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Abstract

Using Mellin-Barnes integrals we give a method to compute a relevant subgroup of
the monodromy group of an A-hypergeometric system of differential equations. Pre-
sumably this group is the full monodromy group of the system

1 Introduction

At the end of the 1980’s Gel’fand, Kapranov and Zelevinsky, in [11], [12], [13], defined
a general class of hypergeometric functions, encompassing the classical one-variable hy-
pergeometric functions, the Appell and Lauricella functions and Horn’s functions. They
are called A-hypergeometric functions and they provide a beautiful and elegant basis
of a theory of hypergeometric functions in several variables. For an introduction to the
subject we refer the reader to [33], [5] or the book by Saito, Sturmfels and Takayama,
[29]. We briefly recall the main facts. Let A C Z" be a finite set such that

1. The Z-span of A is Z.
2. There exists a linear form h such that h(a) =1 for all a € A.

Let a = (aq,...,a,) € R". Denote A = {ay,...,ay} (with N > r). Writing the vectors
a; in column form we get the so-called A-matrix

a1 a2 - GIN
A— a.21 azg - a2.N
Qry Ap2 - ArN
For i =1,2,...,r consider the first order differential operators

Zi = aj1v101 + ai2v202 + - - - + a;NUNON
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where 0; = % for all j.
Let
L={(l1,...,Ily) € Z"| lha; + lhag + --- + Iyay = 0}

be the lattice of integer relations between the elements of A. For every 1 € L we define

the so-called box-operator
l; —;
b= H 9 — H 9;
1;>0 1;<0

The system of differential equations

(Zi—ai)q) = 0 (izl,...,T)
0 = 0 1el

is known as the system of A-hypergeometric differential equations and we denote it by
Ha(a). It turns out that in general the solution space of H4(a) is finite dimensional
with dimension equal to the volume of the convex hull Q(A) of A. In order to be more
precise we have to introduce C'(A), the cone generated by the R>¢-linear combinations

of ay,...,ay. We say that an A-hypergeometric system is non-resonant if the boundary
of C(A) has empty intersection with the shifted lattice a + Z". We have the following
theorem.

Theorem 1.1 (GKZ, Adolphson) Suppose either one of the following conditions holds,

1. the toric ideal 14 in C[0y,...,0n]| generated by the box operators has the Cohen-
Macaulay property.

2. The system Hy(a) is non-resonant.

Then the rank of Hx(a) is finite and equals the volume of the conver hull Q(A) of the
points of A. The volume is normalized so that a minimal (r — 1)-simplex with integer
vertices in h(x) =1 has volume 1.

Theorem 1.1 is proven in [13], (corrected in [15]) and [1, Corollary 5.20].

Among the many papers written on A-hypergeometric equations there are very few
papers dealing with the monodromy group of these systems in general. In the case
of one-variable hypergeometric functions there is the paper by Beukers and Heckman,
[8], which give an characterisation of monodromy groups as complex reflection groups.
There is also a classical method to compute monodromy with respect to an explicit
basis of functions using so-called Mellin-Barnes integrals, see F.C.Smith, [32]. In the
special case of the fourth order equation with symplectic monodromy there is a detailed
calculation in [9]. A recent paper by Golyshev and Mellit, [16], deals with the same
problem using Fourier-transforms of I'-products. A recent paper by K.Mimachi [25]
uses computation of twisted cycle intersection.
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For the two-variable Appell system F; and Lauricella’s Fp, monodromy follows from
the work by E.Picard [28], T.Terada [35] and Deligne-Mostow [10]. In T.Sasaki’s pa-
per [30] we find explicit monodromy generators for Appell Fj. They all use the fact
that Lauricella functions of Fp-type can be written as one-dimensional twisted period
integrals and monodromy is a representation of the pure braid group on n + 1 strands
(where n is the number of variables).

The two-variable Appell F, has been considered explicitly by M.Kato, [19]. The Appell
F3 system has the same A-set as Appell F», and therefore gives nothing new. Finally,
the Appell system Fj has been considered completely explicitely by K.Takano [34] and
later Kaneko, [18]. In Haraoka, Ueno [17] we find some rigidity considerations on the
monodromy of Fy. In the paper [24] by K.Matsumoto and M.Yoshida, the authors
provide generators for the monodromy of Lauricella Fjy.

Finally, the complete monodromy of the Aomoto-Gel’fand system F(3,6) has been de-
termined by K.Matsumoto, T.Sasaki, N.Takayama, M.Yoshida in [22] and further prop-
erties in [23]. See also M.Yoshida’s book "Hypergeometric Functions, my Love’, [36].
In essentially all of the above studies the monodromy is computed by studying the be-
haviour of Euler integrals for hypergeometric functions under analytic continuation and
corresponding deformation of the contours of integration. For this, knowledge of the
fundamental group of the complement of the singular locus of the system of equations is
required. It is the purpose of the present paper to avoid these geometric difficulties as
long as possible and compute monodromy groups of A-hypergeometric systems by meth-
ods which are combinatorial in nature. We do this by starting with local monodromy
groups which arise from series expansions of solutions of H4(a). It is well known that
such local expansions correspond one-to-one with regular triangulations of A. This is a
discovery by Gel’fand, Kapranov and Zelevinsky that we shall explain in Section 2. The
local monodromy groups have to be glued together to build a global monodromy group.
This glue is provided by multidimensional Mellin-Barnes integrals as defined in Section
3. Unfortunately, the Mellin-Barnes integrals do not always provide a basis of solutions.
But if they do (Assumption 4.5), the construction of the global group generated by
the local contributions is completely combinatorial. In Section 6 we give a practical
recipe for the calculation of these matrices. This algorithm is based on the theoretical
considerations in the preceding sections.

Although in a good number of classical cases the method described in Section 6 works
very well, it is not always garantueed to work. There are two potential obstacles:

1. There does not always exist a basis of Mellin-Barnes solutions. In many classical
cases such a basis exists. For example, two variable Appell, Horn and higher
Lauricella Fx, Fg, Fp. But, on the other hand, in case of Lauricella F~ and many
other Aomoto-systems such a basis does not seem to exist. This is a subject of
further investigation.
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2. The group we calculate is the subgroup generated by the contributions of local
monodromies at different points, modulo scalars. Let us call this group IMon. It
is not clear if this group equals the complete monodromy group modulo scalars,
which we denote Mon.

The reason we consider the monodromy group modulo scalars is that for the A-
hypergeometric system and their classical counterparts these groups are the same.
An explanation for this can be found at the end of Section 2.

The groups we calculate are determined with respect to a basis of solutions in Mellin-
Barnes integral form. In the case of one variable ,,41F),, they turn out to coincide with
the matrices found in [8] (see Section 8). If one would like to calculate monodromy
matrices with respect to explicit bases of local power series expansions one would have
to find an explicit calculation of a Mellin-Barnes integral as a linear combination of
power series solutions. This is a tedious task which we like to carry out in a forthcoming
paper. We remark that such a calculation has been carried out in the so-called confluent
case (i.e. A does not lie in translated hyperplane) by O.N.Zhdanov and A.K.Tsikh,
[37]. In her PhD-thesis from 2009, Lisa Nilsson [26] introduced (non-confluent) A-
hypergeometric functions in terms of Mellin-Barnes integrals and initiated their study.
It is these integrals that we shall use.

