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Introduction

The study of differential equations related to geometry is an old but still very active subject.
One of its origins lies in the studies of the hypergeometric differential equation
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of Euler M], GauB m] and Kummer m], as well as in Riemann’s work M]

concerning the analytic continuation of local solutions of this equation.
Another important example is Legendre’s equation
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which is satisfied by the elliptic integrals
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considered as functions in k2. The study of these integrals lead to the notion of Riemann
surfaces of genus one, such that for fixed k each of the given elliptic integrals can be written as
integrals of a holomorphic one-form over a one-cycle. Integrals of this type are called periods
and determine this Riemann surface uniquely up to biholomorphy.

If we consider families of elliptic curves over a one-dimensional parameter space, it was ob-
served by Fricke and Klein in M] that an appropriate associated family of periods y(t)
fulfills the hypergeometric differential equation

d?y(t) 1 dy(t) (31/144)J(s) —1/36
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y(t) =0

with respect to the J-function associated to the family.

The study of differential equations satisfied by periods - so-called Picard-Fuchs equations
or Picard-Fuchs operators - was generalized to families of algebraic manifolds with higher
dimensional fibers by Picard and Poincaré. Griffiths incorporated those studies into 20th
century language of mathematics, see e.g. M] and |, which leads to variations of
Hodge structure and Gauf-Manin systems.

As Riemann surfaces of genus one are Calabi-Yau manifolds, it is natural to study Picard-
Fuchs equations for higher dimensional families of Calabi-Yau manifolds. Contrary to the
one-dimensional case, in general there is no universal way to describe these equations for
higher dimensional families as Fricke and Klein did.
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The case of three dimensional fibers is of particular interest in mirror symmetry. In M],
P. Candelas and his collaborators made an amazing discovery: They studied the family of
quintics X C P4. It was discovered by H. Schubert in M] that such a manifold contains
2875 lines and in fact, a parameter count suggests that X contains for each degree d a finite
number ng of rational curves of degree d. Candelas et al. were able to predict these numbers
by studying the Picard-Fuchs equation
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of the “mirror manifold”.

These remarkable observations led to an enormous mathematical activity which both tried to
explain the occurring phenomena and to establish similar results for other families of Calabi-
Yau threefolds. To mention just a few of the many milestones achieved, V. Batyrev described
in M] a way to construct the mirror of Calabi-Yau hypersurfaces in toric varieties via
dual reflexive polytopes and a proof of the so called Mirror theorem was given by A. Givental
in M] and B. Lian, K. Liu and S.-T. Yau in M] Further Picard-Fuchs equations
related to families of Calabi-Yau threefolds were constructed by V. Batyrev, D. van Straten
and others in [BS95] and [BCFKS9S].

Motivated by those studies, G. Almkvist, C. van Enckevort, D. van Straten and W. Zudilin
started to collect differential operators which have similar algebraic properties and are poten-
tial Picard-Fuchs equations of families of Calabi-Yau threefolds. These operators are called of
C'Y-type. The resulting first version of their list m, Appendix A] contained 306 of such
operators. As they fulfill very restrictive integrality properties, they are hard to find without
a family at hand. In fact, only very few of them are constructed as Picard-Fuchs equations
of a given family. An often applied method to find operators of this type is the following;:

Take an integral hypergeometric expression C,,, and compute, e.g. with Zeilbergers algorithm
in MAPLE, a recurrence relation ri(m)Cp,+x + -+ + ro(m)C,, for the coefficients C,,. This
recurrence can be transformed into a differential operator L, such that f = > " Cp,2™ is
a solution of L. As observed by D. van Straten, some solutions of this type are Hadamard
products of power series, i.e. they can be written as

00 00 00 00
Z Cpz™ = E AnBp 2™ =: Z Ay 2™ % E B, 2",
m=0 m=0 m=0 m=0

where >0 Ay, 2™ and Y0 ) By, 2™ fulfill differential equations of lower degree.

Having these observations in mind, we pose the following questions:

e Which of the operators given in m, Appendix A] are Picard-Fuchs operators of
families of Calabi-Yau threefolds?

e [s there a suitable way to classify Picard-Fuchs operators related to families of Calabi-
Yau manifolds from a purely algebraic point of view?

e Which of the potential Picard-Fuchs operators can be constructed as Hadamard products
of operators of lower degree?

In this thesis, we mainly concentrate on the third question but will also touch the first two by
the approach we take. As pioneered by Riemann, the key idea to answer this question is to look
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at the solutions of the differential operators and their behavior under analytic continuation.
In the case he studied first, i.e. for hypergeometric differential equations, it turns out that
analytic continuation of local solutions even provides a global understanding of them. In
modern language, this is rephrased by saying that the associated local system of solutions
is linearly rigid. It is a remarkable result by N. Katz, see M], that each linearly rigid
local system can be reduced to a local system of rank one - which is completely determined
by a collection of points - via applications of tensor products and middle convolutions with
Kummer sheaves. In fact, as these operations are invertible, this provides a method to
construct rigid local systems. A translation to the level of fuchsian differential systems in
an explicit way was established by M. Dettweiler and S. Reiter in M] We can turn a
differential systems into a differential operator by choosing a cyclic vector. Moreover, we
can use middle Hadamard products instead of middle convolutions, which correspond to the
Hadamard product of power series on the level of holomorphic solutions. Hence, we detect
those rigid local systems which are potentially induced by differential Calabi-Yau operators,
construct related differential operators via tensor products and middle Hadamard products
and investigate which of them are of CY-type. As operators of CY-type correspond to very
special cyclic vectors, we rather translate tensor and middle Hadamard products to the level
of differential operators directly in an appropriate way. In particular, the translation provides
that resulting operators have a potential geometric background, i.e. they are of geometric
origin in the sense of M] We also turn our interest to local systems which are not
linearly rigid but for which corresponding differential operators can be constructed by similar
methods as used before.

To be more precise, this thesis is organized as follows:

In the first chapter, we briefly recall basic facts of the formal algebraic theory of linear
homogeneous differential operators. This discussion particularly covers their relation to dif-
ferential modules, i.e. systems of first order differential equations, as well as the formal theory
of solutions. A key fact is that the category of differential modules over a field is equivalent to
the category of representations of an algebraic group scheme and hence a so called Tannaka
category. We also take a closer look at fuchsian differential operators which naturally appear
in the geometric situation we consider.

In the second chapter, we briefly recall the notion of local systems, connections and Picard-
Fuchs operators. We also introduce those families of Calabi-Yau manifolds which are of
particular interest of our studies. Most importantly, each of these families can be realized
over the rational numbers and admits a point of maximally unipotent monodromy.

In the third chapter, we describe algebraic properties of Picard-Fuchs operators for these
special families of Calabi-Yau threefolds. Potential Picard-Fuchs operators by means of that
description are called of CY-type. These operators underly quite restrictive integrality prop-
erties, which are for a given operator mostly only checked numerically.

The fourth chapter is devoted to the discussion of CY-type operators of degree up to five and
relations amongst them which can be seen as reflection of exceptional isomorphisms between
their differential Galois groups.

In the fifth chapter, we discuss the notion of linearly rigid local systems and extend it to
arbitrary reduced algebraic subgroups of GL,(C) via the rigidity index. Furthermore, we
review the tensor product and the middle convolution of local systems with Kummer sheaves.
To make those operations as explicit as possible, we relate local systems to generators of
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their induced monodromy representation via appropriate choices concerning the underlying
topological space. This gives tuples of invertible matrices (717,...,T4+1) such that

r+1

[[7-1
i=1

holds. All operations are reviewed on the level of tuples of matrices of this type, which we
refer to as m-tuples.

The translation of the middle convolution and the middle Hadamard product to the level of
fuchsian differential operators is done in an appropriate way in chapter six.

In chapter seven, we classify and construct those linearly rigid local systems which are
potentially induced by differential operators of CY-type. This classification - which is in fact
a special case of the classification of linearly rigid local systems by C. Simpson in M] -
yields four families of potential CY-type operators. However, it turns out that each family
seems to contain only a finite number of CY-type operators. For degree up to five, we obtain
all previously known CY-type operators with linearly rigid monodromy tuple by this method.
In chapter eight, we investigate local systems of rank four whose rigidity index in Sp,(C)
is zero. By considering also symmetric and exterior powers, we are again able to reduce
each local system of this type to a local system of rank one and construct two families of
potential operators of CY-type. Similar to the linearly rigid case, it seems that each family
only contains a finite number of them.

Finally, chapter nine is devoted to the special case of rank four local systems on P! minus
four points with rigidity index two in Sp,(C). Considering additional operations, we are able
to reduce each local system of this type to a local system of rank two which is induced by a
Heun equation. Inverting the operations, we end up with five families of potential operators
of CY-type. Again, each family seems to contain a finite number of CY-type operators, which
seem to be precisely those which are induced by Heun equations of CY-type. Via this method,
we find CY-type operators of degree four which were previously unknown.

The Appendix provides tables of Jordan matrices and additional information concerning the
families of differential operators which are constructed in chapters seven, eight and nine.
Several computations in this thesis were carried out in Maple 12 which is a trandemark of
Maplesoft.
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Chapter 1

Differential modules and differential
operators

In this chapter, we briefly recall some basic facts and constructions concerning differential
operators and differential modules from an algebraic point of view. We only work over rings
which contain the rational numbers. In the first section, we investigate the category of
differential modules over fields and especially recall tensor operations. The second section
is devoted to solution spaces of differential modules. The link to differential operators via
cyclic vectors and related operations on the level of differential operators is stated in section
three. In the fourth section, we consider differential modules and differential operators over
the rings of formal power series and polynomials as well as over their quotient fields. Those
objects can be classified via their local behaviour of solutions which is done in section five. In
particular, we discuss properties of so-called regular singular and fuchsian differential modules
and differential operators, as those are the ones which appear in our underlying geometric
framework in the later chapters.

A more detailed account as well as further information and omitted proofs to most of the
results stated here can be found in M], @] and M]

Throughout the whole section, we denote by R a simple commutative differential ring, i.e. each
ideal I C R which is closed under the derivation is trivial, with quotient field k and derivation
(+)'. For simplicity, we denote the n-th differential of an element a € R by a™ . Furthermore,
we assume that the ring of constants C' is an algebraically closed field of characteristic zero. In
particular, the quotient field k of R has the same field of constants then. We only investigate
differential fields for which C' # k holds.

1.1 Differential modules

We first introduce the ring of differential operators over R which is one of the main objects
we are dealing with.

1.1.1 Definition Let R{0} be the free R-algebra generated by 0 and J C R{0} be the ideal
generated by all elements a@ — da — a’ for a € R. We call

R[9] := R{}/J

the ring of differential operators over R.
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One can show that the ring of differential operators R[J] is a simple non-commutative left
and right Euclidean ring. Therefore, each element of L € R[J] is of the form L = Y"1 ; a;0",
where the a; € R are uniquely determined. The degree of L is given by

deg(L) := max{j € N | a; # 0}.

Furthermore, each left and each right ideal of R[J] is principal and we define the greatest
common right divisor GCRD and the least common left multiple LCLM of a finite number of
operators in the obvious way. We also have the natural notion of reducibility of operators.

Next, we introduce differential modules over R.

1.1.2 Definition A differential R-module is a tuple (M, 0), where M is a finitely generated
R-module and 0: M — M is a map satisfying

(i) d(m +n) = 9(m) + d(n) for every m,n € M.
(ii) O(fm) = f'm+ fo(m) for every f € R and every m € M.
A differential morphism between differential R-modules (M, d) and (N, 0) is a morphism of
R-modules ¢: M — N satisfying
Op(m) = p(0m)
for every m € M. We denote the C-vector space of differential morphisms from (M, d) to

(N,0) by Hompg (M, N). With those settings and the obvious composition rules between
morphisms, differential R-modules form a category which we denote by Diff .

We often denote a differential R-module (M, 0) just by M.

Free differential R-modules have a very natural link to systems of first order differential
equations over R:

Given a differential R-module (M,0) and an R-basis & = {ej,...,e,}, we can express the
action of 0 on M with respect to this basis via

ov =1 — Agv,
with v/ = (v{,...,v,)T and a unique A¢ € Mat,,(R). We call Ag¢ the representation matriz

of 0 with respect to £. For B € GL,(R), a change of the basis £ to BE = {Be,...,Be,}
induces the so-called gauge transformation

Aps = BAB™' — B7'B/

on Ag. On the other hand, a given matrix differential equation v" = Av with A € Mat,,(R)
clearly determines a free differential R-module.
The category Diff  is abelian. We describe some constructions in this category explicitly.

1.1.3 Definition Let (M, 0), (M, 0), (M2, 0) be differential R-modules.

(i) A differential submodule of (M,0) is a subspace N for which ON C N holds. If the
submodules of M are just the trivial ones, we call M irreducible.

(ii) The differential R-module (.S, 0) with S = M; & My and
6(m1 + mg) = 8(m1) + 8(m2)
for each my € M; and mg € My is called the direct sum of (My,0) and (Ma, ).
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(iii) The differential R-module (7,0) with T'= M; ® g Ms and
d(m1 ® ma) = d(m1) @ ma + my @ d(ma)

for each my € My and mgy € My is called the tensor product of (My,0) and (Ms, ).
Symmetric and exterior products of M are defined similarly.

(iv) The differential module (H,dp) with H := Hompg(M;, Ms) and

(0p) (m) := O(p(m)) — p(dm)

for each ¢ € Homp(M;, Ms) and m € M; is called the module of inner morphisms from
M to Ms. The dual module M" to M is the differential R-module (Homg(M, R), )
of inner morphisms from M to R.

Given two free differential R-modules M; and My, many of the natural isomorphisms on
the level of free R-modules - such as for instance (Hompg (M, M), 0) = (M ®r Ms,d) and
(M,0) = (((MV)V ,0) - can be regarded as differential isomorphisms.

1.2 Solutions

A very important tool to describe the category Diff;, of differential modules over a field is the
covariant solution space. Thinking of a differential module as a first order matrix differential
equation v’ — Av, a solution in a finite extension S D k of differential fields is nothing else
than a vector w € S™, for which w’ — Aw = 0 holds. The translation to the notion of a
differential module yields the following:

1.2.1 Definition Consider a differential k-module (M, ) and a simple differential ring S,
such that S D k is an extension of differential rings and the quotient field of S again has
constants C' = C(R). We call the C-vector space ker(0,S ®; M) the S-valued covariant
solution space of (M, D).

Given a differential k-module (M, 0), a classical Wronskian argument reveals that we have
dime (ker(0, S ®; M) < dimy (M)

for each appropriate extension S O R. We look for a minimal extension of k such that the
covariant solution space of M has maximal dimension. Similar to the algebraic closure of a
field, one can even construct a differential ring F such that the covariant solution space of
every differential k-module has maximal dimension. To be more precise, we state:

1.2.2 Definition A differential ring F D k is called an universal Picard-Vessiot ring of k, if
(i) F is simple and its field of constants is C.
(ii) dime ker(9, F @ M) = dimy (M) for any differential k-module M.

(ili) F is minimal in the sense that every other simple differential ring S satisfying the two
properties above contains a differential subring isomorphic to F.
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Its quotient field is called a wuniversal Picard-Vessiot field of k. A Picard-Vessiot ring of M
is a with respect to inclusion minimal subring PV C F such that dim¢ ker(9,PV @, M) =
dimg (M) holds.

It is shown in m, Chapter 10] that each differential field & admits a universal Picard-
Vessiot ring which is unique up to isomorphism. Therefore, we may speak of the universal
Picard-Vessiot ring of k and the Picard-Vessiot ring of a differential k-module.

1.2.3 Remark. (i) For each differential k-module M with Picard-Vessiot ring PV, we call
ker(0, PV ®; M) just the solution space of M. Furthermore, the functor ker(9,F ® -)
- where F is the universal Picard-Vessiot ring of k - from Diff g to the category of finite
dimensional C-vector spaces is covariant exact.

(ii) For each differential A-module M with Picard-Vessiot ring PV, there is a canonical
isomorphism
PV ®&c ker(0,PV @, M) = PV @M.

In particular, each C-basis of ker(9, PV ®; M) can be extended to a PV-basis of PV @ M.
We call such a basis a horizontal basis of PV QM.

Similar to the case for ordinary field extensions, we may attach a Galois group to a differential
module. This group encodes important algebraic properties of both the differential module
and its solutions.

1.2.4 Definition For a differential k-module M with Picard-Vessiot ring PV, we call the
group
Gal(M) = Autyg(PV)

its differential Galois group. Further, we call the group Auty (F), where F denotes the
universal Picard-Vessiot ring of k, the absolute differential Galois group of k.

The differential Galois group G = Gal(M) of a given differential k-module M with Picard-
Vessiot ring PV acts on its covariant solution space via

G O ker(0,PV @, M), v(r@m) :=~(r) @m,

for each r € PV and each m € M. Therefore, G has a representation in GL,(C) for n =
dimy M. This representation is faithful and G is an algebraic group.

By m, Theorem 2.33], tensor operations on objects of Diff; are in one to one correspon-
dence to representations of their differential Galois groups.

1.2.5 Theorem Let F D k be the universal Picard-Vessiot ring and G the absolute Galois
group of k. Denote the category of finite dimensional G-modules over C' by Reprg(C). The
attachment

Diff, — Reprg(C), M — ker(9,F @r M)

gives rise to a covariant exact functor which commutes with taking submodules, quotients,
duals, direct sums and all tensor operations. Moreover, this functor induces an equivalence
of categories.

In more sophisticated terms, Theorem [[ZHl states that Diff; is a neutral Tannaka cate-
gory. This theorem also allows us to transport notions of representation theory to differential
modules in the obvious way.
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1.3 Differential operators

We link differential k-modules and differential operators in k[0]. One direction of this link is
immediate: For a differential operator L € k[0], the quotient M|, := k[0]/k[0]L has a natural
structure as a differential k-module. The other direction is provided by choosing special
vectors in a differential module.

1.3.1 Definition Given a differential k-module M, we consider for each element m € M the
evaluation map

evn,: k[0] — M, iaiai — iaiaim.
i=0 i=0

We call the monic generator of the kernel of ev,, as a left ideal the minimal operator of m
over k[0]. Furthermore, we call m a cyclic vector of M if the degree of its minimal operator
equals the k-dimension of M, i.e. the set {m,0m,... ,adimMM)*lm} is a k-basis of M. We
call a pair (M, e) consisting of a differential module M and a cyclic vector e € M a marked
differential module.

For our purposes, we can use the following result by N. Katz:

1.3.2 Proposition Suppose that the field of constants C' of k is algebraically closed. Then
each differential k-module M has a cyclic vector. In particular, there is a differential operator
L € E[0] such that M is isomorphic to k[0]/k[0]L.

In fact, this proposition implies that there is a one to one correspondence between monic
differential operators L € k[0] and marked differential modules (M, e). This allows us to
transport constructions and notions for differential modules to the level of differential opera-
tors. We first investigate differential isomorphisms. Given two marked differential k-modules
(M, e1), (Ms,eg) together with a differential isomorphism ¢: M; — Ma, it is clear that
(Ms, p(e1)) is also a marked differential k-module. The corresponding base change leads to
the following relation of the minimal operators of e; and es:

1.3.3 Proposition For each two differential operators Li,Ls € k[0], the differential k-
modules k[0]/k[0]Ly and k[0]/k[0]Ly are isomorphic if and only if deg(Ly) = deg(L2) and
there exist non-zero P, € k[0] with deg(P) < deg(Ly), deg(Q) < deg(L1), L1 P = QL2 and
GCRD(P, Ly) = 1.

Next, we transport operations for differential modules to the level of differential operators in
a natural way. We start with the tensor operations.

1.3.4 Definition Consider monic differential operators Li, Lo, L € k[J] with associated
marked differential modules (M, e1), (Ma,ez) and (M, e). The tensor product L1 ® Lo € k[0]
of L1 and Ly is the minimal operator of ey ® es € M ® Ms. Similarly, the n-th exterior
power \" L € k[0] of L is the minimal operator of e Ade A---AJ" e € A\" M. and the n-th
symmetric power Sym"L € k[J] of L is the minimal operator of e - ----e € Sym" M.

In general, (M; ® Ms,e; ® e3) is not a marked differential module and therefore the degree
of L1 ® Ly may be smaller than the dimension of M7 ® M>. The same observation holds for
exterior and symmetric powers of a differential operator. The situation for the dual module
is as follows:
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1.3.5 Proposition Consider a marked differential k-module (M, e) with corresponding mi-
nimal operator L, = 0" + Z?:_()l a;0°. Furthermore, write £ := {e, Oe, ...,0" 'e} and denote
by &Y = {e¥,..., (6"_16)\/} C MYV the associated dual k-basis of M"Y as a k-vector space.
Then

(i) setting (8*16)v := 0, we have
0 (8ie)v = a; (8”*16)v - (8i*16)v
for every i =0,...,n—1.
(ii) <MV (8"‘16)\/) is a marked differential k-module with corresponding minimal operator

n—1

Lign-1oyv = 0"+ > _(=1)""d'a; € k[0)].
=0

The proposition above yields the following notion of the dual of a differential operator.

1.3.6 Definition Given L =1 ;a;0" € k[0] we call

LV .= f:(_niaial- € k[9]

=0

its dual operator.

For a monic differential operator L = 0" + Z?;OI a;0' € k[0], we have a very intuitive
notion of a solution, namely an element f in any differential extension of k such that L(f) =
)+ Z?;OI aif® = 0 holds. We formalize this notion further by introducing another type
of solution spaces for differential modules.

1.3.7 Definition Given a differential k-module M and a simple differential ring S such that
S D k is an extension of differential rings and the quotient field of S again has constants
C, we call the C-vector space Homy, g (M, S) the S-valued contravariant solution space of M.
For m € M with minimal operator L, we call the image of the map

Xm: Homk[a}(Ma S) =S, xm(¥) = (m)

the S-valued solution space Solr(S) of L. If S is the Picard-Vessiot ring of M, we just write
Soly, for the S-valued solution space of L.

As for the covariant solution space, we have the inequalities dime (Homy (M, S)) < dimy (M)
and dim¢(Solr(S)) < deg(L), where equality holds if S is the universal Picard-Vessiot ring
of M.

1.3.8 Definition For L € k[0] monic with corresponding marked differential module (M, e),
we define its Picard- Vessiot ring to be the Picard-Vessiot ring of M and its differential Galois
group to be the differential Galois group of M.
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Given a differential k-module M with Picard-Vessiot ring PV, its differential Galois group
G = Gal(M) acts on its contravariant solution space via

G O Homyg) (M, PV), v.0(m) :=v(p(m)).

The co- and contravariant solution space of M are dual to each other as G-modules.

It is natural to ask which subsets of the universal Picard-Vessiot ring are solution spaces of
differential operators. The answer is given by the following:

1.3.9 Lemma Consider the universal Picard-Vessiot ring F of k with absolute differential
Galois group G and a finite dimensional C-vector space V' C F. Then there is a differential
operator L € k[0] whose solution space is V' if and only if the action of G on F leaves V
invariant as a set.

With this result at hand, we can reinterpret tensor constructions for differential modules on
the level of their solution spaces:

1.3.10 Proposition Consider monic differential operators Ly, Lo, L € k[0] with associated
marked differential modules (M, e1), (Ma,ez) and (M,e). Then

(i) the solution space of L1 ® Lo is spanned by {y1y2 | y1 € Solz,,,y2 € Solz, }.
(ii) the solution space of \" L is spanned by

{Wr(y1,...,yn) | yi € Soly, for alli=1,...,n},

where
dyl dyn
N Y
Wr(y1,...,y,) := det *. ) =
d\n—1 d\n—1
() w - (&)

(iii) the solution space of Sym"™L is spanned by {yy - --- - Yn | yi € Soly, foralli=1,...,n} .

We end the general discussion of differential modules and differential operators by a conse-
quence of Theorem [CLZH see @, Corollary 2.35], which relates factors of a monic differ-
ential operator to submodules of its corresponding marked differential module.

1.3.11 Corollary For each monic differential operator L € k[0] of degree deg(L) > 1 with
corresponding marked differential module (M, e), Picard-Vessiot ring PV and differential Ga-
lois group G, there are natural bijections between

(i) the G-invariant subspaces of ker(0, PV ®@; M),
(ii) the submodules of M and

(iii) the monic right factors of L.
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1.4 Local and rational differential modules

In this section, we investigate differential operators and differential modules over the rings
C[z] of polynomials and C[z] of formal power series and their quotient fields C(z) and C((z)).
We equip the ring C[z] with the valuation

v (i Amzm> :=min{i | A; # 0}.
m=0

Differential objects over C[z] are called local and differential objects over Clz] are called
rational. On each of those rings, we consider the usual derivation 0, := % and the logarithmic
derivation ¥, := z0,. We denote the ring of differential operators with respect to (R, d.) by
R[0] and the ring of differential operators with respect to (R,d,) by R[¥] for each R €
{C[2],C[z],C(2),C((2))}. Note, that for each differential operator L € k[J], there is an
element g € R such that gL = > ja;0" € R[0)] is reduced, i.e. ged(ao,...,a,) = 1. For
simplicity, we identify gL with L and can hence also write L € R[J]. We use the same
notational convention if we replace 9 by 9.

Moreover, we recently write

Clz, ] i= CL][V]
and denote elements L € C[z,9] in the form L = > 1" 2'P;, with Py, ..., P, € C[Y].
Consequently, we denote a differential module over (R, d.) by (M, ) and a differential module
over (R,vV,) by (M,?). For k = C(z) or C((z)), it is easy to see that k[0] and k[V] are
isomorphic to each other.

In the sequel, we will freely switch between these two rings of differential operators, since
each derivation has its own advantages. In particular, we can regard a differential k-module
(M, 0) as differential k-module (M, 1) and vice versa.

We investigate the induced action of End¢ (k) on the ring of differential operators over k. We
only study those endomorphisms which are completely determined by their image of z. In
particular, we can define such an endomorphism on C(z) for each f € C(z)\ C and on C((z))
for each f € 2C[z]. We extend the action of each such an endomorphism to the ring k[9] in
the following way:

1.4.1 Definition The linear map

£ R[] — k() 2 s f(2), 0o %a

is called the twist by f. If f* is invertible, we furthermore write
=7 ).

1.4.2 Proposition The twist f* is an endomorphism of k[0]. Furthermore, f* is an isomor-
phism if and only if the map z — f(z) is an isomorphism on k.

1.4.3 Remark. (i) As the rings k[0] and k[J] are isomorphic, twists of the rings f* (k[9])
are given by
f

0-(f)

Fr = 9.
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(i) For each two elements f,g € C(z) or 2C[z]] we have the transformation rules (f o g)* =
g f* and (fog)Y = g¥ o fV, if both elements induce isomorphisms.

Differential objects over C(z) and C((z)) are related via natural localization maps:

1.4.4 Definition For each p € C, we consider the translation isomorphism
7p: C(2)[0] = C(2)[0], 2~ 2z+p, 0— 0

and the morphism of differential rings §: C(z)[0] — C((z))[0] which sends each f € C(z) to

its Laurent-expansion at 0. We call
p: C(2) = C((2)), tp:=bom

the localization map at z = p and 1,(C(2)[0]) the localization at p. For a rational differential
module (M, 0), we define its localization at p (1,(M),0) by the local differential module
tp(M) := C((2)) ®c(-) M with respect to ¢,.

We get a completely similar notion of the localization at oo by putting 7o,(2) = 1/z and
Too(0) = —220. Note, that 1,() = 9(1 + p/2) for p € C while 100 () = —9.

1.5 Singularities of local differential modules

We state the explicit description of the universal Picard-Vessiot ring of (C((2)),9,) due to
P.A. Hendriks and M. van der Put. The construction of this ring can be reviewed in ,
Section 3.2].

1.5.1 Proposition The universal Picard-Vessiot ring of (C((2)),9) is given by

F =C((2)) {#" }aec, {e(@) }gea, 1),

where

. 1 1
0 e-U e
m>1
(ii) the only relations between the occurring symbols are z2+t% = 292 for all a,b € C,
2F € C((2)) for each k € Z, e(q1 + q2) = e(q1)e(q) for all q1,q2 € Q and e(0) = 1.

(iii) the extension of ¥, to F is given by v, (2%) = az?, U, (e(q)) = qe(q) and 9,(¢) = 1.

As remarked in M], for the localization (t,(M), V) of a differential C(z)-module (M, ) at
a point p € C, one can interpret the additional symbols occurring in the Picard-Vessiot ring
of 1,(M) intuitively as the functions £ = In(z), z* = exp(In(a)z) and e(q) = exp ([ q%) on a
proper sector S centered at z = 0.

With this explicit description of the universal Picard-Vessiot ring at hand, we introduce the
following notions of singularities of local differential modules.
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1.5.2 Definition We call a local differential module M with Picard-Vessiot ring PV
(i) regular, if PV C C((z)).
(ii) regular singular, if it is not regular and PV C C((2))[{2*}acc, -

(iii) drregular else.

We call an operator L € C((z))[9] regular, resp. regular singular, resp. irregular, if its
associated differential module C((2))[¢]/C((z))[9]L is. For a rational differential module N,
we call p € P! a singularity, if its localization tp(N) is not regular. Further, we call p € P! a
regular singularity, if v,(N) is regular singular and an irreqular singularity, if ¢,(N) is irregular.
If N has no irregular singularities, we call it a fuchsian differential module.

We are mainly interested in fuchsian differential modules. Therefore, we first state criteria
to check if a local differential module is not irregular, which can be reproduced from m,
Definition 3.9, Definition 3.11 and Proposition 3.16]

1.5.3 Proposition For each marked differential C((z))-module (M,e) with corresponding

minimal operator L = 9™ + Z:‘L;ol a; 9" the following statements are equivalent

(i) M is not irregular.
(ii) M contains a C[z]-lattice ¥ C M, which is invariant under the action of 9.

(iii) The coefficients of L satisfy v(a;) > 0 for all 0 <i <mn — 1.

The differential Galois group of a non-irregular differential module is generated by the action of
one single element of the absolute differential Galois group of (C((z)),9.) on the corresponding
covariant solution space, the so-called formal monodromy.

1.5.4 Definition Consider the universal Picard-Vessiot ring F of C((z2)).
The formal monodromy v € Aute((.))) (F) is given by

(i) v(z%) := exp(2mia)z® for all a € C.
(i) y(€) := €+ 2mi.
(iii) v(e(q)) = e(v(q)) for all g € Q.

For a local differential module M, we call the natural action of 4 on its covariant solution
space the formal monodromy of M. For a differential operator L € C((z))[0], we call the
natural action of v on Soly, the formal monodromy of L.

We want to study and describe the solution spaces of non-irregular differential modules and
the action of the formal monodromy on them in more detail. For non-regular differential
operators, the best known and most successful method to compute the solution space is a
classical one named after Frobenius, although probably already used by Euler. An outline of
this method is presented in m, Chapter XVI] and ]. We do not reproduce the whole
procedure here but only state some consequences of it which mainly concern the eigenvalues
of the formal monodromy. To determine eigenvalues of the action of the formal monodromy
and to make statements on the shape of its Jordan form, it is appropriate to introduce the
classical notion of the indicial equation of an operator.
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1.5.5 Definition For

n o0

04£L = z;aﬂ?i => | D a0 e C((2)Y]

i=0 \j=—Fk

and v = min{r(a;) | 0 < i < n}, we call
Ind(L) := ZawTi e C[T]
i=0

the indicial equation of L. The roots of Ind(L) are called the ezponents of L. The multiplicity
of an exponent is its multiplicity as a root of Ind(L). For L € C(z)[¥] and a point p € P!, we
set

Ind, (L) := Ind(¢p(L)).

