A13,-- -, As3) = (M13(q1), A23, As3, Aas3(qa), As3)

and applying the same methods as before to the individual equations:

1 1
(A13,...,A53) = <2 1—4dq +

1 1
20,1, —=/1—4gs+=,0) .
270a ) 9 qs + 27())

In conclusion: we have determined the matrix L to be

;o (59)

1 0 0 0 0 0 —(2¢2 + ¢5)q1924304
0 V1I—A4g¢ 0 0 0 0 2q142q3
0 0 10 0 0 ~01420344
L=10 —3/T=4g+3 0 1 -L/T=4dg+L1 0 —(1-@au)ages
0 0 0 0 V1 —4q4 0 0
0 0 00 —iyT—dg+1i 1 1424344
0 0 0 0 0 0 1
thereby concretely solving the Birkhoff problem. Indeed this L works, as a simple calculation shows
that
0. (L7100 L+ 2L710,,(L)) =0
for all 4.

10 Mirror Symmetry

The climax of this thesis consists of chapter 10.3, in which we will explicitly prove a mirror symmetry
type theorem for the Del Pezzo surface X4. So in preparation we shall give some general introduction
to the topic of mirror symmetry and discuss all the necessary prerequisites for theorem 10.1.



10.1 Some Brief Remarks on Mirror Symmetry

Mirror symmetry originated in the realm of theoretical physics. More specifically, in the realm
of string theory. String theory aims to unify the two big theories of the 20th century, general
relativity and quantum mechanics, by providing one consistent quantum theory of gravity. It does
so by posing that elementary particles are not zero-dimensional, but one-dimensional, i.e. they
are strings propagating through spacetime. In doing so a particle (or string) traces out a surface
3, called the world sheet, and classical fields are realised in string theory as functions (or vector
bundles etc.) on X.

For consistency of the theory, physicists imposed a condition called supersymmetry on the
strings, which is essentially a duality between fermionic particles (essentially matter particles) and
bosonic particles (essentially particles carrying forces). With this condition in place, it become clear
that (at least in heterotic string theory) these superstrings can predict the dimension of spacetime,
in which they live. These are typically ten dimensions, so the clear discrepancy to our observed four
dimensions must be resolved. The way this is done, is by assuming that spacetime is locally the
product of the four-dimensional manifold we observe and some six-dimensional compact manifold,
which has to be extremely small. This internal manifold must be a Calabi-Yau manifold in order to
preserve supersymmetry. Thus physicists were led to study so-called super-conformal field theories??
(SCFTs).

There are two types of interesting SCFTs, N = 1 SCFTs and N = 2 SCFTs. The N here
denotes the number of imposed supersymmetries. Hence N = 1 SCFTs are more general and a
N =2 SCFT issimply an N = 1 SCFT together with an action of a N = 2 super-conformal algebra.
It was observed that in heterotic string theory, if one compactifies spacetime using a Calabi-Yau
manifold, then one would obtain a N = 2 SCFT, in which the equations of motion for fermions
decouple into right- and left-moving parts. At the level of super-conformal algebras this meant that
the N = 2 super-conformal algebra associated to this N = 2 SCFT contained two copies of ordinary
(N = 1) super-conformal algebras. However, the generators of these two algebras are only defined
up to a sign and thus the N = 2 super-conformal algebra has an interesting automorphism, called
the mirror automorphism, which consequently induces the notion of a mirror morphism between
two N = 2 SCFTs. In fact, to any N = 2 SCFT we can thus find a related NV = 2 SCFT such that
they are isomorphic as N = 1 SCFTs, but not in general as N =2 SCFT.

Now the most important way to obtain an N = 2 SCFT is by taking a Calabi-Yau manifold X
and realising the N = 2 SCFT as a so-called non-linear o-model of X. However, N = 2 SCFTs are
immensely complicated objects, for which in fact no general mathematical definition exists yet. To
make them more accessible Witten in [Wit88] and independently [EY90] introduced a topological
twist. Our input data at this point is a Calabi-Yau manifold, in particular, a choice of complex
structure and a choice of Kéhler class. Witten’s topological twist now (informally) identifies a
subsector of SCFTs and restricts to that. The two important ways in which this can be done and
the resulting models are called A- and B-model respectively. The A-model considers the complex
structure constant and thus “probes” the Kahler structure, whereas the B-model does just the
opposite.

