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ABSTRACT. The fairly recent proofs of the irrationality of log2,72,¢(3) and
various values of polylogarithms are re-examined by using a particular family
of orthogonal forms. This allows us to give a uniform and arguably more
natural treatment of these results.

1. INTRODUCTION

Apéry’s astonishing proof of the irrationality of {(3) amounts to showing that
0 < |dyarC(3) —br| — 0

e (V)

d :=lem{1,2,...,k}.
Here and throughout the paper lem denotes the least common multiple. This is
entertainingly proved in van der Poorten [15] and given a very elegant treatment by
Beukers [4], [5]. In [5] Beukers puts the proof in the context of Padé approximants.

Many, maybe most, irrationality proofs may be based on approximation by Padé
approximants and related orthogonal polynomials ([8], [9], [14]). Sometimes this is
very natural, as with e, where the Padé approximants generate convergents of the
simple continued fraction. This is, however, an exceptional case.

It is the intention of this paper to try to put the well known proofs of the
irrationality of the constants log 2, ((2), and ((3), as well as certain values of poly-
logarithms into the framework of orthogonality. This reproduces results of Apéry,
Alladi and Robinson, and Chudnovsky in a unified fashion ([15], [2], [10]).

In [7], the authors considered orthogonalization of the system

where by, is an integer,

and

{ao x™ 2t Y,
and from this point of view orthogonalization of the system
0,0 0 1,1 1
{",2”,...;2", x-,x",...,¢0, ...}
n times n times
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is very natural to study (the repeated indices are taken to be in a limiting sense).
This leads to orthogonal functions that generalize Legendre polynomials and are of
the form

n—1
> Aju(z)log’ x
j=0
where each A;;(z) is a polynomial of degree I.
Legendre polynomials are closely tied to irrationality questions concerning log-
arithms ([2], [6, Chapter 11]) and higher order analogues prove to be the basis for

dealing with the irrationality of the polylogarithm Z ;—m (12]).

We argue that the irrationality proofs flow quitg naturally from this point of
view. A nice feature of this approach is that the non-vanishing of the estimates,
which is essential for the proofs, comes very easily from the orthogonality.

This paper is organized in the following way. First we produce a contour integral
which generalizes the Legendre polynomials and consider the properties of this
function. We then specialize this form for particular cases in order to prove the
irrationality of log2,((2),{(3), and some values of the polylogarithm in general.
The approach to {(2), ((3), and log(2) eventually reproduces the estimates of Apéry
and Alladi and Robinson [2]. In the case of ((2) and ((3) we end up with the
integrals of Beukers [4]. The results for irrationality of polylogarithms are very
similar to those of Chudnovsky [10] but the estimates are different.

In all cases, the estimate allow for inequalities of the form

for all integers p and ¢ > 0 for some ¢ > 0. So in all cases the stronger conclusion,
that the numbers in question are not Liouville is possible.

2. THE CONTOUR INTEGRAL

The orthogonalization of repeated monomials can be expressed by contour inte-
grals.

Theorem 1. Let k, I, m, and n be positive integers satisfying (I + 1)n — km > 1.
Define

o = @y I ™
F(CC,k,l,m,n) = i (k')m%y Hézo(t—j)”x dt

where v is any simple contour containing the poles att =0,1,...,1. Then

n—1

F(x;k,l;m,n) = (—1)™ Z Aji(x)log’ x
=0

where A; ;2= A1 km,n 15 a polynomial of degree l. So,

l

S GUNIE

=0
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and
l

Ap_oi(x) = i(_l)ni(izk>m(i)n(n—1) ﬁ;% -y Zf | 2

i=0 j=og#i "7

Furthermore, this function enjoys the orthogonality relations
1
/ F(z;k,I;m,n)z' log’ xde =0, i=0,1,...,k—1, j=0,1,...,m — 1.
0

The polynomial A,_1; has integer coefficients. If k = 1 and n > 2 then the
polynomial diAn—2, also has integer coefficients (dy, :=lem{1,2,...,k}).

Proof. The representation of F' is just the evaluation of the integral at the poles
t=20,1,...,1 by the Residue Theorem. The orthogonality conditions follow by
interchanging the order of integrations and observing the behaviour as the contour
is allowed to become arbitrarily large.