We have the following useful:

1.5.6 Lemma A differential operator 0 # L € C((z))[V] is not irregular if and only if
deg(Ind(L)) = deg(L).

Proof As left multiplication with elements in C((z)) does not change the indicial equation,
we may assume that L is monic. If L is additionally regular singular, then we have L =
9"+ Z;L;Ol (32 aiz") ¥ and thus deg(Ind(L)) = n = deg(L). If deg(Ind(L)) = n = deg(L),
we have min{r € Z | a, j; # 0 for some j} = 0, since L is monic and so L = 9" + 2?1_01 b
with deg(b;) > 0 for all i = 0,...,n — 1. By Proposition [L53 L is not irregular. O

The relation between the exponents of an operator and the shape of its solutions is as follows:

1.5.7 Proposition Consider a regular singular differential operator 0 # L € C((2))[¢] with
set of exponents E = {\1,...,\} and for each exponent \; the set \; + Z equipped with the
natural order < on it.

(i) If A\; biggest exponent of L which lies in A\; + Z, then Sol(L) contains an element of
2iC[2]*.

(i) If \; has multiplicity m, there are elements fy,..., fm_1 € 2*C[z] such that Sol(L)
contains Z?:o %fjfk_j for each 0 < k <m — 1.

(iii) If Sol(L) N 2*C[z]* # {0}, then L has an exponent in a + Zx>g.

As a direct consequence concerning the formal monodromy, we get:

1.5.8 Corollary Consider a local regular singular differential module M, its formal mo-
nodromy v and a cyclic vector e € M with minimal operator L. Furthermore, denote the
exponents of L by E = {A1,..., A\ }.

(i) The set of eigenvalues of «y is precisely given by {exp(2mi)1),...,exp(2mi\,)}.

(ii) If \; has multiplicity k, the Jordan form of v has a block of size k attached to the
eigenvalue exp(2mi)\;).
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Note, that the exponents of a local differential operator determine the Jordan form of its
formal monodromy completely, if each two exponents do not differ by a non-zero integer.
Otherwise, there are also criteria to determine the Jordan form which we do not consider as
they are unfortunately quite unhandy to use for our purposes.

For operations on local differential modules, it is clear how the formal monodromy acts on
the resulting solution space by Theorem The corresponding operations for differential
operators also induce operations on its indicial equations. We present some special cases,
which we will use frequently in the sequel and can be proven directly.

1.5.9 Lemma For each 0 # L € C(z)[J] and p € C, we have
(i)
Ind,(L ® R)(T) = Ind,(L) (T + Ind,(R)(0))

for each differential operator R € C(z)[)] of degree one such that ¢,(R) is not irregular.

(i)
1
Ind(f*(¢p(L))) =Ind, (| —= L
(7 (ol0) = 1ud, (L)
for each f € zC[z].

1.6 Fuchsian differential modules

We discuss fuchsian differential modules and their relations to the classical notion of a fuchsian
differential operator. One of the main differences to the local case is that we have a very
natural notion of a singularity for operators L € C(z)[0] which is slightly different to the one
for the associated differential module M = C(z)[9]/C(z)[0]L.

1.6.1 Definition The singular locus S C P! of a monic differential operator L = Yoo a;0" €
C(2)[0] is the union of the singularities of the a; together with the point co. The points
p € PL\ S are the reqular points of L. Furthermore, we call s € S

(i) an apparent singularity of L, if 15(L) is regular.
(ii) a regular singularity of L, if 15(L) is regular singular.
(iii) an irregular singularity of L, if 15(L) is irregular.
We call L fuchsian, if it has no irregular singularities.

1.6.2 Remark. For a monic operator L = > ' ;a;0" € C(2)[0] and p € C, we have an
alternative formula for the indicial equation Ind, (L), namely

n i—1
Ind, (L) = Zresz:p (z—p)" "a;) H(T —j) € C[T].
i=0 Jj=0

In particular, if p ¢ S, the set of exponents of ¢,(L) reads {0,1,...,n — 1} but the converse
is not true.
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By @, Lemma 6.11], the coefficients of a fuchsian differential operator are of the following
shape.

1.6.3 Lemma A monic differential operator L = Y1 ja;0" € C(2)[0] of degree n with
singular locus {s1,...,s,} U{oo} C CU{oo} is fuchsian if and only if

b,
(z—s1)" k... (2 — s )0k’

ap =
where by, is a polynomial of degree less or equal than (n — k)(r — 1).

As already observed by L. Fuchs the exponents of a fuchsian differential operator satisfy the
so-called Fuchs relation.

1.6.4 Proposition For each fuchsian operator L with singular locus S = {s1,...,$,,00},
the roots Ay j, ..., Anj of Indg, (L) and Ay yq1, ..., A1 of Indeo (L) - which are all counted
with multiplicity - fulfill the equation

%:Ai,j =(r— 1)(7;).

By @, Proposition 3.16], the link to fuchsian differential modules is as follows.

1.6.5 Proposition A differential C(z)-module M is fuchsian if and only if it has a cyclic
vector e € M whose minimal operator L is fuchsian. Furthermore, the singularities of M are
contained in the singular locus of L.

By m, Lemma 3.10], fuchsian differential modules form a subcategory in Diff¢(.) which is
stable under tensor operations:

1.6.6 Lemma Submodules, direct sums, duals, tensor products, exterior powers and Sym-
metric powers of fuchsian differential modules are again fuchsian. The same holds for factors,
duals, tensor products, exterior powers and symmetric powers of fuchsian differential opera-
tors.

We collect the local data, i.e. the singularities and the exponents, of a fuchsian operator in
its so-called Riemann scheme.

1.6.7 Definition Given a fuchsian operator L € C(z)[0] of degree n with singular locus

{s1,...,8m} and real exponents A\ ; < Ao ; < --- < \,; at each s;, we call
f 51 S2 ...  Sm ]
R(L) = { M1 A2 o Aum
)\7;,1 )\7;72 )\n‘m

)

the Riemann scheme of L.






Chapter 2

Differential operators and geometry

In complex algebraic geometry, differential operators arise naturally from regular connections
on P! minus a finite set of points. More precisely, the local system of horizontal sections of
these connections can be seen as variation of cohomologies of complex algebraic manifolds.
We briefly recall properties of local systems and regular connections in the first section of
this chapter, which are taken from Deligne’s standard value M] Each regular connection
we consider admits an extension to a regular singular one on P!. It is convenient to describe
them from an algebraic point of view, as this provides a link to fuchsian differential C(z)-
modules. Those relations are stated in section two. In section three, we introduce the notion
of Picard-Fuchs operators and discuss some of their properties. In the fourth section, we
introduce differential Calabi-Yau operators as Picard-Fuchs operators of special families of
Calabi-Yau manifolds. In the whole section, we use several standard notations and concepts
of complex algebraic geometry without any further explanation.

2.1 Local systems

Throughout this section, we fix a finite non-empty subset S C X and put X := P!\ S.
Furthermore, we fix an orientation on X. By a local system L on X, we mean a locally
constant sheaf of C-vector spaces. Its rank is denoted by rk(L). The category of local
systems on X is denoted by LocSysc(X). We point out the relation between local systems
and representations of the fundamental group, regular connections and differential operators.
Via the choice of a base point xy € X, each local system L on X induces a representation of
the fundamental group with respect to this base point in the following way:

For any closed path v: [0,1] — X with (0) = (1), we have a sequence of isomorphisms

]L'J»‘o - (’Y*L)O - F([07 1]77*]]") — (V*L)l - H“xm

as [0, 1] is simply connected. The composition of these isomorphisms yields an element pr, () €
GL (L,) which only depends on the homotopy class of .

2.1.1 Definition For a local system L on X and a base point xg € X, we call the C-vector
space GL(LL,,) together with the map

pL: (X, 20) — GL(ILyy), v+ pL(7)
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its induced monodromy representation. Furthermore, for each point s € S, the image pr,(7s)
of a loop 75 € m1(X,zg) which encircles s in positive direction and no other points of S is
called the local monodromy of L at s.

For a fixed base point xg € X, we denote the category of finite dimensional representations
of C-vector spaces of m1(X,z0) by Repry, (x 4,)- By , Theorem 1.3] we have:

2.1.2 Proposition For each choice of a base point zq € X, the attachment . — pr, induces
an equivalence of categories LocSysc(X) = Repry, (x 4)-

A more detailed description of local systems via their local monodromies is done in Chapter
BT

Local systems on X also have a natural relation to regular connections.

2.1.3 Definition A regular connection (V,V) on X consists of a holomorphic vector bundle
V together with an additive, C-linear map

V:V—-QkoVv
which satisfies the Leibniz rule
V(ifouv)=df @ v+ fV(v)

for all sections f of Ox and v of V. Regular connections on X form a category which we
denote by Reg(X). A section v of V is called horizontal if V(v) = 0 holds.

As a special case of m, Theorem 2.17], we get:

2.1.4 Proposition The attachment
Vi (Ve Ox,1®d)

induces an equivalence of categories LocSysq(X) = Reg(X).

The inverse of the functor stated above is given by sending a regular connection to its local
system of horizontal sections.

Let us have a short look at the local situation:

Choose an open set U C X and a coordinate z on U. Then the map

d .
Vi VU) = V(U), Ve = (E ®1d> oV

turns V(U) into a differential Ox(U) module. In particular, each stalk V, inherits the
structure of a differential module over the ring of convergent power series C{z}. Writing
(V,V) = (V® Ox, V), the stalk V, of the underlying local system coincides with the covari-
ant solution space of the differential C{z}-module V,.

Given a differential operator L € C(z)[0] with singular locus S, we can regard its action
on sections of the sheaf Ox. A classical result of Cauchy, see e.g. , Théoreme 1.4.5],
assures, that the solutions form a local system.
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2.1.5 Proposition For each differential operator L € C(z)[0] of degree n with singular locus
S, the sheaf 1L whose sections are given by

L(U) ={y € Ox(U) | Ly = 0}
is a local system of rank n on X.

In particular, if L appears in the local situation as minimal operator of a section of V(U),
each stalk L, is dual to the stalk V.

If L is fuchsian, the method of Frobenius even yields a statement concerning the solutions of
L in a neighbourhood of a singular point s € S:

The discussion done in m, Section 16.2-16.4] reveals that for each choice of a branch of
the logarithm In(z), each solution of L lies in exp(uIn(z))C{z}[In(z)], where u € C. These
solutions form a C-vector space which we denote by Sol?". Moreover, if U is chosen small
enough, each choice of a branch of In(z) yields an isomorphism between Sol;, and Sol{", by
replacing ¢ by In(z) and z* by exp(u1n(z)). The discussion done in m, Section 1.6] assures
that the monodromy representation attached to IL is related to the formal monodromy of L
in the following way:

2.1.6 Lemma Consider a fuchsian differential operator L € C(z)[0] of degree n with associ-
ated local system L. on P!\ S. Then for each choice of a base point xo € P*\ S and s € S, the
local monodromy of I at s is conjugated to the action of the formal monodromy on Sol,(r,)
under the identification L, = C" = Sol, (1.

Each section of L is uniquely determined by its germ in LL,,. Therefore, we can apply each of
the local monodromies Ts € GL(L,,) to sections of L. Similar to , Theorem 5.8], this
gives the following relation to the differential Galois group of L.

2.1.7 Proposition For each choice of a base point xo € X, the differential Galois group of a
fuchsian differential operator L is isomorphic to the Zariski closure of the monodromy group
pL(ﬂl (X, .%'0)) C GL(LJ;O).

2.2 Regular singular connections

In the geometric situation, we also study connections on P! which may acquire poles of
order one at a finite number of points. These connections appear as extensions of regular
connections on P!\ S for a finite non-empty subset S C P!. We identify S with the divisor
Y scg s on P!'. The sheaf of one-forms on P! which admit a pole of order less or equal than
one at the points of S is as usual denoted by Q, (log S).

2.2.1 Definition A regular singular connection (V,V) on P! with singular locus S consists
of a holomorphic vector bundle V on P! together with an additive, C-linear map

V:V— Qbhi(logS) @V

which satisfies the Leibniz rule. Regular singular connections on P! with singular locus S
form a category which we denote by RegSing(P!, S).
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Using the GAGA principle established by Serre in M], we can compare holomorphic vector
bundles on P! to algebraic vector bundles on the projective space of the affine line. We denote
P! considered as C-scheme by P!. In particular, its underlying topological space carries the
Zariski-topology.

Completely similar to the analytic point of view, we set:

2.2.2 Definition A regular singular connection on P! with singular locus S is a pair (M, V)
consisting of an algebraic vector bundle M on P! together with an additive, C-linear map

V:M— Qpi(logS) @ M

which satisfies the Leibniz rule. The category of regular singular connections on P! with
singular locus S is denoted by RegSing(P?!,S).

The GAGA principle assures that the algebraic and the analytic setting are equivalent, see
also , Section 6.2]

2.2.3 Proposition The categories RegSing (P!, S) and RegSing(P?!, S) are equivalent.

Moreover, regular singular connections on P! are linked to differential C(z)-modules in the
following way:

Given a regular singular connection (M, V) on P!, its generic fiber M,, is a finite dimensional
C(z)-vector space. The generic fiber Qp1 ,(log ) of Qp1(log S) coincides with the universal
differential C(z)dz of C(z) over C. The map V induces a map

Viy: My — C(2)dz ® M,

which remains C-linear, additive and satisfies the Leibniz rule for C(z)-vector spaces. There-

fore, the map
d _.
8:: Vn® (E(gld)

turns (M, 0) into a differential C(z)-module.
In more general terms, see e.g. @, Chapter 6.4 and 6.5], this procedure yields:

2.2.4 Proposition The attachment (M, V) — (M, 8) yields a functor from RegSing (P!, )
to the category of fuchsian differential C(z)-modules with singular locus S.

2.3 Picard-Fuchs operators

We briefly describe the geometric setting we want to consider. Take a complex algebraic
(n + 1)-dimensional manifold Y together with a proper morphism 7: Y — P! whose generic
fiber is smooth. In particular, there is a finite subset S C P! such that the fiber Y, := 7= 1(2)
is a compact complex manifold if z € P!\ S. In this situation, we speak of a family of
compact complex manifolds. The n-th complexified cohomology group - which is in fact a
finite dimensional C-vector space - of the fiber Y, is denoted by H"(Y.). We fix an integer
1 < k < n and investigate the push forward H := R¥r,Cy of the constant sheaf Cy- to P! \S.
This sheaf is in fact a local system on P!\ S with the property that H, = H¥(Y,) holds.
As discussed in Proposition EET4 it gives rise to a regular connection (H,V) on P!\ S, a
so-called Gaufl-Manin connection.

For a non-constant family, we get restrictions on the local monodromy of H, see e.g. M]
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2.3.1 Theorem (Monodromy Theorem) For each choice of a base point xq € P!\ S and
for each s € S, the local monodromy T, € GL (Hk(Ym)) is quasi-unipotent, i.e. there is an
N € N such that TN —id is nilpotent. Moreover, we have (TN —id)¥*! = 0.

By taking the minimal operator of a section, we can relate (H, V) to a differential operator L
locally. To study differential operators of this type globally, we extend the connection (H, V)
to a regular singular connection on P!. According to results of P. Griffiths M] and P.
Deligne m, Théoréme I1.7.9], this is indeed possible.

2.3.2 Theorem (Regularity Theorem) The connection (H,V) admits an extension to a
regular singular connection (ﬂ, v) with singular Iocus S on P!.

Locally, say over the point z = 0, this extension can be done in such a way that the eigenvalues
of ?Zdi on the C-vector space Hg/zHg lie in (—1,0]. If this holds at any point s € S, the
extension is called canonical.

As stated in Proposition B2Z2Z3 we can attach to the canonical extension (ﬂ, V) a regular
singular connection on P! and - by passing to the generic point - a fuchsian differential C(2)-
module (M3, d) with singular locus in S. The differential operator L considered in the local
situation can by construction be seen as the restriction of a minimal operator of an element

in My. Therefore, we state:

2.3.3 Definition With respect to the terminology introduced above, the minimal operator
of a non-zero element e € My, is called a Picard-Fuchs operator.

The relation to the classical notion of Picard-Fuchs equations can be seen as follows:
Choose k = n and assume that each cohomology group H"(Y,) underlies Poincaré duality, i.e.
the cup product induces a non-degenerate bilinear (—1)"-symmetric pairing on H"(Y,). This
pairing can be extended to the corresponding vector bundle H such that it is additionally
compatible with V, i.e. we have

for each choice of a coordinate z and sections v,w of H. In particular, if v is a section of
H and L a differential operator which annihilates w, the expression (v, w) is a solution of L.
Identifying H with its dual by means of (-, -), the expression (v, w) can be seen as integrating
the n-form w over a locally constant n-cycle and hence coincides with the classical notion of
a period.

We state some well-known examples of Picard-Fuchs operators.

2.3.4 Example (i) Consider a differential operator L € Q|z, 9] of degree one which has
an algebraic solution f with f" € Q(z) for some n € N. Then L is the Picard-Fuchs
operator for the family of points y” = f.

(ii) Consider the polynomial equation

v =z(z —1)(z — 2).
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For each value z € C\{0, 1}, the roots C'(z) of the resulting equation have the structure
of a Riemann surface of genus one. All those surfaces fit to the so-called Legendre family.
Furthermore, the vector space of holomorphic one-forms on C(z) is spanned by

_d_m dx

y e —)@w—2)

We are thus looking for a differential equation with coefficients in C(z) which annihilates
the integral of w(z) over a locally constant cycle. As e.g. explained in ﬂm,
Section 1.1], this operator is given by

2
L:192—z<19+%> .

2.4 Differential Calabi-Yau operators

w(2)

From now on, we consider special classes of families 7: Y — P!, namely those, for which
each smooth fiber is a Calabi-Yau manifold of complex dimension n. Moreover, we only
study the middle cohomology of such a family, i.e. the local system H = R"m,Cy. We
briefly state additional properties of the corresponding Gauf-Manin connection and Picard-
Fuchs operators and formulate further restrictions on our family. More details and missing
definitions can e.g. be found in M} and M]
As Calabi-Yau manifolds are compact Kéhler manifolds, the n-th cohomology of each smooth
fiber of our family carries a pure Hodge-structure of weight n, which is given by the decreasing
Hodge filtration
FH) = @ H ()
r>k
such that
H'(Y,) = F*(Y;) © P71 (Y)

holds for each 1 < p <n. We write h?? := dim¢ HP4(Y;) for the Hodge-numbers of Y.

As Y; is Calabi-Yau, we particularly have h™? = 1. We assume further that A?~11 = 1 if
n > 3, as this implies by a theorem by Bogomolov, Tian and Todorov, see M], M],
MQ] that the full complex moduli space of each smooth fiber is a one-dimensional complex
manifold.

Consider the Gau-Manin connection (H, V) on P!\ S related to H := R"7,Cy . Via the map
7, the k-th parts of the Hodge filtrations F'*(Y;) on the smooth fibers fit to vector bundles
F* and give rise to a filtration

Fre . Fl=H

of H by locally free subsheaves. With respect to this filtration, the Gaul-Manin connection
satisfies the Griffiths transversality property, i.e. we have

V(F) ¢ Q]}M\S ® Fi-1

forall i =0,...,n. The data (H,H, F*®) is a complex variation of Hodge structure of weight
n. Moreover, its primitive part is polarized by the extension of the Poincaré-pairing to the
bundle H. Via Proposition EZZ3] we can attach a fuchsian differential C(z)-module (M3, 0) to
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the canonical extension (H, V) on P!. Moreover, the work of W. Schmid M} assures that
the bundles F* can be extended to subbundles F? of the canonical extension (H, V) of (H, V)
such that the Griffiths transversality property still holds. We are interested in Picard-Fuchs
equations which are induced by sections of the rank one bundle F7.

2.4.1 Definition We call a minimal operator of an element e € My, which is induced by a
global section of F™ a differential Calabi-Yau operator.

In the sequel, we only investigate families of Calabi-Yau manifolds with the following further
properties:

2.4.2 Assumptions
e We assume that each global section e of F™ induces together with its derivatives

—3 —n . . . . . .
Vae,...,Vadae with respect to each choice of a coordinate an irreducible subvaria-
dz dz

tion of Hodge structure outside the singular locus of V. We denote the corresponding
connection on P*\ S by (V,V) = (V@ Opi\g,1 ® d) and its canonical extension by
(V,V). Note, that V is a local system of rank n. To keep the notations simpler, we
denote the induced decreasing filtration of subbundles on V also by F°.

e We assume that 0 € S and that for any choice of a base point zo € P*\ S the monodromy
Ty € GL(V,,) of V at z = 0 is mazimally unipotent, i.e. we have that Ty —1id is nilpotent
with (Tp — id)™ # 0. In this case, we call z = 0 a MUM point of the family. There
are several reasons to assume that the family admits a MUM point: For families of
Calabi-Yau threefolds, the first examples of families without a MUM point were found
very recently, see e.g. |. Moreover, the existence of a MUM point allows us to
apply results borrowed from mirror symmetry.

e We assume that the fibers Y; over t € Q are defined over Q(z). This imposes additional
arithmetic properties on differential Calabi-Yau operators, see Section






Chapter 3

Algebraic properties of differential
Calabi-Yau operators

In this chapter, we collect algebraic properties of differential Calabi-Yau operators related to
families which fulfill Assumptions EZZ2 From a purely algebraic point of view, this leads to
the notion of CY-type differential operators. Several algebraic properties of those of degree
four are e.g. discussed in ﬂ}:uﬂé], ﬂAES_ZO_ﬂ] and M] Keeping the underlying geometric
situation in mind, we use the notations which were introduced in the preceding chapter. In
particular, we investigate regular connections (V,F*®,V) which are locally generated by a
section of F™ together with its derivatives. We are not able to touch all properties that are
induced from Hodge theory. In particular, we do not discuss any of the properties that rely
on the holomorphic structure of the fibers.

Throughout this section, let L = "1 + 3" ;0" € Q(2)[9] be an irreducible monic differ-
ential operator and

(Mp,e) = (C(2)[0]/C(2)[I]L , [1])

its corresponding marked differential C(z)-module. The elements of the set £ := {e,..., 0"}
form a basis of My and e should correspond to a global section of F™ in the geometric
situation. We fix the filtration E°® on Mj, via

E':= spanfe,..., 0" e}

and call it the cyclic filtration associated to e. Similar to the Griffiths transversality property,
we have OF' C B 1.

In the first section, we discuss the algebraic counterpart of the Poicaré pairing. This gives a
special, non-degenerate (—1)"-symmetric pairing on My, which yields the operator L to be
self-dual. In the second section, we discuss arithmetic properties of holomorphic solutions of
L in general and especially at the MUM point. In the third section, we briefly discuss the
limiting mixed Hodge structure of the family at the MUM point, which forces the exponents
of L at this point to be equal. Together with the (—1)"-symmetric pairing, this gives a
formal normal form at the MUM point which is constructed in the fourth section. In fact,
we can choose a special coordinate which controls possible local transformations between two
operators of this type. Claiming further integrality properties on the special coordinate -
which is mainly motivated by mirror symmetry - we end up with the notion of an operator
of CY-type in section five.
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3.1 The Poincaré pairing

We first discuss effects of the Poincaré pairing on the operator L and its associated marked
differential module (M, e). As this pairing extends to the regular singular connection (V, V),
we are looking for a non-degenerate (—1)"-symmetric form

<-,->: ML X ML — (C(Z)
such that
d(my, ma) = (Om1,ma) + (m1, Omz)
holds. This can be rephrased by requesting that (-, -) € Homg.)g) (SmeML, (C(z)) for n odd
and (-,-) € Homg(,)g (/\2 ML,(C(z)> for n even. Furthermore, as e represents a section of

(n,0)-forms, we claim that (e,d%¢) = 0 holds for all i = 0,...,n — 1 because of the Griffiths
transversality property.

3.1.1 Definition We say that L satisfies property (P) if there is a non-degenerate form
(+,+): My, x My, — C(z) such that

(i) (-,-) € Homg.yg (SmeML,C(z)) for n even and (-,-) € Homg(.y(g) </\2 ML,C(Z)) for
n odd.

(ii) {(e,0%) =0fori=0,...,n— 1.

This condition induces relations on the coefficients of L in the following way.

3.1.2 Proposition The operator L satisfies property (P) if and only if L is self-dual in the
sense that there is a 0 # a € C(z) such that La = aL" holds. In particular, we have
o =—=2a,/(n+ 1)a.

Proof Suppose that L satisfies (P). As (-,-) is non-degenerate, we have
a:= (e,0"e) # 0.
Furthermore, the map
o M — M[, p(m) = (m,")

is an isomorphism of differential modules. With respect to the basis {€,...,(9"¢)"} dual
to &, the element ¢(e) is exactly a (0"e)”. By Proposition [C33, this implies La = aLV.
Conversely, if La = aL" for a # 0, we have a corresponding differential isomorphism

Vv: My — M), ¥(e) == a (%) .
Thus the form
<-, > ML X ML — (C(Z), (ml,m2> = (w(ml)) (mg)

is non-degenerate and satisfies (e,d%¢) = 0 for all i = 0,...,n — 1. As 1 is a differential
morphism, we have
(ml,m2>’ = (8m1,m2> + (ml, 6m2>

for each two elements mj, mg € My. It remains to prove that (-,-) is (—1)"-symmetric. By
construction of (-,-), we have (e,0'¢) = 0 for 0 < i < n and (e,0"e) = a. Compatibility
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with the derivation gives d'(e, ) = (0%,-). By the formulae stated in Proposition [35 we
conclude that (9'e,e) = 0 for 0 < i < n and (0", e) = (—1)"a. Fix N < n and suppose that
we have shown the identity

(0me, d%e) = (—1)" (0¥, d™e)
for every m < N and every 0 < k < n. By compatibility with the derivation we get

<8N+1€, ak€> = 0<8Ne, 8ke> - <8Ne7 ak+1e>
— (_1)na<ak€,aNe> + (—1)n+1<ak+16,aNe> — (_1)n<ake’ 6N+16>.

Thus the desired result follows by induction.

Finally, comparing the coefficients of L and LY, one readily sees that o/ = —2a,a/n + 1
holds. O

We derive several corollaries and related facts to property (P).
As a direct consequence concerning the differential Galois group, we get:

3.1.3 Corollary If L satisfies (P), the differential Galois group of M, lies in Sp,,(C) for
n+ 1 even and in SO,,41(C) for n+ 1 odd.

Proof Write PV for the Picard-Vessiot ring of My, G for the differential Galois-group of
M, and (-,-) for the form associated to property (P). We can extend (-,-) in a natural way
to PV®M;p. Denote by W C PV ®M;, the covariant solution space of M. As for each two
elements wy,wo € W we have

(wl,w2>' = <8w1,w2> + <w1, 6w2> = 0,

the restriction of (-, -) to W maps to C. As (-, -) is non-degenerate, this restriction is non-trivial
by Remark [[Z3 Take o € G and r; @ my, 179 @ mg € PVRMNW. As (mq,ms) € C(z) and
(ri ® my,r9 ® ma) € C are invariant under the action of o, we get

(o(r1 @ ma),0(r2 @ ma)) = (0(r1) @ mi,0(r2) @ ma) = o(r1)o(rz)(mi, ma)
= o(rire)o((my, mo)) = o ((ry ® my, re ® ma))
= (r1 ® m1,72 @ ma).

Hence the elements of G preserve the restriction of (-,-) to W. This yields the result. |
By Theorem [CZH, the form induces submodules of A? My, and Sym? M.

3.1.4 Corollary Suppose that L satisfies property (P).

(i) If deg(L) > 2 is even, N* My, has an one dimensional differential submodule W, which
is not contained in the differential submodule N generated by e A Oe.

(ii) Ifdeg(L) > 1 is odd, Sym? M}, has an one dimensional differential submodule W, which
is not contained in the differential submodule N generated by e - e.

Proof We only state the proof for deg(L) > 2 even, as the one for the odd case is completely
similar. The C-span of (-,-) is contained in the contravariant solution space of /\2 M7y, and
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is fixed by the differential Galois group of /\2 Mp. As dimgg,) </\2 M L) > 1, the form
(-,-) induces a one dimensional differential submodule W of A% My by Corollary 31T In
particular, Homg,y5) (W, C(z)) is by construction spanned by (-,-). Let N be the differential
submodule of /\2 M7, which is generated by e A e and assume that W C N. By Remark
[CZ3l the natural map

Homg(.)(9) (N, C(2)) — Homg()j91 (W, C(2))
is surjective. As the restriction of (-,-) to N is identically zero, this is impossible. O

If L is additionally fuchsian, property (P) induces a symmetry of its exponents, as soon as
they are real numbers.

3.1.5 Proposition For each fuchsian operator L with singular locus S that satisfies property
(P) and has real exponents A\s1 < --- < A\gp41 at each s € S, we have

(i)

9 n+1
> Amp1 €Z
n+l i=1

(i)
>\s,i + )\s,nJrlfi = )\s,j + >\s,n+17j
forall 1 <i,j <n+1.

Proof As L =0" +Y"' ;0 satisfies property (P), we have a 'La= LV for an 0 # a €
C(z) with o/ = —2a,a/(n + 1). Solving this equation locally reveals that
2
n+1
Furthermore, by Remark we have the relation

1 n+1
<n ;— ) - Z )\s,i — resz:s(an)7
=0

which yields the first result. For the second statement, assume without loss of generality
that s = 0. As L is fuchsian, there is a polynomial g € C(z) such that we can write
gL =Y 2"P(9) € Clz,9]. By the rules (PQ)Y = QVPY, 9V = =9 —1 and 92" = 2'(J +1),
we get that

res,—s(a,) € Z.

m
(L)Y = LVg =Y P(-1-0—1).
i=0
In particular, there is an integer » € Z such that the exponents of LY at z = 0 are given by
—r = Xopt1 < -o- < —r— Xg1. By Lemma [C2J there is an a € Q such that
>\p,i +a=—-r— >\p,n+17i
holds for each 1 < ¢ < n+ 1. As this implies A\, ; + Ay n41—i = —7 — a, we get the result. O

Furthermore, one computes directly that the cyclic filtration on M}, behaves under the action
of (-,-) as follows:
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3.1.6 Corollary If L satisfies (P), we have
(Ez‘)l _ pnl-i

with respect to (-,-) for every i =0,...,n — 1.

3.2 Solutions at the MUM point

As we assume that the families we consider can be realized over the algebraic closure Q of
@ in C, the solutions of related Picard-Fuchs operators inherit arithmetic properties. More
generally, by results of L. Siegel, B. Dwork, Y. André and many others, the coefficients of
each local solution y € Q[z] grow moderately in a p-adic sense and are in fact so-called
G-functions.

3.2.1 Definition A formal power series f = > >°_, A,,2™ € Q[z] is called a G-function, if
(i) it has a positive radius of convergence in C.
(i) there is a differential operator P € Q[z, 1], such that f is a solution of ¢o(P).

(iii) there is a sequence of positive integers (c,)nen and an algebraic number field K ¢ Q
such that

sup (l ln(cn)> < 0

n n

and ¢, Aj € Ok for all j <n.

If the solution space (L) of a given differential operator L € Q(z)[d] at an arbitrary point
t € Q contains a non-zero G-function, we call L a G-operator.

By m, Appendix V] we have:
3.2.2 Theorem (André) If L € Q(2)[d] is a Picard-Fuchs operator, then each element in

Sol,, (1) NQ[z] is a G-function for all t € Q.

We are hence looking for operators L with this property. As e.g. discussed in m,
Chapter VIII], a remarkable theorem of G.V. and D.V. Chudnovsky shows that it holds for
irreducible G-operators.

3.2.3 Theorem If L € Q(2)[0)] is an irreducible G-operator, each element of Sol,, (1) NQ[z]
is a G-function for all t € Q.

Combining this statement with a theorem of N. Katz stated in ﬂm, Chapter I11.6] yields:

3.2.4 Proposition FEach irreducible G-operator is fuchsian and has only rational exponents.

Note, that by the Monodromy Theorem Z3 Tl and the Regularity Theorem 232 this statement
holds for Picard-Fuchs operators.

As the operator L we consider is irreducible, it suffices by Theorem to prove that a
holomorphic solution y = 2"+ | Ap2™ of 1p(L) is a G-function. Furthermore, as z = 0
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is a MUM point, the holomorphic solutions of ¢o(L) form a one-dimensional C-vector space.
If 1o(L) is regular singular, each holomorphic solution of ¢o(L) satisfies conditions (i) and (ii).
Even with a closed formula for the coefficients of such a solution at hand, it can become a
challenging task to check the third condition of Definition BZZTl A result of Y. André assures
that we get solutions of the following shape.

