SUMS OF FRACTIONS AND FINITENESS OF
MONODROMY
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ABSTRACT. We solve an elementary number theory problem on
sums of fractional parts. We apply our result to deduce the finite-
ness of the image of certain monodromy representations.

1. INTRODUCTION

In this paper, we are concerned with an elementary number theoretic
question on a sum of certain fractional parts. The simplest instance of
this is when there are only three fractional parts involved. The classifi-
cation of the three fractions satisfying the underlying number theoretic
condition is known to be equivalent to Schwarz’s classification of alge-
braic Euler-Gauss hypergeometric functions. We give a different proof
of the Schwarz classification using elementary considerations. We then
use the Schwarz classification to show that the number theoretic condi-
tion holds only sporadically when the number of fractional parts is four
or five and does not hold at all when the number of fractional parts is
more than six (see Theorem 1).

It turns out that the number theoretic condition is closely connected
to the finiteness of certain monodromy groups. As a consequence of
our main result on fractional parts, we classify when the image of cer-
tain specializations of the so called Gassner representation is finite. By
linking these specializations with the monodromy representations asso-
ciated to certain families of cyclic coverings of the projective line of the
type considered by Deligne and Mostow (see [Del-Mos]), we recover
results of Cohen and Wolfart [Coh-Wol] on finiteness of monodromy
groups (see Theorem 8). Another corollary of the main result on frac-
tional parts is the algebraicity of certain Lauricella Fp-type functions,
also proved in [Coh-Wol] (see also [Ssk] and [Bod]).

We note that the methods used in previous works are different from
those used in this paper. For instance, one of the proofs in [Coh-Wol]

uses the more difficult classification of Deligne and Mostow [Del-Mos] of
1
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those monodromy groups which are arithmetic subgroups of U(n—1, 1).
This classification is also described by Looijenga [Loo| (see also the ta-
ble at the end of [Thu]). However, we do not use this classification,
and directly classify the finite monodromy groups starting essentially
from Schwarz’s list.

We now go into some detail. First, we introduce some notation.

Notation. Let d > 2 and n > 2 be integers. Fix n + 1 integers
1 < k; < d—1 such that the g.c.d. of d,ky,--- ,k,1 is 1. Given
s in the multiplicative group (Z/dZ)* of units of Z/dZ, consider the
numbers 11;(s) (denoted j; = {%} when s = 1) defined by

pi(s) = {kzls} ;

where 0 < {z} < 1 denotes the fractional part of a real number x. We
may write k;s = ¢;d+1;, where 1 < [; < d—1 and ¢; is an integer; thus
the remainder [; has the property that {%¢} = %. If we denote by [z]
the integral part of z, then z = [z] + {z}. The number s;(s) = {%*}
depends only on the fraction % = ;.

Definition 1. We say that the rational numbers gy, -, 11 satisty
condition (1) if,

Vs € (Z/dZ)*,

(1) ‘ n+1 kiS n+1 kiS
either Z i <1 or Z 7 < 1.

i=1 i=1

In terms of the remainders [; above, this means that either > I; < d
or else > (d — ;) < d. We remark that a similar condition appears in
[Loo, Thm. 4.3] (see also [Del-Mos, Prop. 12.7]).

The following theorem says that condition (1) on n, d, k; is very strin-
gent and holds in a very limited number of cases. Let us say that the
tuple (%, e k"(;l) is equivalent to the tuple (%, 1 - l"(f 2{,.tif there ex-
ists t € (Z/dZ)* such that, for all i, we have {%*} = {"F}, up to a

permutation of the indices. The validity of condition (1) depends only

on the equivalence class of the tuple (£, ... k’jT“)

Theorem 1. Suppose n,d, k; are as in the foregoing and satisfy con-
dition (1). Then
n < 4.
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Moreover, up to equivalence, the numbers pi,--- , pint1 satisfy the
conditions given below.

(i) If n =4, then p; = ¢, for alli <n+1=5.

, for all i <

(i) If n = 3, then there are only two cases: p; = &

n+1=4, 0T/L1:M2:M3:%Clndu4:%.

(iii) If n = 2, then either we may write p; = % with d = 2m, for
m>1, and ky = ko =p, ks =m —p, with1 <p <m-—1
coprime tom, or else, the p; = % lie in a finite list with d < 60.

Remark. Note that condition (1) is a purely number theoretic condition;
the proof of the theorem, however, will depend on an analysis of certain
finite subgroups of unitary groups generated by reflections.

The proof of Theorem 1 proceeds as follows. In Section 2, we prove
the theorem for n = 2. We link condition (1) in the case n = 2 to
the finiteness of a certain subgroup of the unitary group of an explicit
skew-Hermitian form (implicitly, this is the monodromy group of the
Gauss hypergeometric function, but we do not use this). Then in Sec-
tion 3, we use a bootstrapping argument to show that condition (1)
holds in very few cases when n = 3 and 4. Using this it is finally shown
that condition (1) cannot hold for n > 5.

In Section 5, we show that a slightly modified version of condition (1),
namely condition (6) in the text, is equivalent to the total anisotropy of
an explicit skew-Hermitian form in n variables over the cyclotomic field
E = Q(e?™a). Conditions (1) and (6) coincide for n = 2, and we show
that they are equivalent for general n. We deduce that the image of
the Gassner representation at d-th roots of unity is finite if and only if
condition (1) holds, providing us with the algebraicity results on mon-
odromy groups mentioned above (see Theorem 8 in Section 4 below).
As is (more or less) known, the finiteness of the image of the Gassner
representation is equivalent to the algebraicity of the associated Lau-
ricella Fp-functions and we list some of these results as corollaries in
Section 6.
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2. THE CASE n = 2.