In the remainder of this paper we assume that the shifted lattice o + Z" has empty
intersection with any hyperplane spanned by r — 1 independent elements of A. In that
case we say that the system is totally non-resonant. Note that this is stronger than
just non-resonance where only the faces of the cone spanned by the elements of A are
involved. Non-resonance (and a fortiori total non-resonance) ensures that our system
is irreducible, see for example [14, Thm 2.11] or [6] for a slightly more elementary
proof. Non-resonance also implies that A-hypergeometric systems whose parameter
vectors are the same modulo Z" have isomorphic monodromy, see [6, Thm 2.1], which
is actually a theorem due to B.Dwork. Total non-resonance implies T-nonresonance
for every triangulation T in the terminology of Gel’fand, Kapranov and Zelevinsky. In
particular this implies that the local solution expansions will not contain logarithms.
So local monodromy representations act by characters. We prefer to leave the case of
logarithmic local solutions for a later occasion.

The starting data of our computation will not be the set A and parameter vector c, but
rather a dual version as follows. Let d = N — r. This will be the number of variables in
the classical counterpart of the A-hypergeometric system (number of essential variables,
e.g. d = 2 in the Appell cases). Choose a Z-basis for the lattice L, which has rank d,
and write the basis elements as rows of a d x N matrix B. In the literature the transpose
of B is often called a Gale dual of A, we simply call B a B-matriz. The matrix B has
the property that it has maximal rank d, the Z-span of the columns is Z¢ and A.B? is
the zero matrix. We denote the columns of B by b;, j = 1,..., N. Then the space
L®R C RY is parametrized by the N-tuple (b;-s,...,by-s) with s = (s1,...,54) € R?
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as parameters. In our computations we take a B-matrix as starting data and instead of
the parameters a we choose ¥ = (71,...,vn) € RY such that ya; +--- + yyay = a.
Notice that there is some ambiguity in the choice of v which we will fix later. The reason
we take B and ~ as starting data is that they are easily read off from the classical power
series expansions. In the next section we see an example of this.

2 Power series solutions

Consider the system H4(c) and a formal solution

li+m IN+YN
1)1 ) ’l}N

@ pu—
K EF(Z1+71+1)“T(1N+7N+1)

where ~ is chosen such that a = y1a; + - - - + yyan. This expansion was introduced in
[13]. It is a Laurent series multiplied by generally non-integral powers of the variables
v;. We call such a series a twisted Laurent series. As is well-known we have a freedom of
choice in « by shifts over L ® R. We shall use this freedom in the following way where,
again, we denote the columns of the B-matrix by b;. Choose a subset I C {1,2,..., N}
with |I| = d = N — r such that b; with ¢ € I are linearly independent. It is known
that | det(b;);cr| = | det(a;);j¢r| and we denote this quantity by A7. Choose - such that
v; € Z for all i € I. There are precisely Aj such choices for v which are distinct modulo
L ® R. The series ® now reads

Lt Ul-j +i

_ Yy J
(I)V_ZHF(ZH-WH'D XHF(ZJ+7j+1)

€L i€l jer

Since y; € Z for all ¢ € I this summation extends over all 1 with v; +1; > 0 for all 7 € I.
The other terms vanish because 1/T'(vy; +1; +1) = 0 whenever ~; +1; is a negative integer
for some i € I. Hence ®., is now a twisted power series. Let us fix such a choice of . It
is not hard to see that a set of series ®., with ~-values which are distinct modulo L ® R,
is linearly independent over C.

Let now p1, ..., pn be any N-tuple with the property that pil; +-- -+ pniny > 0 for any
non-zero 1 € L with [; > 0 for all ¢ € I. Then, according to Theorem [5, Proposition 16.2]

or [33, Section 3.3,3.4], the series ® converges for all vy, ..., vx with Vi : |v;| = t# and
t € Ry g sufficiently small. We call such an N-tuple p1,...,pn a convergence direction
of ®,.

There is one important assumption we need in order to make this approach work.
Namely the garantee that none of the arguments v; + [; is a negative integer when
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j & I. Otherwise we might even end up with a trivial series solution. Notice that

N
a=3) va;=) yaj(modZ)
Jj=1 JEI
So if v; € Z for some j ¢ I, the point a lies modulo Z" in a space spanned by the
r — 1 remaining vectors a;. Under the assumption of total non-resonance this situation
cannot occur.
From now on we assume that H () is totally non-resonant. We denote the set of all
sets I such that Ay = |det(b;)ier| # 0 by Z. When s = A; > 1 we must take s copies
of I in this list. To each I € 7 there corresponds a choice of v and we see to it that
all these choices are distinct modulo L ® R. So to an index set I which occurs s times
there correspond s choices of « that are distinct modulo L ® R. The corresponding
powerseries solutions are denoted by ®;.
Choose I € 7 and a convergence direction (p1,...,pn) such that pily + -+ pyly >0
for all non-zero 1 € L with Vi € I : [; > 0. Note that if (p1,...,pn) is a convergence
direction, then after adding an element of the R-row span of A, it is still a convergence
condition since Ax = 0 for all x € L ® R. Consider the element p = sz\; 1 pib; in the
column span of B. By shifting over the row span of A we can see to it that p; = 0 for
all i ¢ I. Hence p =) ;.; pib;. The convergence condition is now equivalent to saying
that the new p; are positive. So if we denote
A > 0} s

b; = { D Aib;
i€l

the convergence condition can be restated as p € by. By a slight abuse of language we
call the vector p also a convergence direction.

Conversely, fix an element p in the span of all b; which does not lie on the boundary
of any by. Define Z, = {I|p € br}. Then, by the theory of Gel’fand, Kapranov and
Zelevinsky the powerseries ®; with I € Z, form a basis of solutions with a common
open region of convergence. We call such a set a basis of local solutions of Ha(ca). It
also follows from the theory that the sets Z, are in one-to-one correspondence with the
regular triangulations of the set A. This correspondence is given by Z, — {I¢|I € Z,}.
The intersections of the simplicial cones by define a subdivision of R? into open convex
polyhedral cones whose closure of the union is R¢. This is a polyhedral fan which
is called the secondary fan. The open cones in the secondary fan are in one-to-one
correspondence with the bases of local series solutions. As an example let us take the
system Appell F5. The standard Appell Fs-series reads

Z (a)m+n( ) (5) xmyn'

wiZo MR ()m (7))

F2(a7/37ﬁ,777’7/7x7y) =
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We hope no confusion arise with the existing notations «, . Using the identity
I'(z)I'(1 —2) =n/sinmz

we see that the series is proportional to
m777,:U’l'7,

m;() I(—a—m—n+1)0(—B—m+1)T(=p'—n+1)T(y+m)T (v +n)D(m+1)T(n+1)

The basisvectors (—1,—1,0,1,0,1,0) and (—1,0,—1,0,1,0,1) of L are given to us nat-
urally because these are the coefficient vectors of m and n respectively in the I'-factors
of the expansion just given. This follows from the shape of the canonical solution ®..
So our B-matrix reads

A parameter vector v can also be read off from the I'-expansion, namely

Y= (*O‘v *B)*IBIVV - 1a’7, - 1’070)'

The column vectors of B are depicted here,

J

bs, b,

O
&
Ew

b, 4 b,

For example, consider the vector (—0.5, 1) in this picture. We see that it is contained in
the positive cones of the following pairs: {bg, bs}, {b2, b7}, {b1,bs}, {b1,b7}. Taking
the complimentary sets of indices of each pair we get

