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Arithmetic of linear forms

involving odd zeta values

par WapiM ZUDILIN

RESUME. Une construction hypergéométrique générale de formes
linéaires de valeurs de la fonction zéta aux entiers impairs est
présentée. Cette construction permet de retrouver les records de
Rhin et Violla pour les mesures d’irrationnalité de ¢(2) et ((3),
ainsi que d’expliquer les résultats récents de Rivoal sur l'infinité
des valeurs irrationnelles de la fonction zéta aux entiers impairs
et de prouver qu’au moins un des quatre nombres ¢(5), {(7), ¢(9)
et ¢(11) est irrationnel.

ABSTRACT. A general hypergeometric construction of linear
forms in (odd) zeta values is presented. The construction allows
to recover the records of Rhin and Viola for the irrationality mea-
sures of ((2) and ((3), as well as to explain Rivoal’s recent result
on infiniteness of irrational numbers in the set of odd zeta values,
and to prove that at least one of the four numbers ¢(5), ¢(7), ¢(9),
and ((11) is irrational.

1. Introduction

The story exposed in this paper starts in 1978, when R. Apéry [Ap] gave
a surprising sequence of exercises demonstrating the irrationality of ((2)
and ¢(3). (For a nice explanation of Apéry’s discovery we refer to the re-
view [Pol.) Although the irrationality of the even zeta values ((2),{(4), ...
for that moment was a classical result (due to L. Euler and F. Lindemann),
Apéry’s proof allows one to obtain a quantitative version of his result, that
is, to evaluate irrationality exponents:

(1.1) u(¢(2)) < 11.85078.. ., p(C(3)) < 13.41782... .

As usual, a value g = p(«) is said to be the irrationality exponent of an
irrational number « if p is the least possible exponent such that for any
€ > 0 the inequality

1

qﬂ+€
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q

Manuscrit recu le 3 mars 2002.
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has only finitely many solutions in integers p and ¢ with ¢ > 0. The esti-
mates (1.1) ‘immediately’ follow from the asymptotics of Apéry’s rational
approximations to ((2) and {(3), and the original method of evaluating the
asymptotics is based on second order difference equations with polynomial
coefficients, with Apéry’s approximants as their solutions.

A few months later, F. Beukers [Be| interpretated Apéry’s sequence of ra-
tional approximations to ((2) and {(3) in terms of multiple integrals and Le-
gendre polynomials. This approach was continued in later works [DV, Ru],
[Hal]-[Hab], [HMV], [RV1]-[RV3] and yielded some new evaluations of the
irrationality exponents for ¢((2), ¢(3), and other mathematical constants.
Improvements of irrationality measures (i.e., upper bounds for irrational-
ity exponents) for mathematical constants are closely related to another
arithmetic approach, of eliminating extra prime numbers in binomials, in-
troduced after G. V. Chudnovsky [Ch| by E. A. Rukhadze [Ru] and studied
in detail by M. Hata [Hal]. For example, the best known estimate for the
irrationality exponent of log2 (this constant sometimes is regarded as a
convergent analogue of (1)) stated by Rukhadze [Ru] in 1987 is

(1.2) p(log2) < 3.891399...;

see also [Hal] for the explicit value of the constant on the right-hand side
of (1.2). A further generalization of both the multiple integral approach
and the arithmetic approach brings one to the group structures of G. Rhin
and C. Viola [RV2, RV3]; their method yields the best known estimates for
the irrationality exponents of ((2) and ((3):

(1.3) p(¢€(2)) <5.441242...,  p(¢(3)) < 5.513890.. .,

and gives another interpretation [Vi] of Rukhadze’s estimate (1.2).

On the other hand, Apéry’s phenomenon was interpretated by L. A. Gut-
nik [Gu] in terms of complex contour integrals, i.e., Meijer’s G-functions.
This approach allowed the author of [Gu] to prove several partial results
on the irrationality of certain quantities involving ¢((2) and ((3). By the
way of a study of Gutnik’s approach, Yu. V. Nesterenko [Nel] proposed a
new proof of Apéry’s theorem and discovered a new continuous fraction
expansion for ¢((3). In [FN], p. 126, a problem of finding an ‘elementary’
proof of the irrationality of ((3) is stated since evaluating asymptotics of
multiple integrals via the Laplace method in [Be] or complex contour inte-
grals via the saddle-point method in [Nel] is far from being simple. Trying
to solve this problem, K. Ball puts forward a well-poised hypergeometric
series, which produces linear forms in 1 and ¢(3) only and can be evalu-
ated by elementary means; however, its ‘obvious’ arithmetic does not allow
one to prove the irrationality of ((3). T. Rivoal [Ril] has realized how to
generalize Ball’s linear form in the spirit of Nikishin’s work [Ni] and to use
well-poised hypergeometric series in the study of the irrationality of odd



Arithmetic of linear forms involving odd zeta values 253

zeta values ((3),((5),...; in particular, he is able to prove [Ril] that there
are infinitely many irrational numbers in the set of the odd zeta values.
A further generalization of the method in the spirit of [Gu, Nel] via the
use of well-poised Meijer’s G-functions allows Rivoal [Ri4] to demonstrate
the irrationality of at least one of the nine numbers ((5),((7),...,{(21).
Finally, this author [Zul]-[Zu4] refines the results of Rivoal [Ril]-[Ri4] by
an application of the arithmetic approach.

Thus, one can recognise (at least) two different languages used for an
explanation why ((3) is irrational, namely, multiple integrals and complex
contour integrals (or series of hypergeometric type). Both languages lead us
to quantitative and qualitative results on the irrationality of zeta values and
other mathematical constants, and it would be nice to form a dictionary
for translating terms from one language into another. An approach to such
a translation has been recently proposed by Nesterenko [Ne2, Ne3]. He
has proved a general theorem that expresses contour integrals in terms of
multiple integrals, and vice versa. He also suggests a method of constructing
linear forms in values of polylogarithms (and, as a consequence, linear forms
in zeta values) that generalizes the language of [Ni, Gu, Nel| and, on the
other hand, of [Be], [Hal]-[Ha5], [RV1]-[RV3] and takes into account both
arithmetic and analytic evaluations of the corresponding linear forms.

The aim of this paper is to explain the group structures used for evaluat-
ing the irrationality exponents (1.2), (1.3) via Nesterenko’s method, as well
as to present a new result on the irrationality of the odd zeta values inspired
by Rivoal’s construction and possible generalizations of the Rhin—Viola ap-
proach. This paper is organized as follows. In Sections 2-5 we explain in
details the group structure of Rhin and Viola for {(3); we do not use Beuk-
ers’ type integrals as in [RV3] for this, but with the use of Nesterenko’s
theorem we explain all stages of our construction in terms of their doubles
from [RV3]. Section 6 gives a brief overview of the group structure for {(2)
from [RV2]. Section 7 is devoted to a study of the arithmetic of rational
functions appearing naturally as ‘bricks’ of general Nesterenko’s construc-
tion [Ne3]. In Section 8 we explain the well-poised hypergeometric origin
of Rivoal’s construction and improve the previous result from [Ri4, Zu4] on
the irrationality of ((5),((7),...; namely, we state that at least one of the
four numbers

¢(5), €(7), €(9), and ¢(11)

is irrational. Although the success of our new result from Section 8 is due to
the arithmetic approach, in Section 9 we present possible group structures
for linear forms in 1 and odd zeta values; these groups may become use-
ful, provided that some arithmetic condition (which we indicate explicitly)
holds.
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2. Analytic construction
of linear forms in 1 and ((3)

Fix a set of integral parameters

_ ai, a2, as, a4
(21) (a’ b) N <b17 b27 b3, b4>
satisfying the conditions
(22) {b17b2} S {a17a27a37a/4} < {b3yb4}7
(2.3) a; +az +ag +ag < by + by +bg + by — 2,

and consider the rational function
(b3 — as — 1)! (b4 — a4 — 1)!
(a1 — bl)! (GQ — bg)!

R(t) = R(a,b;t) :=

F(t + al) F(t + ag) F(t + ag) F(t + a4)
(2.4) " T(t+by) T(t + ba) Tt + bs) T(t + ba)
4
= Rj(t)7
j=1
where
(2.5)
45+, +_1)b' U021 it oy > ) (e j=1,2),
R;(t) = (aj i)!

(bj*ajfl)!
(t+aj)(t—|—aj—|—1)--~(t+bj—1)

if a; < bj (i.e., ] = 3,4)

By condition (2.3) we obtain
(2.6) R(t) = O(t™?) as t— oo;

moreover, the function R(t) has zeros of the second order at the integral
points t in the interval

—min{ay,az, a3, a4} <t < —max{by,ba}.
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Therefore, the numerical series ) 2, R'(t) with to = 1 — max{by, b2} con-
verges absolutely, and the quantity

(2.7) G(a,b) = —(—1)br+b2 f: R(t)

t=to

is well-defined; moreover, we can start the summation on the right-hand
side of (2.7) from any integer ¢y in the interval

(2.8) 1 —min{ai, as,as,as} < tog <1— max{by,bs}.

The number (2.7) is a linear form in 1 and ((3) (see Lemma 4 below), and
we devote the rest of this section to a study of the arithmetic (i.e., the
denominators of the coefficients) of this linear form.