The fact that A,_;; has integer coefficients is obvious from the above forms. To
show that A,_o; has integer coefficients whenever k& = [ and n > 2, we need to
observe that if p is a prime and « is a positive integer so that k < p® < k 4+ ¢ then
p divides (l‘zk) This is straightforward from Euler’s formula for the largest power
of a prime dividing a factorial. O

It is interesting to note that the orthogonality relation stated above encompasses
an m-dimensional orthogonality conditions on the m-dimensional cube I™. That
is,

/ F(wm(:c);k,l;m,n)foid:c=O, s; €{0,1,....k—1}
m i=1

m
where ., (2) := Hxl and where x := (z1,22,...,2Zmy). Here and throughout
i=1

/mg(m)dm - /01.”/01 /Olg(w)darldxz--.dxm_

This can be deduced from the following theorem.

Theorem 2. We have

1 ' n—1
. F(mp(x))dx = m/o F(u)|logu|™ "du.

Proof. Tt is straightforward to verify by using the change of variables

ui=xzy, U= 5(112 —5?)

that the double integral can be transformed as

11 1
/ / F(zy)dzdy = —/ F(u)log udu.
0o Jo 0

In the general case, the proof follows recursively. (]

Various specializations of the parameters give us the results we are looking for.
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3. IRRATIONALITY OF LOG 2 AND ((3)
For these cases we set [ = k and n = m in Theorem 1, so

_1 t+
F(x;k, k;m,m) = fHJl " otdt
(t—5)m

which are orthogonal in the sense that
1
/ F(z;k, k;m,m)F(x; k', Ky m,m)de =0
0
for any two distinct positive integers k and k’. Also

—F|,=1 = 0, ji=0,1,....m—2
and
—1F|m:1 = (m—1).

The above equations can be easily verified by using the results of Theorem 1.

When we set m = 1 and m = 2 these are in fact the polynomials needed in the
proof of the irrationality of log 2 and ((3) respectively. Both proofs are very similar
and we outline them below.

Theorem 3. We have

1
F . .

/ (ak ki 11)
0 1+x

where Ao (—1) is an integer, Ry is a rational number, and dyRy is an integer
(di, :=lem{1,2,...,k}).

0< = |Apr(~1)log2 + Ry| < (V2 —1)*log2

Proof. We decompose the rational function as follows

Flok k1,1) [ Aok(=1) | Agr() — Aor(=1)
SR E ST (1) + :

The first term of the right-hand side integrates to Ag x(—1)log2 while the second
integrates to a rational number which can be integralized by the factor d, introduced
by the integration process. To establish the inequality we note that

= o () (- 20

which is the shifted Legendre polynomial of degree k. By making use of the above
Rodrigues’ formula for these polynomials, and integrating by parts, we find

YRz kR 1,1) Lkl —x)* b odx
0 M ) el — del < ' 2_12k
</0 1tz x} /0 1+ z)FH I‘— /0 | (V2o

since

for every z € (0,1). O
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The irrationality of log2 now simply follows by multiplying both sides of the
inequality by dj, which by the prime number theorem is of O(e(!*9¥) for any
0 >0.

For ((3) we proceed as follows.

Theorem 4. We have

/ / Playiko ki 2,2) 3| — 124, 0(1)C(3) + Rel < 20(3)(VE - 1)1

0<
1 -2y

where Ay (1) is an integer, Ry is a rational number, and dsz is an integer.

Proof. As in the proof of Theorem 3 we write

F(xy; k, k; 2,2 log(x A p(zy) — A (1 Ao r(z
(zy ) _ 4 (1) gy) | Avk(ey) = Avi )log(xy)—i— o.k(2y)

1 -2y 1—xzy 1—=x 1—zy
Note that F(1;k,k;2,2) = 0 implies that Ag (1) = 0. Hence the third term above
is a polynomial in zy, while the second term is log(xy) times a polynomial in zy.
(Both polynomials are of degree k — 1.) Now recall that

AL

1,1 . _9
/o /O(Iy) log(zy)dax dy:m-

This accounts for the form of the double integral above. The right-hand inequality
and the non-vanishing follow from the next lemmas and the comment after them.
The next detail is that d§ Ry is an integer. For this we use the explicit form of
A; . and Ag g in Theorem 1 to see that A , and dr Ao have integer coefficients
and observe that each integration introduces a dy.
The final detail is to verify the inequalities of the theorem. This can be easily
done by Lemma 3 below. This yields

ny,kk22)