{17 37 47 6’ 7}7 {17 37 47 57 6}7 {27 3? 47 57 6}7 {27 37 4? 57 6}'

These form the index sets of the simplices of a triangulation of the set A. Take the
alternative parameter vector

’7:(7/_5_0[_17077/_1_ﬁ/57_18_1)0)_/671_’)/)7
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which differs from the original choice by an element of L ® R. The coordinates on
positions 2,5 are made zero, corresponding to the choice bgy, bs. The formal solution for
this new parameter vector reads

! ! ! !
y —B—a—1l-m-n —m ' -8 —1-n y—B—1+m n —B+m l—'+n
1 Vg U3 Uy Vs Vg Uy

2 P(y/—f—a—m—n)l(=m+ DTy’ ~§'~n)(y—B+m)D(n+ 1) (= f+m)D (2" +n)

m,n
Since 1/T'(n+1) = 0 whenn < 0 and 1/I'(—=m+1) = 0 when m > 0 we see that our sum-
mation runs over m < 0 and n > 0. Replace m by —m to get vy ~#= 1y =8 =1y =01, -8, 1=
times

n

Z (vivavy tvg )™ (vsvrvy tog )
I(

e DO ==astm=n)T (e DIy =5 =)L (= =m)T (n+ )P (—=f=m)T (2= +n)

a twisted powerseries in 1111)2114_11)6_ Land UsU7V] 11)6_ ! which has (—0.5,1) as convergence
direction. In the same way we can construct three other (twisted) powerseries expansions
and thus obtain a basis of local powerseries solutions of our system.

To return to our general story, suppose we have a basis of local series solutions and

suppose they converge in an open neighbourhood of a set defined by |v1| = ry,..., |vy| =
ry with 7; > 0 for all i. Let v&), ..., ~(P) be the choices of 4 used in the construction
of the local series solutions ®1,...,®p. Given any N-tuple of integers ni,...,ny we

define the closed path ¢(ni,...,nyx) by
Lrned™nN e o, 1].

(T1€2mn1t’ .

Taking (71,...,7n) as a base point, the series ®; changes into

exp(2mi(nyY + -+ nyy () = exp(2mi n - 4V))

times ®; after analytic continuation along c(n1,...,ny). The group of these substitu-
tions is called a local monodromy group with respect to ®1,...,Pp. It is important to
note that it is generated by d elements and a group of scalar elements generated by the
scalars exp(2mic;), j =1,...,r. The explanation is as follows. The r rows of the matrix
A span a lattice. The basis of rows can be completed to a basis of Z¥ by d = N — r
extra integer vectors mnp,...,ng, say. So all n € Z" are Z-linear combinations of these
vectors. Suppose that n is the j-th row of A. Since n -~ = aj foralli =1,...,D,
the local monodromy transformation is the scalar element given by exp(2mic;). The
remaining vectors ni,...,ny provide us with d generators. In our implementation in
Section 6 we shall make a sensible choice for these generators.

The fact that we have d generators corresponds to the fact that the number of essential
variables (modulo homogeneities) is d. The scalar group is simply the difference between
the full A-hypergeometric system and its classical counterpart. In this paper we shall
adopt the convention that we compute the monodromy modulo scalars. Hence it suffices
to compute the d generators of the local monodromies.
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3 Mellin-Barnes integrals

Let notations be as in the previous sections. Consider the parametrization of L ® R
by the N-tuple (by -s,...,by -s) with s = (s1,...,54) € R? as parameters. Choose
o= (01,...,04) € R%

We now complexify the parameters s; and consider the integral

N
Mon,eoow) = [ TIT (=% — by - )22 (MB)
o+v/—1 R4 i1

where ds = ds; A -+ A dsq and the integration takes place over —oo < Im(s;) < oo and
Re(s;) = o; for i =1,...,d. This is an example of a so-called Mellin-Barnes integral. It
will be crucial in the determination of the monodromy of A-hypergeometric systems.
We prove the following Theorem,

Theorem 3.1 Assume that v; < —b; - o fori=1,2,...,N. Then the Mellin-Barnes
integral M(vy,...,vN) satisfies the set of A-hypergeometric equations H a(cx).

This will be done under the assumption that the Mellin-Barnes integral converges ab-
solutely. We come to the matter of convergence in the next section.

Proof: The Mellin-Barnes integral clearly has the property
M(t* vy, ..., t*NoN) = t*M(vy,...,vN)

for all t € (C*)N. So M (v) satisfies the hypergeometric homogeneity equations.
Now let A € L and put A = Ay —A_ where AL have non-negative coefficients and disjoint
support. Define |\| = Z,fil |Ai|. Then

D)\M(Uh"'?UN)
N

o+v—1R? ;5

N
(/2 / . [I T —bi-s+a_ o] s A gs,
o++/—1R4 i1

Choose sy such that b; - sy = \; for ¢ = 1,..., N. Then the second integral is actually
integration over sy + v/—1R? of the integrand of the first integral.
Because of the assumption v; < —b; - & we see that —y; — tb; - (sy + ) + A+; > 0 for
allt €[0,1] and i = 1,..., N. Hence the d + I-dimensional domain {t(s) +) +iR%|0 <
t < 1} does not contain any poles of the integrand and a homotopy argument gives that
the two integrals are equal and cancel.

O
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Not all systems H4(a) allow a choice of negative 7;. However, under the assumption
of non-resonance it is known that two hypergeometric systems H4(a) and H4 (') have
the same monodromy if @ — &’ € Z" (see [6, Theorem 2.1]). We call such systems
contiguous. Thus we can always replace an irreducible A-hypergeometric system by a
contiguous one which does allow a choice of v; < —b; - o for all 7. In concrete cases we
can also play with the value of . From now on we make this assumption, i.e all our
Mellin-Barnes integrals are solution of an A-hypergeometric system. Of course there is
also the question whether or not M (v1,...,vy) is a trivial function. By Proposition 4.5
we will find that it is non-trivial.

4 Convergence of the Mellin-Barnes integral

We find from [2] the following estimate. Suppose s = a + bi with a1 < a < a2 and
|b| = oco. Then
IT(a + bi)| = vV2r|b|*~ 12~ ™P1/2[1 4 O(1/|b))].

Notice also that for any v € C* we have |[v*%| = |v|%e~¥8(), Write s; = o; + i1; for
j=1,...,N —r. Let us denote 6; = arg(v;) and [;(7) = l;(71,...,74). The integrand
in the Mellin-Barnes integral can now be estimated by

N N
[T 0(=3 = bi - 9))o "% < cymax|my| exp | =D wlb; - 7l/2— b;b; - 7
=1 j=1

where ¢y, co are positive numbers depending only on «;,v;,0;. In order to ensure con-
vergence of the integral we must have that

N
ZW’bj'T|/2+(9jbj'T>0 (C)
j=1

for every non-zero T € R%. We apply the following Lemma.