To the data (2.1) we assign the ordered set (a*, b*); namely,

(2 9) {bT’ 3} = {b1’b2}7 {ai’a;a;?aj& = {al,ag,a3,a4}7
' {63, 05} = {b3,ba},  b] < b3 <aj <ay <a3z<ay<by<by

hence the interval (2.8) for ¢y can be written as follows:
1—aj <ty <1-10;.

By Dy we denote the least common multiple of numbers 1,2,..., N.

Lemma 1. For j = 1,2 there hold the inclusions

(2.10) Rij(t)|,__, €Z, Daq,_y, - R(t)|,__, €Z, keZ.

Proof. The inclusions (2.10) immediately follow from the well-known prop-

erties of the integral-valued polynomials (see, e.g., [Zu5], Lemma 7), which
are Rq(t) and Ra(t). O

The analogue of Lemma 1 for rational functions R3(t), R4(t) from (2.5)
is based on the following assertion combining the arithmetic schemes of
Nikishin [Ni] and Rivoal [Ril].

Lemma 2 ([Zu3], Lemma 1.2). Assume that for some polynomial P(t) of
degree not greater than n the rational function
P(t
Q) = L
(t+s)(t+s+1)---(t+s+n)

(in a not necesarily uncancellable presentation) satisfies the conditions

Q(t)(t—l—k)!t:_keZ, k=s,s+1,...,s+n.

Then for all non-negative integers | there hold the inclusions
D,

TR ez h=sstlisin
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Lemma 3. For j = 3,4 there hold the inclusions
(2.11) (Rj(t)(t +k))|,__, € Z, kez,

Dy _minfa;.az}—1 - (Rj(0)(t + ki))/’t:fk €z,

(2.12)
keZ, k=a3a3+1,...,b;— 1

Proof. The inclusions (2.11) can be verified by direct calculations:

(—1yk-a i = a; = L)
(k= a,)t(b; — k= 1)
(Rj(t)(t"i'k))’t:—k: ifk‘:aj,(lj‘i'l,---abj_lv

0 otherwise.

To prove the inclusions (2.12) we apply Lemma 2 with [ = 1 to the func-
tion R;(t) multiplying its numerator and denominator if necessary by the
factor (t +a3)---(t +a; — 1) if a; > af and by (t +b;)--- (¢t +b; — 1) if
bj < bz [l

Lemma 4. The quantity (2.7) is a linear form in 1 and {(3) with rational
coefficients:

(2.13) G(a,b) =2A((3) — B;
in addition,
(2.14)

Ac Za DI%Z—aT—l ' Dmax{a1—b1,ag—bz,bz—a3—1,bz—a4—1,b§—a’f—l} -B € Z.
Proof. The rational function (2.4) has poles at the points ¢ = —k, where
k =aj3,a3+1,...,b; — 1; moreover, the points ¢t = —k, where k = aj, aj +
1,...,b5 — 1, are poles of the second order. Hence the expansion of the

rational function (2.4) in a sum of partial fractions has the form

bz—1 4 bi—1 B
k k
k=a} k=aj

where the coefficients Ay and By in (2.15) can be calculated by the formulae
A= (Rt +E))|,__,, k=a}a;+1,...,b5—1,
Br= (RWt)(t+k)?)|,__,. k=alai+1,...0b5—L
Expressing the function R(t)(t + k)? as
Ri(t) - Ra(t) - R3(t)(t + k) - Ra(t)(t + k)
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for each k and applying the Leibniz rule for differentiating a product, by
Lemmas 1 and 3 we obtain
(2.16)

Ax €7, k=aya;+1,...,b5—1

* % *
Dmax{a1—b1,az—bg,bz—ag—l,bz—a4—1} : Bk’ € Z, k= as, as + 17 ey b4 -1

(where we use the fact that min{a;, a3} < a; for at least one j € {3,4}).
By (2.6) there holds

b1 b;-1
Z By, = Z Resi—_1, R(t) = — Resi—c R(t) = 0.
k=aj k=aj

Hence, setting tg = 1 —aj in (2.7) and using the expansion (2.15) we obtain

00 bs—1 bi—1
2A B
b1+b _ k k
Crean = 3 (X Pt S g
t=1—a] “k=a} k=a3

Y a(S-3 )i S a(E-L)h

bs—1 b5—1  k—al bi—1  k—al

=23 4,-¢B3) <2Akzl3+23kzl2>

k=a}
— 24((3) -

The inclusions (2.14) now follow from (2.16) and the definition of the least
common multiple:

2 * *
Dbz—a;—l . ﬁ S Z fOI‘ l = 1,27 ,b4 — CLl ].,
1 >k *
Dgz_af_l-pbg_a;_l-ﬁ €7 for 1=1,2,...,b5 —a} —1.
The proof is complete. O

Taking a1 =as =az3=a4=14+n,b; =by =1, and b3 = by = 2+ 2n we
obtain the original Apéry’s sequence
(2.17)

L KA (t-D(E-2)(t—n)) B
2An§(3)—Bn_—;dt< D ) > n=12...,

of rational approximations to ((3) (cf. [Gu, Nel]); Lemma 4 implies that
A, € Z and D3 - B, € Z in Apéry’s case.



258 Wadim ZUDILIN

3. Integral presentations

The aim of this section is to prove two presentations of the linear
form (2.7), (2.13): as a complex contour integral (in the spirit of [Gu, Nel])
and as a real multiple integral (in the spirit of [Be, Hab, RV3]).

Consider another normalization of the rational function (2.4); namely,

S g L+ a)T(t+a) Tt +a3) T(t + aq)
B R(t) = Rla.bit) o= 5o SR G Tt + bs) T+ ba)

and the corresponding sum
(3.2)

G(a,b) = —(—1)0 1P Z él(t) - (b3 —(a;:z_—bi;i

GQ—bg)!
b4 — a4 — 1)!

G(a,b).

—~|—

Note that the function (3.1) and the quantity (3.2) do not depend on the
order of numbers in the sets {a1, as,as,as}, {b1,b2}, and {bs,bs}, i.e.,

R(a,b;t) = R(a*,b*;t),  G(a,b) = G(a*,b").
Lemma 5. There holds the formula
F'(t+a)T(t+a2) T(t+a3) T(t+ aq)

~ 1 xI'(l—t—01)T'(1—t—0b
Gla,b) = — ( ) I 2) 41
211 r F(t+bg)r(t+b4)
24 l—a;,1—ao,1—a3,1—ay
(3.3) = G4v4<1 1= by, 1— by, 1— b, 1 —b4>’

where L is a vertical line Ret =11, 1 —a] <t1 <1—0b5, oriented from the
bottom to the top, and Giﬁ is Meijer’s G-function (see [Lu], Section 5.3).

Proof. The standard arguments (see, e.g., [Gu], [Nel], Lemma 2, or [Zu3],
Lemma 2.4) show that the quantity (3.2) presents the sum of the residues
at the poles t = —b5 + 1, —b5 + 2,... of the function

— (—1)hte2 <si§mﬁ)2ﬁ(t>
_(_1)b1+b2< m >2r(t+al)r(t+a2)r(t+a3)r(t+a4)
B sinmt ) T(t+b1)T(t +bo) T(t +b3) T(t +by)

It remains to observe that

3.4 T(t+b)T(1 =t —by) = (—1)b — i=1,2,

(B4) Db —t—b) = (T

and to identify the integral in (3.3) with Meijer’s G-function. This estab-
lishes formula (3.3). O

The next assertion allows one to express the complex integral (3.3) as a
real multiple integral.
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Proposition 1 (Nesterenko’s theorem [Ne3]). Suppose that m > 1 and
r > 0 are integers, r < m, and that complex parameters ag,ai,...,Gm,
bi,..., by and a real number t; < 0 satisfy the conditions

Rebr > Reag > 0, k=1,....m

— min Reap <t < min Re(bk —ag — ap).
0<k<m 1<k<

Then for any z € C\ (—oo 0] there holds the identity

ak 1 1— bp—ar—1
— &1

1—302)- (1 =) + 2132+ Ty

[0,1)™
Hzl:r-f—l F(bk _ ak)
I'(ao) - [Tj=1 T'(bx — ao)
L Tt ) T M~ o= 0=y ey
210 J4y —ioo [Tk T + 1)
tlog z

X

where both integrals converge. Here 2 = e and the logarithm takes real

values for real z € (0, +00).

We now recall that the family of linear forms in 1 and ((3) considered in
paper [RV3] has the form

((h)J,k,l,mq,rs /// W=yl - )0 dedyd

1— 1—3:y) yath—r 1—(1—2zy)z

and depends on eight non-negative integral parameters connected by the
additional conditions

(3.6) h+m==kk+m, jtq=1+s,

where the first condition in (3.6) determines the parameter m (which does
not appear on the right-hand side of (3.5) explicitly), while the second
condition enables one to apply a complicated integral transform 1§, which
rearranges all eight parameters.