Now recall that two N = 2 SCFTs can be related by the sign change in the generators of their
isomorphic super-conformal algebras. We called this the mirror morphism and if the two N = 2
SCFETs are realised as non-linear o-models of two Calabi-Yau manifolds X and X°, we say that

22The conformity comes since ¥ carries a conformal structure and thus supersymmetric string theory is supposed
to be invariant under conformal equivalence.
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X and X° form a mirror pair. The important point of Witten’s twist (from a mirror symmetry
perspective) is that the mirror automorphism of the N = 2 super-conformal algebra exchanges the
A- and the B-model. Thus we have that the A-model of X should be equivalent to the B-model of
X° and vice versa. We can summarise the situation in the following diagram

A-model +=— B-model
Y Y.

CY  » N=28CFT ¢--mmnmmmeeeev T » N=2SCFT «  CY,

. . = -

B-model +=— A-model

Why is this interesting for mathematicians? For one thing, the equivalence of the A-model of
X and the B-model of X° suggests a deep connection between two seemingly unrelated types of
data. The A-model side encodes counts of curves on X, i.e. Gromov-Witten invariants, which
appear as coefficients of correlation functions. On the B-model side, classical period integrals are
encoded the same way. However, mirror symmetry burst into the mathematicians’ stage with
the paper of Candelas et al. [COGP91] in 1991. The authors used the above equivalence and
computed the B-model data associated to a variation of Hodge structure on the mirror manifold
of a quintic hypersurface in P*. Thus they were able to predict Gromov-Witten invariants on this
quintic hypersurface, the computation of which were far beyond anything mathematicians could
do at the time. Since then mirror symmetry has been an active part of mathematical research. In
fact, Givental in [Giv96] and independently [LLY97] were able to prove the predictions made in
[COGPY1] rigorously.

Last, but not least, let us mention that Hori and Vafa [VH0O0] found an interpretation of X° as a
fibration together with a holomorphic map on the fibres. This data is in fact our Landau-Ginzburg
model and it works in greater generality than just Calabi-Yau manifoldOs as mirror partner for
general complete intersections in toric manifolds [RS15].

10.2 Mirror symmetry from a D-module perspective

As mentioned before, we are mainly interested in mirror symmetry as a tool for computing Gromov-
Witten invariants. In particular, the significance of our main theorem 10.1 stems not from a mirror
theorem in the sense of chapter 10.1, but rather from its enumerative implications: it allows us
to count curves, i.e. compute GW invariants, on X, without having to apply the complicated
machinery, developed in chapters 2-5, only using our Landau-Ginzburg model and some algebra.
We start off with a manifold X, in our case a Del Pezzo surface. Then we postulate a mirror
partner X°, which in our case is a Landau-Ginzburg model, as we have done in chapter 7.5.
Associated to X we have an A-model, which we define here to simply be the Dubrovin connection.
As such it encodes all (genus 0, 3-point) GW invariants. We mentioned in chapter 6 that a vector
bundle with connection can be interpreted as a D-module. From this point of view, our A-model is
simply the Dubrovin connection, now called the quantum D-module. Mirror symmetry for us now
is the construction of a B-model D-module from X°, which recovers the Dubrovin connection and
hence the GW invariants. And we have already done most of the work! The B-model equivalent

100



to the quantum D-module is essentially the Brieskorn lattice extended to P! x U as defined in the
previous chapters.