Lemma 4.1 Given N vectors p1,...,pn in R%. Suppose they have rank d. Let q € RY.
Then the following statements are equivalent,

i) For all non-zero x € R%:
N
la-x| <) |pi-x|
i=1

i1) There exist uy,...,un with —1 < p; < 1 such that

q=pip1+- -+ UNPN-

10
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Proof: First suppose that q = pp1 + - - + pnxpn. Then, for all non-zero x € R?,

N
lq-x| = |ZM¢P¢'X|
i=1
N N
< > willpi x| <Y [pi - x|
i=1 i=1

To show the converse statement consider the set

N
V= {Zuz‘pi

i=1

_1<Mi<1}-

This is a convex set. Suppose q € V. Then there exists a linear form h such that h(q) >
h(p) for all p € V. In other words, there exists x € R? such that q - x > Zf\il AiPi - X
for all —1 < A; < 1. In particular,

N
’q'X\ZZ’pi'X|
i=1

contradicting our assumption. Hence q € V.
O

Application of Lemma 4.1 with q = Zjvzl 0;b; and p; = wb;/2 to inequality (C) on
page 10 yields the following criterion.

Corollary 4.2 Let notations be as above. Then the Mellin-Barnes integral converges
absolutely if there exist u; € (—1,1) such that

0; 1
> 5 Pi= 7 > wibi.

N
=1 i=1

1=

Let us define Zp = {iZf\il wibilpi € (—1,1)}. This is a so-called zonotope in d-
dimensional space. The convergence condition for the Mellin-Barnes integral now reads

N
9.
E flbiEZB.
e— 2T
=1

As an example let us again take the system Appell Fy. Recall that our B-matrix reads

t
B -1 -1 0 1 0 1 O '
-1 0 -1 01 0 1
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As before, a parameter vector 7 can also be read off from the I'-expansion, namely
vy =(—a,—8,-8,v—1,7—1,0,0). When «, 3,5 >0 and 7,7 < 1 we see that « has
negative components, except for the last two. By making a suitable choice for o € R?
we can see to it that v; < —b; -~y for all 5. Thus the corresponding Mellin-Barnes integral
is indeed a solution of the Fy-system. The zonotope Zp can be pictured as

1
-1} {1
-1
and the convergence condition reads
1
%(—91 — 0y + 04+ 05, —01 — O3 + 05 + 97) € Zp.

Note that the four points (£1/2,41/2) are contained in Zp. They correspond to the
arguments @ = 27(0,0,0,0,0,+1/2, +1/2). These argument choices represent the same
point in vy, ...,v7-space. Hence we have four Mellin-Barnes solutions of the system Fb
around one point. According to Proposition 4.3 these integrals are linearly independent,
and hence form a basis of local solutions of the F5-system. We say that we have a Mellin-
Barnes basis of solutions.

Proposition 4.3 Let vo = (v§0),...,v](\(,))) € (CN and let © be a finite set of N-
tuples @ = (01,...,0N) such that vj(-o) = ]vj(»o)| exp(i6;) and the sums 5= Z;lzl 6;b; are
distinct elements of Zp. To each 8 € © denote the corresponding determination of the
Mellin-Barnes integral in the neighbourhood of vg by Mg.

Then the functions Mg are linearly independent over C.

The proof of this Lemma depends on a d-dimensional version or if one wants, repeated
application, of the following Theorem.

Theorem 4.4 (Mellin inversion theorem) Let ¢(z) be function on C satisfying the
follwoing properties

(a) ¢ is analytic in a vertical strip of the form o < x = Re(z) < B where a, 5 € R.
(b) [7 |o(x +1iy)|dy converges for all x € (o, B).

12
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(c) ¢(z) — 0 uniformly as |y| — oo ina+e <z < —¢€ foralle > 0.
Denote for all t > 0,
1 c+1i00
t) = — t* dz.

10 =50 [0l

Then,
o0
o) = [ e
0

For a proof of this theorem see [21, Appendix 4, p341-342|. A treatment of the multidi-
mensional case can also be found for example in [3].

Proof of Proposition 4.3. Suppose we have a non-trivial relation ) g.g AgMg = 0. Let
us use the notation (6 - B)(s) = 01by -s+---+60yby -s. The relation can be written as

N
0 :/ Agel@BYE) |y Prs .oy PV S T T(—v; — by - s)ds
s€o++v/—1R4 (Z }_Il

6co

Let us now write ; = |v1]%% - - - |uy|?N3 where b;; are the entries of the B-matrix. Then

,U1|b1~s . ,vN,bNS =it
By repeated use of the Mellin inversion Theorem 4.4 we conclude that the vanishing of
the integral implies the identical vanishing of

3 2ge@B)E)

6co

Since the exponentials are all distinct linear forms in sq,..., sq this implies that Ag =0
for all 8 € ©.
O

Another proof of Proposition 4.3 can be found in [26, Lemma 5.5]. However, I hesitate
somewhat about its completeness and decided to give the proof above.

Since we assume that v; < 0 for all 4, all Mellin-Barnes integrals are solutions of the cor-
responding A-hypergeometric system. It would be very convenient if such a basis of solu-
tions given by Mellin-Barnes integrals would always exist. It turns out that with the ex-
ception of Appell Fy all d = 2 systems Appell Fy, F5, F3 and Horn Gy, Go, Gs, Hy, ..., H7
this is the case. A theoretical framework for a result like this may be provided in the
PhD-thesis of Lisa Nilsson [26] suggesting that there does indeed exist such a basis if
the complement of the so-called coamoeba of the A-resultant is non-empty. In [26] this
is elaborated for the case d = 2.

Let us now make the following assumption on our system H4 (o).

13



5 MONODROMY COMPUTATION

Assumption 4.5 There exists a point vo € (C*)N with an open neighbourhood in which
there exists a Mellin-Barnes basis of solutions.

For the practical determination of a Mellin-Barnes basis we use the following Proposi-
tion.

Proposition 4.6 Let Ha(a) be a non-resonant system of rank D. The system allows
a Mellin-Barnes basis of solutions if and only if the zonotope Zpg contains D distinct
points T1,...,Tp whose coordinates differ by integers. Note that Zp is an open set in
R4,

Proof: From the discussion above it follows that the existence of a Mellin-Barnes basis
corresponds to the choice of D N-tuples (61,...,0n), representing argument choices of
a given point. Hence the differences between these N-tuples have coordinates which are
integer multiples of 27. The sums % vaz 1 0;b; are distinct, hence the D Mellin-Barnes
basis elements correspond to D points T; € Zp whose coordinates also differ by integers.
Suppose conversely we have D points 7; € Zp whose coordinates differ by integers.
Since the Z-span of the columns b; is Z¢% we can find for every 1 integers n;1,...,M;N
such that 7; — 71 = nj1by + -+ n;nyby. Soif (01,...,0N) is an argument choice for 7,
then the N-tuples (61 + 27n;1,...,0N + 27n;N) represent argument choices for 7; with
1=1,2,...,D.

O

For later use, we consider the vector 8; of arguments and the vectors 7; as column
vectors. Then 277; = BO; for j =1,2,...,D.

5 Monodromy computation

Suppose our system H4(a) allows a Mellin-Barnes basis of solutions (Assumption 4.5).
Denote the basis elements by Mi,..., Mp and the corresponding points in Zg by

Ti,...,Tp. It is the goal of this section to compute the local monodromy groups with
respect to the basis My, ..., Mp. To this end we shall determine the transition matrices
from M, ..., Mp to each of the bases of local series expansions.