Lemma 6. The quantity (2.7) has the integral presentation
(3'7) G(a7 b) = I(h7]7 k? l7 m? Q7 T’ s)?

where the multiple integral on the right-hand side of (3.7) is given by for-
mula (3.5) and
h=a3—b1, j=az—b1, k=as—by, l=bz—az—1,

(38) m:a4—b2, q:al—bg, T:ag—bg, s:b4—a4—1.
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Proof. By the change of variables t — t—b; +1 in the complex integral (3.3)
and the application of Proposition 1 with m = 3, » = 1, and z = 1 we obtain

(a1 — bl)' (CLQ — bg)'
(bs —a3 — 1) (by — ag — 1)!
xagfbl(l . x)bgfagflym;fbl(l _ y)b4fa471

x 292701 (] — z)m b2
X /// (1 — (1 — l’y)z)“lfleFl dx dy dZ7

[0,1]3

G(a,b) =

which yields the desired presentation (3.7). In addition, we mention that
the second condition in (3.6) for the parameters (3.8) is equivalent to the
condition

(3.9) ar+az +az +ag = by + bz + b3 + by —2
for the parameters (2.1). O

The inverse transformation of Rhin—Viola’s parameters to (2.1) is de-
fined up to addition of the same integer to each of the parameters (2.1).
Normalizing the set (2.1) by the condition b; = 1 we obtain the formulae

(3.10)
a1=1+h+q—7r, a2=1+4j, a3 =1+h, ag =1+Ek,
b1 =1, bo=14+h—r, b3=24+h+1, by=2+k+s.

Relations (3.8) and (3.10) enable us to describe the action of the generators
©, X, 9,0 of the hypergeometric permutation group @ from [RV3] in terms
of the parameters (2.1):

(3.11)
L[ a1, az,as, a4 asz, az, ai, a4
7\ L b, by, ba L, b, b3, by
. ai, a2, as, a4 az, ai, az, a4
x ( L, b, bs, b4> - ( L, by, bs, b4>
9. [ @1 G2, a3, a4 b3 — aq, ay, as, b3 — a3
"\ 1, Do, b3, by 1, bo +b3 — a1 —ag, by +by — a1 —asg, b3
. ag, az, az, a4 — ai, az, a4, as
77\ L b, by, by L, b, ba, bg )
Thus, ¢, x, o permute the parameters a1, as, as, ag and bs, by (hence they do
not change the quantity (3.2) ), while the action of the permutation 9 on the
parameters (2.1) is ‘non-trivial’. In the next section we deduce the group
structure of Rhin and Viola using a classical identity that expresses Meijer’s

Gi’i‘—function in terms of a well-poised hypergeometric 7Fg-function. This
identity allows us to do without the integral transform corresponding to
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and to produce another set of generators and another realization of the
same hypergeometric group.

4. Bailey’s identity and the group structure for ((3)

Proposition 2 (Bailey’s identity [Bal], formula (3.4), and [S]], formula
(4.7.1.3)). There holds the identity

(4.1)
. (a, 1+ 3a, b, c, d, e, f ' 1)
e %a,1—|—a—b,1+a—c,1—|—a—d,1+a—e,1+a—f
Il+a-b0)Il4+a—-c)T1+a—-d)I'(1+a—-e)I'(1+a— f)
Fr1+a)TO) T (dI(1+a—b—c)T(14+a—b—d)
xI'l+a—c—d)T(1+a—e—f)
e+ f—a, l—b,l—c,l—d)

2,4
XG474<1 0,1+a—b—c—d,e—a, f—a

provided that the series on the left-hand side converges.

We now set
(4.2)

_ _ (1 + ho) - [I°_, T(h;
F(h) = F(ho; h1, ha, h3, hy, hs) := (5 o) 1l Ty)
Hj:1 I'(1+ ho— hy)

ho ]__i_lho h1 ho, ... hs
F s 5 s ’ ’ ’

X 7. 6< tho,1+ho—h1,1+hg—ha, ..., 1+ ho— hs

)

for the normalized well-poised hypergeometric 7Fg-series.

In the case of integral parameters h satisfying 1 + hg > 2h; for each
j =1,...,5, it can be shown that F(h) is a linear form in 1 and ((3)
(see, e.g., Section 8 for the general situation). Ball’s sequence of rational
approximations to ((3) mentioned in Introduction corresponds to the choice
h0:3n+2, h1:h2:h3:h4:h5:n+1:
(4.3)

' , > n\(t—1)---(t—n)-t+n+1)---(t+2n
AnC(3)+Bn:2n!2;(t+2>( ) §4(t—|—)1)£-f(tj—n))4 (t+2n)

n=12...

(see [Ri3], Section 1.2). Using arguments of Section 2 (see also Section 7
below) one can show that D,, - A}, € Z and D; - B!, € Z, which is far from
proving the irrationality of ((3) since multiplication of (4.3) by D2 leads us
to linear forms with integral coefficients that do not tend to 0 as n — oo.
Rivoal [Ri3], Section 5.1, has discovered the coincidence of Ball’s (4.3) and
Apéry’s (2.17) sequences with the use of Zeilberger’s Ekhad program; the
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same result immediately follows from Bailey’s identity. Therefore, one can
multiply (4.3) by D32 only to obtain linear forms with integral coefficients!
The advantage of the presentation (4.3) of the original Apéry’s sequence
consists in the possibility of an ‘elementary’ evaluation of the series on the
right-hand side of (4.3) as n — oo (see [Ri3], Section 5.1, and [BR] for
details).

Lemma 7. If condition (3.9) holds, then

C?(a7 b)
H?:1(aj —b)!- H§:1(aj — b2)!
F(h
(4'4) = 5 | ( ) i
Hj:l(hj — 1! (1+2hg—hy —ha — hs — hg — h3)!
where

ho =b3+bs—by —ar =2 —2by — bz + az + az + ay,
(4.5) hi=1-bi+az, hy=1-bi+az, h3=1-b+ay,
h4:b4—a1, h5:b3—a1.

Proof. Making as before the change of variables ¢t — t—b1+1 in the contour
integral (3.3), by Lemma 5 we obtain

b1 — a1, b1 — a2, b1 —as, by —a4)

~ 24
G(a'a b) - G4,4 (1 O, b1 — b2, bl - b37 bl - b4

Therefore, the choice of parameters hg, h1, ha, h3, hq, hs in accordance with
(4.5) enables us to write down the identity from Proposition 2 in the re-
quired form (4.4). O

The inverse transformation of the hypergeometric parameters to (2.1)
requires a normalization of the parameters (2.1) as in Rhin—Viola’s case.
Setting by = 1 we obtain
(4.6)

a1:1—|—h0—h4—h5, agzhl, a3:h2, a4:h3,

b1=1, by=hi+hys+hs—hg, b3=14+hyg—hg, bys=1+hog—hs.

We now mention that the permutations aj;, of the parameters aj,ay,
1< j < k<4, as well as the permutations byo, b4 of the parameters b1, by
and bs, by respectively do not change the quantity on the left-hand side
of (4.4). In a similar way, the permutations b of the parameters h;, hy,
1 <j < k <5, do not change the quantity on the right-hand side of (4.4).
On the other hand, the permutations a1z, k£ = 2, 3, 4, affect nontrivial trans-
formations of the parameters h and the permutations h;; with j = 1,2,3
and k = 4,5 affect nontrivial transformations of the parameters a,b. Our



Arithmetic of linear forms involving odd zeta values 263

nearest goal is to describe the group & of transformations of the param-
eters (2.1) and (4.5) that is generated by all (second order) permutations
cited above.

Lemma 8. The group & can be identified with a subgroup of order 1920
of the group Ui of even permutations of a 16-element set; namely, the
group & permutes the parameters

=D ifa; >b
@7 e =4 HeZbe sy
b, —a; —1 ifa; < by,
and is generated by following permutations:
(a) the permutations aj := a4, 7 = 1,2,3, of the jth and the fourth lines
of the (4 x 4)-matriz
C11 €12 C13 Cl4
(4.8) c— | €2 C22 C23 €
€31 €32 €33 C34
C41 C42 €43 C44
(b) the permutation b := b3y of the third and the fourth columns of the
matriz (4.8);
(c) the permutation b := hss that has the expression
(4.9) b = (c11 c33)(c13 c31)(caz caa)(c24 Ca2)
in terms of the parameters c.
All these generators have order 2.

Proof. The fact that the permutation h = h35 acts on the parameters (4.7)
in accordance with (4.9) can be easily verified with the help of formulae (4.5)
and (4.6):

(4.10)
ho (1002 @304 by — as, az, by — ay, ay
"\ 1, b, b3, by 1, by + b3 — a1 —as, by, b3+ by —a1 —az )’
As said before, the permutations ajz, 1 < j < k < 4, and hj;, 1 < j <
k <5, belong to the group (aj, az, as, b, h); in addition,

bi2=bajaza;azhbbhaza;azarh.

Therefore, the group & is generated by the elements in the list (a)—(c).
Obviuosly, these generators have order 2 and belong to 2.
We have used a C++ computer program to find all elements of the group

(4.11) ® = (a1, az,0a3,b,b).

These calculations show that & contains exactly 1920 permutations. This
completes the proof of the lemma. U
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Remark. By Lemma 8 and relations (4.10) it can be easily verified that the
quantity bg + by — by — by is stable under the action of &.

Further, a set of parameters ¢, collected in (4 x 4)-matrix, is said to
be admissible if there exist parameters (a,b) such that the elements of
the matrix ¢ can be obtained from them in accordance with (4.7) and,
moreover,

(4.12) cjr >0 forall j k=1,2,34.

Comparing the action (3.11) of the generators of the hypergeometric
group from [RV3] on the parameters (2.1) with the action of the genera-
tors of the group (4.11), it is easy to see that these two groups are iso-
morphic; by (4.10) the action of ¥ on (2.1) coincides up to permutations
a, ag, as, b with the action of . The set of parameters (4.7) is exactly the
set (5.1), (4.7) from [RV3], and

h=cs, j=cu, k=ca, [=css,
m==C42, q=2C2, T =20C32, S$=Cuq
by (3.8).