3.2.5 Definition A formal power series f =Y > A;,2™ € Q[z] is N-integral if there is an
N € N such that N"™A,,, € Z for all m > 0.

The result ﬂm, Theorem IX.4.2] of Y. André implies the following statement concerning
solutions near a MUM point.

3.2.6 Theorem Consider a family w: Y — P! whose smooth fibers over t € Q are defined
over Q(z) and such that z = 0 is a MUM point. Then each Picard-Fuchs operator of the
family has an N-integral solution at z = 0.

We take this property into account for our description.

3.2.7 Definition We say that L satisfies property (N) if ¢o(L) has an N-integral solution.

The for our purposes most important examples of N-integral power series are the following
ones:

3.2.8 Proposition (i) The Taylor expansion around z = 0 of each algebraic function
Y € Q(2)% is N-integral up to multiplication with an element c € Q \ {0}.

(ii) For each choice of rational numbers aq,...,a, € Q, the generalized hypergeometric

function .
at,...,an B (@)m - (an)m m
Fl( P z>—Z—(m!)n o,

m=0
where we write (a;)o = 1 and (a;)m = ai(a; +1)...(a; +m —1) for each 1 <i < n, is
N-integral.

Proof The first result is a classical theorem of G. Eisenstein, see e.g. M] For the second
statement, it suffices to do the proof for n = 1. As we have 1 Fy(alz) = (1 — 2)~* for each
a € Q, this case is already covered by the first statement. O

One can check directly, that the class of N-integral power series is preserved under the fol-
lowing operations.

3.2.9 Lemma The class of N-integral power series is stable under taking products, multi-
plicative inversion, twists by N-integral power series and inversion of twists. Furthermore,
each N-integral power series f = 2" + > 7" 41 Am2™ admits an N-integral m-th root.

3.3 Exponents at the MUM point

We discuss some properties of the canonical extension (V,V) at the MUM point. Therefore,
we pass to the local situation and regard (V,V,F*®) as a variation of Hodge structure over
the punctured disc A* centered at z = 0.
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In general, the extensions of the subbundles F* do not give rise to a pure Hodge structure
on the fiber Vy. According to the work M] of W. Schmid, we can put an additional
filtration on Vg such that it carries a mized Hodge structure. We briefly recall some parts of
this procedure.

The fiber Vj can be described in two different ways: As the canonical extension is regular
singular, there is a frame F' C V(A) with associated lattice ¥ = C{z}F such that V_a (¥) C X
dz

holds and the real parts of the eigenvalues of the Fuler operator
Bs € Ende (£/2%), [0] — [Vzdi(a)]

lie in (—1, 0], see e.g. m, Section 11.6.3]. In particular, we get Vo = X.
Alternatively, we consider the upper half plane h C C and the universal covering

e: h— A" u— exp(2miu)
of A*. The pullback e*V is a constant local system on § and we have an isomorphism
V, = Ve = (e"V), =T(h,e"V)
for each z € A*. Therefore, the C-vector space
Voo :=T'(h,€e*V)
is called the canonical fiber of V. We have an isomorphism of C-vector spaces
Uy: Voo — B/tE,

as described in ﬂm, Section I1.6.4], which depends on the choice of the coordinate z.
Using those identifications, we equip Vo with two filtrations: An increasing one defined on
Voo and a decreasing one defined on 3 /2z¥. By Nakayama’s Lemma, each filtration U on
these vector spaces can be lifted to a filtration on Vy uniquely, which we also denote by U.
To define the increasing filtration, we recall the following general procedure.

3.3.1 Lemma For each finite dimensional vector space V together with a nilpotent map
N € End(V) such that N9 # 0 and N9*! = 0 hold, there is a uniquely determined increasing
filtration W, with the following properties:

(i) N(WZ) C W;_o for each i € Z.

(ii) For k > 1, the map N* induces an isomorphism Grg‘ik V= Grg[ik V, where GrlV V =
W;/W;_1 is the i-th graded part of the filtration.

As each fiber V. is isomorphic to V, we can lift the monodromy 7T to a map T, € GL(Vy),
which remains maximally unipotent. Therefore,

o~ (D! - 1\k
k=1

is a nilpotent map and we consider the by means of Lemma B3Tl associated filtration on V.
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3.3.2 Definition For N = log(T) € GL(Vx), the increasing filtration W (N)e with pro-
perties given in Lemma B3l is called the monodromy weight filtration.

The defining properties of W (N), stated in Lemma B3] provide a way to compute each
W (N)y, iteratively. In our case, one can check directly that this filtration is of the following
shape.

3.3.3 Lemma Suppose that the Jordan form of N = log(T) € GL(Vy) consists of one
Jordan block of size n 4+ 1. Then the monodromy weight filtration W (N)s on Vi, satisfies

Wor(N) = Wapy1(N) = ker <Nk+1>

for each k = 0,...,n. In particular, we have

1, 1

It is possible to put a decreasing filtration F3, on ¥/t =V, such that the induced filtration
on Vy gives the requested extension of the the bundles F°. Moreover, (Voo, W(N)e, F3) is
a mixed Hodge structure, the so-called limiting mized Hodge structure, i.e. Fy induces pure

W)y of the filtration We(N).

Vo of the monodromy weight filtration are one-dimensional,

Hodge structures on the graded pieces GrZV

As the even graded pieces GrgZ(N)

they carry Hodge structures of Tate type, while the odd graded pieces are zero dimensional.
Therefore, this mixed Hodge-structure is called of Hodge-Tate type. As remarked in ﬂm,
Section 6], this implies that Voo = F% @ W(N)gp_2 holds for all 0 < p < n and that
dim Gr%oo Voo = 1.

Hodge-Tate structures induce important consequences for the exponents of the corresponding
Picard-Fuchs operator at z = 0.

3.3.4 Lemma In our situation, there is a section e(z) of F" such that

FP = {6(0), V. ae0),... ,v:z’e(())} .
dz dz
Proof As by definition F7y = F and F" has rank one, there is a section e(z) of F” whose
restriction e(0) lies in the frame F' with ¥ = C{z}F and spans F.. Denote for v € ¥ its class
in /2% by [v]. As W(N)a, = ker (N") and F, & W(N)a2, = Vs, we have N"[e(0)] # 0.

Since N is nilpotent and dim¢(Va) = n + 1, the elements [e(0)], N[e(0)], ..., N"[e(0)] form a
basis of V. By m, Section I1.6.4], the identification of 3 /2% and V., yields
1
Esy, =——N.
> 2mi
Hence the elements [e(0)], —2miEx;[e(0)], ..., (—2mi)"EL[e(0)] form a basis of Vi. As the
Griffiths transversality property of the limit Hodge filtration yields Fyx, (F%,) C FZ1and we
have dim Grl});oo Vso = 1, we conclude the result. O

3.3.5 Corollary The exponents of a differential Calabi-Yau operator L € Clz,9] at z = 0
are all equal.
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Proof By Lemma B34, we can choose a section e(z) of F7 such that the restrictions

B = {[6(0)], [vzle(())} yeens {?Z%G(O)]} form a basis of V,. As F% has rank one, it
dz z

suffices to show the result for the minimal operator P of e(z). Considering the action of the

Euler operator Ey, on Vo, with respect to B, one readily sees that its characteristic polynomial

equals Indg(P). As by our assumptions the eigenvalues of Ey; are all equal to zero, this yields

the result. O

We take the result of Corollary B33l into account for our algebraic description. As the
monodromy at z = 0 is maximally unipotent, it is clear that the exponents of L at z = 0 are
integers.

3.3.6 Definition We say that L satisfies property (M) if Indg(L) = (T' — r)"*! € C[T] for
an r € Z.

According to Lemma [C00 property (M) implies that z = 0 is a regular singularity of L and

we can write
m

L=@-r)"+) 2P
i=1
according to the notational convention explained in Section [CAl Furthermore, ¢o(L) has a
unique solution of the form y = 2" + 3% | Apn2™ € Q[z]. If » > 0 and L additionally
satisfies property (N), this solution is N-integral. Moreover, by Proposition [C27], there are
formal power series fy € z"Q[z]* and fi,...,fn € 2"Q[z], such that the elements y; =
Z;:o ¢ f;_; form a basis of Sol,y(r)- We call such a basis a Frobenius basis.

3.4 The local normal form at the MUM point

For differential operators which satisfy properties (M) and (P), we mimic results concerning
the limiting mixed Hodge structure (Voo, W (N)s, F3) on the localized differential module
to(Mp). In the geometric situation, the subspaces VP = F% N Wy, considered in ﬂm,
Section 6] induce a decomposition Vo = @,>0V?, which extends to the fiber Vo. This gives
a local normal form of the operator L at z = 0 which we regain on a purely algebraic level.
Throughout this subsection, let L satisfy properties (M) and (P). We denote by (-, -) the form
on Mj, induced by property (P) and by PV the Picard-Vessiot ring of (o(Mp). Further, we
assume without loss of generality that the exponents of L at z = 0 are all equal to zero.
The counterpart of the canonical fiber V., on the level of differential modules is the covariant
solution space

V = ker(0,PV @u(M,))

of 1o(Mp). By our assumptions, the action T' of the formal monodromy on V' is maximally
unipotent. We consider its logarithm N = log(T") to define the monodromy weight filtration.

3.4.1 Definition The monodromy weight filtration We on V is the ascending filtration in-
duced by N as described in Lemma B3l Via the isomorphism PV @V = PV ®y(M]), this
filtration induces an ascending filtration on PV ®¢o(My). We call it the monodromy weight
filtration on PV ®uo(M},) and denote it by W, as well.

As stated in Lemma B33, we have Wor(N) = Wor 11 (N) = ker (Nk“). A direct computation
reveals the following;:



32 Chapter 3. Algebraic properties of differential Calabi-Yau operators

3.4.2 Lemma We have
Wit = Wap_1i

with respect to (-,-) for each i > 0.
By property (M) and Proposition [L37, the solution space Sol, 1) is a subset of C[z][¢] and

therefore inherits a natural ascending filtration by the powers of . Expressing the cyclic
vector e with respect to a horizontal base of PV @ M7, one directly checks the following:

3.4.3 Lemma For each wy, € V N Wy, we have

k
(wg, €) € <@ (C[[z]]ﬁ) N Soly, .
i=0

We now construct a special basis of ¢o(Mp,).

3.4.4 Proposition There is a basis D = {dy,...,d,} C w(My) which has the following
properties:

(i) We have d; € E' N Woy; for each i =0,...,n.

(ii) Setting dy+1 := 0 there are o; € C[[z]* with «;(0) = 1 such that ¥(«;d;) = d;41 for each
1=0,...,n.

Proof We construct the requested data recursively. Choose a basis {hg,...,h,} C V such
that Wo, = span{ho, ..., hi}. This basis is in fact a horizontal basis of PV ®¢o(My) and we
can write e = 1", v;h; with

k

Vn—k € @C[[Z]W N Soly ()
=0

by LemmaBZ 2 and LemmaBZ3 Choose a Frobenius basis {Z;?:o %Kjfk,j Yo<k<n of Sol, (1)
with fo € C[z]* and fi,..., fn € C[z]. Then we have

k

Yk =)

J=0

1 [
ﬁ” Z Ci ki fr—i
i=j

for certain ¢;, ; € C. In particular, cj 1 # 0 for each 0 <k < n.

It is clear that dy := e € E™ N Ws,. In order to keep the following iteration process a bit
more transparent, we put

and . |
ug (i) = (#&)

for all k =0,...,n and all ¢ > k, where (-)" denotes the action of zd%. In particular, we have

d(] — €= ZUO(TL — Z)hz
1=0
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We also put

for all j =0,...,n. By definition, we have

UO(O) = Cn,n,nf(] € (C[[Z]]*

and set
Qg = uo(O)_l.

As 9E' C E*1 and 9h; = 0 for each 0 < i < n, we get

n—2
dy := ’19(040(10) = Zul(n — Z)hz S En_l N W2(n—1)-
i=0

Furthermore, we have

£

7=0

Sy (5 () - Ko

— In

In particular, we get

/
uy(1) = gg_)l =14+ <%> e C[=]*,
n—2

as 2L (C[z]) C 2C[z]. We put ay :=u;(1)~* and get

- u1 n—1)
dy == (a1dy) = h<
n_9
= us(n —i)h; € ™20 Wan—2)-
i=0
An iteration of this process yields the result. O

3.4.5 Definition We call a set D = {dp,...,d,} which satisfies the properties stated in
Proposition BZZ4l a Deligne frame induced by L and the elements ay,...,q, € C[z]* the
associated structure series.

3.4.6 Remark. The construction of a Deligne frame D = {dy, ..., d, } presented in the proof
of Proposition BZAl depends on the choice of a Frobenius basis {Z.I]?:O %Ejfk,j}ogkgn of
Sol,y(r)- If we choose another Frobenius basis, the resulting Deligne frame D" = {dj, ..., d)}
differs from D only by d; = cd] for a ¢ € C*. The structure series ay, . .., a,—1 of both Deligne
frames are the same and given by «; = ui(i)*l, where w; is the function introduced in the
proof of Proposition BZZ4l Therefore, we may also speak of the structure series of L.
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Having constructed a Deligne-frame induced by L, we can write the differential operator ¢o(L)
in the following way.

3.4.7 Corollary Let D = {dy,...,d,} be a Deligne frame induced by L with associated
structure series «y, ..., Qy. Then

(i) the image of 1o(L) in C[z][¥] is given by

Yo do,—1 -+ Yo dayp.
(ii) we have o = cjapq1—; with ¢; € C* for all 1 <i < n.

Proof The first statement follows directly from the construction of D, as L is the minimal
operator of dy. To prove the second statement, we first observe that (d;,d;) = 0if j #n —1
and (o;d;, oop—idy—;) € C* for all 0 <4 < % by Corollary and Lemma BZ2 Writing
() = 2L we get

0= ((iti—1di—1, pg1—iOn—idn—i))'
= (ajoi—1di—1, pg1—i0m—idp—i) + (04d;, Qg1 —i O —idp )
+ (i 1di—1, &)y _On—idn—i) + (@i _1di—1, Qng1—idny1—3)

= C1Qpt1—i + C20y

for certain c1,co € C* and hence the result. O

We can use a local coordinate to rewrite ¢o(L) further:

3.4.8 Definition The solution g € zC[z]* of the differential equation
19zq - aflq
with ¢’(0) = 1 is called special coordinate or g-coordinate of L.

In more explicit terms, for each two solutions yo = fy € C[z] and y1 = £fo+ f1 with f; € C[z]
of 1p(L) there is a ¢ € C* such that the g-coordinate of L is given by

q = cexp <£> € 2C[z].
Yo

As g € 2C[z]*, we get that

* q
Yy :=q 0 = Y= aqv
! 0.q
Therefore, we have
1 _
DomBam_1 -+ - Yardag = —Jg gL 9,22 0,00.
(05} (05} aq (05}

Possible local transformations between operators that satisfy (M) and (P) are encoded in
their g-coordinates in the following way.
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3.4.9 Proposition Consider two operators L1 and Lo which both satisfy (M) and (P) and
have q-coordinates q1,q2 € zC[z]*. Then L; and Ly can be locally transformed into each

other by twisting with an element ¢ € zC[z]]* with ¢'(0) = 1 if and only if
(af)" (o(L1)) = (a3)" (t0(L2)).

Proof Assume first that 1o(La) = ¥*19(L1). As 4’ (0) = 1, one checks directly that go = g1 09
holds. Hence the transformation rules stated in Remark yield

(¢3)" t0(L2) = ((q1 o)) ¢ 10(L1) = (Y o (g1 09)) " to(L1)
= (oY oq) t(L1) = (a7)" to(L1).
O

On the other hand, if (¢y)" (t0(L1)) = (g3)* to(La) we get to(La) = (¢ 0 q2)" to(Ly). As

¢1(0) = ¢4(0) = 1 the same holds for (gy o g2)’(0).
., &y, and g-coordinates q,q € zC[z]*.

The preceding proposition gives obstructions against a transformation of two such operators
3.4.10 Corollary Consider two operators L and L with deg(L) = deg(L) which both satisfy

in terms of their Deligne frames:
-y ap and ag, ..
There is a v € zC[z]* with ¢'(0) such that L = ¢*(L) holds if and only if a0 ¢V = &g o ¢¥

(M) and (P), have structure series o,

and

forall1 <i<n.

, Section 2.3 or Section 6.3]. There are various reasons which lead
to the conjecture that ¢ € 2Q[z] should be N-integral. For instance, the g-coordinate of
|. According to

From the viewpoint of mirror symmetry, the transformation z — ¢ coincides with the so-called

tic curves has a modular interpretation, see e.g.
], the expression aj/ag o ¢" seems to be related to other series

mirror map, see e.g.
many families of elhﬂE
whose coefficients count curves on the mirror of the family in the case of threefolds. For
further related literature, see e.g. [COGP9Z], [CKOd], [LY9H] and the references therein.

the observations in
3.4.11 Definition We say that a differential operator L € Cl[z, 1] satisfies property (Q) if
its g-coordinate is N-integral. If additionally all quotients a;/ay of its structure series are

N-integral, we say that it satisfies property (Q+).
It was conjectured in M] that (Q) implies (Q+). A good candidate for a counterexample

is stated in Section [A_2.6l
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3.5 Differential operators of CY-type

We have all ingredients to define a class of operators whose members have algebraic properties
similar to those of differential Calabi-Yau operators.

3.5.1 Definition An irreducible differential operator L € Q|z, 9] of degree n+1 is of C'Y-type
if
(i) it satisfies property (M), i.e. there is an r € Z such that Indg(L) = (T — r)"*! holds,
(ii) it satisfies property (N), i.e. ¢o(L) has an N-integral solution,
(iii) it satisfies property (P), i.e. there is a 0 # o € C(z) such that La = aL" holds,
) Q)

it satisfies property (Q), i.e. it satisfies properties (M) and (P) and the g-coordinate of

to(L) is N-integral and

(iv

(v) it satisfies property (Q+), i.e. it satisfies properties (M), (P) and (Q) and «;/aq is
N-integral for all 0 < i < n, where ay, ..., are the structure series of L.

As evidence for this description, we prove in Corollary that differential Calabi-Yau
operators related to families of relatively minimal elliptic curves with section over Q which
have a fiber of type I,, at z = 0 are of CY-type. Note, that condition (Q+) is empty for
operators of degree less or equal than three. In the case of differential Calabi-Yau operators
of degree four, it is proven in M} that property (Q+) holds. The proof is very involved
and uses as well p-adic Hodge theory as 1-motives.

Under the transformations introduced before, differential operators of CY-type behave as
follows:

3.5.2 Lemma Consider a CY-type operator L of degree n+ 1. Then

(i) L ® R is of CY-type for each fuchsian differential operator R € Q[z][0] of degree one
whose exponents lie in 7, at z = 0 and in %HZ at each other singularity.

(ii) ¥*L is of CY-type for each v € Q(2)™9 such that 1y(v)) € 2Q[z] and *L € Q[z, ).

Proof For L ® R, the result is clear. For ¢*L, properties (M), (N) and (P) are also clear.
Denote by yp a holomorphic N-integral solution of ¢g(L) and by y; = In(z)yo+r with r € Q[z]
another solution of 1o(L). As we can write 1) = z"e with e € Q[z]*, we get

In(¢(2)) = hln(z) + In(e).
Hence the g-coordinate ¢ of ¥*L and the g-coordinate of L are related by

“ho_ qo
()}

According to Lemma B:ZT, the latter series has an N-integral h-th root in zQ[z]. As each
two roots of a power series only differ by multiplication of the whole series with a root of
unity, we get property (Q). Finally, the construction done in Proposition B2l reveals that if

€ 2Q[=].
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Qg, . ..,y are the structure series of L , then ¥*ay, ..., Y " «, are the structure series of )* L.
Hence property (Q+) also follows from Lemma B2Z0 O

In the geometric situation, a twist by ¢ € @(z)“lg corresponds to a covering, where the tensor
product with g changes the cyclic vector by a multiple of it. As both operations do not change
the geometry of the family significantly, we get a natural notion of equivalent operators of
CY-type.

3.5.3 Definition We call two operators L; and Lo of CY-type to be equivalent - written
Li~Ly-if Ly =¢*Ly®g for a g € Q(2)8 with v(g)g € Z and a 1) € Q(2)™8 with (0) = 0.

We try to collect as many operators of CY-type as possible up to equivalence. Some specialties
for operators of CY-type which are at most of degree five are stated in the next chapter.






Chapter 4

CY-type operators of low degree

In this chapter, we state some special properties of CY-type operators of degree less or equal
than five and relations amongst them. For those of degree one, we give a complete classification
which assures that operators of this type correspond to square roots of rational functions. In
particular, the differential Galois group of such an operator has at most two elements and
each two of them are equivalent. For those of degree two, we have no complete classification
at hand. All known examples can be realized as an algebraic pullback of a hypergeometric
differential operator. The differential Galois group of those operators is SLy(C). We further
prove that arbitrary symmetric powers of CY-type operators of degree two again are of CY-
type. In fact, each CY-type operator of degree three can be written as second symmetric
power of a CY-type operator of degree two. For CY-type operators of degree four, there are
unless third symmetric powers of ones of degree two those whose differential Galois group
is Spy(C). It is not clear, whether there are up to equivalence finitely or infinitely many
operators of this type. Finally, we state relations between CY-type operators of degree four
and five which lead to the conjecture that each CY-type operator of degree five can up to
equivalence be written as an exterior square of one of degree four.

4.1 Degree one

We give a complete classification of CY-type operators of degree one. For those operators,
properties (Q) and (Q+) are empty and we just have to deal with properties (M), (N) and (P).
The classification reveals that each CY-type operator of degree one is in fact a Picard-Fuchs
operator.

The solutions of a fuchsian differential operator of degree one with rational exponents are
algebraic functions. Moreover, they are completely determined by the Riemann scheme of
the operator. A direct computation shows:

4.1.1 Lemma For each choice of distinct points s1,...,s, € C and rationals e1,...,e, € Q,
the solution space of & — Y | a;/(z — s;) is spanned by the algebraic function

We classify CY-type operators of degree one via their solutions.
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4.1.2 Proposition A differential operator L € Q[z, 9] of degree one is of CY-type if and only
if its solution space is spanned by y = /P/Q with P,Q € Q[z] such that y is holomorphic
near z = 0.

Proof If the solution space of L is spanned by v, it is clear that L = 9 —y’/y. By Proposition
BZR L satisfies property (N). As y is holomorphic at z = 0, the exponent of to(L) is an integer
and L satisfies property (M). Moreover, L is related to its dual via

Ly* =0y* —y'y=y*(0+y'/y) = y°L".

As y? is rational, L also fulfills property (P) and therefore is of CY-type. Suppose now that L
is of CY-type. As it is irreducible and has by properties (M) and (N) at z = 0 a solution which
is a G-function, it follows from Proposition B24l that L is fuchsian with rational coefficients.
Because of property (P) and Proposition B2 its exponents lie in %—l—Z and the result follows
from Lemma ETT] O

4.1.3 Corollary (i) Each CY-type operator of degree one is a Picard-Fuchs operator.
(ii) Each two CY-type operators of degree one are equivalent.

(iii) The differential Galois group of each CY-type operator of degree one is either trivial or
isomorphic to Z/27

Proof The first statement is covered by Example EE34 while the second statement is a
direct consequence of the notion of equivalence. The solution space of L is spanned by an
algebraic function g and therefore the differential Galois group of L coincides with the Galois
group of the extension Q(z)(g) D Q(z). As this extension has by Proposition at most
degree two, we conclude the third statement. O

4.2 Degree two and three

As opposed to CY-type operators of degree one, we have no complete classification for CY-
type operators of degree greater or equal than two. For those of degree two, property (Q+) is
empty. As the differential Galois group of such an operator contains a maximally unipotent
element, the discussion done in , Section 4.3.4] directly reveals that it coincides with
SLy(C).

Prototypes of these operators are Picard-Fuchs operators related to families of relatively
minimal elliptic curves over Q with section. Those with three and four singular fibers were
completely classified in [SH8H] and [Her91]. The idea for this classification goes back to the
following theorem by Fricke and Klein, see e.g. m, pp. 30-34 and 60-62].

4.2.1 Theorem Let y? = 423 — go(t)x — g3(t) be a family of elliptic curves. Then the
normalized period

3(t) / dx

2(t) Sy

31/144z — 1/36
22(z —1)? ’

is a solution of the differential equation

T (B) = J (1) <02 +20+
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where
g2(t)?

I(t) = 92(t)® — 27g3(t)?

In particular, each Picard-Fuchs operator related to a family of elliptic curves is a rational
pullback of the differential operator . We conclude the following result.

4.2.2 Corollary FEach differential Calabi-Yau operator of a family of elliptic curves which
has a MUM point at z = 0 is equivalent to a C'Y-type operator of degree two.

Proof By a direct computation, we first observe that

*

E (E) @ (0 + 2(9 + 1/4)) = 14409% — 2(2889% — 31) + 42%(60 + 1)(60 — 1) =: L.

z

By Lemma B35 it suffices to prove that L is of CY-type. Since Indg(L) = T holds, it
fulfills property (M). Property (P) can be computed directly. With respect to the notation
introduced in , Formula (2.5)] we have

1 1 5

Therefore, the function o F} (%, 15—2, 1;2) (1— z)% is a solution of L at z = 0 and property (N)

is fulfilled by Proposition Let g € 2Q[z] be the g-coordinate of L. As 1/(¢") is up to
the transformation z — 1728z the Fourier expansion of the well-known modular form

o0
J=a D e(n)g" = q ! + T4dq + 1968844 + ..
n>0

see e.g. ﬂm, Theorem V.1.1], the g-coordinate of L is N-integral. Hence L also fulfills
property (Q). O

Using CY-type operators of degree two, we can produce CY-type operators of arbitrary degree
with differential Galois group SLo(C) via symmetric powers. This result can be seen as a
reflection of the representation theory of SLo(C), see e.g. m, Chapter 11].

4.2.3 Lemma (i) Sp,y(C) = SLy(C)

(ii) The action of SLy(C) on C"*! via Sym" is irreducible. For n = 2, it is furthermore
isomorphic to the natural action of SO3(C) on C3.

The result on the level of operators relies on the following general properties of differential
operators of degree two which are taken from m, Proposition 4.26].

4.2.4 Lemma For each differential operator L = 8% + ad + b € C(2)[0] we have that
(i) deg(Sym"L) =n+1.
(i1) Sym"™L = L,,y1, where L; is recursively given by Ly =1, L1 = 0 and

Li—l—l = 6L, + ZGLZ + z(n -1+ 1)bLi_1.
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(iii) each solution of Sym"L is a product of n solutions of L.

4.2.5 Proposition Consider a C'Y-type operator L of degree two. Then its n-th symmetric
power Sym"L is a CY-type operator of degree n + 1.

Proof By the first statement of LemmaLZa] the representation theory of SLy(C) and Corol-
lary [C3TT] each of the operators Sym” L is irreducible and has degree n+1. Denote by (M, €)
the marked differential module corresponding to L and by (Mgsymnr,,e") the marked differen-
tial module corresponding to Sym™ (L), regarded as a differential submodule of Sym"(M7).
Since by Proposition the n-th power yi of each holomorphic solution yy of ¢(L) is
a solution of Sym™(L), this operator satisfies property (N) by Lemma As L fulfills
property (P), there is a non-degenerate, anti-symmetric pairing (-,-) on My. Setting

(1)1 c U, W1 - "wn) = (01,101) te (Un,wn>,

we get a pairing (-, ) on Mgymn(r)- By a direct computation, this implies that Sym™ (L) satis-
fies property (P). To show property (M), suppose without loss of generality that Indg(L) = T2.
The recursion formula for Sym™ (L) given in LemmaBEZ A inductively yields that the sum of the
exponents of ¢ (Sym”L) equals zero. Furthermore, each holomorphic solution of ¢o(Sym™L)
is a C-multiple of y{. Hence, the exponent of yj at z = 0 - which is zero - is the biggest
exponent of (o(Sym"L). As L satisfies property (P), the relation between the exponents given
in Proposition gives property (M). It remains to check properties (Q) and (Q+). There-
fore, we first observe that if yg,y; form a Frobenius basis of (o(L), the elements wo, ..., wy,
with w; = y§ "y} form a Frobenius basis of 1o(Sym™(L)) by the third statement of Lemma
B2 The g-coordinate of Sym™(L) fulfills the differential equation

_wl

q pr—
wo Yo

and thus coincides with the g-coordinate of L. This yields property (Q). Setting ug(i) := w;

and .,
o= (22

we know by Remark EZB that the structure series of L are ug ' (0), u; ' (1), ..., u; (n) € C[2]*.
One checks inductively that

W) = (i~ k)i ((Z—O)k+>

holds. In particular, we have wui(1)/ui(k) € Q for each 1 < k < n which yields property
(Q+). O

As we have seen in the proof of the proposition above, the Deligne frames of those CY-type
operators which are symmetric powers of operators of degree two are completely determined
by their g-coordinate. By Theorem [LZI the differential Galois group of these operators is
SL2(C). We suppose that the converse also holds:

4.2.6 Conjecture The differential Galois group of a CY-type operator of degree n + 1 is
SLo(C) if and only if it can be written as n-th symmetric power of a CY-type operator of
degree two.
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As evidence for Conjecture EZ0 we present the relation between CY-type operators of degree
two and three. This can be seen as a generalization of a classical theorem by G. Fano, see

[Eanod).

4.2.7 Proposition Each CY-type operator of degree three can be written as the second
symmetric square of a CY-type operator of degree two.

Proof Consider a CY-type operator P = 93 + a20? 4+ a10 + ag. Property (P) induces the
relation
1 1 / 2 3 1 / 1 "

apg = galag — gagaz — 2—7a2 + §a1 — EGQ
amongst the coefficients of P. By the recursion formula stated in Lemma EZ4l we get
Sym?(L) = P for
%aga—i— %al — 1—1261'2 — 1—18(1%.
This operator also satisfies property (P). We can assume without loss of generality that the
exponents of (o(P) are all equal to zero. A direct computation shows, that the sum of the
exponents of ¢9(L) is zero as well. As the square y2 of each solution yo of 1o(L) is a solution of
to(P), the biggest exponent of ¢o(L) is zero. Therefore, property (M) follows from Proposition
As 19(P) admits an N-integral solution, L also does by Lemma B:Z9 and hence fulfills
property (N). Finally, as we have seen in the proof of Proposition that the g-coordinates

of L and P coincide, L satisfies property (Q). O

L=0*+

This statement can also be seen as reflection of the isomorphism mentioned in Lemma
on the level of differential operators. On the geometric side, prototypes for CY-type operators
of degree three are differential Calabi-Yau operators for families of K3 surfaces with Picard
number nineteen.

4.3 Degree four and five

As a consequence of the classification done in ﬂH_es__O_ll], we prove that CY-type operators of
degree four fall in two main classes: Those, whose differential Galois group is isomorphic to
SLo(C) - which acts in its natural Sym?® representation on the solution space of the operator
- and those whose differential Galois group is isomorphic to Sp,(C). Assuming Conjecture
E210 we have already discussed the first class of such operators and are mainly interested in
the second one.

For each potential CY-type operator L of degree four which is not a symmetric power, we
have to check both properties (Q) and (Q+). Even if a closed formula for the coefficients
of an N-integral solution of 1o(L) is known, it is almost impossible to check property (Q)
in the general case. For hypergeometric equations, there p-adic methods established by B.
Dwork, see |. Those techniques were applied to the case of generalized hypergeometric
operators by C. Krattenthaler and T. Rivoal in M] as well as to specializations of systems
of generalized hypergeometric equations by the same authors in m] Very recently, E.
Delagyue has established a nice criterion which covers the N-integrality of the g-coordinate
for many known operators, see M] There is at the moment no chance to prove property
(Q+) in a purely algebraic manner.