We say “essentially” and not “precisely”, because we still have to change co-ordinates on the
B-side. This change of coordinates p : V. — U, where V' C C" is some suitably small open
neighbourhood of the origin, is called the mirror map. The mirror map is the isomorphism relating
the A- and the B-model of mirror symmetry. It originally appeared in Givental’s formulation
of mirror symmetry [Giv98]. He defined two cohomology-valued formal functions I and J. The
J-function incorporates the Gromov-Witten invariants (or rather gravitational correlators) and
summarises the enumerative information of the A-model. The I-function on the other hand is
determined by periods on the mirror manifolds and thus contains information on the moduli of the
mirror. Both I- and J-function can be expressed in our by-now familiar z, g-coordinates. Givental’s
version of mirror symmetry then states that

I(q,2z) = J(p(q),2).

In fact, for toric Fano varieties p was shown to be the identity [RS15, proposition 3.12.3] (note that
X is not Fano, only nef). Interpreted in terms of D-modules, the J-function is a solution to the
quantum D-module, whereas the I-function is a solution to its mirror D-module.

10.3 Mirror Symmetry for X,
The aim of this chapter is to prove the following theorem:

Theorem 10.1. The Landau-Ginzburg model of X§ as defined in chapter 7.5 is a suitable mirror
partner for X4. In other words, the following two bundles with connection are isomorphic:

A The trivial bundle H*(X4,C) x P x U — P x U, where U C C" is a suitably small, open
neighbourhood of the origin, equipped with the Dubrovin connection V as defined in chapter 5.

B After a change of coordinates p: V. — U, where V,U C C" are small open neighbourhoods of the
origin, the modified version I of 0QM 3 as described in chapters 8.4 and 9. In other words, the
connection defined by the D-module

(C[Za qi,--- 7QT‘]<22827 Zq18q17 ey Zq’r'aqr>
(E,OieL

: (60)

where

E =2%0, + Z u; (w.;(é)z%aqi

i=1

and

—l;—=1 /n—r
5= I T 11 (zmmzqkaqk— )

alug (1)>0 i|ll;<0 j=0

li—1 /n—r
ST eI 10 <mezqk8qk— )

alug (1)<0 i|l;>0 j=0

for alll € L = (Pic(Xx))".
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Proof: We have already done most of the work involved. For example, we have found a concrete
description of the quantum D-module, i.e. the Dubrovin connection, in chapter 5. Furthermore
we have found an expression of the connection defined by (60) in chapter 9.3. Moreover, we
have additionally solved the Birkhoff problem in the same chapter, i.e. we have chosen suitable
coordinates in which to express our B-model D-module. So let us now find the mirror map p
concretely: the change-of-basis matrix L from (59) maps

1
2q10q, = /1 —4q12q104, + 5(1 — /1 —4q1)2q30q,,
2420q, — 2q20g,,
2q30q, > 2q30gs,

1 1
2q40q, — 5(1 — V1 —4q4)2q304, + /1 — 4G42q40,, + 5(1 — /1 —4q4)2g50,,,
2q50qs > 2q50q; -

pis now a map V — U, where V,U C C" are small open neighbourhoods of the origin. It sends
q; — p; such that

1
P10p, = V1 —4q1q:10,, + 5(1 — /1 —4q1)q30,,,

p28p2 = q28q27
p36p3 = QS6q37
1 1
P40p, = 5(1 — /1 —4q4)q304, + /1 — 4q4q40,, + 5(1 — /1 —4q4)q50q;,

p58175 = Q58q5 .

For the moment write ¢; = exp(t;) and p; = exp(s;). Then clearly ¢;0,, = 0, and p;d,, = 9s,. Due
to the chain rule we now get a system of linear differential equations:

0s, Os,(t1) ... 0O (t5) O, O,

I
&~

Oss Oss(t1) ... Osg(ts) Ot O,

with L as in (52), respectively in (59) in concrete form. To start us off, notice that 9;, is independent
of s1, s3, s4 and s5. Choosing 0 as constant of integration we then have

to = 89 = q2 = D2.