2.1. Definition. Let d, ki, ko, k3 be positive integers with g.c.d. equal
to 1. We say that these integers satisfy condition (2) if,

Vs € (Z/dZ)",
3

(2) . def kjs > ks
either 23:2 > <1 or Z,S:Z — < 1.

j=1 j=1

Remark. [0] Condition (2) is just condition (1) for n = 2.

[1] Condition (2) depends only on the fractional parts v; = {%} of
%, for j = 1,2,3, and not directly on the numbers (d, k1, ks, k3); for
example, condition (2) holds for (d, k1, ko, k3) if and only if it holds for
(d, k?l + d, ]{?2, kg), etc.

[2] We may also permute the integers &y, ko, k3 without changing con-
dition (2).

(3] If (d, k1, ka, k3) is replaced by (d, kit, kot, kst) for some integer ¢
coprime to d, then condition (2) is unaltered.

[4] Since {—z} = 1 — {z}, for a real number z, condition (2) is
equivalent to saying that either 0 < Xy < 1 or 2 < ¥, < 3, for each
sum Y,. That is, the integral part of each sum > is either 0 or 2 (but
not 1).

2.2. Main result for triples. We say that a triple of rational num-
bers (v, 12, v3) as above is equivalent to another such triple (v, V4, 1/})
(for the same denominator d), if there exists t € (Z/dZ)* such that,
after a permutation of the indices, we have v; = {%’} and vj = {%},
for j = 1,2,3. By the remarks in the preceding subsection, if condition
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(2) holds for one triple, then it holds for all equivalent triples.

For d and kq, ko, k3 as above, write
k k
)
i)
R
If (B, 22 %) gatisfy condition (2), we may assume that 0 < A, p, v < 1.

Theorem 2. (The case n = 2) If (d, ki, ks, k3) satisfy condition (2),
then up to the foregoing equivalence, we have either

ki kb g B_mop
d d 2m’ d 2m
for some m > 1 and some 1 < p < m coprime to m, so that
m—p 1
)\: = = —
7/’[/ v 2

(we refer to this as the “dihedral case”), or else

(A, v) € the finite list in Table 1 below.

Remark. Again, though the statement of the theorem is purely (ele-
mentary) number theoretic, the proof uses the finiteness of a certain
group I' in GLy(C). It would be interesting to find a purely number
theoretic proof of the above theorem.

2.3. Relation of Condition (2) with a skew-Hermitian form.

Notation. Let E/F be a totally imaginary quadratic extension of a
totally real number field. Then E = F[t]/(t* 4+ «) for some totally pos-
itive element « in the real subfield F. E/F is called a CM extension.
Denote by z — Z (Vz € E) the action of the non-trivial element of
the Galois group of E/F, induced by complex conjugation (under any
embedding of F into C). Let h: E" x E™ — E, with (z,y) — h(z,y),
be an F-bilinear form which is E-linear in the first variable x and such
that for all z,y € E", h(y,z) = —h(z,y). Then h is called a skew-
Hermitian form on E™.

If we replace F' by R and E by C, a skew-Hermitian form can still be
defined and it is of the form h(z,y) = iH (x,y) where H is a Hermitian



6 E. GHATE AND T. N. VENKATARAMANA

form on C".

We say that a skew-Hermitian form h on E™ is anisotropic, if
h(z,z) = 0, for x € E™, implies that x = 0. Over C/R, a skew-
Hermitian form h is anisotropic if and only if h = +i¢H, where H is Her-
mitian and positive definite. Furthermore, a diagonal skew-Hermitian
form over C/R is anisotropic if and only if the diagonal entries are
Ay An, with A; € iR\ {0} being on the imaginary axis, and such
that the successive ratios A;11/\; are positive real numbers.

We say that a skew-Hermitian form h defined over E/F is totally
anisotropic if it is anisotropic over C/R, for all embeddings of E into
C, or more precisely for all archimedean places of F' into R. Note that
for a skew-Hermitian form A defined over E, anisotropy over C implies
anisotropy over F, but the converse does not hold.

¥ :
Now let d and ki, ks, ks be as above. Write z; = ¢*™7, for j = 1,2,3.

Let £ = Q(e™@ ) be the d-th cyclotomic field, and let F' = Q(cos(%ﬂ))
be the maximal totally real subfield of E.

1—x122 __x2
h = (1—_931)(11—362) 1713;;35
1—xz2 (1—z2)(1—z3)

is easily seen to define a skew-Hermitian form over E/F, i.e., th = —h.
The determinant det(h) of h is also easily computed to be

The matrix

N 1T R
(1= 21)(1 = 2)(1 — 3) 4 sin(T)sin(™2)sin(™s) ~

Lemma 3. We have:
i) The skew-Hermitian form h is totally anisotropic if and only if
det(h) is a totally negative element of F'.
ii) The numbers %, for 3 =1,2,3, satisfy condition (2) if and only
if the skew-Hermatian form h is totally anisotropic.

Proof. Fix an embedding of F into C. The Gram-Schmidt process
says that under this embedding h is equivalent to the skew-Hermitian
form ' = (Ml .0

0 Z)\Q
principal minors of A and h’' are the same: det(h) = det(h’) and

- 1—x1x
AL = (1711)(113952)'

) for some real numbers A, \y. Moreover, the
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The form h is anisotropic if and only if the equivalent form A’ is
anisotropic, and the latter holds if and only if the fraction i—f is positive.
This fraction may also be written as

(iM)2 =3
Thus h is anisotropic if and only if det(h) is negative. This argument
is independent of the embedding of the field E into C and hence h

is totally anisotropic if and only if its determinant is totally negative.
This proves the first part of the lemma.

