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This survey deals with the recent appearance of very-well-poised hypergeometric series
as a tool for studying the diophantine nature of the values of the Riemann zeta function
at positive integers. In this context, we give examples of an important and general ex-
perimental phenomenon known as the Denominators Conjecture, and we explain the ideas
behind its proof in the case presented here, recently obtained by C. Krattenthaler and the
author.

It is an expanded version of the talk given at the symposium “Analytic Number Theory
and Surrounding Areas”, held at the RIMS of the University of Kyoto in october 2004. I
would like to thank the organizer M. Amou and also N. Hirata-Kohno for their invitation
to come to Japan, under the auspicies of the JSPS program.

1. NOTATIONS

" Let us first remind the reader of the definition of hypergeometnc series (or functions).
These are power series defined by

G, Q1, ..., 0, ( (a)k k
ot q[ Bis--s By Z k' (ﬁ1)k (ﬂq)k
where a; € C, 3; € C\ Z<o and (z)m = :1:($+ 1) +++(+m—1) is the Pochhammer symbol.
It can be proved that such series converge for all z € C such that |2z| < 1, and for z = 1,
provided that Re(B; + -+ + G;) > Re(ao + a1 + « - + o).
The literature (see [3, 8, 14]) contains various special kind of hypergeometric series whose
parameters satisfy particular relations. For example, a hypergeometric series is said to be:
o balanced if ap+ -+ +ag+1=01+ -+
o nearly-poised (of the first kind) if oy + 1 =+ = g + By;
o well-poised f ap+1=a; + f1 = = g+ By;
o very-well-poised if it is well-poised and a; = %ao + 1.
We will show that the very-well-poised case is of special importance.




2. SKETCH OF SOME IRRATIONALITY PROOFS

In this section, we summarise some results on the irrationality of the values of the
Riemann zeta function ((s) = Y .-, 1/n® at integer values of s > 2.

2.1. A general scheme. A simple way of proving irrationality results for zeta values is
to start with a rational function of the form

QR k)
k) = GOeFD) - -(Fr A~ o, © @)

where n > 0 and A > 1 are integers, Q,(k) € Q[k], and then consider the series
Sa(z) = 3 Ra(k)z™
k=1

which we assume to be convergent for z = 1, forcing deg(Qn(k)) < A(n + 1) — 2. Then,
by partial fractions expansion of R,(k), it is easy to prove that there exist polynomials
(Pjn(2))j=0,..,n in Q[2], of degree at most n such that

A
Sn(2) = Pon(2) + Y _ Pin(2) Li;(1/2).

Jj=1

Here, we have encountered the polylogarithmic functions defined by Li,(2) = Y po; 2*/K°
for s > 1, |z| <1 and (s, z) # (1,1). Note that for s > 2, Li,(1) = {(s) and Li,(—-1) = (1-
21-¢)¢(s). Furthermore, under these conditions, it can be proved that dZ 7 P;a(2) € Z[2],
where d, = l.c.m.{1,2,...,n}, and P, ,(1) = 0. Consequently, we have that

A
d#Sn(l) = Pon + ij,nC(s)

j=2

where p;, = d*P;,(1) € Z (and a similar expression for S,(—1)).
We also have at our disposal the “differential” trick, which generalises the previous
construction: let C > 0 be an integer and consider the series

© 1 8°Ru(k) _,
Snc(z) =Y =Tl ok,
2T~ okC

Then there exist a polynomial P, ,(z) € Q[z], of degree at most n, depending on C such
that
5 A (i+C -1\
Snc(2) = Bon(2) + (-1°S) ( " ) P, n(2) Lijsc(1/2)

j=1
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where the P, are as above and the polylogarithms are shifted by C. It can be proved that
d#+9 P, .(1) € Z, hence there exist integers §;, such that

A
da*9Snc(1) = Pon + Y _ BinC(C + ),

i=2

and a similar expression holds for S, ¢(-1).
Given this very general construction, the problem is now to choose suitably A and Q. (k)
in order to apply the following criteria for linear independence, due to Nesterenko [10].