On the other hand the hypergeometric group of Rhin and Viola is em-
bedded into the group ;g of even permutations of a 10-element set. We
can explain this (not so natural, from our point of view) embedding by
pointing out that the following 10-element set is stable under &:

ho —h1=bg+bs—1—a1—az, g+hi=bs+bs—1—az—aa,
ho —ha = b3 +bs —1—a; — a3, g+ha=0b3+0by—1—as—ay,
ho —hg =bs+bs—1—a1—as, g+hy=>bz+bs—1—az—as,
ho — hy = bg — b1, g+ ha=by— by,
ho — hs = by — b1, g+ hs = bg — ba,
where g = 1+ 2hg — hy — hg — hg — hy — hs. The matrix ¢ in (4.8) in terms
of the parameters h is expressed as
ho — hq — hs g hs — 1 hy—1
hy —1 ho —ho —hs ho—hy —hy ho—hy — hs
ha — 1 ho —h1 —hs ho—ha—hy ho—hy — hs
hs —1 ho —h1 —he ho—hs—hyg ho—hs— hs
The only generator of & in the list (a)—(c) that acts nontrivially on the
parameters h is the permutation a;. Its action is
(h07 hla h2a h3a h47 h5) = (1 + 2hO - h3 - h4 - h’5,
hi,h2,1+hg —hy — hs, 14+ hg — h3 — hs, 1 4+ hg — h3 — hy),
and we have discovered the corresponding hypergeometric 7Fg-identity in
[Ba2], formula (2.2).
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The subgroup &1 of & generated by the permutations aj;, 1 < j < k < 4,
and by, b3y, has order 4! - 2! - 2! = 96. The quantity CNJ(a, b) is stable
under the action of this group, hence we can present the group action on
the parameters by indicating 1920/96 = 20 representatives of left cosets
&/61 = {q;61, j =1,...,20}; namely,

q1 = id, g2 = apazazh, qs = a1 b, qs = azap b,
q5 = b, g6 = hajazazh, g7 = azazh, gs = ag b,
qgo =bhazbh, qio=oarazhajazbh, g1 =az2hazaxbh, qi2 =0bbh,
qi3 =axazbh, g4 =azbbh, qis =apazazbbh, qig=u0a1bb,

qiz=aga1bh, gis =azsharasbh, qo=asharbh, qgxo="habh;

we choose the representatives with the shortest presentation in terms of
the generators from the list (a)—(c). The images of any set of parameters
(a,b) under the action of these representatives can be normalized by the
condition b; = 1 and ordered in accordance with (2.9). We also point out
that the group &; contains the subgroup &g = (a12b12, az4bs4) of order 4,
which does not change the quantity G(a,b). This fact shows us that for
fixed data (a,b) only the 480 elements q;a, where j = 1,...,20 and a €
G4 is an arbitrary permutation of the parameters ai,ao,as,as, produce
‘perceptable’ actions on the quantity (2.7). Hence we will restrict ourselves
to the consideration of only these 480 permutations from &/&y.

In the same way one can consider the subgroup &} C & of order 5! = 120
generated by the permutations bz, 1 < j < k < 5. This group acts trivially
on the quantity F(h). The corresponding 1920/120 = 16 representatives
of left cosets &/®) can be chosen so that for the images of the set of
parameters h we have

1 <hy <hg <hs<hyg <hs;

of course hg > 2hs.
For an admissible set of parameters (4.7) consider the quantity

| | ~
(4.13) H(c) := G(a,b) = "2 C(a,b).
C11' C22!

Since the group & does not change (4.4), we arrive at the following state-
ment.

Lemma 9 (cf. [RV3], Section 4). The quantity

(4.14)

where H(C) = 621! 631! 641! 612! 632! C42! 033! 044! s

is stable under the action of &.
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5. Irrationality measure of Rhin and Viola for ((3)

Throught this section the set of parameters (2.1) will depend on a positive
integer n in the following way:

ap=am+1, aa=am+1, az=asn+1, a4 =ayn+1,

1
O Bint1, bo=fBant1, by—Bm+2 by—fim+2,

where the new integral parameters (‘directions’) (e, 3) satisfy by (2.2),
(3.9), and (4.12) the following conditions:

(5.2) {B1, B} < {a1, 2,03, 04} < {B3, B4},
(5.3) a1 +as+oaz+og =P+ o+ B3+ Ba

The version of the set (a, 3) ordered as in (2.9) is denoted by (a*, 8%).
To the parameters (a, 3) we assign the admissible (4 x 4)-matrix ¢ with
entries

- if o
(5.4) = a; — B 1 a; > P, ik=1.2.3.4,
ﬂk—a]‘ 1faj <ﬂk,

hence the set of parameters ¢-n corresponds to (5.1). With any admissible
matrix ¢ we relate the following characteristics:

mo = mo(c) := 1%!2,?;4{0%} >0,
my =mi(€) == fj —ai = max {cjs, cja},

mo = ma(c) = max{ai — B1, 00 — [2, By — a3, By — au, B3 — ai}

= max{ci1, Cik, €22, Cok, €34, C44, €33, C43 },

where k= 3 ?f Ba=Bi (?.e., c13 < c14),
4 if B3 = ﬂZ (l.e., ci3 > 014)7

and write the claim of Lemma 4 for the quantity (4.13) as
(5.5) D2 orn Dima(eyn - H(en) € 22¢(3) + Z.

mi(e)

Fix now a set of directions (a, 3) satisfying conditions (5.2), (5.3), and
the corresponding set of parameters (5.4). In view of the results of Sec-
tion 4, we will consider the set My = My(ar, 3) = My(c) of 20 ordered
collections (o', ') corresponding to q;(e,3), j = 1,...,20, and the set
M= M(a,B) = M(c) := {aMy} of 480 such collections, where a € &4 is
an arbitrary permutation of the parameters aq, g, ag, ay (equivalently, of
the lines of the matrix ¢). To each prime number p we assign the exponent

II(cn)

Vb = I O T ey
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and consider the quantity

(5.6) ®, = D, (c) == I »
Jmon<p<man

where ms = m3(c) := min{m;i(c), ma(c)}.

Lemma 10. For any positive integer n there holds the inclusion

D2 - Dyon - ®, - H(en) € 2Z¢(3) + Z

min
Proof. The inclusions

(5.7) D2, - Dyyn - @, - H(en) € 22,((3) +Z

min

for p < \/mon and p > mgn follow from (5.5) since ord, ®, = 0.

Using the stability of the quantity (4.14) under the action of any permu-
tation from the group &, by (5.5) we deduce that
II(cn)
II(cn)
= D2, ()0~ Dima(eryn - H(<n) € 22((3) +Z, ¢ e M,

D?m(c,)n Dy (eyn - - H(cn)

which yields the inclusions (5.7) for the primes p in the interval
vmon < p < man since

2 3
ord, (Dml(c’)n ' DWQ(C’)") <3 =ord, (Dms(C)n)
= OrdP(ngl(c)n Dm2(c)n), C/ € M( )
in this case. The proof is complete. O

The asymptotics of the numbers Dy, D, in (5.7) is determined by
the prime number theorem:

log Dy,
lim —2 M e j=1,2.
n— o0 n
For the study of the asymptotic behaviour of (5.6) as n — oo we introduce
the function
p(z) = cr}lefyfjl(LCzle + lesiz] + [enz] + [cr22]
+ LC321’J + LC42$J + L033$J LC44JZJ
— [y = [eqi2] = [ — [chyr)
— chor| — |chow] — [chs] — LC441’J)
where |- | is the integral part of a number. Then v, = ¢(n/p) since
ord, N! = | N/p| for any integer N and any prime p > V'N.
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Note that the function () is periodic (with period 1) since
c21 + €31+ ca1 + c12 + 32+ cag + ¢33 + caa = 2(B3 + Ba — B1 — B2)
= chy + €31 + €y + Clo + €9 + Cpp + C33 + Cy

(see Remark to Lemma 8); moreover, the function ¢(x) takes only non-
negative integral values.

Lemma 11. The number (5.6) satisfies the limit relation

o " 1 1/ms T
(5.8) lim 8% _ /0 () () — /0 ()3

n—oo N x2’

where 1 (x) is the logarithmic derivative of the gamma function.

Proof. This result follows from the arithmetic scheme of Chudnovsky—
Rukhadze-Hata and is based on the above-cited properties of the func-
tion p(z) (see [Zu3], Lemma 4.4). Substraction on the right-hand side
of (5.8) ‘removes’ the primes p > man that do not enter the product ®,,
in (5.6). O

The asymptotic behaviour of linear forms
H, := H(en) =2A4,((3) — B,

and their coefficients A,,, By, can be deduced from Lemma 6 and [RV3], the
arguments before Theorem 5.1; another ‘elementary’ way is based on the
presentation
(5.9)
(ho — h1 — ha)! (ho — h1 — h3)! (ho — ha — hq)! (hog — hg — hs)! ~
H(c) = F(h
(c) (ha — 1)1 (h5 — 1)1 (h)

and the arguments of Ball (see [BR] or [Ri3], Section 5.1). But the same
asymptotic problem can be solved directly on the basis of Lemma 5 with the
use of the asymptotics of the gamma function and the saddle-point method.
We refer the reader to [Nel] and [Zu3], Sections 2 and 3, for details of this
approach; here we only state the final result.