If t € R\ Z, it is easily seen that the sign of sin(nt) is (—1)1 where
[t] is the integral part of t. Therefore, by the paragraph preceding the
statement of the lemma, the sign of the determinant of h is seen to be

_<_1)[
Now, for any three real numbers x, y, z, we have
(v +y+ 2] = [o] = [y] = [o] = [z} +{y} + {}]

Therefore, the sign of the determinant of h is —(—1)®1 where ¥, is the
sum Z;’Zl{%} By condition (2) (see part [4] of the Remarks following
the definition of (2)), the integral part of 3 is either 0 or 2 and hence
the sign of the determinant of h is negative.

k1+k2+k3], ﬂ}, @],[’LS]
d d d al

The same argument shows that the determinant of h, is also nega-
tive, where h, is the skew-Hermitian form which is obtained from h by
changing z; = 2 to :L'js) — 2"F Here s € (Z)dZ)* is viewed as
an element (s) of the Galois group of the cyclotomic extension E/Q.
The determinant of h, is det(h)®), and is negative, whence det(h) is
totally negative. This proves the “only if” part of the second part of
the Lemma.

The “if” part follows by retracing the proof of the “only if” part
backwards. O

2.4. Relation of the skew-Hermitian form A with a subgroup
of U(h). Let O, Op be the ring of integers of E and F. Suppose
[' € GLy(Og) is the subgroup generated by the matrices

_(mxe 1—m _ 1 0
A_( 0 1 )’ B= (l‘z(l-l’g) $2£L‘3> '
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It can be shown (for example, see [V], Lemmas 14 and 15 and Proposi-
tion 18), that I' preserves the skew-Hermitian form h of the preceding
subsection and that I acts irreducibly on E? (the irreducibility is im-
plied by the fact that the determinant of h is non-zero, since it is a
nonzero multiple of 1 — z;2923. The number 1 — x;2923 is nonzero
since the sum ) % is not an integer under the assumption (2)).

Lemma 4. The group T is finite if and only if condition (2) holds for
the numbers % (j=1,2,3).

Proof. 1t is enough to show, because of Lemma 3, that I is finite if and
only if h is totally anisotropic. This is proved in Lemma 11 below, for
general n > 2. 0

2.5. The dihedral case. Suppose that the finite group I' C GLs(Op)
of the preceding subsection has the property that it has an abelian
normal subgroup of index two. We then say that ' is dihedral. Note
that I" is generated by two elements (namely A, B).

Lemma 5. I' is dihedral if and only if two of the three elements A,
B, C = AB have trace zero, i.e., if and only if two of the numbers
T1To, ToX3, x3x1 are equal to —1.

Proof. Suppose I is dihedral and N is an abelian normal subgroup of
index two. Since I' acts irreducibly on C2, it follows that I' is not
abelian, and hence there is an element g ¢ N in I'. Now N cannot con-
sist of scalars. For otherwise the group generated by N and g would
be abelian.

Let now g ¢ N be arbitrary. Then ¢ normalises (but does not
centralise) the non-scalar abelian (and hence may be assumed to be
diagonal) subgroup N. Therefore, g acts on N by the map switching
the two diagonal entries of an element a € N. Hence g is of the form

tw where w = (1) 0) and t is a diagonal matrix; hence the element

g ¢ N has trace zero.

Since I' is generated by any two of the three matrices A, B,C =
AB, it follows that two of these elements cannot lie in N; therefore,
two of the elements, say A and B have zero trace; this means that
r1x9+1 = 0,223+ 1 = 0 (a small computation shows that trace(C') =
(1 + xy3)x2; hence trace C' being zero implies that z123 = —1. Thus
a similar statement holds if A, C' do not lie in the subgroup N: zyxy =
x1x3 = —1). This proves the lemma. U
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The lemma means that the numbers klf:k?’ = % and % = % (say);

suppose lﬂ%‘l’” = L for some p coprime to m. Then it follows that

%1 = %2 = 5> and that %‘ = %P, This is the first part of Theorem 2.

2.6. Finite non-dihedral subgroups I'. It is well known that any
irreducible non-dihedral finite subgroup of PGL4(C) is the group of
symmetries of one of the platonic solids (see, e.g., [Wey, App. A]). The
following proposition is an immediate corollary, but can also be proved
directly, for instance, by adapting the argument in [LT, Chap. 5, Sec.
4].

Proposition 6. Suppose I' C GLy(C) is a finite non-dihedral irre-
ducible subgroup with Z the centre of I'. Then the order m of any
element of the quotient I'/Z does not exceed 5, i.e., m =1,2,3,4,5.

kj
We now return to the situation of Lemma 4. Consider z; = e d
(7 = 1,2,3). The irreducible finite subgroup I' is generated by A =
1T 1-— T . 1 0 . .
0 1 ) and B = (x2<1 _ ) xgxg)' The image of ' in
PGLy(C) contains the images A" and B’ of A and B respectively;
clearly the orders of A" and B’ are respectively the orders of the roots

kq ko kgths
T and wors = €2 d .

of unity z125 = e

A computation shows that the matrix

C=AB= (:1:2(1 — 3+ 1173) w2u3(1 - 561))

l’g(l — Ig) ToT3

has eigenvalues x5 and zyx,x3; clearly the order of the image of C' in
.k k
PGLy(C) is the ratio of these eigenvalues DL — par) = 2t L

From the proposition follows the

Corollary 1. If condition (2) holds, and %1, %2 % is nokt ﬁ the dihedral
ld 2

7
case, then the fractions p, = k2+dk3,,u2 = kﬁkl,,ug = are in the

finite set S of fractions of the form % witht <uw and u=1,2,3,4,5.