Theorem 1. Given N real numbers 6y, 0,,...,0n, suppose there exist N sequences (Dg,n)n>0
of integers such that (i) | e, Penbe| = a"+°(") and (ii) V€ = 1,...,N, |pga| < B,
for some reals o, > 0. Then,

, log(a)
>1 -0
dlmQ(Q el + Q 62 + + Q aN) = 1 log(ﬁ)

If we are only interested in proving the irrationality of one of the numbers 6,, then we
don’t have to check the condition (i), but only to prove that o < 1 to get a dimension
> 1. Furthermore, in this case, the proof of Theorem 1 is straightforward.

Finally, to get asymptotic values which are as small as possible for |S, c(+1)|"/*, heuris-
tically, the first terms of the sum should be cancelled, i.e. @,(k) should have a factor

((k=1)...(k—m))® = (k—m)E, where B > C (to cancel the effect of the Ct*P-derivative

on R,(k)). The parameter m will always be of the form rn for a suitable integer r > 1.

2.2. Irrationality of ((2). It is well-known that ((2) = #%/6, a result due to Euler, and
Legendre proved that 2 is irrational. Hence, one concludes that ¢(2) is also irrational.
But this proof uses a shortcut and it is an interesting problem to prove the irrational-
ity of ¢(2) without using it. This problem was first solved by Apéry [2], who showed
that there exist two sequences (0tn)n>0 and (B,)n>0 such that o, € Z, d24, € Z, where
dn, =lc.m{1,2,...,n} = "™, and

5
i [43(ac(2) ~ B = (L2) <1 )
These properties immediately imply that: |
Theorem 2. ((2) is irrational.

There are many different ways of constructing these sequences and the following “hy-
pergeometric” one is particularly simple:

nt* n+l,n+ln+1
— (qyn_ 3 ) .
t®=n = (D' H),zan[ s ]

ny § K= n)n n (1 —z)"y" (1 —y)"
(=1)n Z( = (-1) / / g et

I
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This hypergeometric series is nearly poised of the first kind: the series on the second
line is suitable for proving, after just expanding in partial fractions the rational function
nl(k — n),/(k)2,,, the existence of a, and S,, while the integral, due to Beukers [5],
immediately gives (1). The equality between the series and the integral is a straightforward
computation. Furthermore, we obtain

_;0< ) (n+]> :3F2[—n,—1-fz,1n+1;1] _

2.3. Irrationality of ((3). Contrary to {(2), there is no known shortcut for proving the
irrationality of ¢(3) (and conjecturally, this number has no algebraic relation with ) and
Apéry’s great achievement was to give the first proof of this fact (see [2]). In fact, he
proved that there exist two sequences (an)n>0 and (bn)n>o such that a, € Z, d bn € Z and

_ i/n __ 3 _1\4
i |d3(20((3) — ba)" = S(VE- 1) < 1.
These properties imply that:
Theorem 3. ((3) is irrational.

Once again, there exist many ways of constructing these sequences. Gutnik (7] and
Beukers [6] independently essentially proposed the following:

20,(3) —bn = - Z ok ((l(ck)n: )

I

Strictly speaking, the series is not hypergeometnc but is linked to solutions of a certain
_hypergeometric differential equation. Here, the equality between the series and the triple
Beukers’ integral [5] is not completely straightforward. Finally, we have

n+ -n, —n, 1,n+1
=2 () () =en [ )

2.4. A very-well-poised series related to ((2). In this section, we try to give a new
and more complicated proof of the irrationality of ((2): the reason for this will become
clear later.

Let’s consider the following very-well-poised hypergeometric series

—n‘Z(k L1 )(k n),(,}il)c;ngr 1)n( )¢

n'5(3n+2)' 3n+2,2n+2 n+l,...,n+1
T 2@n+ 1) 7| 3n+1,2n+2,. Jon+2 TR
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which fits into our general scheme. A4 priori, S, € Q +Q(¢(2) + Q¢(3) but due to the very
special form of the numerator (we will explain this later), we have S, = —pn3¢(2) — ga,
where d,p, and d2q, are integers. Unfortunately, such estimates are not enough to give a
new proof of the irrationality of {(2), but this would be the case if we could “throw away”
one power of d, for p,, and q.