Lemma 12. Let 79 < 71 be the (real) zeros of the quadratic polynomial
(T —a1)(T = a2)(7 — as)(T — o) — (7 = B1)(7 — B2) (7 — Bs)(T — B4)
(it can be easily verified that 35 < 1o < of and 11 > «}); the function fo(T)

in the cut T-plane C\ (—o0, B3] U [a], +00) is given by the formula

fo(t) = aglog(ar — 7) + aglog(as — 7) + azlog(as — 7) + ag log(as — 7)
— Brlog(T — B1) — B2 log(T — B2) — Bslog(Bs — 7) — Balog(Bs — 7)
— (a1 = B1)log(ar — B1) — (a2 — B2) log(az — f2)
+ (83 — a3)log(Bs — a3) + (Ba — au) log(Bs — au),
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where the logarithms take real values for real T € (55, a7). Then

1 ATL ’ Bn
i fo(70), lim sup og max{|Ap|, | By}

n—oo n n—oo n

m 7log|Hn| = S Refo(Tl).

Combining results of Lemmas 11 and 12, as in [RV3], Theorem 5.1, we
deduce the following statement.

Proposition 3. In the above notation let
Co = —fo(70), C1 = Re fo(m1),
1 1/ms3 dx
Co=2m+ma— ([ ewave) - [ o).
0 0

22
If Cy > Cy, then

< Co+Ch

1(€(3)) < m-

Looking over all integral directions (e, 3) satisfying the relation
(5.10) a1 +agztaz+as =01+ P2+ B3+ Ba < 200

by means of a program for the calculator GP-PARI we have discovered that
the best estimate for 1(¢(3)) is given by Rhin and Viola in [RV3].

Theorem 1 ([RV3]). The irrationality exponent of ((3) satisfies the esti-
mate

(5.11) 1(C(3)) < 5.51389062. .. .

Proof. The optimal set of directions (o, 3) (up to the action of &) is as
follows:

Q] = 18, Q9 = 17, a3z = 16, y = 19,

5.12
( ) ﬁl = 07 62 = 7> 53 = 31a ﬁ4 = 32.
Then,

To = 8.44961969. . ., Co = —fo(1p) = 47.15472079. . .,
T1 = 27.38620119. . ., C1 = Re fo(m0) = 48.46940964 . . . .
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The set My in this case consists of the following elements:

16, 17, 18, 19 12, 14, 16, 18 12, 15, 17, 18
0, 7,31,32 0, 2,27, 31 0, 3,28, 31
14, 15, 18, 19 13, 15, 17, 19 13 14, 15, 16
0, 5,30, 31 0, 4,29,31 0, 1,25,32
13, 14, 16, 19 12, 13, 16, 17 11 14, 15, 18
0, 3,28,31 /) \ 0, 1,26,31 0, 1,27,30)°
11, 15, 16, 18 12, 13, 14, 19 14, 16, 17, 19
0, 2,28,30/)" \ 0, 1,28 29 0, 5,29,32)
14, 15, 16, 19 13, 14, 16, 17 13, 15, 16, 18
0, 428,32/ \ 0, 2, 26,32 0, 3,27, 32
13,16 17, 18 15, 16, 18, 19 12, 15, 16, 19
0, 4,28, 32 0, 6,30, 32 0, 3,29,30
12, 14, 15, 19 10, 15,16, 17 _

0, 2,28,30/) \ 0, 1,2829)

an easy verification shows that m; = ms = 16 and mo = 18. The function
o(x) for x € [0,1) is defined by the formula

0 ifzel0,1)\ 2,
o) =K1 ifxe R\ 2,
2 ifxe 2,

where the sets 25 and {2, are indicated in [RV3], p. 292. Hence

1 1/ms3 dx
Cy =2mq +mo — (/ o(z)dy(x) — / @(m)x2>
0 0
=2-164+ 18 — (24.18768530. .= 4) = 29.81231469...,

and by Proposition 3 we obtain the required estimate (5.11). O

Note that the choice (5.12) gives us the function ¢(x) ranging in the
set {0,1,2}; any other element of M produces the same estimate of the
irrationality exponent (5.11) with ¢(z) ranging in {0, 1,2, 3}.

The previous record

(5.13) w(¢(3)) < 7.37795637. ..
due to Hata [Hab] can be achieved by the choice of the parameters

a1 =8, ag=17, a3=8, ay4=09,

(5.14) Bi=0, Bo=1, p3=15, (B4 =16,
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and the action of the group &;/& of order just 4! = 24 (we can regard
this as a (a, b)-trivial action). For directions («, 3) satisfying the relation

a1+ o+ oz +ag < B+ B2+ P34 B4 <200

(instead of (5.10)) we have verified that the choice (5.14) corresponding
to Hata’s case produces the best estimate of the irrationality exponent
for ((3) in the class of (a, b)-trivial actions. In that case we are able to use
the inequality

ap +ag+az+ag < P+ B2+ B3+ Ba
instead of (5.3) since we do not use Bailey’s identity. The mysterious thing
is that the action of the full group & does not produce a better result than
(5.13) for the parameters (5.14).

6. Overview of the group structure for ((2)

To a set of integral parameters

ai, az, ag
6.1 b) =
(6.1) (a,b) <bla b, bg)

satisfying the conditions
{bl} < {al,ag,ag} < {bg,b3},
(6.2) ar+az +az < by + by + b3 — 2,
we assign the rational function
(bg —ag — 1)l (bs — a3 — 1)!
(a1 — bl)!
y I(t+a1)T(t+ a2) T(t + a3)
L(t+b1)D(t+ b2) T'(t + bs)

3
=TI &),
j=1

where the functions Rj(t), Re(t), and R3(t) are defined in (2.5). Condi-
tion (6.2) yields (2.6), hence the (hypergeometric) series

R(t) = R(a,b;t) :=

o
(6.3) G(a,b):=>» R(t)  with 1—min{as,az,a3} <to <1— by
t=to
is well-defined. Expanding the rational function R(¢) in a sum of partial
fractions and applying Lemmas 1 and 3 we arrive at the following assertion.

Lemma 13 (cf. Lemma 4). The quantity (6.3) is a rational form in 1
and ((2) with rational coefficients:

(6.4) G(a,b) = A((2) — B;
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in addition,
A€z, D —ar -1+ Diax{ay—by b5 —az—1,b5—az—1,b5—at -1} - B € Z,
where (a*,b%) is the ordered version of the set (6.1):

{bT} = {b1}7 {a?a?ag} = {al’a2’a3}7 {bzvb?;} = {bQ’b?)}’

6.5
(65) bl <aj <a;3 <az<by<b;.

By Proposition 1 the series (6.3) can be written as the double real integral

ZL‘aQ_bl(l _ $)b2_a2_1ya3_b1(1 _ y)bg—a3—1
G(a,b) = // A= zg)a o1 dz dy,

[0,1]2

hence we can identify the quantity (6.3) with the corresponding integral
I(h,i,j,k,1) from [RV2] by setting

h=ay—0b;, i=by—ax—1, j=by—as—1,
k=as—0b;, 1= (bi+by+bs—2)—(a;+az+as);
the inverse transformation (after the normalization b; = 1) is as follows:
a1 =1414+75—1, ar=1+h, a3 =1+k,
by =1, bo=2+h+i, by=2+7]+k.

In the further discussion we keep the normalization b; = 1.
The series
1>

L(1 4 ho) - [Tj—y T'(hy)

1= T(1+ ho — hy)

h0a1+%h05 hla"', h4
%ho, 14+hg—hy,...,14+hog— hy

~ _ T(a1)T(a2)I(a3) ai, as, a
Gla,b) = L(b))T(b2)T(b3) '3F2< 1 bi, bi

and

F(h) = F(ho; hy, ha, hs, hy) ==

><6F5<

)

play the same role as (3.2) and (4.2) played before since one has

G(a,b)
F(al) F(ag) F(ag) F((bg + bg) — (a1 +as + CL3))
_ F(h)
60 = T0) T(2) T () T
where

ho =by+b3—1—ai, hi=az, ho=as,
hy =bs —ai, hs="bs—ay,
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and
ar =1+ ho —h3 —hg, az = hy, a3 = ho,
bl:17 b2:1+h0_h3a b3:1+h0_h4a

by Whipple’s identity [Ba3], Section 4.4, formula (2). The permutations
ajk, 1 < j <k <3, of the parameters aj, ai, the permutation bog of by, bs,
and the permutations b, 1 < j < k < 4, of the parameters hj, hy do
not change the quantity (6.6). Hence we can consider the group & gener-
ated by these permutations and naturally embed it into the group &1g of
permutations of the 10-element set

coo = (bg + b3) — (a1 + a2 + az) — 1,

i—b ifa; >0
cp=40 kMmO k=123
bk—aj—l 1faj<bk,

The group & is generated by the permutations a; := ay3, ag := ag3, b := bog,
which can be regarded as permutations of lines and columns of the ‘(4 x 4)-
matrix’

€00
(6.7) c— C11 €12 Ci13
C21 C22 C23
C31 €32 €33

and the (a, b)-nontrivial permutation b := bhog,

b = (coo c22)(c11 €33)(c13 €31);

these four generators have order 2. It can be easily verified that the group
® = (aj,a9,b,h) has order 120; in fact, we require only the 60 represen-
tatives of & /&, where the group &y = {id, agsbas} acts trivially on the
quantity
| |
H(c) := G(a,b) = 2255 G(a,b).