2.7. A finite list. Since the set S in Corollary 1 is finite, clearly the
set of fractions %1, %2, %"’ obtained from the set of 1, po, 3 in S is also
finite. Working up to permutation and up to the equivalence defined
before, we may check that if %, %2, %”’ further satisfy condition (2),
then the corresponding (A, i, v) lie in the finite list in Table 1 below
(we discard the dihedral cases with 1 < p < m < 5). This implies

Theorem 2. O
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Table 1: (Non-dihedral) Schwarz’s List

‘ d ‘ 125} 125 U3 ‘ kl/d kg/d kg/d ‘ A 1% 14 ‘W1k1—row‘

12[2/3 2/3 1/2| 1/4 1/4 5/12 [1/2 1/3 1/3 2
62/3 2/3 1/3| 1/6 1/6 1/2 |2/3 1/3 1/3 3
30|2/3 2/3 3/5|3/10 3/10 11/30|2/5 1/3 1/3 7
60|2/3 3/5 1/2|13/60 17/60 23/60|1/2 2/5 1/3| 14
302/3 3/5 2/5| 1/6 7/30 13/30|3/5 2/5 1/3| 15
24|3/4 2/3 1/2| 5/24 7/24 11/24|1/2 1/3 1/4 4
12(3/4 3/4 1/3| 1/6 1/6 7/12 |2/3 1/4 1/4 5
10[3/5 3/5 3/5| 3/10 3/10 3/10 |2/5 2/5 2/5| 11
60|4/5 2/3 1/2|11/60 19/60 29/60|1/2 1/3 1/5 6
30|4/5 2/3 1/3|1/10 7/30 17/30|2/3 1/3 1/5| 12
15|4/5 2/3 2/5| 2/15 4/15 8/15 |3/5 1/3 1/5| 10
20|4/5 3/5 1/2|3/20 7/20 9/20 | 1/2 2/5 1/5 9
30|4/5 4/5 1/3| 1/6 1/6 19/30|2/3 1/5 1/5 8
10|4/5 4/5 1/5| 1/10 1/10 7/10 |4/5 1/5 1/5| 13

All but the last column of Table 1 was generated using Pari-gp. The
table is (the non-dihedral part of) Schwarz’s well-known 1873 list [Sch],
see Wikipedia: https://en.wikipedia.org/wiki/Schwarz’s_list.
The last column of Table 1 contains the row number of the corre-
sponding entry in the Wikipedia table. Each of the 15 rows in that
table is hit (the 1st row being the dihedral case).

Schwarz’s list is known to classify the classical hypergeometric func-
tions o F; that are algebraic. A classification of the higher algebraic hy-
pergeometric functions (of Clausen-Thomae type) was given by Beukers
and Heckman [Beu-Hec].

3. THE CASE n > 3

We now use a bootstrapping argument to prove the remaining parts
of Theorem 1. We start with the following obvious lemma.

Lemma 7. Let n > 3. Assume that the g.c.d. of d,ky, ko, -+, kni1
is equal to 1. 1If these integers satisfy condition (1), then so do the
integers d,ly,lay, -+ lmi1, for all subsets {l;} of cardinality m + 1 of
the {k;}, for 2 <m <n.

We remark that however the g.c.d. of d,ly,ls,--- ,l,,+1 may no longer
necessarily be equal to 1.
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3.1. n = 3. We use the lemma to treat the case n = 3 using the result
for n = 2 proved in Theorem 2. A complete list of (non-dihedral)
tuples (d, [y, s, [3) with the g.c.d. of d, 3,15, [3 equal to 1 and satisfying
condition (2) (let us call the corresponding triplet (I3, s, (3) primitive)
is easily generated from Table 1, and is provided in Table 2 below.

Table 2: Primitive (non-dihedral) Schwarz triplets

‘ d ‘ (ll, lg, lg) with ll S lg S l3
6 (1,1,1), (5,5,5)
(1,1,3), (3,5,5)
10 (1,1,1), (3,3,3), (7,7,7), (9,9,9)
(1,3,3), (3,9,9), (1,1,7), (7,7,9)
12 (1,3,5), (7,9,11) (each with multiplicity 2)
(1,2,7), (5,10,11) (each with multiplicity 2)
(1,2,2), (5,10,10), (2,2,7), (10,10, 11)
(1,3,3), (3,3,5), (7,9,9), (9,9,11)
15 (1,2,4), (2,4,8), (1,4,8), (7,13,14), (1,2,8), (7,11,14), (7,11,13), (11,13, 14)
20 (1,3,7), (1,3,9), (1,7,9), (3,7,9), (11,13,17), (11,13,19), (11,17, 19), (13,17, 19)
24 (1,5,7), (1,5,11), (1,7,11), (5,7,11), (13,17,19), (13,17,23), (13,19, 23), (17,19, 23)
30 (1,5,5), (5,5,7), (11,25,25), (5,5,13), (17,25, 25), (5,5,19), (23,25, 25), (25, 25, 29)

(3,7,17), (19,21,29), (1,9,11), (13,23,27) (each with multiplicity 2)
(1,9,9), (3,3,7), (9,9,11), (13,27,27), (3,3,17), (19,21,21), (23,27, 27), (21, 21, 29)
(5,7,13), (1,5,19), (17,23,25), (11,25,29) (each with multiplicity 2)

60 (1,11,19), (7,13,17), (1,11,29), (7,13,23), (7,17,23), (1,19,29), (13,17, 23), (11, 19,29),

(31,41,49), (37,43,47), (31,41,59), (37,43,53), (37,47,53), (31,49, 59), (43,47, 53), (41,49, 59)

We remark that each line in Table 2 represents one (Z/dZ)*-orbit,
and so has cardinality ¢(d), though for d = 12,30 some triplets occur
with multiplicity 2, and for d = 60 both lines form one orbit.