It is possible to give the following expression for p,:

o — (_1)n+1§ (g _ j) (3)3 (n:J) <2nn— j)

: (4H,,_j — 4H; + Hypj — ooy — — ) ,

n
-
where H,, = 14+1/2+---+1/m by definition. Hence, there is no reason to expect anything
better than a denominator d, for p,. But, surprisingly, numerical computations suggest
the following: :

Claim 1. The number p,, and d2q, appear to be integers and furthermore, p, and q, are
the same as Apéry’s a, and —@3,/2 for ((2).

Thus, the proof of this claim would be exactly what we need to give a new proof of

(2 ¢Q

2.5. A very-well-poised series related to ¢((3). K. Ball introduced the following series
(see the introduction of [11])

2 (k= n)a(k -+t 1)
B, =n! k+ —
> (k+3) 0,

_ nl"(3n +2)! . 3n+2,3n+2,n+1,...,n+1
T 2@n+1)e 746 %n+1,2n+2,...,2n+2 '

in the hope that it would give a completely elementary proof of the irrationality of {(3), in
the style of the usual irrationality proof of exp(1). The similarity of S, and B,, is not an
accident, and one has B, = a,{(3) — b, with d,a, and d*b, integers, whereas one would
have expected a priori B, € Q+Q((2) + Q((3) + Q¢(4). Note that, once again, the given
denominators are to large to get a new proof of ((3) € Q.

The expression for a, is

= (S (3-4) (B (729) ()

J=0

1

n

1
. (5Hn-j - 5Hj + Hn+j el Hgn_j -1 _])
2
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and numerical computations suggest the following improvements:

Claim 2. The numbers a,, and d>b,, appear to be integers and furthermore a, and b, are
the same as Apéry’s a, and b,/2 for {(3).

This would be enough to give an elementary proof of the irrationality of ¢(3), since a
simple application of Stirling’s formula proves that

lim |B,|Y" = (V2 -1)%
n—++4-00

2.6. Irrationality of infinitely many values of { at the odd integers. The following
very-well-poised hypergeometric series

Snay = nl ; (k+3) T (-1)

_ ppa-2e T (2r + 1) + 2)!
- 2((r + L)n + 1)14+1
@r+n+2,Z2n+2,rn+1,...,rn+1 (~1)A
L+ 1,(r+n+2,...,(r+1n+2

was introduced in [11] and [4] to prove that

X a+3Fa40 [

Theorem 4. For any even A > 4,

1+0(1)
1+ log(2)

(In fact, it was a similar series without the factor k + n/2, which is useless in this
particular case.) The new parameter r is an integer such that 1 < r < A/2. We now
briefly indicate the steps in the proof of (2).

The form of the numerator of the summand first implies that

dimg(Q + Q¢(3) + Q¢(5) + -+ + Q¢(A - 1)) 2 log(A)- (2)

A
Snar=pPon+t Y Pin(),

j=2
i=A-1[2]

which involves only odd zeta values if A is even, and d#-7 is a denominator of p;,. Using
an explicit expression for the p;,’s, we can prove that

limsup |p;a|'/™ < 2477 (2r + 1)%*1.

n—-+o00

Furthermore, we have a Euler type integral representation

S _ ((2r + 1)n+1)! /' H;:ll (1l —z;)"dz; 1+ Tap
n,Ar n!27‘+1 [0,1]A+1 (1 —xy- mA+1)(21‘+1)'n (1 —~ Ty xA+1)3




from which we deduce that
0< lim ISn,A,rll/n < 22r+lr2r—A.
n—++00
It remains to apply Nesterenko’s linear independence criteria, with the optimal choice
r = [A/log?(A)], to get (2).

Although this is not needed here, we note that, as the reader might have already sus-
pected, numerical computations suggest that:

Claim 3. d,f'l seems to be a denominator for the pjn.