To each point 7; there corresponds a (not necessarily unique) choice of arguments 8; =
(Arg(vy),...,Arg(vy)) fori =1,..., D. We assume that the arguments are chosen such
that the differences 6; — 6, have all their components equal to integer multiples of 27
(see Proposition 4.6). Let vg € (C*)N be a point whose coordinates have arguments 7.
In particular we have a basis of Mellin-Barnes solutions around vy. The Mellin-Barnes
integral corresponding to the argument vector 6; is denoted by M;.

14



5 MONODROMY COMPUTATION

Let fi,...,fp be a basis of series expansions for some local basis. Suppose that the
realm of convergence of these local series expansions contains the torus R: |v;| = r; for
i=1,...,N. Choose a point v, € R with the same argument values as v and let ¢ be

a path from vy to v{, while keeping the arguments fixed. In a neighbourhood of v{, we
also have a Mellin-Barnes basis of solutions which are simply the analytic continuation
of My,...,Mp along ¢. For any N-tuple of integers n = (nq,...,ny) we consider the
loop

c=c(n)=c(ny,...,nyN): (627””1':1}50)/, ol eanNtv](\(,)),), t €[0,1].

Note that after analytic continuation of M; along the path ¢((6; — 61)/2m) we end up
with the Mellin-Barnes solution M; for every j. We denote this path by c;.
Let us denote a basis of local series expansions by fi,..., fp and the corresponding
choices of 4 by v, ..., ~(P). We regard the latter as row vectors. Then there exist
scalars u; such that

My =pifi+--+upfp

in a neighbourhood of v{.. After continuation along c; the integral M; changes into
M; for every j. Under the paths ¢; the local expansions f; are multiplied by scalars.
The space spanned by M, ..., Mp is D-dimensional. The space spanned by the images
of pifi + -+ ppfp under ¢j(v(),j = 1,2,...,D is at most equal to the number of
non-zero ;. Hence we conclude that p; # 0 for all ¢. Let us renormalise the f; such
that

My =fi+---+ fp.

Then after continuation along c; we get
M; = ei’V(l)(gj—Ol)fl 4ot ei‘Y(D)(Gj—OﬂfD

for every j. Define

e 1
€i7(1)(02_91) e eiﬁy(D) (92_01)
Xp= : :
V(@001 .. ivP(6p-6)
Then
M,y bil
: = Xp
Mp Ip
hence X, is the desired transition matrix. Let us now consider any closed path of
the form 6~ 'c(n)d,n € ZY beginning and ending in vo. Continuation of My, ..., Mp

along ¢ is trivial since the Mellin-Barnes integrals converge throughout. However these

15



6 AN IMPLEMENTATION

integrals do not converge anymore if we continue along c¢(n). For that we have to
change to the local basis f;,i = 1,...,D. Analytic continuation along c(n) changes
them into 277" fifori=1,...,D. Express these solutions in terms of the M; again
and continue back along §~!. The monodromy matrix can be computed as follows.
Let x,(n) be the diagonal D x D-matrix with entries eQWi'V(Z)n, 1 =1,....,D. It is
the monodromy matrix with respect to fi,..., fp. With respect to My,..., Mp this
monodromy element has matrix X,x,(n)X, . Thus we see that all local monodromies
can be written with respect to a fixed Mellin-Barnes basis.

6 An implementation

The considerations in the previous sections, together with some practical tricks, lead to
an algorithm to compute monodromy matrices, which we describe in this section.

We start with a totally non-resonant hypergeometric system Ha(a) and we assume
that there exists a Mellin-Barnes basis. The starting data are a d x N B-matrix B and
a parametervector 7 (in row form) such that Avyy = a. In general both B and =g
can easily be read off from an explicit series solution of a hypergeometric system. For
example, from the expansion of Appell F» as on page 7. We also assume we know the
rank D of the system.

Step 1. Using the B-matrix we determine the zonotope Zp and a find D distinct points
in it, whose coordinates differ by integers. Since we assumed the existence of a Mellin-
Barnes basis these points exist. Call the points 7, ..., 7p. From the proof of Proposition
4.6 we know that to each 7; there exists a column vector of arguments 6; € R™ such that
2n1; = B6O;. However, we do not compute these angle vectors.

Step 2. Construct the set Z of all subsets I of cardinality d of the columns {by,...,bx}
with 07 = |det;er(b;)| # 0. As a fine point, if A; > 1 we include Aj copies of I in Z.
For each I there exists a parametervector 4! in the following way. Denote the rows of
the B-matrix B by 1y, ...,1y, recall that this is a basis of the lattice L. In case A; =1
we take the uniquely determined real numbers p1, . . ., g such that vo+ p1ly +- - -+ pgly
has i-th coordinate 0 for all 4 € I and call this sum /. In case A; > 1 we make
A7 choices for (p1,...,puq), distinct modulo Z%, such that ~g 4 g1l + - -+ 4 pglg has
integer coordinates on the i-th position for all ¢ € I. In this way we get A different
parametervectors 4! (in row form) for a given I € Z. However, in the computation we
only retain the (row vectors) u! = (u1,. .., uq)! for each I. They have the property that
~f — 9 = p!'B for all I.

Step 3. To every I we associate a column vector Xy of length D given by

Xr=(1, exp(2mpl(7'2 —T1))y- - ,exp(2m’uI(TD — 7)) (1)

16



6 AN IMPLEMENTATION

Since, for each j =1,2,..., D we have

2rpl(1j —m) = w'B(0; —61)
= (v =)0 —61)

the j-th components of X; differs by a factor

eXp(—i’YO(ej — 91))

from the similar components in the columns of the transition matrices X,. The only
effect is that the transition matrices built out of our present X; will give us the transition
of the Mellin-Barnes basis to a renormalized local basis. This will have no effect on the
monodromy computation.

Step 4. For every cone in the secondary fan (specified by a convergence direction p inside
that cone) we determine the sets I € Z such that the cone or, equivalently, p lies in the
positive real cone spanned by the vectors {b;};c;. Call this set of sets Z,. The theory
of Gel'fand, Kapranov and Zelevinsky tells us that Z, contains precisely D sets (when
we count possible repetitions of a set with Ay > 1). Let X, be the D x D-matrix whose
columns are the vectors X; with I € Z,. The matrices X, are the transition matrices
from the Mellin-Barnes basis to the local power series basis, all of whose elements contain
p as a convergence direction.

Step 5. For every cone in the secondary fan (specified by a convergence direction p) we
determine the characters of the local monodromies of the corresponding power series
solutions. Let Iy be such that |det(b;) cr,| = 1 We choose a set of d generators for the
local monodromy as follows. For every j =1,...,d we define n; € ZN such that n; has
support in Iy and Bn; = e;, the j-th standard basis vector in R?. Since the support is
in Iy we have yon; = 0. Furthermore,

v'nj = (v —y0)n; = (u' = p") By = pj — i

for j =1,...,d. Hence the characters corresponding to the path c(n;) read

exp(2miy'n;) = exp(27ri(,u§ — ;éo)).

Step 6. This is the final step in which we compute d monodromy matrices for every
cone of the secondary fan. For a cone, specified by a convergence direction p, and a
loop ¢(n;) (defined in step 5) we construct the matrix X, as in Step 4, and a diagonal
matrix x, ; with entries exp(27riu§), I €1,, as in Step 5. We see to it that both in X,
and Y, ; we keep the same ordering of the set Z,. Then construct the matrix

1
Mp; = Xpxp,iX,

17



7 AN EXAMPLE, APPELL F,

Let F' be the number of open cones in the secondary fan. Then we get dF monodromy
matrices in this way. They generate a subgroup of the monodromy group whose projec-
tivization (quotient by scalars) we denote by IMon. As remarked before, computation
of local monodromies by other loops will only add scalar matrices and therefore does
not change [Mon.