611!

Thus, we can summarize the above as follows.

Lemma 14 (cf. [RV2], Section 3). The quantity

H(c)
I(c)’

where H(C) = COO! 621! 631! 022! 033! s

is stable under the action of & = (aj,a2,b,h).

If one shifts indices of ¢;, by one then the group & for ((2) can be natu-
rally regarded as a subgroup of the group & for ((3) (compare the generators
of both groups). The group & for ((2) coincides with the group ® of Rhin
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and Viola from [RV2] since permutations ¢, € ® are (a, b)-trivial in our
terms and for 7 € ® we have

T=aza;bbhaza; bh.

We now fix an arbitrary positive integer n and integral directions (a, 3)
satisfying the conditions
{61 =0} < {a1, 2,03} < {f2, B3},
ar +ag +az < B+ Be + O3,
so that the parameters (6.1) are expressed as follows:
ap=am+1, aa=am+1, a3 =asn+1,
(6.8) by =pin+1, by=pPan+2, bsg=LFsn+2,

and consider, as in Section 5, the corresponding set of parameters
coo = (61 + B2 + B3) — (a1 + a2 + a3),
T R A St
Br —aj if aj < By,

hence the set ¢ - n corresponds to (6.8). Set

my =mi(c) == f3 — of,
m?(c) = max{a1 - ﬁlvlg‘; - a??ﬁ;}k - a?nﬁék - Oj]'i}a

ms = mg(c) := min{m1(c), ma(c)},

m2

where asterisks mean ordering in accordance with (6.5). To the 60-element
set M = M(c) ={qec:qe &/By} we assign the function

p(z) = gﬂe%(LCooxJ + [eanx| + [esiz] + [c2ox]| + |e337]
- LCGOIEJ - LC,21$J - LCélﬂ - LC,22$J - LC§3$J)a

which is 1-periodic and takes only non-negative integral values. Further,
let 79 and 71, 79 < 71, be the (real) zeros of the quadratic polynomial

(T —a1)(T —a2)(1 — ag) — (1 = B1) (7 — B2) (T — B3)
(in particular, 79 < 81 and 71 > «f) and let
fo(r) = aglog(ag — 7) + aglog(ay — 7) + azlog(as — 1)
— Brlog(t — B1) — P2log(Ba — 7) — B3 log(B3 — 7)
— (o1 = Br)log(ar — B1) + (B2 — a2) log(B2 — az)
+ (B3 — a3)log(8s — a3)

be a function in the cut 7-plane C\ (—o0, 81| U [@], +00). Then the final
result is as follows.
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Proposition 4. In the above notation let
C() = —Refo(To), C1 :Refo(ﬁ),

Gy = my +my ( / o) () — / o so(x)d”c).

If Cy > Cy, then

Co+ Ch
1(¢(2)) < m

In accordance with [RV2] we now take
o] = 13, g = 12, a3 = 14,
ﬁl = 07 /62 = 247 /83 =28

and obtain the following result.

(6.9)

Theorem 2 ([RV2]). The irrationality exponent of ((2) satisfies the esti-
mate

(6.10) 1(C(2)) < 5.44124250 . .. .

Observation. In addition to the fact that the group for {(2) can be naturally
embedded into the group for ((3), we can make the following surprising
observation relating the best known estimates of the irrationality exponents
for these constants. The choice of the directions (5.1) with

a; =16, as =17, a3 =18, a4 =19,
pr=0, [G2=7, [P3=31 [4=32
for ¢(3) (cf. (5.12) ) and the choice of the directions (6.8) with
a1 =10, as =11, a3 =12,
p1=0, [Pa=24, [3=25

for ¢(2) (which is &-equivalent to (6.9) ) lead to the following matrices (4.8)
and (6.7):

16 9 15 16 16

17 10 14 15 10 14 15
(6.11) 18 11 13 14 and 11 13 14

19 12 12 13 12 12 13

The first set of the parameters in (6.11) produces the estimate (5.11), while
the second set the estimate (6.10).

Finally, we point out that the known group structure for log2 (and for
some other values of the Gauss hypergeometric function) is quite simple
since no identity like (4.1) is known; the corresponding group consists of
just two permutations (see [Vi] for an explanation in terms of ‘multiple’
integrals).
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7. Arithmetic of special rational functions

In our study of arithmetic properties of linear forms in 1 and ((3) we
have used the information coming mostly from G-presentations (4.13). If
we denote by F'(h) the right-hand side of (5.9) and apply Lemma 7, then
one could think that the expansion

(7.1) F(h) =Y R(1),

t=0

where we now set

6
R(t) = R(ho; h1, ha, ha, ha, hsst) = (ho +2t) [ [ R;(t)

Jj=1
with
(7.2)
['(hy +1t)
Ry(t) = (ho — hy — hy)! - ,
1() (0 1 2) F(1+h0—h2—|—t)
[(ha +1)
Ro(t) = (ho — ha — hy)! - ,
2() (0 2 4) F(l+h0—h4—|—t)
F(h3+t)
Ra(t) = (ho — hy — hs)! - ,
3() (0 1 3) F(1+h0—h1—|—t)
[(hs +1)
Ra(t) = (ho — hs — hs)! - ,
4(0) = (ho = hs = hs)! - 5 "
1 I'(hg +1t 1 T'(ho+1t
R5(t) — ( 4 ) Rﬁ(t) _ ( 0 )

(hy—1)! T(A+t)’ (hs — )0 T(1+ho—hs+t)

brings with it some extra arithmetic for linear forms H(c) since the func-
tions (7.2) are of the same type as (2.5). Unfortunately, we have discovered
that (quite complicated from the computational point of view) arithmetic
of the presentations (7.1) brings nothing new.

For our future aims we now study the arithmetic properties of elementary
‘bricks’—rational functions

(t+b)t+b+1)---(t+a—1)

a—b)!
(b(—a—)l)!

(t+a)ttatl)---(t+b—1)

if a > b,

(7.3) R(t) = R(a,b;t) :=

if a < b,

which are introduced by Nesterenko [Ne2, Ne3] and appear in (2.5)
and (7.2).

The next claim exploits well-known properties of integral-valued polyno-
mials.
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Lemma 15 (cf. Lemma 1). Suppose that a > b. Then for any non-negative
integer j there hold the inclusions

. 1 .
D) - =RU(~k)ezZ, kel
4!
The next claim immediately follows from Lemma 2 in the same way as
Lemma 3.

Lemma 16. Let a,b,ag,by be integers, ag < a < b < bg. Then for any
non-negative integer j there hold the inclusions

j 1

bo—ap—1 " ﬁ

(ROE+k)V|__ €2, k=aga0+1,...,00— 1.

Lemmas 15 and 16 give a particular (but quite important) information
on the p-adic valuation of the values RY)(—k) and (R(t)(t + k:))(j)|t:_k
respectively, with a help of the formula ord, Dy = 1 for any integer N and

any prime p in the interval v N < p < N. Two next statements are devoted
to the ‘most precise’ estimates for the p-adic order of these quantities.

Lemma 17. Let a,b,ap,by be integers, by < b < a < ag, and let R(t) =
R(a,b;t) be defined by (7.3). Then for any integer k, by < k < ag, any
prime p > vag — by — 1, and any non-negative integer j there hold the
estimates

ord, RV (~k) > —j + V_ika - V)_lp_kJ B V;bJ

) -+ -5 15

Proof. Fix an arbitrary prime p > v/ag — by — 1. First, we note that by the
definition of the integral part of a number

0 ifzxeZ,
1 ifz¢Z,

—1
{—SJ:—F J—l for s€Z.
p p
Therefore,

e e R

for any integer k.

|—z] = —[z] — &, where 8, = {

which yields
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Direct calculations show that

(a—1—k)! )
b—1—F)(a—b) itk <b,
R(—k) =10 ifh<k<a,
(k — b)! . ‘
(=1 (k—a)!(a—b)! itk 2a

thus,

~1—k| |b—1-k —b
ond, B(-) 2 | “ZI=E [ [ PR 0
p p p

ordpR(—k:)zV‘bJ—V_“J—V_bJ if k> b,

p p p

which yields the estimates (7.4) for j = 0 with the help of (7.5).
If K <bork > a, consider the function

R(t) &1
t pu— pu—
"= R ZZ:; t+1
hence for any integer j > 1 there hold the inclusions

T(jil)( k) D]ma)l({a bo—1,a0—b—1} € Z.

Induction on j and the identity

i1 .
(7.6) RU(t) = (R(t)r(t))(j_l) _ Z (] - 1> ROV (4)rG=1=m) (4

specified at t = —k lead us to the required estimates (7.4).
If b < k < a, consider the functions

/ a—1
R =10 =0 o1
I=b

14k
obviously, for any integer 7 > 1 there hold the inclusions
1
rI (k). D7) e
Then
RO (k) = RV (=)

since
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and induction on j in combination with identity (7.6) (where we substitute
Ry(t), r(t) for R(t),r(t), respectively) show that

ord, RY)(—k) > ord, RV~ (—k)

> G-+ |0 | - [

for integer 7 > 1. Thus, applying (7.5) we obtain the required esti-
mates (7.4) again. The proof is complete. ]

Lemma 18. Let a,b,ag,by be integers, ag < a < b < by, and let R(t) =
R(a,b;t) be defined by (7.3). Then for any integer k, ag < k < by, any
prime p > /by —ag — 1, and any non-negative integer j there hold the
estimates

(7.7)
() . b—a—1 k—a b—1—-k
ord, (R(t)(t + k _ 2—]—|—{J_{ J_{ .
o(ROE+ 1), . - ;
Proof. Fix an arbitrary prime p > /by — ag — 1. We have
b—a—1)!
(1o (0=a=1) if a <k <b,

(RE)E+k)|,_ = (k—a)(b—1—k)!

if k<aork>b,

which yields the estimates (7.7) for 7 = 0.
Considering in the case a < k < b the functions

—_

: b

R = RO+, n(0) = hd =3
l=a
I£k

and carrying out induction on j > 0, with the help of identity (7.6) (where
we take Ry (t), ri(t) for R(t),r(t) again) we deduce the estimates (7.7).
If Kk < aor k> bnote that

(Rt + k)|, = jRIV (k).