2.7. Irrationality of one of the nine numbers {(5),((7),...,{(21). Let A > 6 be an
even integer and consider the series

~ =1 02 (k—n)d(k+n+1)3
= nl4-8 n
Sn =3 2w () “h ),

which is not exactly hypergeometnc, but has enough properties in common with very-well-
poised series to give that

A+1

gA,n. = ﬁo,n + Zﬁ]m((])
=5
oddj

Note that differentiating twice together with the numerator of the summand enable us to
have a linear form only in odd zeta values from ¢(5), and not ¢(3). Furthermore, d4*? is
a denominator of f;, and we now seek the smallest possible A such that d2*2S,,, tends
to 0 as n tends to infinity. B

This can be done by first noting that S, is the real part of the integral

(=1)"nlA-8 /c““ (z + 2) T(2)A*3(n — 2+ 1)’T (2 + 2n + 1)°
2w c-+100

iTz
2 [(z +n+ 1)4+3 erdz,

(where c is any real in (0,1)) and then by applying the saddle point method to estimate
the asymptotic behavior of this integral as n tends to infinity. One finds that 20 is the
smallest such A, yielding the following result proved by the author in [12].

Theorem 5. At least one of the nine numbers ((5),{(7),...,{(21) is irrational.
Numerical computations suggest that:

Claim 4. For any even A > 6, dA*! seems to be a deﬁomz'nator of the Pjn.
Here, the consequences‘would very important since the same argument shows that

d1®*1§s,, tends to 0 (while d2¥+2S;s, does not), thus proving, conjecturally, the irra-
tionality of one of the eight numbers {(5), {(7),...,{(19).
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3. A VERY GENERAL PHENOMENON

In the light of the previous examples, it is time to adopt a general approach to very-
well-poised series of hypergeometric kind.

Let z be a complex number such that |z| > 1, and A, B, C, r be positive integers such
that 1 < 2Br < A. Consider the series

e (k—r)B(k+n+ 1B\
Sn.a8,0r(2) = 0!t 2Bzclak0 (( 2) (k)1 °

which is really hypergeometric when C = 0. According to the general scheme developed
in section 2.1, we have that

A
Soanir(®) = Pacn(s) + (<00 3 (O 7)o@ Lican(1/2),

where the polynomials py, .(X) also depend on A,B and r, but not C, except po,c,n(X).
Using the trivial but important relation (@), = (—=1)™(—a — m + 1), (for any a € C),
one immediately proves that the rational summand of S, 4 5,c(2)

nn (k —rn)B n+1)B
Ro(k) = (k+ _) (k rn),(,;c()lzl‘: +1)5

satisfies the symmetry R,(—n — k) = (—1)4(+V+1R (k), from which one deduces that
2"pjn(l/2) = (=1)A*7+1p; .(2) (j > 1). Consequently, when A is even, S, 4,5,0,((—1)%)
is a rational linear comblnatmn of 1, ((C+3),¢(C+5),...,((C+A—1), whereas when A
is odd, Sp 4 8cr((-1)4) isa rational linear combination of 1, ¢(C+2),¢(C+4),...,.{(C+
A-1).

The coefficients of these linear forms satisfy d4+*Cpg c,n(X) € Z[X] and d2™pma(X) €
Z[X], but the evidence above, along with many other numerical computations, led the

author to formulate the following conjecture in [13], which contains the previous Claims
1-4.

Denominators Conjecture. Fiz integers A > 2, B > 0, r > 0 and n > 0 (with
0 < 2Br < A). Then the rational numbers d31C~ 1po,g,,, (- 1)‘4) and 4™ lpm,n (=14
(for allm € {1,..., A}) are integers.

Nothing similar holds if the factor k + n/2 is omitted from the series: it corresponds to
the word wvery in very-well-poised and its presence is crucial.
4. IDEA OF THE PROOF OF THE DENOMINATORS CONJECTURE

After many partial steps towards the proof of the conjecture (as witnessed by the different
versions posted in the arXiv), C. Krattenthaler and the author finally proved it completely
in [9].

Theorem 6. The Denominators Conjecture is true. |
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It follows that Claims 1 to 4 are all true. We now explain the ideas behind this result.

4.1. A refined Denominators Conjecture. We will only consider the case of the “lead-
ing” coefficient, that is to say the coefficient pa—1. ((—=1)*) of ¢(C + A — 1), which de-
pends on A, B and r but not on C. From now on, we assume that 7 = 1 and set
Pn(Aa B) = (‘1)B(n+1)pA—1,n ((—1)A) . Then’

Eom N (A (n+ 5\ (2n - 5\°

ran=3 (-9 G) (77) ()

. ((A + B)H,_; —(A+ B)H; + BHpy; ~ BHan_j - 7,-1-3> .
2
The general estimates prove that d,P,(4, B) € Z.