Those criteria which we can not prove rigorously are checked numerically up to a point of con-
viction. Recall, that both the holomorphic solution of (L) we consider and the g-coordinate
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are solutions of differential equations of degree one with coefficients in Q[z]. A straightfor-
ward Ansatz reveals that the m-th coefficient of such a solution is a linear combination of
rational numbers divided by m. Thus, we see that for a general operator more and more
different prime numbers enter the factorization of the denominator of the coefficient. In
practice, we hence do not believe that property (N), (Q) or (Q+) holds, if more than five
different prime numbers enter the factorization of the denominator for the m-th coefficient of
the corresponding power series. For arbitrary differential operators, this typically happens if
m > 20.

As we have already seen in Corollary BTl the second exterior power of a CY-type operator
of degree four has degree five and its differential Galois group is contained in SO5(C). We
show that most of the CY-properties are transported by this procedure and that it seems
to be invertible. These relations were already observed in M] and can in fact be seen as
reflection of the following group theoretic statement on the level of differential operators, see
e.g. m, Chapter 18].

4.3.1 Lemma The action of Spy(C) on C® via A? splits into a one-dimensional and an
irreducible five-dimensional representation. The latter one is isomorphic to the natural action
of SO5(C) on C®.

We first state the following useful results of explicit computations.

4.3.2 Proposition For each irreducible differential operator L = 0* + Z?:o a;0' € C(2)[0]
which satisfies property (P) we have:

W 1 1 3 1
ap = §a2a3 — gag + ah — Zagag — 5&&'.

(i) A°M = W @ N, where (M, e) is the marked differential module corresponding to L,
N is the five dimensional differential submodule generated by e A e and W' is the one
dimensional differential submodule generated by

1 1 1
w= <a2—1a§—§ag>e/\@e—i—5@36/\826+e/\63e—36/\826.

(iii) A? L satisfies property (P).

Proof The first result follows directly by writing down the pairing (-, -) on My, with respect
to the cyclic basis generated by e. The second result can be achieved by writing down

/\21/1: /\2M — /\2 ]\4\/7 mi A\ mg +— Ib(ml) /\1/1(m2)

with respect to the basis {d%e A 07 e}i<j induced by E. For the third statement, we observe
that
Ap(e A de) = a? (826)v A (836)v

holds. With respect to the cyclic basis E’ generated by e A Oe, one shows that

Ap(e A de) = o? (84(6 A 66))v
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holds. As this yields /\2 Lo? = ozz(/\2 L)V, property (P) is satisfied by Proposition |

With those results at hand, we can prove that the second exterior power of a CY-type operator
of degree four inherits properties of CY-type operators.

4.3.3 Proposition Let L = 0% + Z?:o a;0" € Q(2)[0] be a CY-type operator of degree four.
Then N\* L is irreducible and satisfies properties (M), (N) and (P).

Proof We have already shown in Proposition that A? L satisfies property (P). Writing
N L=0°+ Z?:o b;0" we get
2

_5b4a2 = (a2)l =200 = —aza

2

and thus by = 5a3/2. Assume without loss of generality that Indg(L) = T*. Then the sum of
the exponents of ¢o( /\2 L) is —5. Choose a Frobenius basis {yo, ..., y3} of the solution space
of 1o(L). By Proposition 3, the solution space of 1o(A\% L) is spanned by the Wronskian

Wr(y;,y;) for 0 < i < j < 3. Therefore, all exponents of ¢ (/\2 L> are integers and the

space holomorphic solutions of ¢ < /\2 L> is spanned by Wr(yo, y1). Moreover, the exponent

of Wr(yo, 1) - which equals —1 - is the biggest one of to(A?L). As AL fulfills property
(P), property (M) follows from Proposition BZIH To check property (N), observe that we
have Wr(yo,v1) = Yoy} — Yoy1 = —v2 (y1/v0) . Property (Q) assures that the logarithmic
derivative ¢'/q = (y1/yo)’ of the g-coordinate of L is N-integral. As L satisfies property (N),
the function yq is N-integral and hence /\2 L also satisfies property (N). Finally, we show that
/\2 L is irreducible. Denote by (M, e) the marked differential module associated to L and by
N the differential submodule of /\2 M which is spanned by e A de. Since M is irreducible,
the module /\2 M is semi-simple, i.e. each differential submodule has a complement which
is also a differential a submodule, by @, Exercise 2.38]. Therefore, if /\2 L and hence N
were reducible, the representation matrix of ¢ on N would up to base change be of the form

ci 0 ... O
0 Cy ... O
C .= . . . € Mat5((C)
0o 0 ... ¢
with ¢ > 1. As /\2 L satisfies property (M), this is impossible. O

Note, that the logarithmic derivative of q-coordinate ¢ of A\*(L) is given by

d /3= (Wr(y2,50)/Wr(y1,%0)) = ((v2/90)"/ (1 /90)") -

By Remark B0 the latter expression coincides with the quotient «;/ag, where ay, ..., as
denotes the structure series of L. As L satisfies property (Q+), we conclude that ¢'/q is
N-integral. We furthermore suppose - but are not able to prove - that /\Q(L) even fulfills
properties (Q) and (Q+).

As the formal monodromy of a CY-type operator is by definition maximally unipotent at
z = 0, its differential Galois group is not finite. By the classification achieved in 1,
Proposition leaves two possibilities.
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4.3.4 Corollary The differential Galois group of a C'Y-type operator of degree four is either
SL2(C) or Spy(C).

Unless the case of degree two and three, the local normal form of a CY-type operator derived
in Corollary B4 is not trivial. Expressed in the special coordinate, it depends on one single
power series. The following terminology is borrowed from physics.

4.3.5 Definition For a CY-type operator L € Q[z, ] of degree four with associated marked
differential module (Mp,e) and symplectic form (-,-) we call Y := (e, 93e) € C(z) the Yukawa
coupling of L.

The Yukawa coupling determines the local normal form of L in the following way.

4.3.6 Proposition Consider a CY-type operator L € Q[z,9] of degree four with structure
series «,...,as, special coordinate q € zQ[z] and associated marked differential module
(Mp,e). Then there is an ¢ € C* such that

o1

(e, 792(0406» = coé—2

Proof Consider a Deligne frame {d, ...,d3} induced by L. As ¥, = o9 holds we get

/
1920[06 = ﬁgaldl = ’l9qa1d2 = <<ﬂ> aads + ﬂdgg) ,
a9 a9

where (-) = zL. As a1 = cag for a constant ¢ € C*, (e,d2) = 0 and (ape, azds) € C*, this

gives the result. O

The expression (aoe,ﬂg(aoe» is often called normalized Yukawa coupling. In particular,
Conjecture induces the following;:

4.3.7 Conjecture The differential Galois group of a CY-type operator of degree four is
SLy(C) if and only if its normalized Yukawa-coupling is constant.

We now discuss a construction which is inverse to the one done in Proposition 33, i.e. how
to get an operator of degree four which satisfies (M), (N) and (P) from a CY-type operator
of degree five. Again, this relation is similar to a classical statement of G. Fano L@&] and
is studied in m]

4.3.8 Lemma Consider an irreducible differential operator P = 0° + Z?:O b;0' € C(2)[0)
of degree five which fulfills (P). Then there is a uniquely determined differential operator
L=0%+ Z?:o a;0' € C(2)[8)] which fulfills (P) such that A\* L = P holds. In this situation,
we write \/o(P) := L.

Proof We prove the statement by a direct computation. First, assume that by = 0. By
property (P), we get that

1 1 "
P =0 +b30° + ;bgaQ + b0+ 5b'1 — b
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By m, Proposition 3], each operator L = 9* + Z?:o a;0" of degree four whose second
exterior power has degree five fulfills property (P). Furthermore, as by = 0, one computes
that az = 0. Hence we make the Ansatz

L = 0" + 490 + a40 + ap.

As this operator fulfills (P), its second exterior power also does by Proposition and a
direct computation yields

2 "
/\ L = 0° + 2a20° + 3a50* + (a3 + 3aly — 4a0)0 + ay + ahas — 2aj.
Comparing the coefficients of /\2 L and P reveals that our Ansatz was successful. If by # 0,

there is a unique 3 € C(2)™9 such that P~ = 9° + Z?:o b;0'. If L satisfies (P) and
A’ L = BP3~" one readily checks that for 42 = 8 we get A*yLy~! = P = A% (=) L(—)" L.

This completes the proof. O
We also have a relation between Sym? (\/,(P)) and A*(P) which once again is inspired by
representations of Sp,(C) and follows directly from the computations done in , Section
2.2].

4.3.9 Lemma Let L = 34—1—2?:0 a;0° € C(2)[0] satisty (P) with La = oL for0 # a € C(z).
Then ) )
/\ (/\ L) = Sym’L ® z%a.

With this relation at hand, we are able to check the following result.

4.3.10 Proposition For each CY-type operator P € Q(z)[0] of degree five which has an odd
exponent at z = 0, the operator L = \/,(P) fulfills properties (M), (N) and (P).

Proof We have already seen in Lemma that L fulfills property (P). To check property
(M), assume without loss of generality that the exponents of (o(P) are all equal to —1. A
direct computation shows that the sum of the exponents of ¢y (\/,(P)) is zero. The solution
space of 1o(P) admits a Frobenius basis and is spanned by the wronskians of solutions of ¢o(L).
Therefore, the solution space of L also admits a Frobenius basis yo,...,ys3. As Wr(yo,y1) €
2z71Q[z] is a solution of P, its exponent is —1 and the exponent of yq is zero. Hence zero is
the biggest exponent of ¢y (\/5(P)) and property (M) is fulfilled by Proposition By an
argument completely similar to the one in the proof of Proposition EE33l we get that /\2 (P)
has an N-integral holomorphic solution g at z = 0. By Lemma B30, we have g = 2%ay3 for
Yo as before and 0 # a € C(2) such that \/,(P)a = a\/,(P)" holds. As z2a € C(z), we get
that y2 is N-integral as well. Hence, \/,(P) also fulfills property (N) by Lemma EZZ0 O

Propositions B33 and EE3 T0l lead together with our computational experience to the following;:

4.3.11 Conjecture Each CY-type operator of degree five is equivalent to the second exterior
power of a CY-type operator of degree four.






Chapter 5

Monodromy tuples and their
constructions

Consider a finite non-empty set S C P! with r + 1 elements and X := P!\ S. By additional
choices on the underlying topological data, each local system of rank n on X is determined by
a tuple of matrices (7%,...,Tr11) € GL,(C)"*! such that H:ill T; = 1,, holds. Such a tuple
of matrices is called an m-tuple. We discuss elementary properties of m-tuples in the first
section of this chapter. Here, the so-called multiplicative Deligne-Simpson Problem (MDSP)
- i.e. the question, if there is for a given tuple of Jordan matrices a corresponding m-tuple
- is of our particular interest. In the second section, we discuss the notion of rigid local
systems and m-tuples. Those local systems are completely determined by their local data,
i.e. the Jordan forms of the matrices of a corresponding m-tuple. By the work M] of
N. Katz, rigid local systems of arbitrary rank can be constructed from local systems of rank
one via tensor products and middle convolutions. We review the middle convolution and the
middle Hadamard product on the level of m-tuples in the third section. In section four, we
state a way to attack the MDSP constructively and the main theorem of Katz concerning the
construction of linearly rigid m-tuples.

Let throughout the whole chapter S be a finite non-empty subset of P'. We also fix an
orientation on P'. Moreover, we denote by G a reductive linear algebraic group together
with an embedding G — GL,(C) and do not distinguish between G and its image under
this embedding. A Jordan-block matrix of size m whose diagonal entries are all equal to
a is denoted by aJ(m) and J(m) if & = 1. The Jordan form J(A) of an arbitrary matrix
A € GL,(C) is written as direct sum of the corresponding Jordan-block matrices. In the
sequel, we call such a direct sum of Jordan-block matrices simply a Jordan matriz or a Jordan
form. If a block matrix a.J(m) appears with multiplicity k, we denote that by a.J(m)*.

5.1 Local systems and monodromy tuples

We introduce the notion of m-tuples.

5.1.1 Definition A tuple of matrices T := (Ty,...,Ty4+1) € G € GL,(C)"*! is called an

m-tuple if
r+1

Hﬂ =1,.
=1
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We call tk(T') := n the rank of the m-tuple. If especially G is a symplectic or an orthogonal
group, we call the m-tuple symplectic, resp. orthogonal. We call

J(T) = (J(Tl)’ s 7J(Tr+1)) € GLn((C)

its associated tuple of Jordan forms. The action of the matrices of an m-tuple on C™ induce
a representation of the group generated by this matrices. We denote this representation by
< T >. We call two m-tuples T,7" € G™*! to be equivalent, written T ~ T", if there is an
H € GL,(C) such that H~'T;H = T} holds for each 1 <i < r + 1. In the sequel, we do not
distinguish between m-tuples which are equivalent to each other.

The category of m-tuples with r 4+ 1 elements and the obvious notion of morphisms, i.e.
AT; = T] A for a matrix A and each 1 <i < r+1, is denoted by Tup, ;. In this category, we
can take tensor products, symmetric powers and exterior powers in the usual way.

We state a link between local systems on P!\ S and m-tuples depending on the following
choice of topological data.

5.1.2 Definition A base star on P!\ S is a tuple
r (ﬁ) = (.%'0, (317 s 7ST‘+1); (7817 s 778T+1))
consisting of
1) the elements of the set S = {s1,...,s,.1 Written as a tuple
(i) the cl fthe set § = {s1,..., 5,41} wri pl
S = (81, - ,8r+1) S (]P’I)T-H
with pairwise distinct entries.
(ii) a base point zo € P!\ S.

(iii) a set of generators 7s,,...,7s,, € m(P'\ S, z) such that vs, encircles s; in positive
direction and no other points of S and moreover the composition s, ---7vs,,, is the
trivial path.

We call the tuple S the points of T'(S).
5.1.3 Proposition For each base star I'(S), the functor

Reprm (lP’l\S,:vo)((C) - TuprJrla pr (p('YSl)’ T ’p(78r+1))

is an equivalence of categories which is compatible with tensor operations. In particular, we
get an equivalence of categories

T(S) LocSys(]P>1 \S) — Tup,,;,L — (pL(’Ysl), ... ,pL('YST+1))

which is compatible with tensor operations.

This relation leads to the following terminology.

5.1.4 Definition Consider a local system L on P!\ S and a base star I'(S). Then we call
the m-tuple 7r(g(IL) a monodromy tuple of L. If the local system L is induced by a fuchsian
differential operator L, we also speak of a monodromy tuple of L.
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We introduce further terminology for m-tuples which reflects properties of their induced
representations.

5.1.5 Definition We call an m-tuple T’
(i) drreducible if its natural representation < 7' > is irreducible.
(ii) orthogonal, resp. symplectic, if its matrices lie in an orthogonal, resp. symplectic, group.

(iii) quasi-unipotent if all its matrices are quasi-unipotent.

It is natural to classify m-tuples via the conjugacy classes of the matrices of their irreducible
parts. This leads directly to the following problem.

Problem (The multiplicative Deligne-Simpson Problem (MDSP))

Let J = (J1,...,Jr41) € GL,(C)"™! be a tuple of Jordan matrices. Decide, whether there is
an irreducible m-tuple T'= (T3, ..., Ty+1) € Gt such that the Jordan form of 7} is J;. This
problem is called the multiplicative Deligne-Simpson Problem, or MDSP in short, for J. We
say that the MDSP for .J is solvable in G, if there is an irreducible m-tuple T € G"+! with
the requested properties. Such an m-tuple T is called a solution of the related MDSP. If a
solution can be realized as monodromy tuple of a fuchsian differential operator L € Clz, ],
we call L a solution of the MDSP as well.

The study of the MDSP was pioneered by P. Deligne and C. Simpson, see e.g. ﬂSj_nT_Q_ll] An
overview concerning solutions of this problem is given in |. Explicit solutions of the
MDSP for an arbitrary tuple of Jordan matrices are in general hard to find for the following
two reasons:

First, the product relation of the matrices of a potential solution 7" = (17, ...,T,11) yields
that 7,41 is determined by the matrices T1,...,T,.. However, if we only know the Jordan
forms J(T1),...,J(T}), we do in general not know J(7,1). The second difficulty lies in the
irreducibility of the m-tuple 7. If we drop this claim on the solutions, we would e.g. for
each choice of Jordan matrices Jp,...,J, get that the MDSP for (Jq,...,J,,J (Jr_1 o Jfl))
is solvable by this tuple of Jordan forms itself.

We briefly discuss the MDSP in the simple but very important case of rank one.

5.1.6 Example Consider a tuple of non-zero numbers J = (Jy,...,Jr+1) € GLi(C)" L.
Then the MDSP for J is solvable if and only if J is an m-tuple, i.e. we have H:ill Ji=1.In
this case, J itself is a solution.

For an m-tuple T of rank bigger than one, it is a non-trivial problem to detect whether it is
irreducible just by looking at its tuple of Jordan matrices. To state a criterion, we introduce
the following notation.

5.1.7 Definition For A € GL,(C) we write
v(A) :=rk(A - 1,).

The criterion given in m, Theorem 1] reads:
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5.1.8 Lemma FEach irreducible m-tuple T' = (T})1<i<r+1 € GL,(C)"*! fulfills

r—+1

2T = 2.

This inequality can actually be used to show that a given tuple of Jordan matrices can not
be induced by an irreducible m-tuple.

5.2 Rigidity

In this section, we study m-tuples which are completely determined by the Jordan forms of
their matrices, so-called linearly rigid ones. We first introduce the notion of rigidity as it is
done in , Section 1.0].

5.2.1 Definition An m-tuple T' = (Ty,...,T;41) € GL,(C)"*! is called linearly rigid if we
have T' ~ T’ for each other m-tuple 7" = (T},..., T/, ;) € GL,(C)"™! with J(T) = J(T").
A local system on P!\ S is called linearly rigid if an associated monodromy tuple has this
property.

5.2.2 Example We have the following prominent examples of linearly rigid local systems.

(i) Each local system of rank one is linearly rigid.

(ii) As revealed by B. Riemann in M], each local system on P!\ {0,1,0c0} which is
induced by a hypergeometric differential operator

D(ay,az,B1,62) = (0481 —1)(9 + 2 — 1) — 2(0 + a1)(J + az)

is linearly rigid. By Levelt’s thesis M], this result also holds for generalized hyper-
geometric differential operators D(aq, ..., ok, B1,. .., 0k).

We can read off whether an irreducible m-tuple is linearly rigid from the Jordan forms of its
matrices. For simplicity, we introduce the following terminology.

5.2.3 Definition For A € G C GL,(C) we set
dc(A) := codim(Cq(A)),

where

Co(A)={H cG|H 'AH = A}

denotes the centralizer of A in G and the co-dimension is taken with respect to the dimension
of G as an algebraic group over C. If G = GL,,(C), we just write §(A).

5.2.4 Remark. By m, Chapter 13] and ﬂm, Lemma 7], the dimension of the cen-
tralizer Cqr,,(c)(A) of a given matrix A € GL,(C) can be computed as follows:

If A is unipotent, its Jordan form reads J(A) = @le J(v;). The sizes vy > -+ > v of the

distinct Jordan blocks of J(A) give a partition V(A) = (vy,...,vx) of n. We pass to its dual
partition W(T') = (wy,...,w;) by setting

w; = #{j | v; > i}
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and get
l
dim Car, ) (4) = D wi.
i=1

If A is not unipotent with set of eigenvalues {A1,..., A}, its Jordan form reads

m Ji

W)

i=1 k=1

For each );, the sizes of the Jordan blocks u; 1 > - -+ > w; j, give partitions U; = (Wi, .. ,umi).

Then we define the partition V(A) = (vq,...,vn) with N = max;—1__,{Ji} via

m
r o= § U,y
k=0

with the convention u;, = 0 if » > j;, pass to its dual partition W(A) and again get
. l
dim Cqr,, () (A) = Yiq wi.

We have the following criterion to check whether an irreducible local system is linearly rigid,
see m, Theorem 1.1.2].

5.2.5 Theorem An irreducible local system L on P!\ S is linearly rigid if and only if
x(j» End(L)) = 2dim H® (P', j, End(L)) — dim H' (P!, j, End(L)) = 2,
where j: P1\ S — P! denotes the natural inclusion.

As revealed in the proof of this theorem and in M, Theorem 2.3], this gives a criterion for
rigidity on the level of m-tuples.

5.2.6 Proposition Fach irreducible m-tuple T = (Ty,...,Ty+1) € GL,(C)"*! fulfills

r+1

25 ) —2(n*—1) > 0.

Moreover, we have
r+1

25 —2(n?—-1)=0

if and only if T is linearly rigid.

The notion of rigidity can be extended from GL,(C) to arbitrary reductive algebraic groups
G as it was e.g. done in m, Definition 3.1]. We do not have a criterion to prove G-rigidity
as stated in Proposition and thus give a reasonable generalization of the expression
SYHLS(T;) — 2(n? — 1) to an arbitrary tuple of matrices T € G'*! as stated in @,
Corollary 3.2].
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5.2.7 Definition For a tuple of matrices T' = (T1,...,T,4+1) € G we call

r41
i6(T) == 3 66(T) - 2(dim(G) - dim(Z(G))
i=1

the rigidity-index of T with respect to G, where Z(G) denotes the center of G. If G = GL,,(C),
we just write i(T) instead of ig(T).

Note, that we have defined the rigidity index for arbitrary tuples of matrices. Moreover, we
have ig(T) = ig(J(T)) for each m-tuple 7. As dim GL,,(C) = n? and dim Z(GL,(C)) = 1,
Proposition can be rephrased by saying that an irreducible m-tuple 7T is linearly rigid if
and only if i(T) = i(J(T")) = 0 holds.

One of the striking results of N. Katz concerning the solvability of the MDSP in the linearly
rigid case was established in m, Sections 6.3 and 6.4]:

He gives an algorithmic procedure to decide if for a given tuple of Jordan matrices J €
GL,(C)™*! with i(J) = 0 the MDSP for J is solvable or not. Moreover, if the MDSP for .J is
solvable, this procedure provides a construction of the solution T starting with an m-tuple of
rank one by application of a finite sequence of operations with m-tuples of rank one. The key
fact concerning these operations is that they preserve irreducibility and rigidity of m-tuples,
but may change the rank of them.

We state a more precise statement in Theorem In fact, we need two operations for the
construction of solutions of the MDSP for linearly rigid tuples, namely tensor products and
middle convolutions with special m-tuples of rank one.

Tensor products with m-tuples of rank one have the following properties.

5.2.8 Lemma Consider an m-tuple T € GL,(C)"*! and an m-tuple P € GL;(C)"*! of rank
one. Then

(i) T is irreducible if and only if T ® P is.

(ii) there is an m-tuple P’ € GL1(C)"*! such that (T ® P) ® P’ = T. In this case, we write
pPlt:=P.

(iii) i(T) = i(T ® P).

Proof The first and second statement are clear. For an arbitrary matrix A € GL,,(C), the
procedure described in Remark B2l shows that W(A) = W(aA) holds for each o € C*.
Hence §(A) = 6(aA), which gives the third statement. O

In particular, we can interpret the tensor product with m-tuples of rank one as an invertible
operation which preserves irreducibility and the rigidity index. Concerning solutions of the
MDSP, this yields:

5.2.9 Corollary Consider a tuple of Jordan matrices J € GL,(C)"*! and an arbitrary m-
tuple P of rank one. Then the MDSP for J is solvable if and only if the MDSP for J @ P
is.
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5.3 The middle convolution and the middle Hadamard pro-
duct

The original definition of the middle convolution by N. Katz given in m, Chapter 4.3] is
very general, but in our context quite unhandy to use. The translation to the level of local
systems is e.g. given in ﬂm, Section 2.3]. We rather describe the middle convolution on
the level of m-tuples which was established in , Definition 2.5] and state some of its
properties taken from M], M] and .

5.3.1 Definition For an m-tuple T = (T})1<i<r41 € GL,(C)™*! and o € C* we set

(1)

fork=1,...,r and B,y = (By---B,)"%
(i) K(T) = @], Kern(T; — 1,).
(iii) L(T) := i Kern(B; — 1,,).
(iv)

MCy(T) := (MCo(T3)))<icrp1 = (m(Bi)1<i<r1 € GL(C™/(K(T) + L(T)))" .

The m-tuple MC,,(T) is called the middle convolution of T" with «, where
m: C" — C"/(K(T) + L(T')) denotes the canonical projection.

As stated in m, Lemma 2.7], the rank of MC,(7T) turns out to depend on the tuple of
Jordan forms J(7') only.

5.3.2 Lemma For each m-tuple T = (T,...,T,11) € GL,(C)" ™! and each o € C*\ {1}, the
rank of MC,(T) is given by

rk(MCo(T)) = > HT) +v (0 Trp1) = n.
=1

Moreover, for an irreducible m-tuple 7' € GL,,(C), the tuple of Jordan forms J(MC,(T))
is completely determined by the tuple of Jordan forms J(7°). Therefore, we introduce the
operation MC,, for tuples of Jordan forms as well.



56 Chapter 5. Monodromy tuples and their constructions

5.3.3 Definition For each tuple of Jordan matrices J = (Ji,...,Jr11) € GL,(C) ! with

J_@pj v(i,p,5)

peC
and each o € C*\ {1}, we set Cp(J) := > 1_; v(Ji) + y(a ™t Jpy1) —
Cai(J) =(J;) +n—y(ad;)

and
car1(J) = (0" rg1) + 1 = 3(Jpi1).

If coi(J) < Co(J) holds for all 1 < j <+ 1, the tuple of Jordan matrices
MCa(J) := (MCo(J1), - - .. MCa(Jy11))

of rank C\(J) is defined via

MCq(J;) = @ EB apj(j)v(im) EBO‘JU _ 1)1}(@',1,]‘)

peC\{1,a"1} J ji>2

@J]+1 i, u)@J 1)Ca ) =Cai()

and

MC a 7"+1 @ @ o pJ v(r+1,p,] @J UTJFLQJ)

peC\{1l,a} J
P ata( + 1)) @) a1y (1)Cn D),

By M, Lemma 3.4.2], this operation is compatible with the middle convolution for irre-
ducible m-tuples.

5.3.4 Proposition For each irreducible m-tuple T = (T1,...,T,+1) € GL,(C) and each
a € C*\ {1}, we have
J(Mca(T)) = Mca(J(T))'

The middle convolution MC,(T") with a € C*\ {1} is an invertible operation which preserves
irreducibility and rigidity of T', see m, Remark 3.1, Corollary 3.6 and Corollary 4.4].

5.3.5 Lemma Consider an irreducible m-tuple T' = (T4, ...,T,41) € GL,(C) such that at
least two matrices T;,T; with 1 < 4,5 < r are not the identity if n = 1. Then for each
a € C*\ {1} we have that

(i) MC,(T) is irreducible.
(ii) MCp-1(MCy(T)) =T.
(i) #(T) = i(MCq(T)).
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The second and third statement also hold if we replace T by J(T').
Concerning the MDSP this yields:

5.3.6 Corollary Consider an o € C*\ {1} and a tuple of Jordan matrices J € GL,,(C)"+!
such that at least two matrices of J;, J; with 1 <14, j <r are not the identity if n = 1. Then
the MDSP for J is solvable if and only if the MDSP for MC,/(J) is

We also introduce the middle Hadamard product MH, with o € C* on the level of m-tuples

and tuples of Jordan forms. This operation is closely related to the middle convolution with
MC,.

5.3.7 Definition Let T'= (T1,...,T,41) € GL,(C) be an m-tuple and o € C*. We call
MH,(T) :==MCy1 (T ® (e, 1,...,1,07 "))

the middle Hadamard product of T with «. If T is irreducible, the middle Hadamard product
for the tuple of Jordan forms J(T') is defined similarly.

Again, we are also able to compute the Jordan forms of the matrices of MH, (T") explicitly:

5.3.8 Proposition For each irreducible m-tuple T € GL,,(C)"*! and each o € C*\ {1}, the
Jordan forms of the matrices of MH,(T') are given by

J(MHQ(E)) = @ ailpJ(j)v(ivpyj) @ J(] + 1)v(i,a,j)

peC\{1,0}
(@=i<n) D o Y @y Iy
j>2
JMH,(Ty)) = @ pJ( v(z,p, @ J(G+1) vz,l,l)
@ v
j>2
JMH,(T)41)) = EB pJ(])U (r+1,0,) EB J(j — 1P L)
j>2
@ ]+1 v(r+1 a,j)@ OcJ(l)l”"‘H

where l; is determined by rk(MH,(T)).

Similar to the statements for the middle convolution, the middle Hadamard product has the
following properties.

5.3.9 Proposition Consider an irreducible m-tuple T = (T})1<i<y+1 € GL,(C)" ™! such that
at least two matrices of T are not the identity if n = 1 and « € C*,

(i) If a # 1, the rank of MH,(T') is precisely

r+1

Z’Y ) +~(eTh) -

(ii) MH,(T) is irreducible.
(iii) Ifi(T) = 0, then i(MH,(T)) = 0.
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5.4 Constructive solutions of the MDSP

A constructive way to attack the MDSP for a tuple of Jordan matrices J is to construct
another tuple of Jordan matrices .J’ for which the MDSP is solvable. If all of the operations
along the way are invertible and preserve the irreducibility of m-tuples, we also get a solution
of the MDSP for J. As we have seen in Corollaries and B30 this is true for taking
tensor products with m-tuples of rank one and middle convolutions with v € C*\ {1}.

5.4.1 Proposition Let J € GL,(C)"*! be a tuple of Jordan matrices, P € GL1(C)"*! be
an m-tuple of rank one and o € C*\ {1}. Then the MDSP for J is solvable if and only if the
MDSP for MC,(J ® P) is solvable. In particular, T is a solution of the MDSP for J if and
only if MC, (T ® P) is a solution of the MDSP for MC,(J ® P).

Solving the MDSP for an arbitrary tuple of Jordan matrices J = (J1,...,Jr4+1) € GL,(C) in
explicit terms is almost impossible if the rank of the tuple is large. We try to apply tensor
products with m-tuples of rank one and middle convolutions to J in such a way that the
resulting tuple J’ has lower rank than .J.

By Lemma and Lemma 32 we hence look for an m-tuple (8, ..., 3..1) € GL{(C)"*!
and an a € C*\ {1} such that

r r—+1
> vBidi) + (e Bradern) <20 <> A(Biy)
i1 i=1

holds. It is appropriate to choose the m-tuple (1, ..., 3,+1) in such a way that the right hand
side of the inequality above is minimal. If it is less or equal than 2n — 1, the MDSP for J has
no solution. If it is bigger or equal than 2n, we look at J,41 to decide whether we can choose
an o € C*\ {1} such that rk(MC,(J)) < n. Iterating this procedure as often as possible,
we end in the optimal case up with a rank one tuple J’ for which the MDSP is completely
discussed in Example By Proposition BTl we can invert all steps along the way and
regain a solution of the MDSP for J.

We illustrate this in some examples of rank two.

5.4.2 Example
(i) Consider the tuple J = (J(2),J(2),aJ(1)®a~1J(1)) € GLy(C)? with o € C*\ {1}. By
Proposition B34, we have
MC,(J) = (oz,oz,oz_Q) .

As this is an m-tuple of rank one, the MDSP for J is solvable. Using the formulae
stated in Definition 23], one computes a solution

(! at—1 1 0 1 1—a!
—\\o 1 "l-a 1)'\a-1 a+at-1))"

Alternatively, this solution can be written 7' = MH (1, o, ™) by Definition E3.1

(i) Consider the tuple J = (J(2),aJ(1) @ a1J(1),aJ(1) ® a~1J(1)) € GLy(C)? with
acC\{1,-1}. We get

J& (Lata)=(J(2),a2J(1) & J(1),a*J(1) & J(1)).
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By Lemma BT each m-tuple with these Jordan forms is reducible. Consequently,
the MDSP for .J is not solvable. Moreover, computing MC,2(J ® (1,1, )) with the
formula stated in Definition is impossible, as the resulting tuple would be of rank
one, while its second matrix would have a Jordan block of size two.