Since

b—a—-1)!(a—1-k)!
(b—1—k)!

(—1)-a (b—a—1)!(k-10)!

(k—a)!

induction on j and equalities (7.5) yield the required estimates (7.7) again.

The proof is complete. 0

if £k <a,

R(—k) =

it k>0,



280 Wadim ZUDILIN

8. Linear forms in 1 and odd zeta values

Since generalizations of G-presentations (2.13), (6.4) lead us to forms
involving both odd and even zeta values, it is natural to follow Rivoal
dealing with F-presentations.

Consider positive odd integers ¢ and r, where ¢ > r + 4. To a set of
integral positive parameters

h:(ho;hl,...,hq)

satisfying the condition

(8.1) h1+h2+...+hq§h0.q;r
we assign the rational function

R(t) = R(h:t)
(8.2) = (ho+2t) L(ho+t)'T(hy +t)---T(hy +t)

FA+t)T(1+hy—hi+t)---T(14+ho—hg+1t)
By (8.1) we obtain

(8.3) Rt) = o< ! >

12
hence the quantity

(8.4) F(h) = ! VPILAIC
t=0

is well-defined. If r = 1, the quantity (8.4) can be written as a well-poised
hypergeometric series with a special form of the second parameter; namely,

— o hol(hy = 1) (g — 1)

F(h) =
(h) (ho — h1)!- - (ho — hy)!
h071+%h07 hl’“.’ hq
Xq+2Fq+1( $ho, 1+ ho—hy, ..., 14+ ho — hy :

(cf. (4.2)), while in the case r > 1 we obtain a linear combination of well-
poised Meijer’s G-functions taken at the points €™, where k = 41,43, ...,
+(r —2).

Applying the symmetry of the rational function (8.2) under the substi-
tution t — —t — hg:

(8.5) R(—t — ho) = (1)@ R(t) = —R(1),

where we use the identity (3.4), and following the arguments of the proof of
Lemma 4 we are now able to state that the quantity (8.4) is a linear form
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in 1 and odd zeta values with rational coeflicients. To present this result
explicitly we require the ordering

1
h1§h2§“'§h(]<§ho

and the following arithmetic normalization of (8.4):

[T (o — 20! ;&
: F(h) := ==L . F(h) = r=1 (¢
(86) By = TR P = gy S0 ROV,
t=1—h
where the rational function
(8.7)
- 1 T(hj+t) 1 T'(ho + 1)
R(t) := (ho+ 2t
() i= (ko +2t) jl_[(h )T +0) 1;[ h; —1'F1+ho—hj+t)
I'(hj+1)
>< .
]111 hs) D(1+ho—hj+t)
is the product of elementary bricks (7.3). Set mo = max{h, —1,hg—2h,+1}
and m; = max{mg,ho — h1 — hy4;} for j = 1,...,¢ — r, and define the
integral quantity
(8.8) o=a0h)= []
Vho<p<mg_,
where
(8.9) Vp = min {vip}

hr41<k<ho—hr41

e

on [t
(I )

In this notation the result reads as follows.

Lemma 19. The quantity (8.6) is a linear form in 1,{(r+2),{(r+4),...,
C(qg—4),((q — 2) with rational coefficients; moreover,

Dy Dipy -+ Dy - ® 1 F(R) € Z{(q—2)+Z{(qg—4) 4+ -+ Z{(r +2) + Z.
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Proof. Applying the Leibniz rule for differentiating a product, Lemmas 15,
16 and Lemmas 17, 18 to the rational function (8.7) we see that the numbers

1 —r\ (¢—7)
Bjr, = ——  (R@t)(t + k)" —k
= (RO
j:T+17-">Q> k‘:hr+1,...,h0_hr+17

satisfy the relations

(8.10) D% .Bj, €L
and
(8.11) ord, Bj, =2 —(q = J) + Vkp,

respectively, for any k = hy41,...,hp — hy+1 and any prime p > +/hg.
Furthermore, the expansion

q  ho—hy B.
R( ) Z Z (t+ k)i
j=r+1 k=h;
leads us to the series
q =2 ho—h; 00 k—h1 1
r=Y (1) T w3
j=r+1 k=h; =1 =1
q
= > A —1) - A,
j=r+1
where
.o\ Pohi
I ) C
(8.12) Ajq = <r_1> k; B, j=r+1,...,q,
=h;

By (8.10) and the inclusions
D5, Dyy -+ Do,

for any k = hj,...,hg — hj, j = r+1,...,q, we obtain the ‘fairly rough’
inclusions
Dfn’ojfl-AjEZ for j=rr+1,...,q—1,
Dy, Dy -+ Dy, - Ao € Z,
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which are (in a sense) refined by the estimates (8.11):
ord, A; > —(q—j7—1)+ 1 forj=0and j=rr+1,...,q—1

with exponents v, defined in (8.9). To complete the proof we must show
that

Ar =0 and AT+1 = AT+3 == Aq,3 = Aq,1 =0.
The first equality follows from (8.3); by (8.5) we obtain
Bjr. = (=1)Bjpy— forj=r+1,...,q,

which yields Aj_; = 0 for odd j according to (8.12). The proof is complete.
O

To evaluate the growth of the linear forms (8.6) so constructed we define
the set of integral directions n = (10;71,. .., 1) and the increasing integral
parameter n related by the parameters h by the formulae

(8.13) ho = non + 2 and hj=nmn+1 forj=1,...,q

Consider the auxiliary function

q
fo(r) = rnolog(no — 7) + Y _ (njlog(r — n;) — (o — 1;) log(7 — o + n;))
7j=1

T
—2% n;logn; + Z (110 — 2n;) log(no — 21;)
j=1 j=r+1
defined in the cut 7-plane C\ (—o0, 79 — 1] U [0, +00). The next assertion
is deduced by an application of the saddle-point method and the use of
the asymtotics of the gamma factors in (8.7) (see, e.g., [Zu3], Section 2,
or [Ri4]). We underline that no approach in terms of real multiple integrals
is known in the case r > 3.

Lemma 20. Let r = 3 and let 79 be a zero of the polynomial

(7 =n0)" (T =m) - (7 =ng) =7"(T =m0 +m) - (T =10 + 1)

with Immy > 0 and the maximum possible value of Retg. Suppose that
Rery < no and Im fo(r0) ¢ nZ. Then

log |[F(h)|
n

lim sup = Re fo(m0).

n—oo

We now take

mj = max{ny, M0 — 201,70 — N1 — Nr4j } for j=1,...,q—7r
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(hence we scale down with factor n the old parameters). The asymptotics
of the quantity (8.8) as n — oo can be calculated with the use of the
integral-valued function

T

eo(z,y) = > (lyl + oz —y) — Ly — mjz] — L(no — mj)x — yJ — 2|m;])

j=1
+ Z (0 = 2nj)a] — Ly — nyz] — L(no — mj)z — y]),
Jj=r+1

which is 1-periodic with respect to each variable z and y. Then by (8.9)
and (8.13) we obtain

v, = min - > -,
P an<k-1Z0o—non O\ p’  p “\p

o(x) = min vo(z,y) = Juin, wo(z,y).

where

Therefore, the final result is as follows.

Proposition 5. In the above notation let r = 3 and
Co = —Re fo(70),

1 1/mg—r T
02:rm1+m2+...+mq_r—</(; cp(x)dw(w)—/o @(x)d)

2
x
If Cy > Cy, then at least one of the numbers

¢(5), ¢(7), ..., Clg—4), and ((q - 2)

is 1rrational.
We are now ready to state the following new result.

Theorem 3. At least one of the four numbers

¢(5), €(7), €(9), and ((11)

1s wrrational.
Proof. Taking r =3, ¢ = 13,
no = 91, N =ny =mn3 =27, n; =25+7 forj=4,5,...,13,
we obtain 79 = 87.47900541 ... 4 7 3.32820690. . .,
Co = — Re fo(m0) = 227.58019641 . . .,

1 1/33 de
Co=3-35+34+8-33— (/ go(x)dw(m)—/ go(x)x2>
0 0
= 226.24944266 . . .