Now suppose that (d, ki, ks, ks, k4) satisfy condition (1). Assume
that this tuple is primitive, i.e., the g.c.d. of d, ky, ko, k3, k4 is equal
to 1. Then, by the lemma, every sub-tuple (d,[},1},1;), where the [}
are obtained by discarding one k;, also satisfies condition (2). Note
that the g.c.d. of d,1},1}, 15 does not have to be 1. By Theorem 2, we
see that (d,1},1},15) is a positive integral multiple of some (dy, l1, s, [3)
occurring in Table 2 (or is dihedral), up to permutation.
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Ignoring (momentarily) the tuples containing multiples of a dihedral
Schwarz triplet, we see that d must be bounded by 120. Indeed, if say,

(3) (du k1,k2,]€3) =a- (dlul17l2,l3>
(d> k1, ko, k4) =b- (dQ,ml,m2,m4),

for some tuples (dy,ly,1s,13) and (da, my, my, my) in Table 2 (up to
permutation), and for some positive integers a, b, then by primitivity,
the g.c.d. of a,b has to be equal to 1, but d = ad; = bds, so a|dsy, so
d|dyds, so d divides the l.c.m. of all d occurring in Table 2, which is 120.

This reduces the problem of checking which primitive quadruples
(d, ky, ko, ks, ky) satisfy condition (1) (for n = 3) to a finite check.
Table 3 lists all such primitive tuples which satisfy the property that
every sub-tuple obtained by dropping exactly one of the k; arises from
Table 2, by possibly scaling up from a smaller denominator. (The fact
that, for instance, the g.c.d. of a,b is 1 greatly reduces the number of
smaller denominators that one has to consider.)

Table 3: Possible (non-dihedral) Schwarz 4-tuplets

‘ d ‘ (K1, ko, k3, ka) with ky < ko < kg < k4
6 (17 17 1’ 1)7 (57 57 57 5)
(17 17 173)7 (37 57 57 5)
10 1,1,1,1), (3,3,3,3), (7.7,7,7), (9,9,9,9)
(17373?3)’ (37979’9)7 (1717177)7 (77 7?7?9)
12 (1,2,2,7), (5,10,10,11) (each with multiplicity 2)

(1,3,3,5), (7,9,9,11) (each with multiplicity 2)
(1,2,2,2), (5,10,10,10), (2,2,2,7), (10,10,10,11)

15 (1,2,4,8), (7,11,13,14) (each with multiplicity 4)
20 (1,3,7,9), (11,13,17,19) (each with multiplicity 4)
24 (1,5,7,11), (13,17,19,23) (each with multiplicity 4)

(1,9,9,11), (3,3,7,17), (19,21,21,29), (13,23,27,27) (each with multiplicity 2)

(1,5,5,19), (5,5,7,13), (11,25,25,29), (17,23,25,25) (each with multiplicity 2)

30 | ,5,5,5), (5,5,5,7), (11,25,25,25), (5,5,5,13), (17,25,25,25), (5,5,5,19), (23,25, 25, 25), (25,25, 25,29)

(1,9,9,9), (3,3,3,7), (9,9,9,11), (13,27,27,27), (3,3,3,17), (19, 21,21,21), (23,27,27,27), (21, 21,21,29)

60 (1,11,19,29), (7,13,17,23), (31,41,49,59), (37,43,47,53) (each with multiplicity 4)

120 No tuplets

It is now straightforward to check that of these tuples, exactly two,
namely (1,1,1,1) and (5,5,5,5), both for d = 6, satisfy condition (1).
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Since these tuples are equivalent, we have proved one half of Theorem 1
(ii) (for n = 3).

To treat the other half, we now assume that at least one of the
sub-tuples of (d, ki, ko, k3, k4) is a multiple of a dihedral triplet. By
rearranging the k;, we may assume that the first sub-tuple in (3), is
dihedral of the form:

(da k17k27k3) =a- (d17l17l27l3) =a- (2m7p>pam _p)7

for some 1 < p < m, with the g.c.d. of p,m equal to 1. Clearly the
second tuple in (3) cannot be dihedral, for if

(d, k1, ko, k4) =b- (d27m1>m2,m4) =b- (21761761,1 - Q)>

for 1 < ¢ < [, with the g.c.d. of ¢, equal to 1, then ki + k3 =
d/2 = ky + k4 so that ky = k3 = a(m — p). Then ky/d + ks/d =
(ap/2ma) + a(m — p)/2ma = 1/2, and similarly k;/d + ky/d = 1/2 so
that condition (1) fails. (A similar argument applies if the second tuple
(d, ky, ko, ky) equals b- (21,q,1 — ¢, q) instead.)