(iii) Consider the tuple (J(2),.J(2),.J(2),J(2)) € GLy(C)*. It is not possible to reduce the
rank of this tuple via tensor products with m-tuples of rank one and middle convolutions
with a € C*.

The striking result of N. Katz concerning linearly rigid m-tuples assures that the procedure
described above yields an m-tuple of rank one.

5.4.3 Theorem For each tuple of Jordan matrices J € GL, (C)"*! withi(J) = 0, the MDSP
for J is solvable if and only if there are m-tuples By, ..., By, € (GL{(C))"™ of rank one and
elements aq, . ..,ap € C* such that

J' =MC,, (...MCq, (J® By) - ® By)

is an m-tuple of rank one. In particular, the up to equivalence unique solution of the MDSP
T € GL,(C)"*! is given by

T=MCyos (- (MC (/) @ B ). ) @ BT,
k
where the By ', ... B;! are as explained in Lemma 23

In particular, we are not able to reduce the rank of the third tuple discussed in Example
as this tuple is not linearly rigid. Also note, that for a given linearly rigid m-tuple 1" the
minimal number of middle convolutions in its construction is given by the size of the largest
Jordan block of each of its matrices.

Although the operations on m-tuples allow us to construct each solution of the MDSP for
linearly rigid m-tuples explicitly, doing the computation by hand may get tedious, as one has
to detect the subspaces K (T) and L(T) introduced in Definition B3] before each application
of the middle convolution.






Chapter 6

From monodromy tuples to
differential operators

We translate the constructions for monodromy tuples introduced in the last chapter to the
level of differential operators in an appropriate way. In the first section, we relate tensor
constructions of differential operators as considered in Definition [[34] to their associated
local systems. The translation of the middle convolution to the level of fuchsian systems was
done by M. Dettweiler and S. Reiter in M} By the choice of a cyclic vector, this leads to a
version on the level of fuchsian differential operators. The disadvantage of this approach is that
there usually is no canonical choice of a cyclic vector and the corresponding minimal operator
acquires apparent singularities. For our purposes - as we would be looking for very special
cyclic vectors - we rather consider the middle convolution on the level of differential operators
directly. In the second section of this chapter, we introduce the middle convolution on the
level of solutions of a fuchsian differential operator. This is done similarly to the approaches
taken in M] and M] In the third section, we construct a fuchsian differential
operator whose solution space is spanned by the middle convolutions of the solutions of a given
fuchsian differential operator with z®. Therefore, we impose some mild technical positivity
assumptions on the exponents of the operators we consider. This induces the notion of the
middle convolution on the level of fuchsian differential operators. The construction is not
completely explicit, as the middle convolution appears as a uniquely determined right factor
of known degree of a given fuchsian differential operator. However, in most of the cases
we consider, this factor can be computed directly. We also derive the notion of the middle
Hadamard product on the level of fuchsian differential operators in the fourth section. In the
fifth section, we briefly discuss the construction of explicit solutions of the MDSP via fuchsian
differential operators.

Several results of this chapter are also achieved in M]

6.1 Tensor products

Tensor products of differential operators and the characterization of their solution spaces were
already considered in Definition [L34 and Proposition Comparing the tensor product
of two monic differential operators L1 and Lo with the tensor product of their corresponding
marked differential modules (M, eq) and (My, e2) typically reveals two phenomena:
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The vector e; ® eg € M7 ® Ms is not cyclic and the singular locus of the operator L ® Lo
contains additional apparent singularities. Those facts yield the following:

6.1.1 Proposition Consider two irreducible, fuchsian differential operators L,L’ € C[z, V]
with associated local systems . on P!\ S and I on P!\ S’. Then

(i) there is a finite set S” D S U S’ such that the local system induced by L @ L' is a
subsheaf of j*(L X L'), where j: C\ S” — C\ (S US’) denotes the canonical inclusion.

(ii) the local system induced by Sym” (L) is a subsheaf in Sym"(L).

(iii) the local system induced by A\*(L) is a subsheaf \*(L).

As we are especially interested in tensor products with operators of degree one, we introduce
the following suggestive notation.

6.1.2 Definition Consider a fuchsian differential operator L € Clz,9] and a fuchsian dif-
ferential operator P € Clz, 1] of degree one whose solution space is spanned by an algebraic
function g € C(2)%9. Then we write L ® g := L ® P.

In analogy to Lemma B.Z¥, we immediately get the following properties.

6.1.3 Lemma Consider an irreducible fuchsian operator L € C(z)[0] with associated local
system L on P*\ S and a fuchsian operator O € C(z)[0] of degree one with associated local
system Q on P!\ S’. Then

(i) The local system induced by L ® O is precisely given by L K O.

(ii) There is a fuchsian differential operator O~! € C(z)[0] of degree one such that (L @ O)®
O '=1L.

6.2 The middle convolution of solutions

In the upcoming sections, we translate the notion of the middle convolution from the level of
m-tuples to the level of differential operators. More generally, the operation MC,(7") can be
interpreted as the middle convolution of 7" with the m-tuple (o, a~!). We first introduce a
differential operator whose monodromy tuple is of this shape.

6.2.1 Definition Let a € Q\ Z and a = exp(2mia). We set

O, =10 —a € C[z,9].

The solution space of O, is spanned by the algebraic function z®. Therefore, the monodromy
tuple induced by O, is (exp(2mia), exp(—2mia)) with respect to each choice of a base star
I'((0,00)). By this choice, two operators O, and O, induce the same monodromy tuple if and
only if (a —b) € Z.

In the literature, there are various notions of convolution. The approach we follow here is
classical, see e.g. m, Section 18.45], and uses integrals over double loops.

To state those integrals properly, we fix the following topological data:
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Convention For a given a fuchsian differential operator L with singular locus S, we fix a
coordinate on P! and a base star

P(ﬁ) = (xo; (817 ctcy ST? OO); (7817 c 7’}/87‘7700))

on P!\ S such that s,,1 = oo holds. The monodromy tuple of L is always taken with respect
to this base star. For each point z € P!\ S, we further consider the base star

F(ﬁ(z)) = (1‘0; (817 ceey Sy 2, 37"-1—1); (7517 ce 7’787‘7727’}/00))

on P\ (SuU{z}).
For each function f which is a local solution of a fuchsian differential operator with singular
locus in S” C P!, the effect of analytic continuation along a loop v € 71(P'\ S’, zg) is denoted

by v - f.

6.2.2 Definition Let L € C[z, 9] be fuchsian with singular locus S, f € Soly and a € Q \ Z.
For s € S, the expression

dx

Z—X

= [ @y
['Ys 7'Yz}
is called the convolution of f and z* with respect to the Pochhammer contour
Nos ¥2) = %5 195 s
A priori, it is not clear for which functions f and for which values a € Q \ Z the exgression

C#(f) is meaningful. The relation CZ(f) to an integral over a line in C discussed in
Chapter 2, Lemma 3.3.1, Proposition 3.3.2 and Proposition 3.3.7] gives the following result.

9

6.2.3 Proposition Consider a function of the form f(z) = (z — s)*g(z) which is a local
solution of an arbitrary fuchsian differential operator with singular locus S, such that g(z) is
holomorphic in a neighborhood of z = s, g(s) # 0 and y € Z<o. Then for each a € Q \ Z, we
get

Ca) = (1= o) (=) [ j(@)z — o),

where st denotes the integral over a path from s to z which neither meets nor encircles any
points of S\ {s}. The right hand side of the equation above gives rise to a holomorphic
function in a neighbourhood of z = p.

We have a similar result for C2°(f), assuming that u & a + Zo.
The relation of the convolution to line-integrals enables us to deduce explicit formulae for
some local solutions of a fuchsian differential operator. We denote the Beta function by

L'(p)I'(q)

1
B(p,q) = /0 P71 — )0 e = Tptq)

considered as analytic continuation of the expression on the very right.
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6.2.4 Proposition Let L € C[z,9] be a fuchsian differential operator with singular locus S.

(i) If f(z+s) = 2> 0 Ap2z™ is a solution of 1s(L) for s € S and p is not a negative
integer, we get

Ca(f)(z) = (1= e>™") (1= ™) (2 = s)"T* Y " B(u+ 1+ m,a)Ap(z — s)™

m=

[e=]

and

NE

Cs (In(z — 8)f) (2) = 2mi (¥ — 1) (z — s)H*@ B(p+1+m,a)An(z—3s)",

0

3
]

if p e N.
(i) Ift =1, f =132  Aut™ is a solution of t(L) and p is not contained in a + Zy,

we have

C(f) = <1 - e%i(“*a)) (1 — e 2ma)gpa Z B(p —a+m,a)A,t"

m=0
and

Ce® (In(t)f) = 2mi (2™ — 1) t#* > " B(u— a+m,a)Apnt™,
m=0

if uea+N.

Proof By Proposition we get

C2 ()= (1= ) (1= ) [ f@)(e - o),

/ CF@)z - 2y = / D SR CRPE
s 0

m=0

= Z / Ap(z — s — z)¢ Lt tmdy
m=0 "0
oo z—s a—1 ptm
= Z Am(z — S)’”“”‘m/  J— a dx
— 0 z—S z—5

o 1
— Z Ap(z — p)u+a+m/ (1-— S)aflsuqtmds
m=0 0

holds if the absolute value of z — s is sufficiently small, we obtain the first part of the result.
By a direct computation, we have

z

Coi(ln(z—9)f)=(1- exp(27m'a))/ (id — 7s) (In(z — 8) f(z)(z — 2)* 1) da

S

= —2ri(1 - exp(2ria) [ f(a)(z — )" s
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and hence the second statement.
The statements for ¢ = % can be shown completely similar after having observed that

C(f) = (1 — exp(2mi(u — a))(1 —eXp(—Qﬂ'z'a))/O R ETey G) .

holds, since the action of v, and -, on the integrand commute and z~17¢f (%) has no residue
at z = 0. O

Immediate consequences are:

6.2.5 Corollary (i) If f is holomorphic at z = s, we have C2(f) = 0.
(ii) If 2*f is holomorphic at z = oo, we have C°(f) = 0.

(iii) If (z — s)*f is N-integral, C:(f) also is.

6.3 The middle convolution of fuchsian differential operators

Having discussed the middle convolution of solutions of a given fuchsian differential operator
L with singular locus S with z%, we are now looking for a fuchsian differential operator whose
solution space is spanned by the set

Ca(Sol) :== [ J{Cs(f) | L(f) =0}

seS

By direct computations, we first construct a fuchsian differential operator C, (L) with singular
locus S whose solution space contains C,(Soly,). Hence, the operator of smallest degree whose
solution space contains C,(Solr) is a right factor of C,(L). By Lemma [CE0, this operator
is fuchsian as well. Next, we show that C,(Soly) is as a set invariant under the action
of the formal monodromy ~s for each s € S. The restrictions of those elements to the
Picard-Vessiot ring of C,(L) generate the differential Galois group of C,(L) by Proposition
BT Consequently, Lemma L3 provides that there is a fuchsian differential operator whose
solution space is spanned by C,(Soly).

For simplicity, we always want to be able to connect the expressions C:(f) to expressions
established in Proposition 24l By the restrictions on the exponents of f stated there, we
do the construction we are after for the following class of operators.

6.3.1 Definition For each a € Q \ Z, we call an operator L € Clz,9] a-positive, if it is
fuchsian, has no exponents in Z( at each point p € C and no exponents in a+Zg at z = oc.

6.3.2 Remark. Suppose that L has exponents in Z.y at p € C. By Lemma [L30 there is
an N, € N such that the operator L ® (z — p)NP has no exponent in Z g at z = p. Therefore,
for each a € Q \ Z, we can iteratively find an operator R of degree one and an a € a + 7Z
such that the monodromy tuples of L and L ® R with respect to I'(S) coincide and the latter
operator is a-positive. Hence, the notion of being a-positive is just a technical one and causes
no restrictions on the monodromy tuples we want to study.

Note, that for an a-positive operator L with singular locus S, the expression C;(f) is for each
solution f € Soly, and each s € S meaningful in the sense of Proposition B2Z3l

We construct the operator C,(L) directly by using the following:
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6.3.3 Lemma Consider a € Q \ Z, an a-positive differential operator L € C[z,9] and a
solution f of L. We have the relations

(iii)

Proof Using Leibniz’s rule for differentiating under the integral sign, we get

d a—1 _ iz—xaflx
5 gwemers [ e

[vs,7z] dz
—— [ @
['Ysﬂ’z] d.%'

As the monodromy of f(x)(z — x)*! along the path [vs,~.] is trivial, integration by parts
yields

Vs Yz

d a—1 _ ( d ) a—1
— r)—(z—x dr = —f(x z2—x dx
/[] fla) (=~ ) /[} 5@ (=~ 2)

and hence the first result. The other statements can be obtained by direct computation and
the results established before. O

6.3.4 Proposition Leta € Q\Z, L =", 2'P;i(9) € C[z,9] be a-positive and f a solution
of L. Then C{(f) is a solution of

m ) m—i—1
=0

CaL) = _# [0 —a+j) [ @-RP@-a)

i j=1 k=0

for each s € S.

Proof For 0 <i<m and b€ Q) Z, we have

Cs, . _ ‘ “ Cs
b9) = ey ) G
) ,m—i d m—i
— i—m ' v O
ﬁzl(b—i-m—l) (dz) b+m(g)
m—i—1
i—m = vk s
oo dlise 02D )

e (b+m—1)
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for each g which is a solution of some R € C|z,9] by Lemma Thus

m m i—1

L) =m0 CROW) = I (75 1) (Ca(Ro))

i=0 i=0 j=0

m i—1
-y <i - 1) A (G (PO)(F))

b
i=0j—=0 \" 7 (b+m —1)
I=1
"M@
m i—1 v —k
i d+i1—m = <
S AL () PO (b+m)) (G (1)
=0 j=0 [1(+m—1)
=1
m 7 m—i—1
Y2 W =—m=b+j) [I (9—-k)F@—(b+m))
i=0  j=1 k=0 s
= ’ m—1 (Cb-l—m (f))
[T (6+19)
=0
Putting b = a — m, we get the desired result. O

By the definition of C,(L), we directly get:

6.3.5 Corollary Let a € Q\ Z and L be a-positive with singular locus S. Then C,(L) is
also fuchsian with singular locus S U {0}.

Proof The formula for C,(L) given in the proposition above assures that C,(L) is regular
singular at z = 0 and z = oo and that its singular locus is S U {0}. For 74 = z + s with

s € S, one checks that C%' (77(f)) = 7 (Cg+5/(f)). In particular, 77Cy(L) is a right factor
of Cy(7XL) for all s € S. As the latter operator is by construction regular singular at z = 0,

the first one also is by Lemma Hence, C,(L) is regular singular at each s € S which
gives the result. O

We briefly indicate the effect of analytic continuation of elements in C,(Sol;) along a loop
§ € m(P'\S, 2). Asitise.g. donein , Chapter 4], this can be studied from a topological
point of view. We do not reproduce the precise arguments here, as they are quite technical
and rely amongst other things on representations of the Artin braid group. The idea is to
describe the analytic continuation of C#(f) by integrals with the same integrand as before,
but deformed Pochhammer loops. Therefore, one chooses for z € P!\ S a base star

A(ﬁ) = (Z; (81, e ,ST,OO), (531,- . >6sm6oo))

on P!\ S whose paths are conjugated to those of I'(S) by a path connecting z and zo. In
particular, given a differential operator L with singular locus S, its monodromy tuples with
respect to I'(S) and A(S) are equivalent. Then, one investigates how the base star I'(S(z)) is
deformed by continuation of each of its paths along ds,. A nice visualization of this classical
idea which was used to describe the monodromy of Jordan-Pochhammer differential equations
can be found in m, Section 18.45].
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All in all, one can check that the action of the path ds, © on the loops (vs,,...,7s,,7z) is
given by

[’YS 7’\/2] [’YS 772} Vs Vz
58160(7817"'778»«772) = (7817"'77816 1775167’}/8)@-;61 7"'778rk 7’.}/2’11C >7

where

Y’ =679
for each two paths v,6 € w1 (P! \ (S U {z}), z0).
With respect to this action, we now have

6sk ’ Castl (f) = f(ﬂ:)(z — Cﬂ)aildx.

/[5sk O'Ysi 755k O“{z]
A direct computation shows the following rules.

6.3.6 Proposition Consider a € Q \ Z, an irreducible, a-positive operator L € C[z,¥] and
put o = exp(2mia). Then for each solution f of L we have

() G - C51(f) = C35(f) + Ci(alye, — 1) - ) i < K,
(ii) 65k ’ Cgk (f) = Cgk (O‘rysk ’ f)a
(ili) &5, - C3'(f) = Ca'(f) + Cax (s, = 1) - f) ifi > k,

where 1 denotes the trivial loop.

Those computations yield the differential operator we want to construct.

6.3.7 Proposition Ifa € Q\Z and L is a-positive with singular locus S, there is a fuchsian
operator in C[z,¥] whose solution space is spanned by

Ca(Sol) = [ J{Cs(f) | L(f) =0}

ses

Proof By Proposition B30l the actions of the loops ds,,...,ds, described above leave
Co(Solr) as a set invariant. Hence, C,(Soly) is as a set invariant under the action of the
monodromy group of C,(L). As this operator is fuchsian, the result follows from Lemma

L33 Corollary [L3TT and Lemma O

6.3.8 Definition With respect to the notations in Proposition B3, we denote the differen-
tial operator whose solution space is spanned by C,(Solr) by L*c O,. It is called the middle
convolution of L and O,.

Finally, we show that the monodromy tuple induced by L x¢ O, coincides with the middle
convolution of the monodromy tuples of L and O,, if L is irreducible and a-positive.

6.3.9 Theorem Let a € Q\ Z, a = exp(2mia) and L € C[z,¥] be irreducible and a-positive.
Let furthermore T' be the monodromy tuple of L with respect to the base star I'(S). Then
the monodromy tuple of L xc O, with respect to the same base star is equivalent to MCq(T).
In particular, L xc O, is an irreducible right factor of C,(L) of degree

deg(L xc Oy,) ZW )+ (T, ) — deg(L).
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Proof We put n = deg(L), fix a basis fi,..., f, of Soly and identify Sol;, = C™ via this
choice. We also set F' := (fi1,..., fn) and consider for each w = (wy,...,w,) the product
F-w=>3", fiw;. In particular, we have

Yoy (Fow) = F T
for each s; € S. We write

CG(F) = (CG(F)la--- 7Ca(F)n7")
= (C;I(f1)7"'7Cgl(fn)7cg2(fl)7"'7022(fn)7"'7cgr(f1)7"'7C;T(fn))'

Consider furthermore By, K(T'), L(T) and 7 as introduced in Definition B3l We have shown
in Proposition that the map

p: C"" — Cy(Soly), (v1,...,Un) — an(F)iUz‘
i=1

is surjective and invariant under the action of the monodromy on both spaces, i.e. we have

P(Brv) = 65, ((v))

for each v € C™. For simplicity, we write v = (w1,...,w,) with wy = (wg1,...,wg,) € C"
and identify wy with (0,...,0,w,0,...,0) in the obvious way. We show that K(7T') C ker(y)
and L(T') C ker(y). For wy € Kern(T}, —id), we have

plwy) = Y Cat(fi)wgs = Cit (ZF : w> .
=1 i=1

As F - w € Kern(vs, —id) and L is a-positive, we get that F' - w is holomorphic at sj.
Therefore, we have C* (3°1" | F - w) = 0 by Corollary B2, yielding K(T') C ker(y). To
prove L(T) C ker(yp), we first observe that the product relation 7s, - - - s, 72700 = 1 yields

= f@e-a
[V s - Vsy V2]

— /[_1 ]75_;1 ...yglf(ﬂ:)(z—x)“_ldx
1 ’Ysi Yz

i=
T
==Y (it als)
i=1

for each f € Soly. It follows from Corollary that C°(f) = 0 if f € ker(a lyy —id) =
ker(ay! —id), which precisely means that f € ker(arys, - s, —id), as 7, - f = f. Thus we
get

s
0= aZCéi (Vspar - Vs, ) -
1=1
By m, Lemma 2.7], we can find for each v € L(T') an w € ker(aT} ...T, — 1,,) such that

v=(Ty - - Thw,T5---Trw,...,w)
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holds, as o # 1. Therefore we get
p(v) =ad Ci(F-(Tipr---Tw))) =0
i=1

and hence L(T') C ker(y). In particular, we have just shown that the map ¢ factors over
C"/(K(T)+ L(T)). Consider the map

@: C"/(K(T) + L(T)) — Ca(Solr), (T1,...,Tar) = Y _ Co(F)T.
i=1

This map is surjective and invariant under the action of the monodromy. By m, Corollary
3.6] the action of the monodromy on C"" /(K (T')+ L(T)) is irreducible. Therefore, the kernel
of @ is trivial. The operator L has at least one non-apparent singularity s € C and hence at
least one solution f such that CZ(f) # 0 holds, by Proposition Thus, C,(Soly) # {0}
and ® is an isomorphism. O

We have reached our goal and constructed a differential operator whose induced monodromy
tuple is MC,(T) as right factor of known degree of the operator C,(L). Nevertheless, comput-
ing factors of differential operators is a non-trivial problem. One can e.g. use the command
DFactor in the package DEtools in MAPLE. However, if this procedure does not find a factor-
ization of a given differential operator L, it is not clear that L is irreducible, see e.g. M]
We indicate that for a special class of differential operators, the right factors we are looking
for can be obtained easily. Therefore, we recall a classical result by L. Heffter, see M],
which relates the number of holomorphic solutions of a given operator reduced L € C[z, 9] at
its singularities outside {0,000} with its degree in z.

6.3.10 Lemma Consider a reduced fuchsian differential operator L = >_I" ' P,(9) € C[z, 9]
such that P,,(¥) # 0 and its monodromy tuple T = (T},...,T,41) with respect to a base star
I'((0,s2,...,8,00)). Thenm > "7 ,~(T3).

This inequality justifies the following terminology:

6.3.11 Definition If m = ). ,~(7;) holds in the situation of Lemma BEZI0, we call L
small.

If we restrict ourselves to small a-positive operators, we can make the following predictions
on the left factors of Cq(L).

6.3.12 Lemma Consider a € Q\ Z and an irreducible, a-positive small differential operator
L=Y",%Pi(V) € C[z,9] which has a non-apparent singularity at z = 0. Then

(i) Co(L) is small.

(ii) Co(L) admits a factorization R - (L xc O,), where R is a product of operators of degree
one, whose non-apparent singularities lie in {0, 00}.

Proof We choose a base star I'((0, so, ..., S, o)), denote the monodromy tuple of L by T
and the monodromy tuple of C,(L) by T". By Proposition B34, we have v(T;) = v(MC,(T;))
for a = exp(2mia) and each 1 <i <7+ 1. As L*¢ O, is a right factor of C,(L), the matrix



6.4. The middle Hadamard product of fuchsian differential operators 71

MC,(T;) appears up to conjugation as a block inside T7. In particular, v(MC,(T;)) < ~(T7).
As

7 m—i—1

CaL) =) 2[00 —a+4) J] @-KPW-a)
=0

j=1 k=0

and this operator is reduced, the inequality given in Lemma B.3.10 together with the assump-
tion that L is small leads to

m =Y y(T) =Y A(MCo(T})) <> _(T}) <m.
=2 =2 =2

This gives 7(T;) = y(MCq(T;)) = (I}) for all 1 <4 # j <r and hence both results. ]

6.3.13 Remark. If L is small, a result which seems not yet published and was told us by V.
Levandovskyy in a personal communication even implies that all factors of R are of the form
Y 4 ¢ with ¢ € C. Hence the desired factorization of C,(L) can be computed directly.

6.4 The middle Hadamard product of fuchsian differential op-
erators

We also translate the middle Hadamard product to the level of differential operators and
briefly summarize all properties which are transferred from the middle convolution. As before,
we interpret the middle Hadamard product as an operation involving an m-tuple of rank one.

6.4.1 Definition For a € Q \ Z, we set
I, =10 —z(V+a) € Clz,9].

The solution space of I, is spanned by the algebraic function (1 — z)~*. Therefore, for each
choice of a base star I'((1, 00)), the monodromy tuple induced by 1, is (exp(—2ma), exp(27ia))
Two operators I, and I, induce the same monodromy tuple if and only if (a — b) € Z holds.
Similar to the procedure done before, we consider the Hadamard product of solutions of a
fuchsian differential operator with (1 — z)~“.

6.4.2 Definition Let L € C|z, 9] be fuchsian with singular locus S, f € Soly, and a € Q\ Z.
For s € S, the expression

z\ —o dx

m=[ @ (-3)"T

is called the Hadamard product of f and (1 — z)~% with respect to the Pochhammer contour
(Vs> 7zl

By a direct computation, we have the following relation between the convolution and the
Hadamard product.

6.4.3 Lemma Let L € C[z,9] be fuchsian, f € Sol;, and a € Q \ Z. There are elements
c1,co € C* such that

Ce(f) = el HY 4 (2" f)
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and
HE(f) = e2CY_ (27 f)
hold.

With these relations at hand, we transfer properties of the middle convolution to the middle
Hadamard product. On the level of solutions we have:

6.4.4 Proposition Consider a fuchsian differential operator L € C[z, 1] with singular locus

S.

(i) For each s € S and each solution f of t5(L) with (z + s)* L f(z+s) = 21y o0 Ap2™
and u &€ Zy, we have

Hy(f)= (1= ") (1—a)(z = p)™ > B(u+1+m,1—a)Ap(z—s)"
m=0

Further, if p € Ny, we have

Nk

Hi(ln(z —s)f) = —2mi(1 —a)(z — )" 772 " B(u+1+m,1 —a)An,(z —s)™.

3
]
o

(i) For t =1 and each solution f = t"Y > o Apt™ of Loo(L) with pu & Z<g, we have
o0
HX(f)=(1 — Y (1 —a ! Z B(p+m,1—a)A,t".
m=0
Further, if p € Ny, we have

H*(In(t)f) = —2mi(1 — exp(2mip)) Z B(p+m,1—a)A,t".
m=0

6.4.5 Remark. Classically, one defines the Hadamard product of two formal power series

f(z) =0 g Amz™ and g(z) = > 7 o Bpn2™ via

o0 o0 o
Z A 2™ xpg Z B,z = Z A B 2™
m=0 m=0 m=0
Under this point of view, if f is a solution of L which is holomorphic at z = 0, we have
Ho(f) = f(2)»m (1 —2)7"

As already seen for the middle convolution in Corollary B20 the middle Hadamard product
preserves N-integrality of solutions as well.

For the middle Hadamard product on the level of fuchsian differential operators, the claim
that the considered operators are a-positive is replaced by the assumption that L ® O,
is (1 — a)-positive. In particular, the exponents of (o(L) do not lie in 1 — a + Z~o and the
exponents of ¢4(L) do not lie in Z.q for each s € P!\ {0}.
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6.4.6 Definition For each a € Q\Z and each fuchsian differential operator L = >"I" [ 2'P; €
Clz,9] such that L ® O, is (1 — a)-positive, we put

m—i—1

:iz 21:[19+a+j H (9 —k)P;.

i=0  j=0 k=0
As direct consequence of Lemma [B.43], we have:

6.4.7 Proposition Consider a € Q \ Z and a differential operator L such that L ® O,_1 is
(1 — a)-positive. Then for each f € Soly, and each s € S, the Hadamard-product HS(f) is a
solution of Hy(L).

As in the case of the middle convolution, the middle Hadamard product can be realized as
monodromy tuple of a right factor of H,(L).

6.4.8 Definition For each a € Q \ Z and each differential operator L = > 1" 2'P; € C[z, V]
such that L ® O,_1 is (1 — a)-positive, there is a fuchsian differential operator whose solution
space is spanned by the set

Hqy(Soly,) := | J {H;(f) | L(f) = 0}.

ses

We call this operator the middle Hadamard product L xg I, of L with 1.

Similar to Theorem B33, we have:

6.4.9 Theorem Consider a € Q\Z and o = exp(2mia). If L is irreducible such that L& O, 1
is (1 — a)-positive and induces a monodromy tuple T, then L %y I, is an irreducible right
factor of H,(L). Furthermore, for each choice of a base star I'(0, sa, ..., s,,00)), its induced
monodromy tuple is equivalent to MH,(T).

6.4.10 Remark. For computational issues, one can instead of computing the operator H, (L)
also compute the tensor product of the recurrence equations associated to L and I, and convert
the resulting recurrence equation into a differential operator. By Theorem .43, the middle
Hadamard product L xp I, is a right factor of the latter operator. This can e.g. be done by
using the command hadamardproduct of the package gfun in MAPLE.

6.5 Constructive solutions of the MDSP

The translations of the operations we consider to find constructive solutions of the MDSP for
a given of tuple of Jordan matrices to the level of differential operators enable us to realize
solutions of the MDSP as monodromy tuples of differential operators.

6.5.1 Proposition Let .J € GL,(C)"*! be a tuple of Jordan matrices, S = {s1,...,s,,00} C
PL, P € GL{(C)"*! be an m-tuple of rank one and o € C*\ {1}. Further, fix a base star I'(S)
on P!\ S. Then the monodromy tuple T of L € C[z,9] is a solution of the MDSP for .J if
and only if there is a fuchsian differential operator R € C[z,9] and an a € Q \ Z such that
the monodromy tuple of (L ® R) xc O, is a solution of the MDSP for J(MC, (T ® P)).
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Proof Follows directly from Lemma B3] Remark .32 and Theorem O
We investigate Example (.22 from this point of view.

6.5.2 Example (i) According to Example A2 a solution 7' of the MDSP for the tuple
J = (J(2),J(2),a](1) ® a"tJ(1)) € GLy(C)? is given by T = MH,(1,a,a"!). By
Theorem [EZT] for each choice of a base star I'((0,1,00)) and a € Q\ Z the monodromy

tuple of
L=I_o*gl,=9*—2(0+a)¥+1—a)

is equivalent to T'. Note, that we even have Hy_,(I,) = [1_q*g I, in this case. It is easy
to see that this operator satisfies properties (M), (N) and (P). For a = 1, the operator
L coincides with the Picard-Fuchs operator of the Legendre family stated in Example
234

(i) For J = (J(2),J(2),J(2),J(2)) € GLy(C)4, it is not possible to reduce the rank of
this tuple via tensor products with m-tuples of rank one and middle convolutions with
a € C*. However, we will see in Section [I4] that for each choice of s € C*\ {1}, c€ C
and a base star I'((0,1, s,00)) the monodromy tuple of

L(c,s) = s9? — 2(9*(s + 1) + 9(1 + s+ ¢) + 22(9 + 1)?

is a solution of the MDSP for J. We only know very few values s € C* and ¢ € C such
that L(c,s) is has an N-integral solution at z = 0.



Chapter 7

Linearly rigid operators of CY-type

In this chapter, we construct operators of CY-type of arbitrary degree which have a linearly
rigid monodromy tuple. Therefore, we introduce the notion of m-tuples of CY-type in the first
section by recalling the consequences of properties (M), (N) and (P) for differential operators
on their corresponding monodromy tuples. As one of the matrices of such a tuple has to be
maximally unipotent, they fall into a class of m-tuples for which C. Simpson described the
linearly rigid ones in , Theorem 4]. These m-tuples split into four families for each
of which we discuss the MDSP for the CY-tuples inside. For the solvable ones, we translate
the construction of a solution to the level of differential operators via the results established
in Chapter The translation will be done in such a way that each of the corresponding
operators fulfills properties (M) and (N). Also property (P) seems to be fulfilled for each
solution. However, properties (Q) and (Q+) only seem to hold for a finite number of those
operators. In particular, we conjecture that the number of CY-tuples J of given rank n
with i(J) = 0 for which a solution of the MDSP can be realized as monodromy tuple of an
operator of CY-type is finite. Furthermore, each solution of CY-type seems to be unique up
to equivalence.