7 An example, Appell F,
Recall that a B-matrix is given by
-1 -1 0 1 0 1 0O
B_<—1 0 -1 0 1 0 1>
and a parameter vector v = (—a, —3,—3",v—1,7—1,0,0). We trust that no confusion

will arise with the existing notations v and «. Two powerseries solution expansions have
already been given on pages 6 and 7. The set Z consists of 15 elements, {1,3}, {1,4},

{16}, {1,5}, {1,7}, {1,2}, {2,3}, {2,5}, {2,7}, {3,4}, {3,6}, {4,5}, {4,7}, {5,6},

{6,7}. Here is a table with the corresponding values of u”.

J | ut 8 [ {2,5} | -B,1—+
114{1,3} | —a+p8,-0 9 | {2,7}| -8,0
2 1 {1,4} |1—v,-1—a+~y 10 | {3,4} | 1 —~,—p
3| {1,6} | 0,—-a 11| {3,6} | 0, -4
41 {1,5} | —-1—a++,1—7 12 | {4,5} | 1—~,1—+
51 {17} | -1++,—a,0 13| {4,7} | 1—~,0
6| {1,2} | —B,—a+p 14 | {5,6} | 0,1 —+
7142,3) | -8, -4 15 | {6,7} | 0,0

As noted earlier, the zonotope Zp contains the four points (+1/2,+1/2). Define
= (=1/2,-1/2)", 7 = (1/2,-1/2)", 75 = (=1/2,1/2)", 74 = (1/2,1/2)".
Then the vectors X, as defined in Step 3 of our algorithm on page 16, read
Le(ui), e(py), e(ui + p3)

where we use the notations e(z) = e*™® and a = e(a),b = e(B),b = e(B'),c = e(y),d =
e(v'). Here is the list of all X; with the same ordering as in the previous table,
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AN EXAMPLE, APPELL F,

7 X,
1 {1,3} |1 b/a 1/b 1/a
2{1,4} |1 1/e c¢/a 1/a
sl{16}|1 1 1/a 1/a
41 {1,5} |1 d/a 1/¢) 1/a
50{1L,7} |1 1/a 1 1/a
6| {1,2} |1 1/b b/a 1/a
7123 1 16 1y 1

8

9

10
11
12
13
14
15

{2,5}
{2,7}
{3,4}
{3,6}
{4,5}
{4,7}
{5,6}
{6,7}

1
1
1
1
1
1
1
1

1/b
1/b
1/c
1
1/c
1/c
1
1

1/d
1
1/
1/b
1/d
1
1/d
1

1/bc
1/b

1/cb’
1/t

1/ed
1/c

1/d

1

To write down local monodromies we use Step 5 of our algorithm. The characters e(u1)
are said to correspond to path I and the characters e(u2) correspond to path II. We do
not need to write down a separate table for them since they are simply the second and
third component of the vectors X .
As an example for the action of path I on a local basis we take the four local basis so-
lutions with convergence direction —0.5, 1, as before. The transition matrix X, consists
of the vectors X ; with numbering 4,5,8,9 in Table 7. The transition matrix reads

X, =

For the path I we get the monodromy matrix

d/a

X

which equals
0

(=1+d)/ab 1/b+1/a+/a

0

—1/ab

0
0

-1/

0

1

d/a 1/a

1/d
1/a

|
—_
}ooo

1
1/b
1/d
1/a 1/bd

1+1/d

1
1/b
1
1/b

0

d/ab

0
0

0
1
0

1+1/¢

—/a
1

1/b
with respect to the Mellin-Barnes basis. For the path II we get

The calculation so far has been carried out for the convergence direction (—0.5,1). In
fact we get the same matrices for every convergence direction in the cone spanned by

19



8 AN EXAMPLE, CLAUSEN 3F,

bo, by of the secondary fan. We can proceed in the same way with the other four cones.
In each case we find two monodromy matrices. After removing duplicate matrices we
end up with six monodromy matrices. They are given in the Appendix of this paper,
together with a comparison of them with the five generators given by M.Kato in [19].
It turns out that the group generated by our six generators is conjugate to the group
computed in [19].

8 An example, Clausen 3fF5

In this section we apply our method to the case of one variable

a1, 092,03
3F2 < ’ ’ Z)

617/82

which, up to a constant factor, is defined by the series

I'(ag + ) (a2 +n)l(ag+n)
2 L'(B1 4 n)L(B2 + n)n!

n>0

Using the identity I'(z)I'(1 — z) = 7/ sinmz we see that the series is proportional to

(=2)"
; I'l—a; —n)I'(1 —ay —n)I(1 —asz —n)I(B1 +n)['(B2 +n)I'(1 +n)
So the B-matrix is given by
B=(-1,-1,-1,1,1,1)

and Zp is simply the open interval (—3/2,3/2). In it we can take the three points
71 = —1,7% = 0,73 = 1 and so we see that we have a Mellin-Barnes basis of solutions.
For the set Iy we take {6} and

Yo = (_ah —Q2, a3, 517 B27 O)

We consider the components modulo Z. The set of columns of B has 6 subsets of
cardinality 1 and the corresponding values of u; are

aq, 02, 3, _617 _627 0.
Letting a; = e(o;) and b; = e(3;) we get for the vectors X,

(1-;@17@%)7 (17 az, a’%)? (17 as, a/g)
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9 EXISTENCE OF MELLIN-BARNES BASES 21

(1,b1,0%), (1,b,b2), (1,1,1).

There is only one loop to consider for every local basis. Consider the convergence
direction —1. This lies in the positive cones spanned by bq, bo, b3 respectively. The
transition matrix reads

1 1 1
Xp=|a a2 a3
af aj dj
and the diagonal character matrix
aq 0 0
Xo=10 ax O
0 0 as
We get
0 1 0
-1

ai1a2a3 —asa3 — a2a1 — asa] ai +as + asg

This is precisely the matrix representation for the monodromy matrix around z = oo
for 3F» as given in [8]. We get a similar result for the monodromy matrix around z = 0
(with b1, be, 1 instead of ay, a2, as)

9 Existence of Mellin-Barnes bases

In this section we show that certain families of hypergeometric equations satify Assump-
tion 4.5, and some don’t (the case of Lauricell F).

9.1 Lauricella Fy

The Lauricella system F4 in n variables is a system of rank 2". From the powerseries

Fa(a,b,clx) = Z Mxm

= (¢)mm!
in x = (x1,...,x,) we see that an n x (3n + 2) B-matrix is given by
110 -0 -1 0 -0 -1 0 -0
1 01 .-0 0 -1 -0 0 -1 -0
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The B-zonotope is thus given by the points
m
Aer+---e,) + Z,uz‘ez'
i=1

where |\| < 1/4 and |p;| < 3/4 for i = 1,...,n. Let us choose ¢ > 0 sufficiently small.
Consider the 2" points

(3/4—2¢)(e1+---+e,) —kier —---kpe,
where k; € {0, 1} for all . Each such point equals
(1/d—¢€)(e1+---+en)+(1/2—k1 —€)er+ -+ (1/2 -k, — e)e,

which is clearly contained in the B-zonotope.