Next note now that

831 (tl) =v1- 4et1,

whilst
852 (tl) = 683 (tl) = 854 (tl) = 855 (tl) =0,

implying that ¢; depends on s; only. We can solve these differential equations by elementary means,

showing that
(1 ++v1 —4€t1)
s1=c—log| ————
1—+1—4etr
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for some constant ¢ € C. For simplicity let us choose ¢ = 0, yielding

1—I—4dq

=exp(sy) = ———.
4! p(s1) 1+1_dq
Solving for g; we obtain
_ P1
q1 = 7(1 )2

and in particular

/71_4(]1: 1—p

1+p1
and 1
P1
“(1—/1—4q) = .
2( q1) 1+
In precisely the same manner we find
N T
(14pa)?’
1—
VI—dg = 2,
1+ pa
1 P4
—(1—+/1—4qy) = .
2( qa) 1+

So we are left with finding g3 and ¢5 in terms of the p;. Once again this is a matter of elementary
integration:

_ _ D4 _
a54 (t5) - p4ap4 (t5) - 1 + pa = q5 = f(p5)(1 +p4),
where due to
Os5(t5) =1

we find
g5 = c(1+pa)ps

for some non-zero constant c¢. Again, for simplicity choosing ¢ = 1, and performing the respective
steps to find g3, we obtain a concrete form of the mirror map. And indeed this map is a well-
defined change of coordinates in a small neighbourhood of the origin. It changes g;-coordinates to
p;-coordinates, where

_ P1

a = 7(1 PR

q2 = P2,

g3 = (1 +p1)(1 + pa)ps,
_ P4

4 = 7(1 )2

g5 = (14 pa)ps.

103



In particular, we have

A= iq — L —pi

L+pi’
1 Di
S(1— /1 -4g) =
2( i) 1+

for ¢ = 1,4. The mirror map is applied to our D-module, respectively our connection, by replacing
the g; with their respective expressions as p;, as well as noting that

do _1-pidp

@ 1+pi p1’

dos _dps

q2 ]727

dis_ i dv  dpy  ps dns
g l1+pm p3  1+psps’
da _ 1 pydpy

Ga 1+ps pa’

d o dvi | drs

qs 1+ps ps D5

Thus writing our connection as

- —owir L ge s
ZP1 <ZPs5

yields the following expressions for the connection matrices Q@;
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(edvd 4 m&&m&mmim 0 (edvdg + td + 1)vdeded (edtdy + 1d + 1)vdeded (ed1dg + 1d + 1)vdeded (¢dg + 1)vdeded1d

(vd — 1)9dvdideddy 0 (1d + 1)vdeded— (vd —1)(*d + 1)8ded (vd —1)(Td + 1)8ded (vd — 1)tdedid

(edg — 1)9dvdededid sdvded— (9d — €dedldg — tdld)vded (vdededldy — 9dvd — td — vdedld)ed  (vdedldg — 1 — 1d)€ded (edg — 1)vdededtd

(¥d + 1)9dvdEdedidg (1d + 1)sdvded  (ededldg + Sd1d + <d)vded (eded1dy + ¢d1d + Sd)vded vdfdedtdy (9d + ededg)vdedtd

(1d — 1)sdvdeded (*d — 1)sdvded (¢d 4 ed)(1d — 1)vded (edvd + vded + ed)(td — 1)€d (vd 4+ 1)(1d — 1)¢ded (¢dvd + vded + ed)edid—