This means that the second tuple above is a multiple of a non-
dihedral tuple (dg, my,ms, my4), occurring in the finite list in Table 2,
up to permutation. As before, we have d = 2ma = bd,, and since the
g.c.d. of a,bis 1, we have a|ds (and so is bounded) and b|2m. Moreover
ap = k; = bm;y implies that b|p, and since the g.c.d. of p,m is 1, we see
that b = 1,2. However, the latter case cannot occur: if b = 2 is even,
then a is odd and p is even, so dy = 2ma/b = ma is odd (else m is
even, so 2 divides the g.c.d. of d, ki, ks, k3, k4, contradicting primitiv-
ity). But then dy must equal the only odd entry 15 in Table 2, which is
impossible, since k; = ap = ks, but all triplets for d = 15 have distinct
entries.

Thus b =1 and (d, ky, k2, k3, k4) has the shape:
(4) (2ma = dy, ap = my, ap = ma, a(m — p), my).
Since dy is bounded, both a and m divide dy/2, and 1 < p < m (with
p is coprime to m), clearly there are only finitely many possibilities for

such tuples. Moreover, since m; = msy, an inspection of Table 2 shows
that dy can only be one of 6,10, 12, 30.

Table 4 below lists all possibilities for tuples having shape (4) above.
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Table 4: Possible tuplets of the form (4)

‘ d ‘ <k17k27k37k4) ‘
6 (1,1,2,1)
(1,1,2,3)
10 (1,1,4,1)
(1,1,4,7)
(3,3,2,1)
(3,3,2,3)
12 2.2,4,1), (2,2.4,7)
(3,3,3,1), (3,3,3,5)
30| (3,3,17,7), (3,3,12,17), (9,29,6,1), (9,9,6,11)
(5,5,10,1), (5,5,10,7), (5,5, 10, 13), (5,5, 10, 19)

A quick inspection now shows that of these possibilities only the tuple
(1,1,2,1) for d = 6 satisfies (1), proving the second half of Theorem 1
(ii). This completes the proof of the case n = 3.

3.2. n = 4. This follows easily from Lemma 7 and the just established
case n = 3. Indeed by the lemma, the only possible 5-tuplets of k;
would occur for d = 6 and would be (1,1,1,1,1) or (1,1,1,1,2) up to
equivalence. But only the former satisfies condition (1).

3.3. n = 5. The same argument shows that the only possible 6-tuplet
of k; is (1,1,1,1,1,1) for d = 6. But one easily checks that this tuple
fails to satisfy condition (1), so there are no 6-tuples satisfying (1).

3.4. n > 6. Finally, Lemma 7 shows that there are no tuplets for n > 6
satisfying the condition (1) since we have just shown there is none for
n = 5. This completes the proof of Theorem 1. U

4. ON FINITENESS OF SOME MONODROMY

Consider the space S = {(z1, -, zn41) € C" 1 2 £ 2, Vi # j}, for
n+ 1> 3. Let d > 2 be an integer; fix integers kq, ko, - -+ , k,y1 with
1 < k; < d—1such that dZ+ > k;Z = Z. The space of solutions (x,y)
to the equation

v = (@ = )P e = ) (o= )
with x # 21, 29,..., 2,41 and y # 0 is the affine part of a smooth pro-
jective curve C' = Cgy,. Write p; = %; our assumptions imply that

i € Q\ Z. Write, as in [Del-Mos], [Coh-Wol], fioe = 2 — 3207 5 the
numbers p; and g, record the ramifications at the z; and at oo; we
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assume that . is also not integral so that the curve C' is ramified at
infinity as well.

The group G = Z/dZ acts on the curve C; the action on the affine
part is given by y — wy where w is a d-th root of unity. Consequently,
the group G operates on the first cohomology of the curve C with ra-
tional coefficients; denote by M, the direct sum of the cohomology over
C, on which a fixed generator of the group G operate by some primitive
d-th root of unity.

The fundamental group of the space S acts (by monodromy) on
the space M. It is well known that this fundamental group is the
same as the pure braid group P,,;. We classify the integers d,n and
the numbers k; for which the image of the fundamental group (the
monodromy group) in Aut(My) is finite. This problem of finiteness
has already been resolved by several authors ([Ssk], [Coh-Wol], [Bod],
[Sch]), since this monodromy is the same as the monodromy of certain
Appell-Lauricella hypergeometric functions. However, we believe our
point of view is different: the explicit description of the monodromy
in terms of the Gassner representation makes the proofs completely
algebraic, and is formulated in terms of the definiteness of an explicit
Hermitian form.

Theorem 8. Suppose n,d, k; are as in the preceding. Then the image
of the monodromy representation in Aut(M,) is finite if and only if
condition (1) holds. Thus the monodromy on My is by a finite group if
and only if

n <4.

Moreover, up to equivalence, the numbers n,d, k; satisfy the conditions
given below.

(i) Ifn=4, thend =6 and k; = 1, for all i < 5.
(ii) If n =3, then d =6 and ky = ko = ks =1 and ky = 1 or 2.

(iii) If n =2, then d = 2m and k1 = ky = p and ks = m —p, or else
d, k; lie in a finite list, with d < 60.

Remark. Again, note that condition (1) is a purely number theoretic
condition; the proof of the theorem, however, depends on an analysis
of certain finite subgroups of unitary groups generated by reflections.
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We will prove Theorem 8 after some preliminaries on Hermitian
forms and unitary groups generated by reflections.