Several results of this chapter are also achieved in ﬂm}

7.1 Tuples of CY-type

We first recall common properties of monodromy tuples of CY-type differential operators for
an arbitrary choice of topological data. Because of properties (N) and (M), the matrices
of such a monodromy tuple are quasi-unipotent and one of them is maximally unipotent.
Property (P) implies that the monodromy tuple is symplectic for n even and orthogonal for
n odd. At first sight properties (Q) and (Q+) do not lead to any obvious restrictions. This
gives the notion of a CY-type tuple of matrices.

7.1.1 Definition A tuple T € GL,(C)"*! is said to be of C'Y-type if
(i) T is symplectic for n even and orthogonal for n odd.
(ii) T is quasi-unipotent.

(iii) one of the matrices T; is maximally unipotent.
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As stated in Remark B2 for each element A € GL,,(C), the codimension §(A) of its cen-
tralizer in GL, (C) is given by

where W(A) = (wy,...,w;) is the partition constructed there. Therefore, it is convenient
to describe linearly rigid tuples of rank n in terms of tuples of partitions of n. As we are
interested in tuples for which one matrix is maximally unipotent, one of the corresponding
partitions has to be (1,...,1). A characterization of linearly rigid tuples of this type was
done by C. Simpson in m]

7.1.2 Theorem (c.f. [m, Theorem 4]) Let J € GL,(C)"*! be a tuple of Jordan ma-
trices with i(J) = 0 and one maximally unipotent matrix. If the MDSP for .J is solvable, it
consists of three matrices and the associated tuple of partitions (W (J1), W(J2), W (J3)) is up
to permutation one the following:

1,...,1),(n—=1,1),(1,...,1)), the so-called hypergeometric case.

1 1), (k,k)) for n = 2k > 4 even, the so-called even case.

gy 5

), (
), (k,
L...,1),(k+1,k),(k,k,1)) for n =2k + 1 > 5 odd, the so-called odd case.

), (2,

1,...,1),(2,2,2),(4,2)), the so-called extra case.

For the cases mentioned in Theorem [LT2 we state all CY-tuples of Jordan matrices J =
(J1,J2,J3) for which the MDSP is solvable in the following sections. As the solvability
of the MDSP is independent of the order of the matrices J;, we assume without loss of
generality that J; is maximally unipotent and that d(J2) < 6(.J3). Next, we construct fuchsian
differential operators L, whose monodromy tuples 1" are solutions of the MDSP for J with
respect to each choice of a base star I'((0, 1,00)). The explicit computation of them can be
carried out in MAPLE. The involved choices of parameters in Q \ Z are made in such a way
that the operators fulfill the positivity assumptions in each step of the construction and the
solutions seem to fulfill properties (M), (N) and (P). Thereafter, we investigate which of the
solutions additionally fulfill properties (Q) and (Q+) numerically. Using the formulae stated
in Proposition .44, we are furthermore able to compute several local solutions of those
operators explicitly and state them together with the Riemann schemes of the operators in
Section

To state Jordan matrices which correspond to the tuples of partitions explicitly, we introduce
some notational conventions.

Convention When we state a Jordan matrix as sum of Jordan-block matrices, we write
a = aJ(1). If several blocks a1J(m1) ® --- @ o J(m;) all appear with multiplicity n, we
denote this by (a1J(mi) @ --- & o;J(m;))". For numbers ay,...,a; € C* we mean by
a1 @ ... oy that if a; = aj, their corresponding Jordan blocks in the bracket glue to one big
block. To abbreviate notation further, we put

[a] == [« EBofl] .

Furthermore, we always assume that «; € C* for each i € N.
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In those cases that appear in Theorem [[LT.2] the Jordan matrices corresponding to the tuples
of partitions can be read off from the Tables in Section [Al, where we use the notational
conventions introduced above.

We furthermore introduce a notational convention concerning tensor products with m-tuples
of rank one, which is omnipresent during our constructions.

7.1.3 Definition Consider a tuple of matrices 7' € GL,(C)"*! and o € C*. We put
T® K (o) :=(Th,...,Ti-1,0T;, Tiy1, .., Ti1,a T3, Tiya, .. Try) € G
with the convention T'® K!(a) = T.
Note, that this operation fulfills the obvious rule T'® Kij(oz) ® Kf(a) =T ® KF(a).
To guarantee that the solutions of the MDSP we consider are symplectic or orthogonal tuples,

we state the following properties of the convolution and the middle Hadamard product which
are direct consequences of , Corollary 5.10 and Theorem 5.14].

7.1.4 Proposition For each irreducible m-tuple T € GL,(C)"*!, we have that
(i) MC_1(T) is orthogonal if T is symplectic.
(ii) MC_y(T) is symplectic if T is orthogonal.

(iii) for each a« € C*, the m-tuple MH,-1(MH,(T")) is orthogonal or symplectic if T is
orthogonal or symplectic.

We furthermore make use of the following general group theoretical fact, see e.g. @,
Theorem B].

7.1.5 Lemma Let G C GL,(C) be a simple self dual group which contains a maximally
unipotent element. If G is not SLy(C) acting as Sym”™ !, it is symplectic if n is even and
orthogonal if n is odd.

7.2 The hypergeometric case

We start with the hypergeometric case. If n = 2k > 2 is even, the only CY-tuples of Jordan
matrices J in this case are up to the order of the matrices and tensor products with m-tuples
of rank one of the form Jy = J(2) @ J(1)" 2 and J3 = [[a1] @ - - - @ [ax]]. By Lemma T8,
the corresponding MDSP has no solution if «; = 1 for any 1 < ¢ < k. In each of these cases,
the matrices of the tuple

J' = MCq, (Mcagl (J)® Kf’(ak)) ® K(ay)
of rank n — 2 read
J =(J(n=2),J2)&J1)" " [[a] & & [ag]]).

By induction on the rank of the tuple - where the step from rank two to rank one is completely
similar to the first of the constructions in Example B:Z2] - we get

MC, 1 ( . MC,, (Mcaglu) ® Kf’(ak)> ® Kiay) ... ) ® K3(ay) = (La7l, ap).
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Hence the inversion formulae given in Lemma yield a solution
T =MH, 1 (MH,, (- MH - ((Lar ! 01) .. ) )

of the MDSP for J. By Proposition [LT4 and Lemma [ZTHl the matrices of this solution are
indeed elements of Sp,,(C).

If n =2k + 1 is odd with £ > 0, the only extended CY-tuples of Jordan matrices J in this
case are up to order of the matrices tensor products with m-tuples of rank one of the form

Jo € {J(2) ® J(1)" 2, J(1) @ —J(1)" 1}

and Jg = [[a1] @ -+ & [a]] ® J(1). By Lemma BTH, the MDSP of the corresponding tuple
has no solution if Jo = J(2) ® J(1)"~2. In the other case, we have a; # —1 for each 1 < i < k
by Lemma Then

MC_; (J ® K3(—1)) ® K}(—1)

is as in the hypergeometric case for rank n — 1 and hence covered by the construction done
before. By Proposition [[LT4] the matrices of this solution are indeed elements of SO,,(C).

It remains to discuss the case n = 2. Here, the extended CY-tuples are up to the order of
their matrices given by Jo = [a] and J3 = [5]. By Lemma BT the MDSP has no solution
if « = 7. Otherwise, we get

MCos (J ® K2(a)) = (08,018,872 .
Therefore, a solution of the MDSP for this tuple is given by
T =MHag ((1,a7'8,087")) @ K3(a).
With those results at hand, the translation of the constructions to differential operators gives

the following:

7.2.1 Proposition (The hypergeometric case)

(i) In the hypergeometric case, the CY-tuples of Jordan matrices of rank n for which the
MDSP is solvable are up to permutation and tensor products with m-tuples of rank one
given by

R"P(a, 8,2) = (J(2), o], [9])

with o # 37! forn = 2,
RMP(ay, ... g, 2k) = (J(2k), J(2) @ J(1)**D [[ay] @ - - & [ax]])
for n = 2k > 2 even and
RMWP(ay, ... ap2k+1) = (J(2k+1),J1)® —=J (D)%, [[a] @ ... [ax]] ® J(1))
for n = 2k + 1 odd, where oij # 1 for all 1 < j < k.

(ii) For each choice of a base star I'((0,1,00)) and a,b € Q \ Z such that o = exp(2wia),
B = exp(2mib) and a = b if (a — b) € Z hold, a solution of the MDSP for R"P(a, 3,2)
is given by the monodromy tuple of

PP (a,b,2) = (I *1 Lots) ® I_q
= 9% — 2(20° + a® — b? — a) + 22(9 — b)(V + b).
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(iii) If n = 2k is even, for each choice of a base star I'((0,1,00)) and ay,...,a; € Q\ Z such
that a; = exp(2mia;) hold, a solution of the MDSP for RMP(aq, ..., ap,n) is given by
the monodromy tuple of

PMP(ay, ... ag, 2k) = Loy % T—ay %5 - Ly, %1 T1a,
=09"—zW4+a)W+1—a) - (O+ap) (P +1—ag).

(iv) If n = 2k + 1 is odd, for each choice of a base star I'((0,1,00)) and ay,...,ar € Q\ Z
such that a; = exp(2mia;) hold, a solution of the MDSP for RMP(ay, ..., a,n) is given
by the monodromy tuple of P"P(ay,. .. a3, 2k +1) ® Kfl, where

Phyp(al,...,ak,Qk‘—Fl) = <Ia1 * I1_q, *H---Iak *H Ilfak *H I%)
=" —z(04+a)W+1—ay) - (V+ap)(P+1—ap) (V+1/2).

(v) Each of the operators P"P(a,b,2) and P"P(ay,...,ay,n) satisfies properties (M), (N)
and (P).

Proof We only state a proof of the fifth part of the proposition. Note, that property (M)
can be read off directly and property (N) is a consequence of Proposition BEZ8 Furthermore,
we have

Pi(ay,...,ap,n) =@+ 1" =200 +2—a)W@+14+a) - (0 +2—ap)(d+1+ay)

for n even. Therefore Pi(ay,...,ar,n)z = zP(ay,...,ar,n)" which yields property (P). O

Although we find infinitely many operators which fulfill properties (M), (N) and (P), our
computational approach to check (Q) and (Q+) suggests that those properties only hold for
finitely many ones.

7.2.2 Conjecture The operator P"P(a,b,2) is of CY-type if and only if 0 < b < a < 1
and a,b € {%,%,%,%}. For n > 2, a1,...,a; € Q\ Z and o = exp(2mia;), the operator
PMP(ay,. .. ap,n)is of CY-type if and only if 0 < aj <1, and {ai,...,a;} is the full set of
roots of a product of cyclotomic polynomials.

7.2.3 Remark. (i) The operators mentioned in Conjecture [[ZZ2 are up to a transforma-
tion z — Az exactly those, for which property (Q) is proven in , Theorem 1].

(ii) As a consequence of m, Corollary 3.6], the monodromy group for the operators
mentioned in Conjecture can be realized over Z.

7.3 The even case

We continue our constructions with the even family mentioned in Theorem For n = 4,
the only extended CY-tuples of Jordan matrices J in this case are up to the order of the
matrices of the form Jy = [a] @ J(1)? with a # 1 and J3 = [8]?. Then we get

MCjs (MCp-1(J) @ K7(8)) © K5(8) = (J(2),[a], J(2))
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and thus
MC, (MCs (MCy-1(J) ® K7 (B)) ® K3(8) ® K3 () ® K3(a) = (L,a™ ', ).
The inversion formulae given in Lemma yield a solution
T = MHg- (MHg (MH,((L, e, ) ® K3()))

of the MDSP for J.
For n = 2k > 4, all possibilities with induced partition (k, k) are of the form J3 = [3]*. The
possibilities with induced partition (k,k — 1,1) are up multiplication with scalars

Jo=—J2)®J1)F @ —J(1)F?

if k£ is even and

Jo=J2)e J) e —Ja)t

if k£ is odd. By Lemma BTR the MDSP has no solution if 3 = 1. We first discuss the special
case f = —1. If k is even, we get

J'=MC_; (MC_(J) ® K{(—1)) ® K{(-1)
= (12K =2),72) 0 S0 —J()F 2, T2 ).
The latter tuple is in the even series for § = —1 again. Similarly, if & is odd, we get
J'=MC_; (MC_1(J) ® K{(~1)) @ K7(-1)
= ((2k = 2),=J(2) & SO @ —J (1), —T2)F 1),
which also is in the even series for 3 = —1. Hence, we inductively get that
MC_q(...MC_y (MC_1(J) ® K}(-1)) ® K{(~1)...) = (1,—1,-1).

As the operation - ® K7(—1) coincides with - ® K7(—1) ® K3(—1), the inversion formulae
given in Lemma yield a solution

T=MH_; (MH_; (... (MH_;((1,—1,-1)) ® K3(-1)) - -- ® K3(—1)))
of the MDSP for J. If 3 # 1 one checks that the tuple
MC5(MCi(J) @ KH(8)) @ K3(8) @ Kj(—1)
lies in the even family for the special case considered before. Thus we get the general solution
T = MHg-1 (MHg (... (MH_1((1,-1,-1)) ® K3(-1)) --- ® K3(—1)))

of the MDSP for J. By Proposition [T and Lemma [LTH, the matrices of this solution are
indeed elements of Sp,,(C).

The translation of these constructions to the level of differential operators yields:
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7.3.1 Proposition (The even case)

(i)

(if)

(iii)

(iv)

In the even case, the CY-tuples of Jordan matrices of even rank n for which the MDSP
is solvable are up to permutation given by

RN (a, 3, 4) — (J(4), [a] ® J(1)%, [612)

for n = 4,

R (8,21) = (J(2K), = (2) © J(1)F @ —T(1)" 2, [5]")
if n = 2k > 4 is divisible by four and
Reen(8,2k) = (J(2k), 7(2) @ J(1)F 1 @ =g ()5, [5]F)
else, where in each of the cases «, 3 # 1.
For each choice of a base star I'((0,1,00)) and a,b € Q \ Z such that o = exp(2mia),
B =exp(2mib), a =bif (a —b) € Z anda=1—"b if (1 —b— a) € Z hold, a solution of

the MDSP for R («, 3,4) is given by the monodromy tuple of

Peven(a, b,4) = ((Ia * I Ia) X Ilfa) * I Ib * I Il—b
=9 — 20+ D) (I +1—-b) (292 +204+a*> —a+1)
+ 220 +D) (0 +1—=b) (I +b+1)(9+2 ).

For each choice of a base star I'((0,1,00)) and b € Q\ Z such that 3 = exp(2mib) holds,
a solution of the MDSP for R°"(3,2k) is given by the monodromy tuple of

Peven(b7 Qk)) — R(k — 1) *H Ib *H Ilfb7
where

R(1) = <[% - I%) 1
= 497 — 2 (89 + 89 + 3) + 42*(9 + 1)
and

R(m+1) = <R(m) xp Iy 5 I%) 1.

Fach operator P'“"(a,b,4) satisfies properties (M), (N) and (P) and each operator
Peven (b, 2k) satisties (M) and (N).

Although we are not able to give a proof, it seems that each operator P¢V*"(b,2k) satisfies
property (P) as well.

Similar investigations as before lead to the following conjecture.

7.3.2 Conjecture The operators P¢"*"(a,b,4) and P'*"(b,n) are of CY-type if and only if
abe {1 111

1316
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7.4 The odd case

Next, we investigate the odd case for n = 2k + 1 mentioned in Theorem [LT2 The only
CY-tuples of Jordan matrices J are up to order of the matrices and tensor products with
m-tuples of rank one of the form

Jo € {J()F @ —J ()M, J(2)F @ J(1)}
if k is odd,
T2 € {J() & —J(1)F, J(2)" @ J(1)}
if k is even and J3 = [[o] ® J(1)] @ [a]*~!. Suppose that J = J(2)* & J(1). By Lemma ELS],
the MDSP has no solution if and a@ = 1. For « # 1, we get
MC,,-1(J) ® K3(a) ® K3(a) = (J(Zk), aJW)F @ JF, 0 1J©2) @ a 1) 2 e J(l)k> .

By Lemma BET8 the MDSP for this tuple and consequently also the MDSP for the original
one has no solution. We turn to the remaining possibilities for J,. By Lemma BTJ, the
MDSP has no solution if k is odd and o = —1 or if k£ is even and a = 1. If k£ is odd and
a =1, we get
J'=MC_; (MC_; (J® K3(-1)) ® K} (1)) ® K{(—1)
= (k= 1), & —I) I @ —J(2)),

which is precisely the special case where k — 1 is even and o = —1. On the other hand, if k£
is even and o = —1, we obtain

J' = MC_; (MC_1(J) © K}(-1)) @ K} (-1)
- (J(Zk 1), J()* e —J()F, J(3) @ J(z)k—z) ,

which is precisely the special case where £ — 1 is odd and o = 1.
In both of these special cases, iterating this process gives the rank three tuple

Q= (J(3)7 _J(1)2 ©® J(1)7 J(?’))

As this tuple is covered by the hypergeometric case, the MDSP is solvable for both of the
special cases. Finally, if k is odd and o # +1, we get that

J'=MC_q (MC_y1 (J @ K3(—1)) ® K} (—a)) ® Ki(—a) ® K3(—1)

is covered by the case where k — 1 is even and o = —1. Similarly, if £ is even and o # +1,
we get that
J'=MCq (MCp-1 (J) ® Ki () ® K3()

is covered by the case where k — 1 is odd and o« = 1. Hence the MDSP is solvable for those
tuples J and a solution reads

T = MH,1 (MH, (... (MH_; (MH_1(Q)) ® K3(-1)) --- ® K3(-1))) @ K3(—1)
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if n > 3 and k is odd and
T =MH, 1 (MH, (... (MH_; (MH_1(Q)) ® K3(-1)) --- ® K3(-1)))

if k£ is even.

By Proposition [[LT.4] and Lemma [ZT.0], the matrices of the induced solution are elements of
SO, (C).

7.4.1 Proposition (The odd case)
(i) In the odd case, the CY-tuples of Jordan matrices of rank n = 2k + 1 for which the
MDSP is solvable are up to permutation and tensor products with m-tuples of rank one
given by

RO (0, 2% +1) = (J(2k 1 1), J()F @ — I o] @ J(1)] @ [a]k_l)
if k is odd and o # —1 and by

RO, 2k +1) = (2 +1), IO © (1), [[o] © J(1)] @ o)
if k is even and o # 1.

(ii) For each choice of a base star I'((0,1,00)) and a € Q\ Z such that o = exp(2mia) holds,
a solution of the MDSP for R°(«,2k + 1) is given by the monodromy tuple of

Po%(q, 2k 4+1)® L =(R(k=1) % Lo * Ti-a) @ 1

1
2
if k is odd and

PoU g2k +1)=R(k—1) *gr Iy % 1

if k is even, where

R(l): (I%*HI%*HI%) ®I%
= 8% — 2(20 + 1)(89? + 89 + 5) + 82%(9 + 1)*

and
Rm+1) = <R(m) *p I3 xn I%) 1.

(iii) Each operator P°%(a,2k + 1) satisfies properties (M) and (N).

As in the even case, property (P) seems to hold for each operator P°%(a,n) , although we
are not able to prove it.

Similar investigations as before lead to the following conjecture.

7.4.2 Conjecture For each odd number n > 3 the operator P°%(a,2k + 1) is of CY-type if

and only if a € {%, %, i,% .
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7.5 The extra case

Finally, we turn to the extra case. Here, the only possibilities for an extended CY-tuple of
Jordan matrices are up to tensor products with m-tuples of rank one and the order of the
matrices of the form

Jye {=J1)2 @I, J(2)? @ J(1)%}

and
Iz = [[a] ® £ (1)),

The combinations for which J3 = [[a]®J(1)]? holds are ruled out by Lemma B8 Therefore,
consider J3 = [[a] ® —J(1)]2. If Jo = —J(1)? @ —J(1)?, Proposition [LT4] assures that the
tuple

MC_y (J) @ K§(=1) = (J(5),J(2)* ® J(1),[a)* & J(1)

lies in the odd family for n = 5, but its associated MDSP has no solution by Proposition
[CZTl This leaves the possibility

J = (J(6).J(27 & T2 [[o] & —J (L))
In this case we get that
J'=MC_1(J) ® K} (1) = (J(5),J(1)° @ —J(1)%,[]* & J(1)) .

As we have constructed a solution of the MDSP for this tuple in Proposition ATl the MDSP
for .J is solvable. By Proposition [T and Lemma [T3), each solution lies in Spy(C)3.

7.5.1 Proposition (The extra case)
(i) In the extra case, the C'Y-tuples of Jordan matrices for which the MDSP is solvable are
up to permutation and tensor products with m-tuples of rank one given by

R (a) = (J(6),J(2) @ J(1)?, [[a] @ —J(1)]?)
for a # 1.

(ii) For each choice of a base star I'((0,1,00)) and a € Q\ Z such that o = exp(2mia) holds,
a solution of the MDSP for R¢**"%(q)) given by the monodromy tuple of

peetra(g) = ((I% xp Iy * I%> ®I%) *pr Taxrr Dot Ty
=1695 — 2 (20 +1)* (89> + 80 +5) (¥ +a) (I + 1 —a)
+42220+43)294+1)W+2—a)(W+1—a)(@+1+a)(¥+a).

(iii) Fach operator P¢**%(q) satisfies properties (M), (N) and (P).

As before, further computations lead to the following conjecture.

7.5.2 Conjecture The operator P¢*'"(q) is of CY-type if and only if a € {%, %, i, %}
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7.5.3 Example We discuss some specialties which seem to hold for CY-type operators of
degree six examplarily for those of the extra case. Unless the case of CY-type operators of
degree up to five, the local normal form of such a CY-type operator depends on the two series
a1 /ag and g /ag, where ap, ..., as is the corresponding structure series. We state the first
terms of the g-coordinate q and the expressions Y1 := a;/asoq” and Y5 := ay/azoq” of each
of the CY-type operators in the extra case. The latter two series are invariant under local
transformations ¢ € zQ[z]* with ¢'(0) = 1.

1
a=3,q=2+1152 22 4 2142144 23 4 4940537856 2* + . ..

Y1 = 1+ 576 2 4+ 1124928 22 + 2363940864 2> + 5117880638016 2* + . ..
Yy = 14 640 z 4 766336 2% + 1364156416 2> + 2588791110016 2% + . ..

1
3
Y1 =1+ 1008 z + 3312144 2% + 11698683264 2° + 42584436803088 z* + . ..

Yy =1+ 1008 z + 2131920 2% + 6383299968 23 + 20312552381904 2% + ...

a==, ¢=z+ 196822 + 6170184 2> + 23955371648 z* + ...

1
4
Y] = 1+ 2496 z + 19446336 22 + 161921114112 23 + 1391283515923008 2% + ...

Yy = 1+ 2176 z + 11626880 2> + 81837481984 23 + 613286180895104 2% + ...

a==, qg=z+ 4736 2% + 35158976 23 + 322519506944 z* + . ..

1
a= 5’ q = z + 32640 2% + 1633116096 2> 4 100632924938240 z* + ...

Y1 = 1+ 17856 z + 945580608 22 4 52710537240576 2> + 3042075955330751040 2 + . ..
Yy = 1+ 12672 z + 507482496 22 + 23635655368704 2> + 1188567502482340224 24 + . ..

In the corresponding situation of degree four, the series Y := Y7 is the normalized Yukawa
coupling. As observed by P. Candelas et al. in M], the numbers ng of the expansion

d

1—2d

o0
Y =1+ and?’
d=1

are in the known examples integral and supposed to count geometric objects. Proceeding
similarly, we can write Y7 and Y5 as a Lambert series

P

1—2d

o
d=1

and check for which choice of k; the corresponding numbers m; 4 are integers. In the examples
of degree six we constructed in this section, this seems to hold for ky = 2 and ko = 1. We
state the first four numbers m; 4 for all CY-type operators in the extra case.
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1
a=g, mi: D76, 281088, 262660032, 319867469568, . . .
my : 640, 382848, 454718592, 647197585920, . ..

1
a=z, m: 1008, 827784, 1299853584, 2661527093184, . ..
mg : 1008, 1065456, 2127766320, 5078137562496, . . .

1
a=-, mi: 2496, 4860960, 17991234624, 86955218529792, . ..
mg : 2176, 5812352, 27279159936, 153321542317056, . . .
1
a=g, mi: 17856, 236390688, 5856726358080, 190129747149073152, . . .

mg 1 12672,253734912, 7878551785344,297141875493714432, . . .



Chapter 8

Fourth order symplectically rigid
operators of CY-type

In this chapter, we discuss the MDSP for CY-tuples J € Sp,(C)"*! with rigidity index
isp,(c)(/) = 0. This holds for each rank four CY-tuple of the hypergeometric and the even
series introduced in Theorem We thus first concentrate on the remaining cases and
classify those for which the MDSP is solvable in the first section. By the general classification
of linearly rigid m-tuples, it is not possible to reduce a non-linearly rigid m-tuple to a tuple of
rank one via tensor products and middle convolutions with m-tuples of rank one. However,
it turns out that the requested tuples can be constructed starting with a rank one tuple if
we also consider symmetric- and exterior powers of m-tuples. The construction of solutions
of the MDSP via fuchsian differential operators is done in the second section. Again, the
involved parameters are chosen in such a way that each solution satisfies properties (M), (N)
and (P). Properties (Q) and (Q+) - which are checked numerically - only seem to hold for a
finite number of operators. This leads to a conjecture concerning the solvability of the MDSP
by operators of CY-type similar to the one in the linearly rigid case. In the third section
of this chapter, we compare all potential CY-type operators with Sp,(C)-rigid monodromy
tuple we constructed with the ones tabulated in M} In particular, all known CY-type
operators of this type are covered by our approach.

Several results of this chapter are also achieved in M]

8.1 Characterization

We characterize those CY-tuples of Jordan matrices of rank four with g, c)(J) = 0 for
which the MDSP is solvable. Therefore, we again use the notational conventions introduced
in Section [Tl Unlike for GL,(C), for a given element A € Sp,(C) the number dg;, (c)(4) is
not completely determined by the associated partition W(A) but can e.g. be read off from
the tables given in m, Chapter 13]. We have tabulated each of the possibilities in Table
By means of Lemma L3l we may further identify Sp,(C) with SO5(C). To each Jordan
matrix in Sp,(C), the corresponding Jordan matrices in SO5(C) are also stated in Table

We first investigate for which CY-tuples of Jordan matrices the MDSP is solvable.

8.1.1 Proposition Let G = Sp,(C) and J be a CY-tuple of Jordan matrices of rank four
such that i(J) # 0 and i¢(J) = 0 hold. If the MDSP for J is solvable in G, the tuple consists
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of three matrices and coincides up to permutation and tensor products with m-tuple of rank
one with one of the following possibilities:

(©) Si(e, f) = (J(4),J(1)* & =J(1)% [[a] & [5]]) where (a, 5) # £(1,1).
(ii) S2(a, B) = (J(4),[a] @ J(1)%,[B] ® —J(1)?) where a # 1 and 3 # —1.

Proof Since dim G = 10 and dim Z(G) = 0, we have

r+1

ia(J) = da(Ji) — 20
=1

by Definition B2 As one of the matrices of J, say Ji, is maximally unipotent, this implies

r—+1

> da(J;) —12=0.
=2

We also assume without loss of generality that dg(J;) < dg(Jg) if i < k.
As stated in Table [AZ2 this leaves the following possibilities for dg(J;):

(i) 0 (J2) = dc(J3) = dc(Js) = 4.
(ii) 50(J2) =4 and 50(J3) = 8.
(iii) dg(J2) = da(J3) = 6.

In the first of these cases, the combinations Jy = J3 = Jy = J(2) @ J(1)?, {Ja, J3, Js} =
{J2) @ J(1)%, —(J(2) ® J(1))} and Jo = J(1)? @ —J(1)?, J3 # Jo, Jy # Jo are ruled out by
Lemma B8 Consider Jo = J3 = J(1)2@ —J(1)2. As we are looking for solutions in Sp,(C),
the second exterior power of J then has for each possible choice of J; a reducible submodule
in SO5(C). In particular, J is reducible. Hence, in the first of the cases stated above, the
MDSP for J is never solvable.
In the second of these cases, we get i(J) = 0 if Jo = J(2) @ J(1)?. This leaves tuples of the
form S (o, B).
In the third case, we get i(J) = 0if (J2, J3) = ([o] ® J(1)%,[]?). By LemmaEIR, the MDSP
has for the possibilities

(J27 J3) = ([Oc] ® J(1)27 [B] ©® J(1)2)

and Jy = J3 = J(2)&—J(1)? no solution. If (J2, J3) = ([a]?, [3]?) , the MDSP has no solution
by considering the tuple itself or its second exterior power. Therefore, the only remaining
cases are like Sa(a, 3), which completes the proof. O

8.2 Constructions

We construct solutions of the MDSP for S1(«, 5) and S2(a, 3) introduced in Proposition
as monodromy tuples of fuchsian differential operators. Parts of the computations were done
using commands of the package DEtools in MAPLE.
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8.2.1 Proposition Consider o, 3 € C*, such that neither o # +if3 nor o, 3 € {1, —1}. Then
for each choice of a base star T'((0,1,00)) anda € Q\ (1 +ZU3 +7Z), b€ Q\ (3 +ZU 2 + Z)
such that o = exp(2mi(a + b)), B = exp(2mi(a — b)), a =bif (a —b) € Z anda =1-10b if
(1 —b—a) € Z hold, a solution of the MDSP for

Si(a, B) = (J(4), 7(1)* & =J(1)* [[a] & [3]])

is given by the monodromy tuple of the operator

Pg(a b) = (/\2((13 *Hfa ®Z%>*HI1 *HII >®Z%>*H13
e 3ta 14 ath b 2
= 640" — 2 (1289 + 256 9° + ¥?(304 — 128(a® + b%)))
— 2z (9 (176 — 128(a* + b%)) + 39 — 48(a” + b*) — 256 a®b?)
+6422(W+1—a—b)(9+1+a—b)
W+1—a+b)(V+1+a+b).
Further, each operator Ps(a,b) satisfies properties (M), (N) and (P).

Proof Up to a tensor product with an m-tuple of rank one, we may assume that

y(llo] @ ) = 4
holds. We get
J'=MC_1(51(a, 8)) © K}(—1)
= (JB) e —J1)?*J(2? e J1). o & B J(1)).

By Proposition [LT4 .J’ is orthogonal. Therefore, it can by Lemma and Table be
written as the tuple of Jordan matrices of a direct summand of A*(.J) which lies in SO5(C),
where .
J=(iJ(2) & —iJ(2),J(2) & J(1)% [ @ [x]])
with (x = o and ¢(x~' = 8. If ¢, x € {i,—i}, the MDSP for J has no solution by Lemma
and Lemma In the remaining cases, we get
MC_i¢ (MCyy (MCjy-1(J ® K(=i)) ® K7 (—ix)) ® K3(—ix)) = (=i¢,i¢, —¢7%).

Hence, the MDSP is solvable and a solution is given by

2
T=MH-y (A (MHjo (MHj, (MH ¢ ((1,i¢, ~i¢ ™) @ K (-1)))) @ Ki(-1)).
According to Proposition [LT4 and Lemma EE2Z3, the matrices of such a solution indeed lie
in Sp,(C). Note, that for each a, b as stated in the result, the operator
1
Q= ((Tgparn Iyy) ® 22w Iy v Iy
= 6409%(29 — 1)® — 2(409 + 1 + 4b) (49 + 1 — 4b) (49 + 1 + 4a) (49 + 1 — 4a)

is irreducible and fulfills property (P). Therefore, we get deg(A\* Q) = 5 by Corollary BTl
By Lemma and Theorem 29 the monodromy tuple of Ps(a,b) is a solution of the
MDSP for Si(a, 3). As all operations involved preserve N-integrality of solutions, it fulfills
property (N). Properties (M) and (P) can be checked by direct computation. O
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8.2.2 Remark. Alternatively, one checks that the direct summand of the tuple A*(.J) which
lies in SO5(C) is in the hypergeometric series and that its MDSP is solvable if neither a # +if3
nor «, 3 € {1,—1}. In particular, we have

1,11 1y hyp —1/2(1 _ ,)73/4
P3<2a 4,2b 4>_\/2<P (a,b,5))®z (1—-=2) .