Arithmetic of linear forms involving odd zeta values 285
since in this case
QO(.%'):I/ ifa}EQV\QV+17 V:O,l’.__’Q’

for z € [0,1), where Qy = [0, 1),

U =% =[5, 5) U1,

= [5720) Vo D) V5 12) Vs 5) V35 5) U 5 52) U (G 1)

= [55:23) U lo1:96) U [17:5) V51 27) U [55.55) U [ 52) U [51 - 5)
Ui ) Vs w) Vi m) UiE5) Uis ) Vs ) Vs 3)
Ui DB uE R VR v G2 VR U EL %)
U5 5);

D = [57:22) U350 20) U o1 18) U [0 27) U 550 1) Y ot )

U 51:5) Ulss8) U 550 57) U [15:5) U [55 92) U a1 96) U [355 5)
U 31 97) U 150 37) U [7:16) U 55 1) U [ 52) U 512 5) Y [55 35)
Ul ) Vs 3) U e 1) Vs 27) U (5 13) U o 38) V550 m0)
U ots5) VU [fr50) U [5713) U (56 27) U [55:2) U 51 27) V [0 39)
U 57, 8) U5 38) U a1 22) U [508) U a1 27) U [47:5) V [56: 23)
U [59:57) U [37:50) U [5g: 27) W[50 1) W 61, 6) V [35, 22) U 5 37)
Ul 57) Vs ) Vs §) U 5 5) Vs ) VIS 32) V 550 )
U5t 32) U [55: 50)-

Q= [55:27) U 57, 22) U [or- 32) U a1 5) U [o7: 37) U 1 27) U [t 57)
U lgs:5) Ulsg 52) UG 22) W[5 27) Ut a7) U lr ) U 61 27)
Ul or) UIE52) Vet o) Ulise o7) Ul 27) U5 32) V61 9)
ULt o) Ul ar) Vst ) Vs 5) Vs 3) V5 3) U s 37)
U 51,92 U ot 38) U [ 37) U 12, 9) U [5. ) U (5 57) U 35, 37)
VSV VIR RV B V),

U =[552) Uz 22) U loro ) U ath o) Vst 37) U [7:57) U o1 32)
U ot 57) U [51:8) U 5T 52) U 350 27) W 30 27) U 61 25) U 51 31)
Ul or) ULt a2) Vst 7) V7. 32) U a1 5) U a1 27) Y 5T 27)
Ul ) UG5 U 2) U ) Vst o) VIR ) U 55 32)
U 51, 57) U 51, 57) U o7 27) U [35:6) W o1, 57) W 61, 29 U 550 27)
UL 5) VSt 5) V55 2) VBT )
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Qs = [31,37) U lor:37) Y o1 10) Y [35:37) U a1 ) VU [0 37) U [ 37)
Ul 5%) Ulss ) Ul ) VIS §) U ls ) Ulsn ) U [ )
Ulina) U sh ) Ul ) UG ) Ui 3 VG ) Ul )
Ul 3 V51 Vs ) Ui 37) Vi %) VL ) Vs )
Ulm3) Vs ) Vst ») VIS 2) V(5 %)

Qo = [35,35) U [35,11) U 150 27) U [, 97) U [ 22) V [33 %)

U [% E)
257 26/°

and Q0 = 0.

The application of Proposition 5 completes the proof. O

Remark. In [Zu4] we consider a particular case of the above construction
and arrive at the irrationality of at least one of the eight odd zeta values
starting from ¢(5); namely, we take r =3, ¢ =21, 799 =20, and ) = --- =
121 = 7 to achieve this result.

Looking over all integral directions n = (no;n1,...,7q) with ¢ = 7, 9,
and 11 satisfying the conditions

1
771§772§-~~§nq<§n0 and no < 120

we have discovered that no set 1 yields the irrationality of at least one of the
numbers ((5), ¢(7), and ((9) via Proposition 5. Thus, we can think about
natural bounds of the ‘pure’ arithmetic approach achieved in Theorem 3.

In a similar way our previous results [Zu4] on the irrationality of at least
one of the numbers in each of the two sets

¢(7), €(9), ¢(11), ..., €(33), €(35),
¢(9), ¢(11), ¢(13), ..., ¢(49), ¢(51)

can be improved. We are not able to demonstrate the general case of
Lemma 20, although this lemma (after removing the hypothesis Re 79 < 1)
remains true for odd r > 3 and for any suitable choice of directions n
(cf. [Zu3], Section 2).

9. One arithmetic conjecture and
group structures for odd zeta values

To expose the arithmetic of linear forms produced by the quantities (8.4)
in the general case we require a certain normalization by factorials similar
o (7.1), (7.2), or (8.6). To this end we introduce a contiguous set of
parameters e:

(9.1) eop =hp—1, 1<k<gq, and ejp=ho—hj—hy, 1<j<k<gq,
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which plays the same role as the set ¢ in Sections 4-6, and fix a normaliza-
tion

Hl (8) ~
= F(h),

where IT;(e) is a product of some ¢ — r factorials of ej; and Ilz(e) is a
product of 2r factorials of egy with indices satisfying the condition

UG e ={12,...,qpu{L,2,....q}.

gk k!

F(h)

For simplicity we can present a concrete normalization; denoting

h;j forj=1,...,q,
a; =
J ho forj=q+1,...,q+r,

b — 1 forj=1,...,r,
I 1+hy—hj_p forj=r+1,...,7r4+¢q,

we define the rational function
q+r
R(t) = R(h:t) == (ho +2t) [ | R(as,bs:1)
j=1
(where the bricks R(aj,b;;t) are defined in (7.3)) and the corresponding
quantity

(9 2) F(h) — # iR(rfl)(t) _ H?:r—i—l €j—r7j! ﬁ(h)
(r—1)! —0 H;:l eo;! - H?‘IQH €0,j—r'
Nesterenko’s theorem in [Ne3| (which is not the same as Proposition 1
in Section 3) and our results in Section 7 yield the inclusion

(9.3) Dy Dy -+ D, - F(h) € Z¢(q—2)+Z¢(q—4)+- - - +Z{(r+2) + Z,

where mq,ma, ..., my—, are the successive maxima of the set e, and Lem-
mas 17, 18 allow us to exclude extra primes appearing in coeflicients of
linear forms (9.3).

In spite of the natural arithmetic (9.3) of the linear forms (9.2), Ball’s
example (4.3) supplemented with direct calculations for small values of hg,
hi,...,hq and Rivoal’s conjecture [Ri3], Section 5.1, enables us to suggest
the following.

Conjecture. There holds the inclusion
D:nleQ o 'qu7T71 ’ F(h’) € ZC((] - 2) + ZC(Q - 4) +- +ZC(T + 2) + Z,

where my,mg, ..., myg—r—1 are the successive maxima of the set (9.1).
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We underline that a similar conjecture does not hold for the quantities

F(h;2) I ZR“ Dt with z # +1

producing linear forms in polylogarlthms; the case z = +1 is exceptional.
If this conjecture is true, cancellation of extra primes with the help of
Lemmas 17, 18 becomes almost useless, while the action of the h-trivial

group (i.e., the group of all permutations of the parameters hi,...,hq)
comes into play. Indeed, the quantity
= 1I(e)
F(h) = -F(h
()= 71y F)
is stable under any permutation of hi,...,hq, hence we can apply argu-

ments similar to the ones considered in Section 5 to cancell extra primes.

Finally, we mention that an analytic evaluation of linear forms F'(h) and
their coefficients after a choice of directions and an increasing parameter n
can be carried out by the saddle-point method, as in [Zu3], Sections 2 and 3
(see also [He, Ri4, Ne3]).

The particular case r = 1 of the above construction can be regarded
as a natural generalization of both the Rhin—Viola approach for ((3) and
Rivoal’s construction [Ril]. In this case we deal with usual well-poised
hypergeometric series, and the group structure considered above, provided
that Conjecture holds, as well as the approach of Section 8 will bring new es-
timates for the dimensions of the spaces spanned over Q by 1 and ((3), {(5),
¢(7),.... Ifwesetr=1,g=k+2,hg=3n+2,and hy =--- =hg=n+1
in formula (9.2), where n,k are positive integers and k > 3 is odd, and
consider the corresponding sequence

(t—1 t—mn)-(t+n+1)---(t+2n
=2l 12(” > )tk+1((t+1))k£1...(t_|_)n)k+(l )

(cf. (4.3)), then it is easy to verify that

0.4)

log ]Fg,n\

(9.5) lim —6.38364071 .

n—00 n

The mysterious thing here is the coincidence of the asymptotics (9.5) of the
linear forms Fj, with the asymptotics of Vasilyev’s multiple integrals

/ / (1 —a)" -2l (1 —a5)"day -+ -das
1-— 1 — 1 — (1 — (1 — xl)x2)$3)x4)x5)”+1

[0,1]5

for which the inclusions
D> - J.(5) € Z¢(5) + Z((3) + Z, n=12...,
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are proved in [Va]. Moreover, we have checked that, numerically,
F51 =18¢(5) +66¢(3) — 98, Fr1 =26((7)+ 220¢(5) + 612¢(3) — 990,
Fy1 = 34¢(9) + 494¢(7) + 2618((5) 4+ 6578¢(3) — 11154,

hence these linear forms are the same forms as listed in [Val], Section 5.
Therefore, it is natural to conjecture! the coincidence of Vasilyev’s integrals

/ /351 1—m1) (1 —x9)" -2 (1 — xp)" dwy dag - - - day,
(1= Q=1 =z)z2) - )p—1)zg)" Tt

(0,1]

for odd k with the corresponding hypergeometric series (9.4); we recall
that in the case k = 3 this coincidence follows from Propositions 1 and 2.
A similar conjecture can be put forward in the case of even k in view of

Whipple’s identity (6.6).

We hope that the methods of this work will find a continuation in the
form of new qualitative and quantitative results on the linear independence
of values of the Riemann zeta function at positive integers.
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