5. SKEW-HERMITIAN FORMS

Lemma 9. Suppose h is a skew-Hermitian form on C". Then h 1is
anisotropic if and only if the principal minors u; have the property:
S s positive, for all j > 1 (by convention ug = 1).
J

Proof. Suppose that h does not represent a zero; hence a;; # 0, where
(a;j) is the matrix of h in the standard basis. By the Gram-Schmidt
process, there exists an upper triangular unipotent matrix u € G L, (C)
such that “(w)hu = h' is diagonal, with diagonal entries A1, - -+, \, say.
Now h is anisotropic if and only if the equivalent b’ is anisotropic. The
latter is anisotropic if and only if the successive ratios 8; = Aj11/\;
are all positive.

Since v is a unipotent upper triangular matrix, the principal minors
of h and ' are the same. Therefore, w11 = Ay --- Aj41. Consequently,
h' is anisotropic if and only if for all 7,

Bj = (uj1/uy)/(uj/uwj1)
is positive. This is equivalent to 3; = u”*;# being positive, for all j.
J
Hence the lemma. O

Now suppose that F/F' is a CM extension of number fields and that
h is a skew-Hermitian form on E™. Suppose that h does not represent
a zero. Then the Gram-Schmidt process diagonalises h. Suppose the
diagonal entries are Ay,--- , \,. Then we have

A1 A = det(hy),
where det(h;) is the principal j x j minor of h. Hence
A; = det(h;)/det(h;_q1).
Write

ﬂ< _ det(hj+1) det(hj_l)
J det(hj)2 ’
From the previous lemma we obtain:

Lemma 10. Suppose F' — R is an embedding and E @r R = C. Then
the skew-Hermitian form h is anisotropic in this embedding if and only

if

5]‘ >0, Vj.
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Lemma 11. Suppose h is a skew-Hermitian form in n variables over
a CM field E/F, and T' C U(h)(OF) a subgroup which acts irreducibly
on C™. Then I' is finite if and only if h is totally anisotropic.

Proof. Suppose I is finite. Fix any positive definite Hermitian form H
on C™. Being a sum of positive definite forms, the average H'(z,y) =
> er H(vz,7y) is also positive definite and is I'-invariant. Hence iH" is
a ['-invariant anisotropic skew-Hermitian form on C". The irreducibil-
ity of the action of I'" implies, by Schur’s lemma, that the invariant
anisotropic skew-Hermitian form ¢H’ is a scalar multiple of the form h,
for any embedding of F' into R. Hence h is anisotropic over all embed-
dings of the field F.

Conversely, if h is anisotropic at all real places v of F', then ¢h is def-
inite, for all v, and hence the group U(h)(F,) ~ U(ih)(F,) is compact,
for all v. Since U(h)(Op) is a discrete subgroup of U(h)(F ®q R), it
follows that U(h)(Op) is finite, hence I is also finite. O

Remark. Let G = U(h). A corollary of the proof is that if a finite
subgroup of G(OpF) acts irreducibly on C", then G(Op) is finite.

Notation. Denote by R the Laurent polynomial ring Z[ X7, - -+, X2]
in n + 1 variables with Z-coefficients. The map X; — X; !, for all
7, induces an involution of order two on the ring R. Denote by R"
the standard free R module of rank n with standard basis ¢;, for
1 < i < n. Define the skew-Hermitian form h = (h;j)1<; j<n by the
formulae h(e;,e;) =01if |i—j |> 2 and
1 - X, X; 1
T, (e Ein) = ———.
(1—-X)(1 = Xis1) 1—Xip
Lemma 12. The form h does not represent a zero in R™. Moreover,
for each j, the principal j X j minor is given by
- Xy Xy
=X (1= Xjn)
Proof. In [V], the determinant of h was computed to be
- X3 Xo- - Xy
(1=X1)- (1= Xpga)
Taking n = 7, we get the formula for the determinant of the j x j
principal minor. Take X; = €™ to be transcendental with 6; € R

positive and close to 0. Put ¥;_; = 6; + --- + 6; (the sum of the first
j terms). Using the equality

(5) 1 — ¥ = e™((—2i) sin(76)),

h(f—:i, 5i) =

Uj:
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and that sin(0) is close to 6, for 6 small (and positive), we see that the
numbers

5 = Ujprthji—1 sin(7wX;41) sin(mX;_q) sin(m6;41)
! u; sin(7mX;)? sin(m6;42)

are positive, for all j. By Lemma 9 it follows that h is anisotropic. []

The map X; — t; = 2T maps R onto the ring Of of integers
in the d-th cyclotomic extension E = Q(e?™/). Let F' = Q(cos(2r)) be
the maximal totally real subfield of E. We then get a skew-Hermitian
form on E™ induced from h.

Define, for each 7 < n — 1, the numbers

v; =vj(s) = {Z %S}

i=1
Denote by (6) the conditions satisfied by the numbers n,d, k;:

( ) g = €j(8) def (_1)[Vj(8)+#j+1(8)+ﬂj+2(8)} =1,

Vs € (Z/dZ)* and Vj with 1<j<n-—1.

Lemma 13. The group G(Op) = U(h)(OF) is finite if and only if
(n,d, k;) satisfy condition (6).

Proof. Consider the “Gassner representation” G(X) : P41 — U(h, R)
[V] (recall that the ring R is the Laurent polynomial ring in the vari-
ables X; : 1 < j < n+ 1 with integer coefficients). Specializing X; to

k.
x; = e*™7 = €™M we obtain a representation p; of the pure braid

group P,.1. The image of pg is contained in the group G(OpF) (e.g.,
p. 26, paragraph before Theorem 16, of [V]). We have assumed that
Z?;l pi(= 2 — fio) is not an integer, so [[z; # 1. Therefore, by
Proposition 19 of [V], G(OF) acts irreducibly. By Lemma 11, G(OF)
is finite if and only if A is totally anisotropic. We must then prove that
the condition of the anisotropy of h is equivalent to condition (6).