(vdededldg+vdedtdg+vdidg+  (vdedldg+edldg+ ($dvdedidy+ Sded Tdg+ (¢dvdedldy+9deddy+ ($dvdedTdg+SdedTdg+ (9dvdedg+Sdedg+
dg+9dvdg)SdvdEdedld 1d+1)9dvdeded Sd1d+€dedldg+9d)vdeded Sd1d+€ded 1dp+4Sd)vdeded 9d1d+£ded 1dy+9d)vd€ded 9d+€d2dg)¥d€ded1d
0 4 4 4 T T
advd + edg)vdEdedid ed1d + 1d + 1)¥deded edldg + 1d + 1)vdeded €dld + 1d + 1)vdeded €d + 1)vdededtd
+ tdg)vdz 0 T 4 T T T
(vd — va%im&m%& 0 (td + 1)vdeded— (vd — 1)('d + 1)eded (vd — 1)(1d 4 1)€dd (vd — 1)ededid
(ed — 1)8dvdededtd 0 (¢d — 1)vdeded1d (vdedidg — 1 — vdid)eded (vdedid + 1)(&d — Dm& (¢d — 1)vdeded1d
(vd + Smgﬁmaai 0 Em&m&& EMQSSN ed — «&m&m&& Em&&&
(1d — 1)¢dvdeded 0 (1d — 1)¥deded (vd + 1)('d — 1)€ded (vd + 1)(1d — 1)€ded (vd + 1)¢dedrd—
mm&w&+va&N&H&N+d&m&N&N+ AmeRﬁ&ATnRHQTT Amﬁﬁ&maﬁawx_ﬁm&m&:&x__y Amﬁmw&m&:&mx_vm&m&ﬁamx_ﬁ Am&meRHRATQORﬁR‘T Ama:u&m&tfm&m&x__v
wRNRNLﬂNRNvm&w&M&NRHR H&Lﬁﬂvm&w&mgmg m&H&Lﬁm&Lﬁm&NQH&NVw&m&NQ mQH&nTm&NQﬂQﬁnTm&v vdedacd Sd1d+ mQITm&N&HQwvd&m&N& m&nTm&NQNvd&m&N&HQ
0 T T T T 0
(edvd + m&w&m&m%& 0 (¢d + 1)vdeded1d (edg + 1)vdeded1d (ed + 1)vdeded1d (ed 4 1)vdeded1d
(vd — dm&v&m&u&& 0 vdededTd— (vd — 1)eded1d (vd — 1)¢eded1d (vd — 1)eded1d
(¢d — 1)sd¥dededtd 0 (¢d — 1)vdededid (edg — 1)vdeded1d (ed — 1)vdeded1d (¢d — 1)¥dededtd
(vd + dm&w&m&m&a Sdvdedid (9d 4 eded)vded1d (8d 4 ededg)vdedtd w&m&&& (¢d 4 eded)vded1d
sdvdededtd— sdvdedtd— Am& + ed)vdedid—  (Sd¥d + ¥ded + Td)edTd— (vd + 1)ededTd— (8dvd + vded + Td)ed1d—
vde€dtdldg+¥dedtd+yded+ vded Sdvdedg+Sded+ Sdvdedg+Sdedg+ Sdvded+Sded+ gdvded+Sded+
( ( +1+ ( o+ ( 4 C ( (
N&n.vm&w&v m&w&M&N&H& nQv Sdvdededld malvwnmm&u vdededid m&meQNQNVw&w&NQHQ mQme&N&NVﬁQw&NRH& m&+m&NQvﬁﬁw&N&H&

= @0



(sdvdg + ed)vdded1d
(vdg — 1)edvdidedTd
(¢d — 1)9dvdeded1d
(vdg + 1)edvdidedTd

(1d — 1)sdvdeded

(edvdg+¥dededdg+ydededg+
vddg4-ed)SdvdEdidld

7de
sdldfded1d
(vd — 1)sdvdEdedtd
(¢d — 1)edvdededid
(vd + 1)sdvdgdedtd

(Td — 1)9dvdeded

(9d¥dg+¥deded Td+FdedTd4

vdtd4-td)sdvdfdedTd

Sdvd—
(ed — 1)edvd
(1d + 1)sdvded

(1d — 1)sd¥vded

(vdedTdg+edTd+
Td+1)9d¥deded

Sd—
(vd — 1)ed
(¢d — 1)%d¥d
(1d + 1)edvded

(1d — 1)edvdsd

(vd€dTd+EdTd+
Td41)Sdvdeded

(ed1d + 1d + 1)vdeded
(¢d + eded1d + €ded)vd—

(9d + ededid)(ed — 1)vd
(eded1d + sd1d + Sd)vded

(¢d 4 2d)(1d — 1)vded

(edVvded Tdy+SdEd Td+SdTd+

9d+€did1d)vdeded

sdvd—

(ed — 1)edvd

(1d + 1)sdvded

(1d — 1)sdvded

(vdedTdg+edTd+
Td+1)9d¥deded

(edtdg + d + 1)vdeded
(*d + 1)vdeded—
(¢d — ededidg — edid)vded
(eded1dg + <d1d + Sd)vded