9.2 Lauricella Fp

The Lauricella system Fp is also a system of rank 2". From the powerseries

b
Fp(a, b, c|x) = Z (@) (b)m )r'nxm
m>0 (c)‘m|m
in x = (x1,...,2,) we see that an n x (3n + 2) B-matrix is given by
1 0 o100 .--0 -1 -1 0 -0
01 0 0 1 o -1 0 -1 ---0
o060 -.--1060 -1 -1 0 0 ---—1

Note the B-zonotope is the same as in the case of Lauricella F4. Hence there exists a
Mellin-Barnes basis of solutions.

9.3 Lauricella Fp

The Lauricella system Fp in n variables is a system of rank n+ 1. From the powerseries

(@) m| (b)me

(c)‘m‘m'

Fp(a,b,clx) = Z

m>0
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in x = (x1,...,x,) we deduce an n x (2n + 2) B-matrix
110 -0 -1 -1 0 - 0
1 01 o -1 0 -1 --- 0
100 ---1 -1 O o --- -1

Hence the B-zonotope consists of the points
Xo(er + -+ +ey) +Ater + -+ ey

where |\;| < 1/2 for i = 0,1,...,n. Choose ¢ > 0 sufficiently small and consider the

n + 1 points
k

—e(nel + (n — 1)62 + -+ 2e,1 + en) + Zei
=0

for k=0,1,2...,n. Each such point can be rewritten as
(1/2—(n—k—1/2)e)(e1 + - +en) + Y _(£1/2— (k—j — 1/2)e)e;
j=1

where +1/2is 1/2 if k > j+1/2 and —1/2 if k < j + 1/2. Hence they are contained in
the B-zonotope and we have found a Mellin-Barnes basis for Lauricella Fp.

9.4 Lauricella F¢

The Lauricella system F¢ in n variables is system of rank 2. From the powerseries

Feo(a,b,clx) = Z wxm

= (¢)mm!

in x = (x1,...,2, we deduce an n x (2n + 2) B-matrix
1 1 -1 0 - 0 -1 0 - 0
11 0 -1 --- O o -1 --- 0
11 0 o -~ =1 0 o - -1

Note that the B-zonotope is the same as for Lauricella Fp, but this time we have to
find a Mellin-Barnes basis of 2" solutions. Clearly this is impossible if n > 1.
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9.5 Aomoto-Gel’fand system FE(3,6)

This system forms the subject of the second part of M.Yoshida’s book [36]. It is an
Aomoto system which can be reinterpreted as an A-hypergeometric system. It has four
essential variables (d = 4) and rank 6. system that corresponds to configurations of six
points (or lines) in P2. We start by giving the A-matrix of the system,

0 1 0 0

S
I
cor~roo

1
0
1
0
0

o= O OO
O~ OO
_ o O O

0
1
0
1
0

_ o o o
_— o O =

1
1
0
0

and the parameters (o, 2,2 — ay,2 — as,2 — ag). The integrand of the Euler integral
as defined in [7, p 607] reads
Sal71ta271t%—a4t§—a5té—a6
1 —t1<8+t+ 1) —t2(8+U1t+U3) —t3<3+'l}2t—|—1)4)

Perform the substitutions t; — ¢1/(s +t+ 1),t2 — t2/(s + vit + v3) and t3 — t3/(s +
vat + v4). We obtain the integrand

ds ANdt A\ dt; N\ dits A dis.

EI I B )
L)%™ ds Adt A\ dity A\ dto A dt
1—t1—t2—t321:11( z) 1 2 3

where
Li=s, Lo=t, Ls=1, Ly=s+t+1,

Ls =s+wvit+wv3, Lg =5+ vot + v4

and ag = 3 — a1 — ay — ag — a5 — ag. Integration with respect to t1,t2,t3 leaves us
with a 2-form which is the integrand given on page 221 of [36], but with v; instead of
x'. Thus we see that our A-matrix corresponds to a Gel’fand-Aomoto system which is
associated to configurations of six lines in P2. The system is a four variable system of
rank 6. It is irreducible if and only if none of the «; is an integer, see [23, Prop 2]. A
possible B-matrix reads

1 0 -1 0 0O0 -1 01
1 -1 0 0 OO0 -1 10
1 0 -1 -1 01 0 O O
1 -1 0 -1 1.0 0 O O

The set Z consists of 81 sets, and hence 81 distinct local solutions. The number of local
solution bases is 108. In a straightforward manner one can check that the B-zonotope
Zp contains the points

p,p+(0,0,0,1),p+(1,0,0,0),p+ (1,0,1,1),p+ (1,1,0,1),p+ (1,1,1,1)
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10 HERMITIAN FORMS

where p = (—0.9,—0.4, —0.5, —0.7). Hence the system F(3,6) has a Mellin-Barnes basis
of solutions. Computation of a set of generators for the monodromy group (M on is now
straightforward. We get 82 matrices, but have not made an attempt to compare with
the 20 generators of Mon found in [22].

10 Hermitian forms

In the cases where we carried out the algorithm given above, it turns out that whenever
a € R”, and the system is totally nonresonant, there exists a unique (up to a constant
factor) hermitean form which is invariant under the group [Mon. Subsequent studies
lead us to the following conjecture.

Conjecture 10.1 Let Hy(a) be a non-resonant A-hypergeometric system with o € R”.
Then there exists a non-trivial unique (up to scalars) Hermitean form, invariant under
the monodromy group. More concretely, there exist a Hermitean D x D-matriz H such
that gt Hg = H for all elements g of the monodromy group. Here D denotes the rank of
Hy(o).

Moreover, when the system is totally non-resonant, the signature of H is determined by
the signs of the numbers

[Isin(=)

igl

as I runs through the elements of I, for some convergence direction p.

We want to deal with this matter in another paper. However, we do like to add that a
detailed calculation shows that the signatures thus obtained are in accordance with the
results on E(3,6) in [23, Prop 1] (except for a small printing error). Note that signature
(5,1) does not occur. Similarly, calculations for Lauricella Fp give us results which are
in accordance with Picard [28], Terada [35] and Deligne-Mostow [10].

11 Appendix

Here we reproduce the six matrices obtained from the monodromy calculation of Appell
F.
0 0 1 0
0 0 0 1
—(1+¢)/atl) c/abl 1/b +1/a+c/a —cla |’
—1/ab/ 0 1/a 1/v

M =
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0 0 1 0
Vo 0 0 0 1
27 —bjab — 1/ b/d 1+bla+1/d b(=1+1/ —1/) |’
—1/ab’ 0 1/a 1/v
0 0 1 0
0 0 0 1
Ms = —1/d 0 141/ 0 ’
0 -1/ 0 1+1/d
0 1 0 0
Y, =bJab—1/c 1+ /a+1/c V/]/c b (-1+1/b—1/c)
T 0 0 0 1 ’
—1/ab 1/a 0 1/b
0 1 0 0
| =1/ 141/ 0 0
Mi=1" o 0 0 1 ’
0 0 —1/c 1+1/c
0 1 0 0
Mo — —(1+d)/ab 1/b+1/a+Ja dJab —C'/a
o= 0 0 0 1
—1/ab 1/a 0 1/b

Now let g1, 92,93, 94,95 be the monodromy matrices defined in formulas (2.7), (2.8),
(2.9), (2.10), (2.11) in M.Kato’s paper [19], where our symbols a,b,t',c,” are Kato’s
symbols e(a), e(b),e(t), e(c), e(¢'). Define the conjugation matrix

-1

c ¢ —cc

-1 1 ¢ =

§= -1 ¢ 1 —c
-1 1 1 -1

Then the relations between the M; and g; are given by
My =S gagsgsS My =S""gagsS, Mz=S5""g8

My=S"'qi191S, Ms=S"'q1S, Ms=S""g193945.