Let det(h;) be the j x j principal minor of the form A obtained by
specializing to the ¢;, for some fixed s € (Z/dZ)*. By Lemma 12, the
determinant of h; is

1—tity--- tj+1
(L —t1) - (1= tjp)
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It is easily seen, in view of (5), that this determinant is
i sin(TEEhi)s)
2] H]+1 Sln(ﬂk’s)

As in the proof of Lemma 12, we have

det(h;) =

;= =

det(h;)? (k1+~"+’€j+1)8)

> .
y ™ J+25)

sin?(mr sin(—4

If = is not an integer then the sign of sin(7x) is simply the number
(=1)E1. Therefore, the sign of 3; is

(—1)!
Since, for all z,y, z € R, we have
[ +y+ 2] = o] = [y] = [2] = {a} + {y} +{z}],
it follows that the sign of f; is just the number ¢,(s). Hence, by Lemma

10, the anisotropy of h is equivalent to the condition that €;(s) = 1,
for all j. This is exactly condition (6). O

(k1+<~<+kj+2)s (k1+~~+kj)s kjyys kjyos
d }_[ d }_[ d ]_[ d ]

Lemma 14. Condition (6) is equivalent to condition (1).

Proof. Assume that condition (6) holds. Applying the condition with
j =1, we must have {2} 4+ {%22} 24 1 for all s € (Z/dZ)*. For each
S in the quotient group (Z/dZ)*/{£1}, there are two representatives s
and d — s in the group (Z/dZ)* of units mapping to s. We consider the
numbers a = a, = [{88} 4+ {5253 and b = b,_, = [{B@=2)) 4 (R0
Since the fractional part of x does not change if x is replaced by x +m,
for m € Z, it follows that b = [{=212} + {=22}] = [(1 — {&2}) 4+ (1 -
{£2:})] =2 —(a+1) = 1 — a. Thus one of the numbers a,b is zero
since 0 < a,b < 1. We choose the representative s so that a = a, = 0.

We now prove by induction on j < n that, for this choice of s, the

integral part of a1 24 {%}—i—- : -—I—{%} is zero. The case j = 1 was
just treated. Applying this with j = n will then prove that condition
(6) implies condition (1).

We now claim that condition (6) is equivalent to

[aji1] = [oj—1] mod 2,

for 2 < 7 < n. Indeed, if m < a;_1 < m + 1, for some integer m > 0,
then v, ; = a;_;—m. Thus Vi1 i+ liesin (0, 1) or (2, 3) if and
only if aj41 = aj_1 + ptj + pjq lies in (m,m+1) or (m + 2, m+3),
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that its integral part is either the same as, or 2 more than, the integral
part m of o;_;.

By induction, we may assume that [oy] = 0 for all k£ < j; therefore,
by the above congruence, we have [oj+1] =0 mod 2.

On the other hand, [a;11] = [oy] + [{ay} + {%}] Since by in-
duction, [a;] = 0, it follows that [ay41] = [{a;} + {%}] Being the
integral part of a sum of two numbers in the closed open interval [0, 1),
the latter is at most one and hence (0 <) [a;11] < 1. The conclusion of
the preceding paragraph now implies that [ 41] = 0, completing the
induction step. Hence condition (1) follows.

Conversely, if condition (1) holds, then all the numbers [«;] are zero,
and hence the numbers €,(s) are all 1. This is condition (6). O

We can now prove Theorem 8.

Proof. Since, by the assumption on i, we have > u; ¢ Z, it follows
by Proposition 19 of [V], that p, is irreducible; since (again by [V],
Corollary 3) the monodromy representation M, is a quotient of py, it
follows that M, is the representation p,.

The monodromy representation (being the specialised Gassner rep-
resentation py) has image in U(h)(Op) where h is as above (this is in
subsection 4.1 of [V]). By Lemma 11, the image is finite if and only
if U(h)(OF) is finite. So, by Lemma 13, the image is finite if and
only if condition (6) holds. By the above lemma, this is equivalent to
condition (1). O

6. ALGEBRAIC LAURICELLA FUNCTIONS

We list some corollaries to Theorem 8. We assume as before, that
Wi = % and [, are rational and not integral. The corollaries be-
low follow from the finiteness of monodromy and the observation that
the Lauricella Fp-functions are the period integrals associated to ho-
mology classes in the curve C' whose affine part is given by y? =
(x—2)% o (2 — zpy1)P+, with 2 # 21, ..., 2,41 and y # 0.

Corollary 2. The Lauricella Fp -function

% dx
FD(Zla"' 7Zn+1) :/ —

Y
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for 1 # j, is an algebraic function of the variables z1,--- , z,41 if and
only if condition (1) holds for the numbers (n,d, k;).

The following corollary is to be read up to equivalence of the j; as
defined in the Introduction.

Corollary 3. If n+ 1 > 6, then the function Fp(z1,--+ ,2n41) is not
algebraic.

If n+1 =25, then Fp is algebraic if and only if d = 6 and all the k;
are equal to 1.

Ifn+1=4, then Fp s algebraic if and only if d = 6 and all the k;
are equal to 1; or else, all but one of the k; are equal to 1 and one of

Ifn+1 =3, and if Fp is algebraic, then d = 2m and k1 = ky = p
and k3 =m — p, or else d, k; lie in a finite list, with d < 60.
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