(¢d 4 ed)(1d — 1)vded

(edVdedTdp+SdEd Tdg+SdTd+
¢d+£deddg)vdeded

4 4 I
0 0 0
0 0 0
cdvded— 0 0
(1d + 1)sdvded 0 sdvdedid
AH& — va&w&m& 0 sdvdedtd—
Cdinysmdeass  Vayrysavacacs (7454 + 8d+ )sdvdsdedid
4 (4 1

(ed1d + d + 1)vdeded (ed 4 1)vdeded1d

(1d + 1)vdeded— vdededid—

Am& _ Ow&m&m&& Am& — Sw&m&ai

EMQNQE (¢d + eded)vdedtd

(1d — 1)vdeded (¢d 4 ed)vded1d—

(9dvdedldg+SdedTd+SdTd+
Sd+€dedldg)vdeded

(9dvdedg+eded+
9d+4€d2d)vdeded Td
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Evidently these are not the exact same connection matrices as computed in chapter 5.3. This
is ultimately due to different choices of bases in Pic(X4) and Pic(X§). To address this issue, notice
that we have in fact a natural isomorphism, which respects the intersection product:

Pic(X]) — Pic(Xy), (61)
[D1] — H — Ey — Ey,
[Ds] — Fy,
[D3] = H — Ey — Ep — E3,
[D4] = Es,
[Ds] — E3 — Ea,
[Dg] — H — E3 — Ey,
[D7] — Ey.

Importantly, this isomorphism identifies the anti-canonical divisors:

7 4
~Kxg =Y [Di] = 3H-Y E;=-Kx,. (62)
i=1 i=1
Thus we have to make one last change of coordinates: in chapter 4.3 we chose the basis {[X4], H, E1, ..., Es, [pt]}

of H*(X4,C). Thus, using (61), we change

(H7 E13E27E37E43E5) = (1}1,’1)2,"03,7}4,’07).[/ = (Ul,UQ,Ug,U4,U7). -1 -1 -1

where the v; are the generators of the Kahler cone of X} as determined in example 7.10. {v1,va, vs, v4, v7}
is precisely our original basis for Pic(XY), first defined in example 7.14. Note that we have to change
the p; variable to ¢; variables as well, but that these change dually to our chosen bases:

_ o H—E,—Es—F _
ppo= e = e T = 142q3q
_ P H-E,—E _
p2 = €2 = € 1T = 19295
3 — ev3 — 67H+E1+E2+E4 — 1
* 41929345
Dy = ela — 67E2+E3 = Z—i
x H-E;—E
ps = €7 = e TR q19495-
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Therefore

d d d d d
dpy _dar  dex | dgs | da
P1 q1 q2 qs g4
d d d d

dpr _dq  de> | dgs

b2 q1 q2 g5

dps _ dqi dg dqz dgs

b3 q1 q2 q3 qs
dps _ dgs _ das

2 q3 g4

d d d d

dps _ dqy | dga  dgs

Ps q1 q4 g5

Now changing our p;-coordinates to ¢; ones and using the change of basis for the connection V* —
V?# given by N

Vi=d+ L 'Q*L+ L 'dL=d+ L7'Q%L,
we find that indeed V7 is precisely the restricted Dubrovin connection as computed for X, in

chapter 5. Moreover, due to (62) and since L~!DL = D for any diagonal matrix, we have in
fact found an isomorphism of bundles with connection between F' (after the mirror map) and the

Dubrovin connection V as defined on P! x U in chapter 5. We have thus proven the equivalence of
the quantum D-module of X, and the Brieskorn lattice of the Landau-Ginzburg mirror of X7. [
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