8.2.3 Proposition Consider o, 3 € C* such that o # 1 and 3 # —1. Then for each choice

of a base star I'((0,1,00)) and a,b € Q\ Z such that o = exp(wi(a + b)), 8 = exp(2mi(a — b))
a=bif(a—b)eZ anda=1—0bif (1 —b—a) € Z hold, a solution of the MDSP for

Sa(a, B) = (J(4), [o] & J (1), [8] & —J(1)*])

is given by the monodromy tuple of

P4(a,b) = Sym2 (Ia*H Ib®[1737b) *H I%
=49 2229 +1)* (9> +9+2ab—a+ 1)
+2229+1)(29+3)W+1+a—-b)(WI+1+b—a).

Further, each operator Py(a,b) satisfies properties (M), (N) and (P).

Proof We get
J'=MC_1(J) @ Ki(~1) = (J(3), [[=a] @ J(1)], [[8] @ J(1))).

By Proposition [LT4, J' is orthogonal and can according to LemmaFEZ3] be written as tuple
of Jordan matrices of Sym?(.J), where

J = (J(2), [ic; X))

with ¢? = o and x? = 3. Then we get
MCigy (@ K3(i€)) = (i6x, ¢ x72).
Therefore, the MDSP is solvable and a solution is given by
T = MH_; (Sym® (MHc, (1, —i¢ " x, iCx ) @ K3(i())) -

By Proposition [T and Lemma B2, the matrices of such a solution indeed lie in Sp,(C).
Lemma and Theorem assure that the monodromy tuple of Py(a,b) is a solution
of the MDSP for J. As all operations involved preserve the N-integrality of solutions, each
operator Py(a,b) fulfills property (N). Properties (M) and (P) can be checked by direct com-
putation. O
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8.3 Comparison to earlier results

For each allowed choice of a,b € Q \ Z, the operators P"P(a,b,4), P**"(a,b,4), P3(a,b)
and Py(a,b) fulfill properties (M), (N) and (P). We investigate for all operators P3(a,b) and
Py(a,b) whether (Q) and (Q+) hold numerically. Similar to the cases for P"P(a,b,4) and
Pe'"(a, b, 4), this seems to lead to a finite number of operators of CY-type. It turns out that
all operators of CY-type we find via this method appear in the table m, Appendix A]
up to a transformation z — Az. In each of the appearing cases, this transformation yields the
holomorphic solution yo = 1+, A, 2™ to be minimal over Z, in the sense that there is no
1 # n € N such that A,,/(n™) € Z for all m € N. The g-coordinate ¢ = z+ > >, By, 2™ of
those transformed operators turns also out to be minimal over Z. To make this transformation
explicit, we consider for each a = r/s € Q with r € Z, s € N and ged(r,s) = 1 its image
under the map

noo_1
B: Q\ {0} = Z, a— sHs;rl,
i=1
where s1,...,s, denote the distinct prime divisors of s.
In the ugcoming tables, the entry Nr. refers to the labeling of the resulting CY-type operator

).

(i) As already stated, it seems that P"P(a,b,4) is an operator of CY-type if and only if

in

1 13 1 3
a,b€{3.5.3,5) o (a,0) € {(5.2) . (5:8) - (35, 15) - (3, 7) } - After the transforma-
tion z — B(a)?B(b)%z, we obtain the following CY-type operators stated in M]
T [ L] 1] XL 1] 1 [Lf] I X1 ]1]1]L]1
& |22 ]2| 32 |3|3|3|12|4]|6|5|8|10]|12
b L1111 1 1 1 1 1 23] 3|35
2 (3|46 |3 4|6 4|6 |6 |5]|8]|10|12
Nr.||3 5|6 |14 |4 (11810 12|13 |1 |7 2] 9

(ii) As already stated, it seems that P¢’"(a,b) is an operator of CY-type if and only if

a,b € {3,3, 5, ¢} After the transformation z — B(a)?3(b)?z, we obtain the following

CY-type operators stated in

1 1 1 1 1 1 1 1
a 2 2 | 2| 2 3 3 3 3
b 1 L1 ] 1 1 1 1 1
2 3 4 6 2 3 4 6
Number || 111 | 110 | 30 | 112 | 141 | 142 | 196 | 143
1 1 1 1 1 1 1 1
a 1 1 1 1 6 6 6 | 6
b 1 1 1 1 1 1 111
2 3 4 6 2 3 4 6
Number || 189 | 194 | 197 | 199 | 190 | 195 | 198 | 61

(iii) To make our observations more transparent, we substitute ¢ = 2a + 3 and d = 2b+
Then it seems that Ps(a,b) is an operator of CY-type if and only if ¢, d € {2, %, i %}

(c,d) € {(3,2).(3.2).(£.3) . (5. 2)} - After the transformation z — 45(c)?5(d)?

1
2
or
5:5)\8°8 120 12 2y
we get
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c L1 1 111 11111
2121212 |33 (3|4 | 4|6 |5]|8]10]|12
d L1 1 111111213 3 5
228 e 0 O A B Sl
Nr.| 3|5 |6 |14 4|11 | 8101213 |1 |7|2]9
where the number 7 refers to the operators defined in M] As shown there, these op-
erators are equivalent to 206 —219 in ]. The alternative construction mentioned
in Remark together with Conjecture EE3TT] yields the conjecture that Ps(a,b) is
of CY-type if and only if A? Ps(a,b) is.
(iv) It seems that Py(a,b) is of CY-type if and only if (2a,2b) € {1, 3, %, %, .3, %,% and

additionally 2(a+0b) € Z or 2(a—b) € Z holds. After the transformation z — 43(a)3(b)z,
we get the following CY-type operators stated in M]

a 11 111l

2 | 2 2 313 |3]°3

b 1 112 15

2 | 1 6 313 |6 | 6

Nr. || 3" | 6™ | 14* | 4% | 4™ | 8" | &8
a 1 1 1 1 101 1
1 4 6 6 8 | 8 |12 | 12
b 1 3 1 5 31 5 |5 | 1
1 4 6 6 8 | 8 |12 | 12
Nr. || 10* | 10™ | 13" | 13™ | 7* | 7 | 9* | 9**




Chapter 9

CY-type operators of degree four
and index two

In this chapter, we investigate the MDSP for CY-tuples J € Sp,(C)"*! with ig,, () (J) = 2.
In the second section, we show that in the solvable case r has to be two or three. Moreover,
we show that the solvability of the MDSP for tuples with » = 3 yields the solvability of the
MDSP for certain tuples of rank two, if we also consider squares and roots of m-tuples. These
operations are briefly introduced in the first section of this chapter. In the third section, we
realize solutions of the MDSP of the appearing tuples of rank two by Heun operators. We
further show that this allows us to construct solutions of the MDSP for the CY-type tuples
of rank four we started with. The constructions are done in such a way that each of the
resulting differential operators satisfies properties (M) and (P). As both the Heun operators
we consider and the solutions we get admit an accessory parameter, it is very difficult to
detect those which satisfy properties (N), (Q) and (Q+). However, it seems that each of
the defining properties of a CY-type operator is preserved by the constructions. Therefore,
we also determine appropriate Heun operators of CY-type as pullbacks of hypergeometric
differential operators, which is done in the fourth section of this chapter. The resulting CY-
type operators of degree four are stated in Section [AZZ8 Some of them were previously
unknown.

9.1 Additional operations

We briefly introduce additional operations we consider for tuples of Jordan matrices and
differential operators. First, we consider the natural action of permutations on tuples of
Jordan matrices.

9.1.1 Definition Consider a tuple of Jordan matrices J = (Ji,...,Jr4+1) € GL,(C) and a
permutation w € S,1. We put

J7r = (Jﬂ(1)7 e, J7T(T‘Jr1)) S GLn((C)

It is easy to see that the action of a permutation on J is compatible with the middle convo-
lution in the following sense:
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9.1.2 Lemma Consider a tuple of Jordan forms J = (Ji,...,Jr11) € GL,(C) such that
Z:ill v(Ji) > 2n holds and a permutation © € S,;+1. Then we have

m(r+1 T
MCq(Jy) = (MCa (J o KT )(a)) ® Kﬂz;ﬁrl)(a))ﬂ
for each v € C* \ {1}.
We briefly introduce the notion of squares and roots on the level of tuples of Jordan forms.

On the topological point of view, this corresponds to the change of the local data of a local
system on P!\ S by a 2 : 1-covering.

9.1.3 Definition For a tuple of Jordan forms J = (J1,...,Jr11) € GL,(C)"*!, we put
2= (T (JF) s Jas s dry oy I, I (J241)) € GL,(C)™.

T

Further, given a tuple of Jordan forms J = (Ji,...,Jo,) € GL,(C)?" such that J; = J,_1;
holds for each 2 <17 < r, we put

Vi = <J (\/71> oy dend <\/J—+1>> € GL,(C)"*!
with J (\/J_12) — Ji and J <\/J—+12> = Joi1.

Note, that v/.J is not unique.
We investigate similar operations on the level of differential operators. The twist by z — z
was already discussed in Section [L4l We now introduce an operation corresponding to z +—

NG

9.1.4 Definition The differential subring C[z2,9] C C[z,9] is - as a set -given by

C[22,9] := {i 2P| P € C[ﬂ]}.

1=0

2

Furthermore, we consider the ring homomorphism

VZ' i C[22, 9] — Clz,9], 2% — z, ¥+ 20.
Looking at local solutions of L, one directly gets the following useful criterion to check whether
an operator lies in C[22,4].

9.1.5 Lemma An irreducible fuchsian differential operator L € C[z, 9] lies in C[2%,9] if and
only if 1g(L) has a solution f € zMC[2?]*.

9.1.6 Corollary For each irreducible fuchsian differential operator L € C|z,9], we have
L® (—2)*(L) € C[z%,9].
Proof As (L) has a solution f = z*% > A,2", we get that

9= AnZH Y Ap(—2)" =2 Y (1P AR A, 2™ € 22HC[R7
m=0 m=0 m=0 k=0

is a solution of to(L ® (—2)*(L)). Therefore, the result follows from Lemma O
The preceding Corollary justifies:
9.1.7 Definition For each irreducible fuchsian operator L € Clz,¥], we put

A(L) :=Z" (L ® (—2)*(L)) € Clz,9).
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9.2 Characterization

We give a characterization of all m-tuples T' € Sp,(C)* of CY-type with ig, ) (T) = 2 via
their Jordan forms.

9.2.1 Proposition Consider G = Sp,(C) and a CY-tuple of Jordan forms J € G™*! with
ig(J) = 2. If the MDSP for J is solvable in G, we have r < 3. For r = 3, the tuple J coincides
up to tensor product with m-tuples of rank one and permutation of its elements with one of
the following:

(i) Mi(a) = (J(4),J(2) & J(1)%,J(2) ® J(1)2, [a)?) for o # 1.

(i) Ma(a) = (J(4),J(2) & J(1)?,J(2) @ J(1)?, [a] ® —J(1)?) for a # 1.
(iii) Ms(a) = (J(4),J(2) ® J(1)%, J(1)2 ® —J(1)%,[a] ® J(1)?) for a # 1.
(iv) My(a) = (J(4),J(2) & J(1)*,J(1)* @ —J (1), [a]?).

(v) Ms(a) = (J(4),J(1)* ® =J(1)%,J(1)* @ =J(1)% [a] & —J(1)?).

Proof We assume without loss of generality that J; = J(4) and put the other matrices into
any order. As ig(J) =2 and dg(J(4)) = 8, we have

r+1

> da(J;) — 14 =0.
=2

By Table [A2 this yields » < 3 and dg(J2) = d¢(J3) = 4 and dg(Jy) = 6 if r = 3. In
particular, we get that

Jo, J3 € {£ (J(2) @ J(1)?),—J(1)* & J(1)*}

and

Ji € {[a]2, + ([a]a;ﬁ1 @ J(1)2) }

If Jo =J3 =J(2) @ J(1)?, the cases for which v(J;) = 2 are excluded by Lemma This
leaves the possibilities J; = [a]? and Jy = [a] © —J(1)?, where a # 1.

If Jo =J(1)2@® —J(1)? and J3 = J(2) @ J(1)?, the cases for which v(J;) = 1 are excluded.
If J, = J3 = J(1)? @ —J(1)%, we get that v </\2 Jl) + v (— A J2> + <— A’ Jg) = 6 as
we are looking for solutions in G. Therefore, the possibilities for which ~ (/\2 J4) < 3 are
ruled out by Lemma This discussion leaves the possible tuples Mj(«) — Ms(«) up to

permutation of their matrices and tensor products with m-tuples of rank one. O

Next, we show that the solvability of the MDSP for each of the tuples M;(«) — M5 () yields
the solvability of the MDSP for a tuple of rank two.

9.2.2 Lemma For each tuple M;(«) introduced in Proposition [L2Z], there is a tuple of
Jordan matrices M;(«) of rank two such that the MDSP for M;(«) is solvable if the MDSP
for M;(«v) is.
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Proof We discuss each of the families of CY-tuples separately.
For M, («) with o # 1, we find that

Mi(a) = MCy (MCy-1(Mi () ® K (@) ® Kj(a)
=(J(2),J(2),J(2),J(2))

and therefore
Mi (@) = MH, <MHa <M1(a)>) .
For Ms(a) with a # 1, we find that
MO (My(a)) © KA(—1) = Sym?(1a(a)

for
My(e) = (J(2), J(1) & —J (1), J(1) & —J (1), [8]),

where 32 = a. Therefore, we get
My(a) = MH_; (sym2(M2(a))) .
For Mjs(a), we find
J' =MC_1(Ms(a) ® K{(—1)) ® K{(-1)

=(J(3) @ —J(1),—J(1) & J(1)*, J(2)%, [[-a] ® J(1)] & J(1)).
Therefore, we get

7= (o) = (73) @I, [-a & (V)] ©.71), J(2)%,

[l @ J()] @ J(1), J(2)%, J(1)).

By Proposition [T J” lies in PSO4(C) which is isomorphic to PGL2(C) x PGL2(C) by
taking tensor products, see e.g. m, Chapter 18.2]. Therefore, we can write

J"=(J(2) @ J(2),[6] @ [8], J(2) ® J(1), [ @ 6], ] (2) @ J(1)%, I (1)* @ J(1)?)

where % = —a. In particular, the solvability of the MDSP for M3(«) implies the solvability
of the MDSP for Ms(«) = (J(2), 6], (6], J(2)).
For My(«), we first obtain

J =MC_; (MC, (MCo-1(My(@) ® Ki(a)) ® Kj (o) ® K3(—1)) ® K{(-1)
=(JO)e-J)@®aJ1)®a tJ1), (2% -J(1) @ J(1)3, -J1)> @ J(1)?).

Again, by the isomorphism mentioned in m, Chapter 18.2], we find
N 2
(Jon) = (el @lal, 72 © IO [ @ [i), J2) © I ] © i), J(1)? © J(1)?).

Hence the solvability of the MDSP for My (c) implies the solvability of the MDSP for My(a) =
(/(2), [i], [7], [a])-
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For Ms5(a), we find
J =MC_; (Ms(e)) @ Ki(-1)
=(JB)e-J1)%J2)?2 e J1),J2)2 e J1),[ad J1)] @ J(1)?).

By Proposition I, J lies in SO5(C) and hence can be written as the direct summand of
A%(J") in SO5(C), where

J" = (iJ(2) ® —iJ(2),J(2) ® J(1)2%,J(2) & J(1)%, BJ(1)? @ 51 I(1)?)

with 32 = . Thus, the solvability of the MDSP for Ms(a) induces the solvability of the
MDSP for

M;s(a) = MC_;g (MCjp-1 (J" @ K1(i)) ® K{(—iB)) @ Ki(—if)
= (=J(2),—-J(1) ® J(1),—J(1) & J(1), J(2)).

This discussion completes the proof of the Theorem. O

Note, that not all constructions we used in the proof above are invertible and hence it is not
clear if the solvability of the MDSP for M;(a) implies the solvability of the MDSP for M;(a).
In the next section, we prove that this is indeed true by choosing special solutions of the
MDSP for the tuples M;(a) in terms if differential operators.

9.3 Constructions

We first introduce some simplifying conventions and notations concerning differential opera-
tors of degree two.

9.3.1 Definition For a fuchsian differential operator L € C[z,9] of degree two which has
rational exponents e1 s < ea s at each singularity s € S, we call

As 1= €25 — €l

the signature of the singularity s. With respect to an order on S, the tuple of signatures of
all points in S is denoted by sign(L) and called the signature of L.

9.3.2 Example For a Picard-Fuchs operator related to a family of elliptic curves, a fiber of
type
e [, b > 0, has signature 0.

e II has signature %

e III has signature

W ol

e IV has signature

Furthermore, if s € C, we assume that the smallest exponent of ¢4(L) is zero. As by the Fuchs
relation the equality
617004-62700:’5’—2— Z )\5
s€S\{oo}
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holds, all exponents of L then are determined by its signature. As we only want to consider
operators for which the exponents at each of their singularities fix the Jordan form of the
corresponding local monodromy, we assume that all entries in sign(L) are strictly smaller
than one. A class of such operators are the following ones:

9.3.3 Definition For h:= (t,u,v,w,¢,s) € (CN[0,1))*C x C\ {0,1}, we call

R(h) = 4s9(0 —t) —4z(*(s + 1) + 91 —v -t +s(1 —u—1t)) +¢c)
220 +2—t—u—v+w)(20+2—t—u—v—w)

the associated Heun operator.

9.3.4 Remark. The Riemann scheme of R(h) is given by

r 1 s 0 ]
1—3(t+u+v+w)
1—3(t+u+v—w)

Its signature reads sign(R (t,u,v,w)

We are now able to construct fuchsian differential operators whose monodromy tuples are
solutions of the MDSP for Mj(«) — M5(a). We state these operators for each tuple in the
following sequence of propositions separately. Again, most of the computations involved were
carried out using the package DEtools in MAPLE. The construction for M;j(a) was already
discussed in , Section 7].

9.3.5 Proposition For each choice of a point s € C\ {0,1}, a parameter ¢ € C, a base star
I'((0,1,s,00)) and a € Q \ Z such that exp(2wia) = « holds, a solution of the MDSP for

My(a) = (J(4),J(2) & J(1)*, J(2) ® J(1)* [a]?)
is given by the monodromy tuple of

Qi(c,s,a) =V's—z (0 +a) (0+1—a) (0*(L+s)+9(1+s)+c)
2@+2—a)@@+1—a)(@+1+a)(d+a).

Proof As we have seen in the proof of Proposition 21l we have
My(a) = MH,, 1 <MHa <M1(a)))) ,

where M (o) = (J(2),J(2), J(2),J(2)). As a solution of the MDSP for M;(e) is given by the
monodromy tuple of R(0,0,0,0,c¢,s), the monodromy tuple of the operator

Q1(c,s,a) = R(0,0,0,0,¢,8) xpr Io % 14

is a solution of the MDSP for M («). Computing this operator explicitly gives the result. O
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9.3.6 Proposition For each choice of a point s € C\ {0,1}, a parameter ¢ € C, a base star
I'((0,1,s,00)) and A € Q \ Z such that exp(2mi\) = « holds, a solution of the MDSP for

Ms(a) = (J(4),J(2) & J(1)*, J(2) @ J(1)%, [a] & —J(1)?)
is given by the monodromy tuple of

Qa2(c, 8, \) = 49%s — 2 (29 + 1)* (9> + 9?5 + 9 + I s + 4c)
2RI+ CIFD@W+TI+N W +1-)N)

Proof As we have seen in the proof of Proposition 21l we have
(Ms(a), 8) = MH_; (Sym?(Vy(a)) ),
where

Ma(e) = (J(2),J(1) & —J(1), J(1) & —J (1), [8])

with 3% = a. As a solution of the MDSP for Mg(a) is given by the monodromy tuple of the
operator R (0 Ll )¢ s) the monodromy tuple of the operator

5999
) 11
Q2(c,s,\) =Sym” | R | 0, 3 5,)\,6,8 *p I%

is a solution of the MDSP for Ms(«). Computing this operator explicitly gives the result. O

9.3.7 Proposition For each choice of a point s € C\ {0,£1}, a parameter ¢ € C, a base
star T ((0,1,—(s — 1)?/4s,00)) and A € Q \ Z such that exp(2wi)\) = a holds, a solution of
the MDSP for

Mz(a) = (J(4),J(2) @ J(1)?, J(1)* ® —J (1), [a] @ J(1)?)
is given by

Q3(c,s,\) =94 (s — 1)* — (s — 1)22(94(s* — 10s + 1) + 203(s*> — 105 + 1))
— (s =12 2(0* (PN = A2+ 1) + 25N+ XA+ ¢c—12) + 1+ X — X2 +2¢))
— (5 = 1)22(0(s* M1 = N) +25(A\2 + X+ c—T7) + A1 = \) +2¢))
— (5 —1)%2(c®* =35 + Mcs + ¢+ s)N))
— 4522 (0 4 1)2(9%(25® — 85 + 2) + 29(25 — 85 + 2))
—452%(10 + 1)2(s(3 4+ X — 2X2) + s(4N2 + 20 + 2¢ — 13) + 3+ A + 2¢ — 2)?)
— 45223 (9 + 1)(9 4 2)(29 — 2\ + 3)(29 4 2\ + 3)

Proof We mimic a construction inverse to the one done in Proposition BLZT] on the level of
differential operators. Consider the operator

2zs * B .
e <<z+ 1+ s(z — 1)> (R(OvAJaO))) ® (22— 1)V ((s+ 1)z +1— s L
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Its Riemann scheme reads

0 -1 1 (s=1)/(s+1) oo
RP)={0 -5 =3 0 1
0o 3 2 0 2

Moreover, for each choice of a base star I'(0, —1,1, (s — 1)/(s + 1), 00), its monodromy tuple
is a solution of the MDSP for (.J(2), 5], 8], J(2), J(1)?). The latter tuple is precisely Ms(a)
extended by the identity matrix. A direct computation shows that the operator A(P;) has
Riemann scheme

0 1 (s=1)%(s+1)? 5 o

0 0 0 0 1
R(A(P))=( 0 1 0 I N

0 —A 1 2 2

I 1 4 3

where § € C is an apparent singularity. Furthermore, the Jordan forms of the monodromy
tuple of A(P;) are given by

for each choice of a base star I'((0,1, (s — 1)2/(s + 1)?,5,00)). A direct computation further
shows that A(Py)*p I admits a right factor P, with singular locus {0, 1, (s —1)?/(s+1)?, 00}
whose monodromy tuple for each choice of a base star T'((0,1,(s — 1)?/(s + 1)?,00)) is a
solution of the MDSP for

(J(4), [a)* & J (1), J(1)? & —J(1)%, 1(2) & J (1)) = Ms(a)(2,4)-

Hence, the desired differential operator is given by

ures) = (25 (7o)

z—1

Carrying out all computations explicitly gives the result. |

9.3.8 Proposition For each choice of a point s € C\ {0,£1}, a parameter ¢ € C, a base
star T (0,1, —(s — 1) /4s,00) and A € Q \ Z such that exp(wi)\) = « holds, a solution of the
MDSP for

My(a) = (J(4),J(2) © J(1)%, J(1)* @ =T (1)*, [a]?)
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is given by the monodromy tuple of
Qualc,5,0) =40% (s — 1)* — 2(s — 1)2(49%(s*> — 10s + 1))
— 2(s — 1)%(893 (s — 105 + 1)) + 9?(55% + 5(8c + 8A\% — 90) + 8¢ + 5))
— 2(s — 1)2(0(s® + s(8c + 8X% — 50) + 8¢ + 1))
— 2(s — 1)2(s(3\* + 2¢ — 11) + 2¢ + 4c?)
— 452220 + 2+ \)(20 + 2 — \)(9%(25* — 85 + 2))
—452%(20 4+ 2 + \)(20 + 2 — \)(9(4s® — 165 + 4))
—452%(20 4+ 2+ N\)(20 + 2 — A\)(35% + s(\2 — 11 + 2¢) + 3+ 2¢))
— 4522320 +2 = N)(20 + 24+ A)(20 +4 — \) (29 + 4 + ).

Proof We mimic a construction inverse to the one done in Proposition [LZ1] on the level of
differential operators. Consider the operator

= (212 (nfod o)) oo

Its Riemann scheme reads

(0 -1 1 (s=1/(s+1)
R(P)={ -5 1 1 0
A 3 3 0
2 1 1

Moreover, for each choice of a base star I'((s — 1) /(s + 1), —1,1,0, 00), its monodromy tuple
is a solution of the MDSP for (J(2),[i],[i], [o], J(1)?). The latter tuple is precisely My(a)
extended by the identity matrix. A direct computation shows that the operator A(P;) has
Riemann scheme

(0 1 (s—=1)/(s+1)* 5 oo
o 3 0 0 0

RAMP)=q 7 1 0 L5,
-2 3 1 2 1

\ 22 1 42

*
where § € C is an apparent singularity. The operator < = > (A(Py))*p I1 has an irreducible
2

z—1

right factor P, whose Riemann scheme reads

(0 1 —(s—1)2/4s oo

0 0 0 :

R(P)=4¢ 0 1 3 3
SO

Y2 2 g
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Hence the desired differential operator reads
<P2 ® (4sz + (s — 1)2)_1/2> *i L +m I_a =: Qalc, s, ).
2 2
Carrying out all computation explicitly gives the result. |

9.3.9 Proposition For each choice of a point s € C\ {0,1}, a parameter ¢ € C, a base star
I'((0,1,s,00)) and a € Q \ Z such that « = — exp(2wia) holds, a solution of the MDSP for

Ms(a) = (J(4), (1) @ =J(1)*, J(1)* © = (1)*, [o] & —J (1)°)
is given by
Qs(c,s,a) = 165291 — 452(89% (s + 1) +1693(s + 1))
—452(20%(s(9 + a(1 — a)) + 9 + a(l — a) + 4c))
—452(20(s(5+a(l —a)) + 5+ a(l —a) + 4c))
—4s2(s(2—a’+a) +4c(a® —a+ 1)+ a+2 —d?)
+ 22(1694 (s + 45 + 1) 4+ 6403 (s? + 45 + 1))
+ 22(0%(45%(2a — 2a® + 23) 4 32s(c + a(1 — a) + 15) + 4(2a(1 — a) + 8c + 23)))
+ 22(169(s*(a(1 — a) + 4) + 64s(c + a(l — a) + 7) + 8(2a(1 — a) + 7+ 8¢)))
+22(s°(1+a)(2+ a)(2 — a)(3 — a))
—252%(a* — 2a® 4 a*(21 — 4c¢) + a(4c — 20) — 84 — 16¢))
+ 22((a® + 3a 4 2 + 4¢)(a® — 5a + 6 + 4c))
—22%(20 + 3)%(49%(s + 1) + 120(s + 1))
—223(20 4 3)%(s(11 + 3a(1 — a)) + 3a(1 — a) + 11 + 4c¢)
+ 2420 + 3)(20 + 5)(29 + 5 — 2a) (20 + 3 + 2a).

Proof As we have seen in the proof of Proposition L2l we have

Ms(a) = MH .y (A" (M0 (MH_35(V5(0))) © K1) Isoncc) )

with

Ms(a) = ((=J(2), =J(1) & J(1), =J (1) & J(1), J(2))
and 32 = —a. For each choice of a base star I'((0,1, s, 00)), the monodromy tuple of the
operator R(0, %, %, 0,¢,5) ® 2~ /2 is a solution of the MDSP for Mj(«). Therefore, a solution

of the MDSP for Mj5(«) is given by the monodromy tuple of the operator

2 11 _1 3
A (((R <0’§’5’°’C’8> 9e > e I%+(%+%)> ®Z“)*H Iy
which we call Qs(c, s, a). O

We summarize all the propositions of this section.

9.3.10 Theorem Let G = Sp,(C) and J € Sp,(C)* be a CY-tuple of Jordan matrices with
i¢(J) = 2. The MDSP for J is solvable if and only if J coincides up to permutation of its
elements and tensor products with m-tuples of rank one with one of the tuples M (a) — Ms5(«)
introduced in Proposition
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9.4 Comparison to earlier results

We try to find those operators in families @1 — @5 for which additionally properties (N),
(Q) and (Q+) are fulfilled. First observe that all of these properties depend on the choice
of s and ¢ and that none of them seems to hold for an arbitrary choice. As the space of
possible (s, c)-values is C \ {0,£1} x C, a straight forward search would be very elaborate.
Another option is to guarantee that properties (N) and (Q) hold for the Heun operator R(h)
we start with. Indeed, by Lemma and Corollary B2Z0] we see that property (N) is kept
by all constructions we use. We try to find as much Heun operators as possible which are
algebraic pullbacks of operators of CY-type, as for those property (Q) holds by Lemma B2
A complete list of possible pullbacks is stated in M]

In the sequel, we give a list of differential operators of degree two which are pullbacks of hy-
pergeometric ones and have an appropriate signature. The coefficients of their g-coordinates
are minimal over Z, which we have achieved after a transformation z — cz. We also state
corresponding parameters s, c, which are not unique. Note, that the cross-ratio of the sin-
gularities is invariant under the transformation z — Az. For those which are Picard-Fuchs
operators of one-parameter families of relatively minimal elliptic curves over Q with section,
we also state the related families in their Weierstra- form Y2 = 4X? — go(2) X — g3(z) which
we have computed using the results of M]

For sign(R(h)) = (0,0,0,0), we find the following six operators.

Number Operator (s,c)
1 92— 2 (T92+70+2) —822 (0 +1) (-4
2 92 — 2 (1192 + 119 +3) — 22 (9 + 1)° (55\/52—123, 15@—33)
3 9?2 — 2 (109% + 109 + 3) + 922 (9 +1)° (3,3
4 92 — 4z (392 + 39 +1) + 3222 (9 + 1)° (2,1)
5 92 — 32 (392 + 39 + 1) + 2722 (9 + 1)° <1+§\/§,1+é\/§>
6 92 — 2 (1792 + 179 +6) + 7222 (9 + 1)° (2,3)

Up to a tensor product with an operator of degree one, all of them are Picard-Fuchs operators
for the following families of elliptic curves:

Number Families
) 9 3(42+1)(642% + 4822 — 1224 1)
g3 (822—1—42'—1) (512z4+512z3+82—1)
0 9 3(z* — 1223 + 1422 + 122 4+ 1)
g3 20 —182° + 7524+ 7522 + 182 + 1
5 9 3(Bz+1)(2432% 424322 +92+1)
93 (2722 + 182 — 1) (7292 + 97223 + 27022 + 362 + 1)
1 92 3(65536 2% — 32768 23 + 5120 2% — 256 2 + 1)
93 (1282 — 32z + 1) (131072 2* — 65536 2° 4 10240 2> — 5122 — 1)
. 92 3(9z—1) (65612 — 2187 2% 4+ 2432 — 1)

g3 14348907 26 — 9565938 2° 4 2657205 2% — 367416 2> + 24057 22 — 486 2 — 1
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6 9 108 (122 — 1) (15552 2% — 3888 2% + 252z — 1)
gs 216 (2162% — 362 + 1) (373248 2% — 124416 2° 4 138242 — 504z — 1)

Hence all operators 1 — 6 are up to a tensor product rational pullbacks of the hypergeometric
differential operator 11 gy I s by Theorem EEZTl

12 12
For sign(L) = (0, A\, A\,0) we only found suitable operators if \ € {%, %, % )
Amongst those, the operators with signature (0, %, %, 0) can be constructed as follows:
Consider an operator L with sign(L) = (0,0, 0,0) whose singularities are given by {0, ay, ag, 0},

where a1, ag are roots of a polynomial p(X) = aX? +bX + 1 € Z[X]. Then

L'= ((=2/p(2))")" L € Q[z, ]

type, if L is.
For \ € {%, i}, we also obtain two operators of signature (0, A, A,0). All in all we get:

Nr., A Operator (s,c)

U, L 497 222 (2892 4149 4 3) + 8122 (20 + 1) (B2, 42T

2, L 492 22 (4492 + 229 +5) + 12522 (29 + 1)° (LT 1Le2i)

3,04 92—22(1002+59+1) +1622 (29 + 1)° (4,1)

. 9?2 — 22(1292 + 609 + 1) + 42%(20 + 1)? (17— 12v12,3 — V2)
5,5 492462 (1207 460+ 1) — 2722 (20 4 1)° (=7 +4v3,23=3)
6, 3 492 -22(689%+349 +5) +22(20+1)° (577 — 408v/2, % — 30v/2)
5 9P-3:(300° 4260 +7) + 4922 (30 +2)° (T + 303, 1B
8 1 9924122 (1592 + 109 +2) —822(39+2)® (-26 —15v/3, -1 —2/3)
9, L 1607 — 42(249 + 189 + 5) + 2522 (49 + 3)* (2T, 453)

10, 4 1607 — 42(569% + 429 + 9) + 22 (49 + 3)° (97 +56/3, 83 + 9v/3)

Up to a tensor product with an operator of degree one, we get the following Picard-Fuchs
operators for families of elliptic curves.