The Denominators Conjecture claims that P,(A, B) is always an integer. In the case of
¢(2) (A=3, B=1) and {(3) (A =4, B =1), we could even identify these coefficients as
Apéry’s numbers:

P,(3,1) =a, and P,(4,1) =an. (3)
The advantage of (3) is that it is much easier to prove an identity and, in fact, (3) can
be proved with the help of Zeilberger's program Ekhad: both sides are shown to satisfy
the same recurrences relations, with the same initial values (see the introduction of [9] for
references).

But in the general situation, we do not have an identity to prove and the first thing to
do is to find one. This can be done as follows. In [15], Vasilyev introduced the following
generalisation of Beukers’ integrals for ((2) and ¢(3): let E > 2 and

Jng = / [T 25(1 — 25)" da
' [0,1]E QE(mlv T2y.ery xE)n+1

where Qg(z1,Ts,...,28) = 1—(-++(1 = (1 — 1)z3) - )zp. He proved that J,4 € Q +
Q¢(2) +Q¢(4) and J,, 5 € Q+Q¢(3) +Q(¢(5), while Beukers showed that J,, 2 € Q+Q(¢(2)
and J, s € Q+Q((3). Vasilyev conjectured that this dichotomy is valid for all E, depending
on the parity of E and this was proved by Zudilin in [16].

Theorem 7. For all E > 2, we have that

2B+ (35 + 2)] 3n+2,3n+2n+1,...,n+1 E+1
2(2n + )IET E+4FE+3[ %n+21,2n+2,...,2n+2 3 (-1) ] (4)

Indeed, the hypergeometric series (4) is a special case of the very-well-poised series from
section 2.6 and consequently it can be represented as a linear form in odd/even zeta values,

Jn,E =

where the coefficient of ((E) is exactly (—1)"**P,(E+1,1). But it is also possible, though

quite difficult, to expand the integral on the left hand side of (4) as a linear combinations
of zeta values (and also some multiple zeta values), and then to isolate the coefficient of
¢(E). Assuming the reasonable, but still conjectural, fact that the values {(n), n > 2, are
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Q-linearly independent, the comparison of both sides of (4) led to the following

Refined Denominators Conjecture in the case B=1. For A=2m+1 2> 3 odd, set

n+im) T A djpr — 1
P(4,1) = Z <z ) ( )H( ) ( k;l k),
0<i1<ig<onim<n ¥ k=1

and for A =2m > 2 even, set

SR S 6 b () Gt

Then, for all integers A > 2, n > 0, we have that P,(A,1) = (-1)4"*1p,(4,1).
A similar integral identity can be used to obtain the:

Refined Denominators Conjecture in the case B =0. For A=2m+3 > 5 odd, set

wan= T IR

0<1 12 < Stm<n k=1

where, by definition, i,,41 = n and for A =2m + 2 > 4 even, set

n\2 72 0\ fn i — ik
g
Pn(4,0) Z (z ) H (z) ( n )
0Si1SizSSim<n V™ k=1 VK

Then, for all integers A > 4, n > 0, we have that P,(A,0) = (—1)"*1p,(4,0).

It is now quite clear why P,(A,0) and P,(A,1) should be integers, since these refined
conjectures express them as multiple sums of products of binomial coefficients. It is also
possible to give similar refinements for the values of A not covered by these conjectural
identities (and to prove them “by hand”).

4.2. The key identity. C. Krattenthaler has produced an extremely useful electronic
version, which he called HYP, of Gasper & Rahman’s book [8] that lists the almost infinitely
many identities between (g-)hypergeometric series: HYP is not only an electronic library
but, more importantly, a “tool box”, that is to say one can feed it a hypergeometric series,
ask it to perform a certain transform and output the result.