From these relations it follows that the group we computed and the group computed in
[19] are conjugate.

26



REFERENCES

References

[1]
2]

3]

[9]
[10]
[11]

[12]

[13]

[14]

A.Adolphson, Hypergeometric functions and rings generated by monomials. Duke
Math. J. 73 (1994), 269-290.

G.E.Andrews,R.Askey,R.Roy, Special Functions, Encyclopedia of Math and its ap-
plications 71, Cambridge, 1999.

I.A.Antipova, Inversion of multidimenional Mellin transforms, Communications of
the Moscow Math Society, Uspekhi Mat. Nauk 62 (2007), 147-148; Russian Math.
Surveys 62 (2007), 977-979.

I.A.Antipova, Inversion of many-dimensional Mellin transforms and solutions of
algebraic equations, Math Sbornik 198 (2007), 474-463.

F.Beukers, Notes on A-hypergeometric functions, in: Arithmetic and Galois the-
ories of differential equations, Séminaires et Congres 23 (2011), 25-61, Société
mathématique de France.

F.Beukers, Irreducibility of A-hypergeometric systems, Indag.Math (N.S.) 21
(2011), 30-39.

F.Beukers, Algebraic A-hypergeometric functions, Invent. Math. 180 (2010), 589-
610.

F.Beukers, G.Heckman, Monodromy for the hypergeometric function ,F,_1. In-
vent. Math. 95 (1989), 325-354

Yao-Han Chen, Yifan Yang, Noriko Yui, Monodromy of Picard-Fuchs differential
equations for Calabi-Yau threefolds, J. Reine Angew. Math. 616 (2008), 167203.

P.Deligne, G.D.Mostow, Monodromy of hypergeometric functions and non-lattice
integral monodromy, Publ. Math. IHES 63 1986.

I.M.Gelfand, M.I.Graev, A.V.Zelevinsky, Holonomic systems of equations and series
of hypergeometric type, Doklady Akad. Nauk SSSR 295 (1987), 14-19 (in Russian).

[.M.Gelfand, A.V.Zelevinsky, M.M.Kapranov, Equations of hypergeometric type
and Newton polytopes, Doklady Akad. Nauk SSSR 300 (1988), 529-534 (in Rus-
sian)

[.M.Gelfand, A.V.Zelevinsky, M.M.Kapranov, Hypergeometric functions and toral
manifolds, Functional Analysis and its applications 23 (1989), 94-106.

I.M.Gelfand, M.M.Kapranov, A.V.Zelevinsky, Generalized Euler integrals and A-
hypergeometric functions, Adv. in Math 84 (1990), 255-271.

I.M.Gelfand, M.M.Kapranov, A.V.Zelevinsky, A correction to the paper ”Hyperge-
ometric equations and toral manifolds”. Functional Analysis and its applications,
27 (1993), p295.

27



REFERENCES

[16]
[17]

18]
[19]

[20]
[21]

22]

[29]

[30]

[31]

V. Golyshev, A. Mellit, Gamma structures and Gauss’s contiguity, (2009)
arXiv:0902.2003v1 [math.AG]

Y.Haraoka, Y.Ueno, Rigidity for Appell’s hypergeometric series Fy, Funkcialaj Ek-
vasioj 51 (2008), 149-164.

J.Kaneko, Monodromy group of Appell’s system Fy, Tokyo J. Math 4 (1981), 35-54.

M.Kato, Appell’s hypergeometric systems Fb with finite irreducible monodromy
groups. Kyushu J. Math. 54 (2000), 279-305.

M.Kita, M.Yoshida, Intersection theory for twisted cycles, Math.Nachr. 166 (1994),
287-304, part II in Math.Nachr. 168 (1994), 171-190.

N.W.Maclachlan, Complex variable theory and transform calculus, second edition,
Cambridge Univ. Press 1953.

K.Matsumoto, T.Sasaki, N.Takayama, M.Yoshida, Monodromy of the hypergeo-
metric equation of type (3,6), I, Duke Math.J. 71 (1993), 403-426.

K.Matsumoto, T.Sasaki, N.Takayama, M.Yoshida, Monodromy of the hypergeo-
metric equation of type (3,6), II, The unitary reflection group of order 2%-37-5-7,
Ann. Sc. Norm. Sup. Pisa 20 (1993), 617-631.

K.Matsumoto, M.Yoshida, Monodromy of Lauricella’s hypergeometric F4-system,
to appear in Annali della Scuola Normale Superiore di Pisa, DOI: 10.2422/2036-
2145.201110.010.

K.Mimachi, Intersection numbers for twisted cycles and the connection problem
associated with the generalized hypergeometric function ,, 1 F,, International Math.
Research Notes 2011, 1757-1781.

L.Nilsson, Amoebas, Discriminants, and Hypergeometric Functions, PhD disserta-
tion Stockholm University, 2009.

N.E.Ngrlund, Hypergeometric functions, Acta Math. 94, (1955), 289 - 349.

E.Picard, Sur une extension aux fonctions de deux variables du probleme de Rie-
mann relatif aux fonctions hypergéométriques. Ann. Ec. Norm. Sup. II, 10 (1881),
304-322.

M.Saito, B.Sturmfels, N.Takayama, Grébner Deformations of Hypergeometric Dif-
ferential Equations, Algorithms and Computation in Math. 6, Springer 2000

T.Sasaki, On the finiteness of the monodromy group of the system of hypergeomet-
ric differential equations (Fp). J. Fac. Sci. Univ. Tokyo Sect. IA Math. 24 (1977)
565-573.

M.Schulze, U.Walther, Resonance equals reducibility for A-hypergeometric sys-
tems, Algebra Number Theory 6 (2012), 527-537.

28



REFERENCES

32]

[33]
[34]
[35]

[36]

F.C.Smith, Relations among the fundamental solutions of the generalized hyperge-
ometric equation when p = ¢ + 1. Non-logarithmic cases. Bulletin of the AMS 44
(1938), 429-33.

J.Stienstra, GKZ hypergeometric structures, in: Arithmetic and geometry around
hypergeometric functions, 313-371, Progr. Math., 260, Birkh&user, Basel, 2007.

K.Takano, Monodromy of the system for Appell’s Fy, Funkcialaj Ekvasioj 23
(1980), 97-122.

T. Terada; Fonctions hypergéométriques F1 et fonctions automorphes 1. J. Math.
Soc. Japan 35 (1983), 451-475.

M.Yoshida, Hypergeometric Functions, my Love, Aspects of Mathematics 32,
Vieweg Verlag 1997.

O.N.Zhdanov, A.K.Tsikh, Studying the multiple Mellin-Barnes integral by means
of multidimensional residues, Siberian J.Math 39 (1998), 245-260.

29