Number Families
. 92 147 (196 22 — 26 2 4 1) (9604 22 — 490 z + 1)
g3 343 (196 2% — 262 4 1) (13176688 2* — 1882384 23 4 86436 2% — 980 2z — 1)
g 9 3(642% — 19223 + 6422 + 242 + 1)
g3 51226 — 2304 25 + 2496 2* + 31222+ 362 + 1
o 9 3 (50022 +442+1) (2022 +202 + 1)
93 — (50022 + 442 4+1)% (422 —82 — 1)
. 9o (8122 =542 —3) (92 +1)(32—1)

g3 —(7292% — 97223 + 27022 + 362 + 1) (2722 + 1)
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By Theorem EEZT] and the discussion done before this yields a realization of the operators
1" —6’, 7 and 8 as twists of the hypergeometric operator 11 xg I s by an algebraic function
12 12

followed by a tensor product with an operator of degree one. Up to a tensor product with an
operator of degree one, we get operator number 9 as twist of I3 x [1 by
8 8

2562°
(z —1)*(2522 — 62+ 1)

p(z) = -
and operator number 10 as twist of I3 % 11 by
8 8

691223
(32 = 1)4(922 — 422+ 1)

U(z) = -

In the case sign(L) = (0, ;, ;,)\) we only found suitable operators if A € {%, %, i} All opera-
tors of this type can be constructed from those having signature (0, A, A, 0) completely similar
to the construction of those with signature (0,1, 2,0) from those with signature (0,0,0,0).

59 2’
By this approach, we find:

Nr., A Operator (s,c)

1, 5 9?42 (1492 +79+1) =822 (49 +1) (49 + 3) (-8,—3)
2L 9242 (4497 £ 220 4 3) — 22 (40 + 1) (49 + 3) (%wgwa_%gm@)
3% 92— 2(4092+200+43) + 922 (49 +1) (49 +3) (9,2)

47 L 9?7 — 42 (1297 + 69 +1) + 3222 (49 + 1) (49 + 3) (2,1)
57, 1 92432 (1202 + 60 + 1) + 2722 (40 + 1) (49 + 3) Cgﬁﬁ;f)
6", & 92 —22(3492 + 179 +3) +722% (40 +1) (49 +3) (£, 2)
7,48 92422602 4+13042) —322(39+1) (39 +2) (-5, %)
8, 1 924z (1002450 +1) +4822(39 +1) (30 +2) (ﬁ%gi;“;5>
9, 1 92— 2 (1292 + 69 +1) — 22 (80 + 3) (89 + 5) (—4,-1)
10, 92— 2 (2892 + 39 +3) + 1222 (80 + 3) (89 + 5) (2.4

Up to a tensor product with an operator of degree one, only operator 7' is a Picard-Fuchs
operator for a family of elliptic curves. This family is determined by

go=—3 (4322* —40z + 1) (162 — 1)
g3 = (4322% — 402 +1) (42— 1).

By the preceding discussion, each operator 1” — 6” and 7 — 10’ can be realized as twist of
a hypergeometric operator by an algebraic function followed by a tensor product with an
operator of degree one.
It seems that the operators of CY-type in families Q1 — @J5 are exactly those operators we
get if we start with one of the Heun operators mentioned above. The resulting operators are
stated in Section






Appendix A

Tables

A.1 Matrices

Partition of n Jordan matrices
(1,..., 1) a1 - P ay)
(n—1,1) (1 P o] @ g J (1) 2
(k, k) a1 @ as®
(k,k=1,1) o1 @as @ as] Blon Do 2D
(k+1,k) (1 @ ao]* P ay
(k,k,1) [a1 @ s @ as] Blor @ ao*
(4,2) [a1 @ a2 D a1 J(1)?
(2,2,2) [ @ a2 P as)?

Table A.1: Tuples of partitions and Jordan forms.

dsp,(c) Jordan form in Sp,(C) Jordan form in SO5(C)

A +(J(2) @ J(1)?) J(2) @ J(2) @ J(1)
—J(1)* @ J(1)? -J()* o J(1)
o [o]? [l ®J(1)] ®J(1)
+([o] © J(1)*)azs [0 @ J (1)
8 [[o] @ [Bllazs=r [lef] & [~ @ J(1)]
[[a] @ o] J(3)®a’®a?

Table A.2: Jordan forms in Sp,(C) and SO5(C).

107
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A.2 Operators

This section of the Appendix provides additional data for the families of differential operators
we constructed in the last three chapters. For the families of differential operators which have
a linearly rigid or a symplectically rigid monodromy tuple, we state their coefficients if known,
their Riemann scheme, an N-integral holomorphic solution at z = 0 and further solutions at
z = 1 if possible. For the families of differential operators which have a monodromy tuple of
rigidity index two in Sp,(C), we state their coefficients, their Riemann scheme and a table
of resulting operators of CY-type, which are transformed in such a way that the coefficients
of their g-coordinates are minimal over Z. In these tables, the entry number refers to the
number of the corresponding Heun operator stated in Section [I4 If the corresponding CY-
type operator of degree four appears in M], the entry source provides its number given
there. If it is equivalent to an operator stated in %}, we indicate that by the symbol
~. If it doesn’t appear in the original version of |, we write —. Nevertheless, these
operators appear as numbers 386 — 393 in the updated version.

A.2.1 Hypergeometric
PPy, . ap,2k) =0" —2(0 +a) (0 +1—a1) - (94 ap) (9 + 1 —ay)

e Riemann scheme:

(0 1 oo )
0 0 al
0 1 1—@1
0 2k-—1) ar
0 k—1 1—ay

\

e Special solution at z = 0:  f(z) = Apz™ with

e () () ()

e Special solution at z =1: g(z+1)=2F"13"> | BWm with

B® = 37 (1" IBM VB — i +1 - ap, ar)B(k — 1+ 1,1 - ay)

1<I<m

B(m — 1+ ag,1 —ag)B(k — ax + m,ay)

starting with
BY = (=1)"B(m + a1, 1 — a1)B(m + 1 — a1, a1).
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1
P"P(ay, ... a5, 2k +1) = 0" = 2(0 + a1) (@ + 1 —ar) -+ (9 + ap) (9 + 1 — ay) <§+§>

e Riemann scheme:

0 1 o0

0 0 aq

0 1 1-— al

0 2k — 2 ak

0 2k — 1 1-— Qg
2k—1 1

0 2 2

e Special solution at z = 0:  f(z) =Y~ Apz™ with

L o [ G [ B (i [

e Special solution at z = 1:

= i el 1 1 1 k) _m
g(z+1)=2z 2 E E (—1) B<k+m,§>B<m—l—|—§,—§>Bl z
with

B® = 37 (1™ IBM VB — i +1 - ag, ar)B(k — 1+ 1,1 - ay)

i<l<m

B(m — 1+ ag,1 —ax)B(k — ax + m,ay)

starting with
BY = (=1)"B(m + a1, 1 — a1)B(m + 1 — a1, a1).
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A.2.2 The even case

Pe(a,b,4) = 9 — 2(0 + b)(0 + 1 — b)(20% + 20 + o> —a + 1)
+ 220+ D)W +1-b) (0 +b+ 1) +2-):

e Riemann scheme:

0 1 00
0 0 b
0 1 1-0
0 a 1+b
0 l1—a 2—-b

e Special solution at z =0:  f(z) =Y~ Apz™ with
b+m—1\[m—b\ =~ a+m—k—1\?(k—a
A =
bl Qe
k=0
e Special solutions at z = 1: g(z—i—l):z“/zxzoB,(g)zm at z = 1 where

() — T I Y A I WA S
B =B(14y—b+ ,b)g( Dia(D)B(1 —b+1, ’y)(m z)( 1 >

with v € {a,1 — a} and

_ _la Y
o) = 3F2<1+% b—l' 1>
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Peven(b, 2k)

e Riemann scheme:

0 1 00

0 0 b

0 3 1-b
0 k-2 k—1-0
0 k-1 k—1+b
0o & k—b

e Special solution at z = O:

T e

m=0
with
B, = (—1)" "B UBI—i+1—bb)B(k—1+1,1—1b)
i<l<m
B(m —1+b,1—b)B(k—b+m,b),
where
0) 1 1\2
BO — (—1y"B( = L
© = 17 (54 mg )
and

1 1 11
B+l — D 51500 £ ) (R QR | - Sy
(r > (=)™ 'B; S Hl—ig rtg g

i<l<m
1 1 1
B<§—|—m—l,§>B<r—i—1—|—m,§>
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A.2.3 0dd case P°%(q,2k + 1)

e Riemann scheme:

0 1 00
0 0 a
0 % 1—a

)
o~
o[

e Special solution at z = 0:  f(z) =Y~ Apz™ with

A = A®) a+m-—1\/m—a
m m m m b

where

and

e Special solution at z =1: g(z+ 1) = 2> 0°_ B,,2™ at z = 1 with

Bun= Y (~1)"'BMPBl—i+1-bb)Bk—1+11-0b)

i<l<m
B(m —1+4b,1—b)B(k — b+ m,b),
where )
11 11 1
BO =N ()" —B(=+1,=) Bm—1+=,-)B 1,=
0= (5+13) Bon—1+5.50B0n+1.3)
and

1 1 1 1



A.2. Operators 113

A.2.4 Extra case

Pertra(q) = 1695 — 2 (20 + 1) (89% + 89 +5) (U +a) (0 + 1 — a)
+422020+43)20+1) W +2-a)W+1—a)(W+1+a)(W+a).

e Riemann scheme:

0 1 00
0 0 :
0 1 3
0 1 a
0 2 1—a
0 2 1+a
0 3 2—a

e Special solution at z =0:  f(z) =" Apz" with

= (IR ()

J
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A.2.5 Index zero in Sp,(C)

P%Qub):::</\2<<I%+a*j{1%fa@bz%)*I{I%+b*f{[%7b)Q@z%)*j{I%
= 649" — z (1289 + 256 ¥° + ¥*(304 — 128(a* + b°)))
— 2 (9 (176 — 128(a”® + b?)) + 39 — 48(a® + b*) — 256 a”b?)
+6422(W+1—a—b)(9+1+a—0)
(W+1—a+0b)(9+1+a+b)

e Riemann scheme:

0 1 00

0 —% 1—a—-5
0 0 1+a-—0
0 1 1—a+0d
0 3 1+a+bd

7
e Special solution at z = 0:  f(2) = " (Anz™ at z =0 with
1 m
5+m 1 1
_ (2
A, = < . > kgo <2/<:— 3 —m) « <—§,k> a(0,m — k),

where

3 1 3 1
a(v,m) =B (Z"‘a“"/‘{'m,z—G>B<Z—a+v+m,1+a>

3 3 3 3
B(Z 2 p)B(2- 2
<4+b+u+m,4 b) <4 b+1/+m,4+b>
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P4(a,b) : :Sym2 <Ia*H Ib®_[1—a—b) * i I%
2
=49 —22(29+1)* (0*+9+2ab—a+1-1)
+2229+1)(29+3)W+1+a—b)(I+1+b—a)

e Riemann scheme:

0 1 %)

0 0 i

0 1 3

0 —%—i—a—i—b 1+a—-05

0 %—a—b l—a+0b
( )

e Special solution at z =0:  f(z) = °  Apz™ with
1 m
m— 3 a+k—-1\(b+k—1\/m—k—a\/m—k—0>
A = 2 .
S D G i [ G Sy [ (R [ (e
k=0
e Special solutions at 2 =1:  g(ap)(z +1) and g(_q1-4)(z + 1) with

o0

Gapy(z+1) = 23797 > Blhm
m=0

where

1) & -1 a—1
(a,b) _ o - _ _ 2
Bl B<2 a b+m,2>ZB(1 b+1,1 a)a(l)(m_l>< z >

=0

and

L 1—b 1—a, a—1—
a(l):4F3< l, b, a, a l—i—b'l)‘

b—1,a—1,2—a—>b
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A.2.6 Index two in Sp,(C)

Qi(e,s,a) =0s—z(W+a)(9+1—a) (192(1+5)+19(1+s)—|—c)
+ 220 +2-a)W+1—a)(W+1+a)(¥+a)

Riemann scheme:

(0 1 S 00
0 0 0 a
0 1 1 1—a
0 1 1 1+a
0 2 2 2—a

CY-operators: We seem to get operators of CY-type if a € {%, %, i, %} In particular, we
find

Number Operator Source
a=%:45
—_ 1.
1 P2 (T2 +T9+2) W +a)W+1-a) =5 15
1.
822 +2—a)(W+1—a)(W+1+a)(W+a) o717 08
a=3: 62
a=13%:25
— 1.
P =2 (1192 + 110 +3) (W+a) (W +1—a) =3 2
1.
2Wir2-a)Wrl-a)@+1+a)@+a) =151
a=g: 63
a=73: 58
1.
3 0 — 2 (1092 + 100 +3) (W +a) (W +1—a) ¢=3: 70
— 1.
1920 +2—a)W+1—a)(W+1+a)W@+a) ¢=a° 09
a:%: 64
a=1%: 36
1.
4 9 —4z(30°+39+1)(W+a)(W+1-a) @¢=3° 48
1.
4322200 +2—a)(W+1—a)W+1+a)(W+a) @17 38
a=%: 65
a=3%: 133
1.
5 9 -3z (302 +30+1)(W+a)(W+1-a) ¢=35F 134
1.
12T 2 W+2—a) (W +1—a)(WI+1+a)(@+a) T a7 13
a=g: 136
a=3%: 137
1.
6 9 — 2 (17T? + 179 +6) (W +a) (@ +1—a) @=5: 138
1.
47220 +2—a)(W+1—a)(@+1+a)(W+a) T a7 139
a:%: 140
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Qa2(c, 8, \) = 49%s — 2 (29 + 1)* (9> + 9?5 + 9 + I s + 4c)
+22Q2043) 20+ (W +1+NW+1-N),

Riemann scheme:

4 3\
0 1 s 00
1
0 0 0 3
0 1 1 1—A
0 1 1 14+ A
3
0 2 2 5

CY-operators: For \ = % we get operators of CY-type, which we have already constructed
before and thus omit them in the following table. Despites that we find

Number Operator Source

i\ 49" =22 (294 1)* (79> + 70 + 3) 41
+8122 (20 +1) (9 +1)* (209 + 3)

o/ 49" — 2220+ 1) (119% + 119 + 5) 187
+12522 (29 4+ 1) (0 4+ 1) (29 + 3)

3 9 — 2 (29 +1)* (592 + 509 +2) 16
+1622 (29 + 1) (9 +1)* (29 + 3)

4 9 =22 (20 +1)* (392 + 30 +1) 42
+422(2041) (9 +1)* (20 4 3)

5 49 +62(20+1)* (392 +39 +1) 184
—2722(20+1) (W +1)> (209 + 3)

6 49 =22 (20 +1)* (179% + 170 + 5) 29
+22(20+1) (W +1)* (29 +3)

7' 49" +22 (20 +1)% (139% + 139 + 4) 2%
—322(29+1) (39 +2) (39 +4) (29 + 3)

g 9t —82(209 + 1) (592 +59+2) strange
+1922% (209 +1) (39 +2) (39 +4) (29 + 3)
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o 0 — 4229 +1)* (392 +39+1) 18
—162% (209 + 1) (49 +3) (49 +5) (209 + 3)

10/ 0t — 4229+ 1) (792 +794+3) 183
+48 2% (29 + 1) (49 +3) (49 +5) (29 + 3)

Note that if we start with 8, we end up with an operator which seems to fulfill (Q) but not
(Q+). Actually, this is the only known example of this type.
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Qs(c,5,\) =94 (s — 1) = (5 — 1)%2(0*(s® — 105 + 1) + 203(s® — 10s + 1))
— (5 =12 2(*(* A = A2+ 1) +25( N2+ A +c—12) + 1+ X — X2 +2¢))
— (s = 1)22(0(s*AM1 = A) +25(AV2+ X +c—T7)+ A1 = \) +20))
— (s = 1)%2(c* =35+ A(cs + ¢+ s)))
— 45229 + 1)3(9%(25% — 85 + 2) + 20(25% — 85 + 2))
—452%(09 + 1)2(s*(3 4+ X — 2X3) 4+ s(4N2 + 20 + 2¢ — 13) + 3+ A + 2¢ — 2)?)
22300 4+ 1)(9 + 2)(20 — 21 + 3)(20 + 2)\ + 3)

Riemann scheme:

4s o0
1
0 0 -5 1
0 1 0 32
0 1 1 24+
3
0 2 5 2
\
CY-operators:
Number Operator Source

0t — 2 (28 4 1459% + 290 9* + 2859* + 1400
+3222 (19492 + 3889 + 327) (9 + 1)°
—20736 2% (9 +2) (9 +1) (209 + 3)?

~ 100

9 — 2 (1997 + 199 + 6) (79> + 79 + 2)
+82% (12797 + 2549 + 224) (9 + 1)°
—500 2% (9 +2) (0 4 1) (209 4 3)*

~ 101

0+ 22 (49" + 89° + 379 + 3399 + 9)
—362% (92092 + 1849 + 189) (9 + 1)°
—20736 2% (9 +2) (9 + 1) (209 + 3)*

~ 103

0% + 2 (80 + 2409 + 480 9% 4 5929* + 352))
+2048 2% (6 9% + 129 + 5) (¢ + 1)
—65536 2° (9 +2) (9 +1) (209 + 3)*

~ 107

0t + 2 (72 4 243 9% + 486 9% + 56792 + 3240)
+58322% (392 + 69 +4) (9 + 1)
+787322% (9 +2) (9 +1) (209 + 3)*

~ 165
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9% + 2 (180 + 575 9% + 11509 + 137997 + 804 4))
+3168 22 (2692 4 529 + 27) (0 + 1)°
—20736 2 (9 +2) (9 +1) (209 + 3)*

~ 144

0t + 2 (210 + 776 9* + 155297 + 173892 + 9621))
+324 2% (58092 + 11609 + 747) (0 + 1)°
+13436928 2° (9 + 1)* (9 + 2)?

1/

9% + 2 (310 + 1016 9* + 20329° + 24109 + 13949))
+500 22 (53292 + 10649 + 563) (9 + 1)*
+4000000 23 (9 + 1)* (9 + 2)*

2/

0* + 2 (152 + 368 0" + 7369 + 10209° + 6521))
—81922% (9% + 29 +6) (9 + 1)
9437184 23 (9 + 1) (9 + 2)°

3/

9 =162 (697 + 60 —1) (29 + 1)°
—1024 22 (6092 + 1209 + 97) (0 + 1)°
—2097152 2% (9 + 1)* (9 + 2)°

~ 291

0t =182 (1297 + 120+ 5) (397 + 30 + 1)
+2916 22 (36 9% + 729 + 55) (9 + 1)°
—5038848 2% (9 + 1)* (9 + 2)*

~ 73

O+ 2 (—46 — 1144 9* — 2288 9% — 159092 — 446 7))
—42% (23009% + 46009 + 3621) (0 + 1)°
—18432 2% (9 4+ 1) (0 + 2)*

6/

0t + 2 (126 + 4199 + 838 9* + 9859* + 566 9)
+196 2% (25092 + 5009 + 301) (9 + 1)°
1288122 (60 + 11) (69 +7) (9 + 2) (9 + 1)

0t + 2 (—24 — 2489 — 4969 — 400 9% — 1529))
+642% (11207 + 2249 + 187) (9 + 1)°
—1536 2% (69 +11) (69 +7) (9 +2) (9 + 1)
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0* + 2 (70 4 264 9% + 528 9% + 58692 + 322)

9 —
+100 2% (22892 + 4569 + 335) (9 + 1)°
440000 2% (49 +5) (49 +7) (9 +2) (9 + 1)
0t — 22 (2392 + 230 +5) (209 + 1)°
10 ~ 266

—42% (38092 4 7609 + 657) (0 + 1)°
—1922% (40 +5) (40 +7) (9 +2) (9 +1)
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Qalc,s,0) = 40* (s — 1)* — 2(s — 1)2(40* (s> — 105 + 1))
—2(s — 1)2(893(s* — 105 + 1)) + 9%(55> + s(8c + 8A% — 90) + 8¢ + 5))
— 2(s — 1)2(9(s* + s(8¢ + 8\* — 50) + 8¢ + 1))
— 2(s — 1)2(s(3\% + 2¢ — 11) 4 2¢ + 4¢%)
—4522(20 4+ 2 + \)(20 + 2 — \)(9?(25% — 85 +2))
—452%(20 4 2 + \)(20 + 2 — \)(9(4s® — 165 + 4))
—452%(20 4+ 2+ N)(20 + 2 — X)(35> + s(A2 — 11 + 2¢) + 3+ 2¢))
— 4522320 + 2 = A)(20 + 2+ N) (29 +4 — \) (20 + 4+ )

Riemann scheme:

( 0 1 —% o0
0 0 -1 1-3
0 1 0 1+ 3
0 1 1 2-3%
0 2 3 243
CY-operators:
Number Operator Source

0t — 2 (23209" + 464097 + 42289 + 19089 + 360)

1// ~ 33
+1024 2% (49 +5) (49 + 3) (979% + 1940 + 144)
—1327104 2% (49 4+ 5) (409 +7) (49 4+ 3) (49 +9)
§ 0t — 2 (21289 + 4256 9° + 3076 9 + 9489 + 116)
2 ~ 302
+16 2% (49 4 5) (49 + 3) (1016 9> + 20329 + 1585)
—32000 2 (40 + 5) (40 +7) (49 + 3) (49 +9)
9t + 2 (1289 + 256 9° + 12889 + 11609 + 300)
3" ~ 293

—144 2% (49 4+ 5) (40 + 3) (3689 + 7369 + 657)
—1327104 2% (49 4+ 5) (49 +7) (49 4 3) (49 +9)

0 + 2 (38400 + 768097 + 92809 + 54404 + 1200)
+32768 22 (49 + 3) (49 + 5) (69% + 129 + 5)
—4194304 23 (49 +5) (49 +7) (49 + 3) (49 +9)
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0* — 2 (3888 0" + 777697 + 874897 + 48601 + 1044)
+11664 22 (49 + 3) (49 + 5) (24 9% + 489 + 29)
—5038848 23 (40 +5) (49 +7) (49 + 3) (49 +9)

9 4 2 (92009 + 184009° + 216289 + 1242849 + 2712)
+9216 2% (49 + 5) (49 + 3) (1439% + 2869 + 144)
—1327104 2% (49 4+ 5) (49 +7) (49 +3) (49 +9)

9t — 2 (10009 + 20009° + 16189° 4 6184 + 102)
+122% (69 +5) (69 + 7) (4199 + 8381 + 647)
—7056 2% (69 + 5) (69 + 13) (69 +7) (69 + 11)

7/

0t — 2 (17929 + 358497 + 419297 + 24009 + 528)
+768 2% (69 + 5) (69 + 7) (319 + 621 + 34)
—36864 2% (69 +5) (69 4+ 13) (69 +7) (69 + 11)

0t — 2 (9129 + 18249° 4 1796 9* + 8849 + 180)
+176 2% (89 +7) (89 + 9) (2497 + 489 + 35)
—6400 2% (89 + 17) (80 +9) (80 + 15) (89 + 7)

9/

9t + 2 (1520 9" + 304097 + 3628 ¥ + 21089 + 468)
+48 27 (89 +9) (80 + 7) (18497 + 368 + 183)
—2304 2% (89 +17) (89 4+ 9) (89 4 15) (89 + T7)

~ 154
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Qs(c,s,a) = 165291 — 452(89% (s + 1) +1693(s + 1))
—452(20%(s(9 + a(1 — a)) + 9 + a(l — a) + 4c))
—452(20(s(5+a(l —a)) +5+a(l —a) + 4c))
—4s2(s(2—a*+a) +4c(a®* —a+1)+a+2—d
+ 22(169%(s® + 45 + 1) 4+ 64093 (s? + 45 + 1))
+ 22(0%(45%(2a — 2a® + 23) 4 32s(c + a(1 — a) + 15) + 4(2a(1 — a) + 8¢ + 23)))
+ 22(169(s*(a(1 — a) + 4) + 64s(c + a(l — a) + 7) + 8(2a(1 — a) + 7+ 8¢)))
+22(s°(1+a)(2+a)(2 — a)(3 — a))
— 2522 (a* — 2a® 4 a*(21 — 4c¢) + a(4c — 20) — 84 — 16¢))
+ 22((a® 4 3a 4+ 2 + 4¢)(a® — 5a + 6 + 4¢))
—223(20 + 3)%(49%(s + 1) + 120(s + 1))
—223(20 4+ 3)%(s(11 + 3a(1 — a)) + 3a(1 — a) + 11 + 4c¢)
+ 2420 4 3)(20 + 5)(20 + 5 — 2a) (20 + 3 + 2a)

Riemann scheme:

0 1 s o0
1 1 3
0 -3 -3 2
5
0 0 0 5
0 1 1 3+a
3 3 5
0 3 3 g—a

CY-operators: We seem to get CY-operators if a € {%, %, i, %} To be more precise, we
find

Number Operator Source
160* — 82 (569 + 1129° + (132 + 14a(1 — a))¥?))

-8z ((76 + 14a(1 — a))9 + 17 + 4a(1l — a)) a=1: 150

+42% (14329* + 572893 + (10670 + 716a(1 — a))9?) a=4%: 151

v +422 ((9884 + 1432a(1 — a))v) a=1: 152
+422 (64a® — 32a* — 868a” + 836a + 3681) a=¢: 153

—3242% (29 + 3)% (2892 + 849 + 21 a(1 — a) + 80)
+6561 24 (29 +5) (29 4+ 3) (29 + 3 +2a) (29 +5 — 2a)




A.2. Operators 125

169* — 82 (8891 + 176 93 + 2(104 + 11a(1 — a))v?)

—82(2(60 + 11a(1 — a))v¥ + 27 + 6a(1 — a)) a=3%: 121
+422 (29369* + 117440° + (20822 + 1468a(1 — a))¥?)  a = %:~ 168
2 +422 (18156 + 2936a(1 — a))V) a=1:~22
+42% (8a® — 4a* — 1612a* + 1608a + 6417) a=g:~230
—5002% (240 + 3)* (4492 + 1329 + 33a(1 — a) + 126)
+15625 24 (29 +5) (29 +3) (29 + 34+ 2a) (29 +5 — 2a)
94 — 2(409* + 80093 + (94 + 10a(1 — a))¥?)
—2((54 + 10a(1 — a))9 + 12 + 3a(1 — a)) a=1%:39
+32% (1769* + 7049 + (1188 + 88a(1 — a))¥?) a=13: 50
3 +322 ((968 + 176a(1 — a))v) a=1%:37
+322(3a* — 6a3 — 89a? + 92a + 320) a=¢%: 66
—322% (20 + 3)% (209 + 609 + 15a(1 — a) + 57)
+256 2% (29 +5) (29 +3) (29 +3+2a) (29 +5 — 2a)
U — 2z (249* + 4893 + (56 + 6a(1 — a))V?)
—22((3246a(1 —a))d + 7+ 2a(1 — a)) a=3%:~122
+427 (1529 + 60893 + (926 + 76a(1 — a))v?) a=1%:~170
& 422 ((636 + 152a(1 — a))0) a=1:~231
+42? (8a* — 16a® — 64a® + 72a + 169) a=g:~232
~162% (20 +3)* (1202 + 369 — 9a® + 34 + 94)
+162* (29 +5) (29 +3) (29 +3+2a) (29 +5 —2a)
1604 + 242 (249 + 4893 + (56 + 6a(1 — a))d))
4242 ((32 + 6a(1 — a))9 + 7+ 2a(1 — a)) a=1%:~164
+4z% (10809* + 432003 + (5670 + 540a(1 — a))¥?) a=3:~172
5 +422 ((2700 + 1080a(1 — a))v) a=1:~227
+42z% (108a* — 216a” — 324a® + 432 + 225) a=§:~228
—324 23 (209 +3)* (1209% + 369 + 9a(1 — a) + 34)
+72924 (294 5) (29 +3) (29 +3+2a) (29 +5—2a)
169* — 82 (1369* + 27293 + (316 + 34a(1 — a))¥?)
—82 ((180 + 34a(1 — a))¥ + 39 + 12a(1 — a)) a=3%: 44
+427% (46320* + 1852803 + (27342 + 2316a(1 — a))¥?) a=1: 53
¢ +422 (17628 + 4632a(1 — a))¥) a=1:5
+42% (288a* — 576a® — 1860a? + 2148a + 4209) a=2%: 149

—42% (29 + 3)% (6892 + 2049 + 51a(1 — a) + 192)
+24 (29 +5) (29 +3) (29 +3+2a) (29 +5—2a)
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Abstract

This thesis is devoted to the study of Picard-Fuchs operators associated to one-parameter
families of n-dimensional Calabi-Yau manifolds whose solutions are integrals of (n,0)-forms
over locally constant n-cycles. Assuming additional conditions on these families, we describe
algebraic properties of these operators which leads to the purely algebraic notion of operators
of CY-type. Moreover, we present an explicit way to construct CY-type operators which
have a linearly rigid monodromy tuple. Therefore, we first use the translation of the exis-
tence algorithm by N. Katz for rigid local systems to the level of tuples of matrices which
was established by M. Dettweiler and S. Reiter. An appropriate translation to the level of
differential operators yields families which contain operators of CY-type. Considering ad-
ditional operations, we are also able to construct special CY-type operators of degree four
which have a non-linearly rigid monodromy tuple. This provides both previously known and
new examples.






Zusammenfassung

In der vorliegenden Arbeit beschéaftige ich mich mit Picard-Fuchs Operatoren fiir Familien
von Calabi-Yau Mannigfaltigkeiten der Dimension n mit einem Deformationsparameter, deren
Losungen durch Integrale einer (n,0)-Form iiber lokal konstante n-Zykel gegeben sind. Ich
beschreibe algebraische Eigenschaften dieser Differenzialoperatoren fiir Familien, die weiteren
Bedingungen unterliegen. Dies fiihrt zum rein algebraischen Begriff des Differenzialoperators
vom CY-Typ. Fiir diejenigen, deren Monodromietupel linear starr ist, stelle ich auflerdem
eine explizite Konstruktionsmethode vor. Hierzu verwende ich den Existenzalgorithmus fir
linear starre lokale Systeme von N. Katz und die von M. Dettweiler und S. Reiter erarbeitete
Version desselben fiir Matrixtupel. Daraufhin entwickele ich eine geeignete Version fiir Dif-
ferenzialoperatoren, was zu Familien fiihrt, die Differenzialoperatoren vom CY-Typ enthalten.
Des Weiteren bin ich unter Verwendung zusatzlicher Operationen in der Lage spezielle Dif-
ferenzialoperatoren vierter Ordnung vom CY-Typ zu konstruieren, deren Monodromietupel
nicht linear starr ist. Dies fiihrt sowohl zu bereits bekannten als auch zu neuen Beispielen fir
Operatoren dieser Klasse.
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