Thanks to this software, it becomes easier (but still very difficult in our situation) to
handle hypergeometric sums and prove the “refined conjectural identities” above, which
are in fact special cases of the following key identity, where one can recognize the very-

n
well-poised factor 3 + % — j in the second simple sum:
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oz ()
0<i1<ig < Lim S0
F'n+b+b—a;+1)
‘T(az—ag+im+ 1) T(n+ ag — a; — ag + by + by — iy + 1)
I'(ag +im+1)
‘T(ag—by—n+im+1)I(n+by+1)
I‘(n+a3—a1 —ay+b+by— i +1)
. I‘(-a1+a3 — im—1 +1)I‘(n—a2+b1+b2+1)

m-1 . .
( (n — a1 + bom—2k+1 + bom—2k+2 + Bk — %-—1)
k=1

Tk — tk-1
‘ I'(n — a1 + bam—2k-1 + bom—2k41 + 1)
F(bzm_zk-q-l + ik + 1) F(n —ay + bam—2k—1 — ik + 1)
I'(n — a1 + bym-—2k + bam—2k42 + 1) )

"T(bzm-2k+2 + ik + 1) T(n — a1 + bam—ak — i + 1)

21 T(n+bi+b—a1+1)T(n+b1+1)
sin(may) n!l'(n—az+b +b+1)T(ag—by+ 1)

e n o AWAL F(a3+1)
xgo((2+2 ’) (;) T +j+)I(n+ta—j+1)
) I(—a;+az+j+1)
[(-n—a1+az3+j+1)T(n+a; —as+1)

. F(n+a2—j+1)
F(aa—j+1)F(a2—a1+1)

' ﬁ F(n—a1+bk+bk+2+l)
e Tn+b—j+ I (~ar+be+j+1) ) )’
where, by definition, b4y = bamsz = 0, ip = 0 and where for m = 1, an empty product

is given the value 1. In fact, this identity is more or less the same as a formula proved by
Andrews [1] in the seventies, but without HYP...

4.3. The case B > 2. From the key identity, it is not only possible to prove the refined
Denominators Conjecture for P,(A,0) and P,(A, 1), but also to handle the case of B > 2:
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Refined Denominators Conjecture in the case B > 2. For B> 2 and A=2m+12> 3
odd, set

pn(Av B) =

Z (_1)4',,,.,_,3_1 ( n ) (n + im+B—1) (n +imiB-1— z'm+B—2)
im+B-1 n n

0<i1 <2<+ SimyB-15N

(@) o )
(HErE6m)

where, by definition, 1o = 0.

For B>2 and A=2m+2 > 2 even, set

N+ tmiB -1 n 2 n+ig — tg—1
4' B } : m+B-1 ] l -
n( ’ ) ( n ) ( - (2 ) ( n ))
0<iy <i2< - SimyB-150 k=B k

() o ma ) (6 5)

Then, for all integers A > 2 and B > 2, we have that P,(A, B) = (—1)4+Un+lp (A B).

Thus the Denominators Conjecture is true for the “leading” coefficients. More “human”
work is required to extract from the key identity the conjectured denominators of the other
coefficients: the interested reader is refered to [9] for the details, which are far from trivial.
For completeness, the conjecture is proved for 2pg,c,n(%1) rather than for pocn(+1): thisis
the most difficult case of the conjecture, and also the most important since its denominator
is always the one of the linear forms in zeta values.

5. ARITHMETICAL CONSEQUENCES

As we have already mentioned in subsections 2.4, 2.5 and 2.7, the Denominators Con-
jecture enables us to give new proofs that {(2), {(3) are irrational and, more importantly,
that at least one of the eight numbers {(5),{(7),...,{(19) is irrational. This is proved via
the series (corresponding to A =18, B=3,C =2andr =1)

<1 g E-mtn b DIY o SR
3t (e 8) SRR < e L

()n1 ‘=

Jjodd
where the a priori denominator d2° of f;, can now be replaced by d’. But this refinement
is useless since W. Zudilin proved the following much better result in [17}.
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Theorem 8. At least one of the four numbers ((5),{(7), {(9),¢(11) is irrational.

To prove this, he uses more complicated very-well-poised series (in a sense, those con-
sidered in this text are the simplest of this kind) and he also formulates a “super” Denom-
inators Conjecture for his linear forms, which is still open. Hence there might be room to
prove that at least one of three numbers {(5), {(7), {(9) is irrational.
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