1—ay

since

_ daxdydv \dk
T - V27V

1)4k

0< —————dzdy

IN

since zyv(l —2)(1 —y)(1 —v)
0< 1—(1—ay)v SR

for every z,y,v € (0,1).
The irrationality of ¢(3) now follows directly by multiplying by d; and invoking
the estimate dj, = O(e1+9)¥) for every § > 0. O

Lemma 1. (Padé Approxzimation.) For each n there exist polynomials p, and gy,
of degree n so that

(n!)? xtdt _ (g p)2ntl Loyl —v)do
2mi 7{ _o(t—3)?% w=1) /0 (1= (1 =zt
= pal2)logz + gu(z) = O((x — 1)*"*)

where vy is a simple contour containing all the poles. (In fact py/qn is the (n,n)
Padé approzimant to logzx at x =1.)
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Proof. An expansion of both integrals about the point x = 1, and a comparison of
coefficients verifies the identity. (|

Lemma 2. (Rodrigues-Type Formula) With v as in Lemma 1,

dé dF x :vy tdt
F(xy; k,k;2,2) =
(zy: b k;2,2) dy* dak 2mi ‘7{ H
1 dkdk ! (xy) (:vy — 1)2’”‘11)]“(1 — U)kdv
— (B2 dy dat (1= (1 —ay)v)kt! '
Proof. This follows directly from the definition of F(x;k, k; 2,2) and differentiation
in Lemma 1. O

Lemma 3. We have

a:y,kk22 Y(azyv(1 —2)(1 —y)(1 — )k
/ / —  — ‘dxdy = — (1= (1 =z dxdydv.

Proof. For i, k nonnegative 1ntegers

/ / (2y)FH (1 — 2)(1 — y)]Fdudy
0 0

-1 (1 dk gk ;
——(k,)Q/ / —— = ()" @y — 1) dady.
0 0

1 — zy dy* dx*

(Both sides are equal to
Kk +d)! 17
[(2k +i+ 1)!}
though this is not completely transparent. One can verify this by induction.) So

1 1 1 1 dk dk k .
- R S -1 2k+1+1d d

1 1
- / / (ay(1 - )(1 — ) (zy — 1)idady.
0 0

Hence
1 /1 /1 1 dk dk (xy)k(xy_l)QkJrl ded
(k)2 1 —zy dy* do® (1 — (1 — zy)v)k+l vy
(zy(1 —2)(1 —y))*
dzd
/ / (1= (@ =yt
which together with Lemma 2 completes the proof. ([

4. TRRATIONALITY OF ((2)

In this section the values of the parameters are [ = k, m = 1, and n = 2. Then

k
(t+
F(x;k, K';1,2) 7{ Jl J) Saldi
2m H

and the orthogonality relations
1
/ F(xyk, k;1,2)F(x; k' K 1,2,)de =0
0

hold for any two distinct positive integers k and &'.
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Theorem 5. We have

1

F(z; k k1,2
(JI, g fvy Ly )d

0<

5k
= [ALx(1)6(2) + Rul < € (“52‘ 1)

where Ay p—1(1) is an integer, Ry is a rational number, diRk is an integer, and C
is an absolute constant.

Proof. The proof proceeds in an entirely analogous manner as the two previous
ones. The inequality of the theorem is derived by making use of Lemma 1 again.
Here, the Rodrigues-type formula has the form

1 d* k 2k+1 ! Uk(l—v)k
F(x,k,k,1,2):—ﬂw {:1: (1—=x) /o (1_(1_$)U)k+1dv.

/()F(sclk_kxl ’ / / 1_ li;“;l);ﬁ)’“dvdx

and the inequality of the theorem follows by estimating the the maximum of the
integrand on the unit square. ([

This yields

0<

The irrationality of (2) now follows easily as it did for {(3).

5. IRRATIONALITY OF POLYLOGARITHMS

The parameters we use in this case are m = N and n = 1 where N is an arbitrary
positive integer N. We also set k = [I/N] throughout this section, that is k is the
smallest integer not less than {/N. Using the results of Theorem 1, we now write
the contour integral as

k i N
Fi(z) := F(x;k,[;N, 1) = % (kl")N f l_ll_il—l(zt“‘_ )) 2tdt
v Ili=o t

= (=1)! Zl:(—l)i (’ Z k)N (i) zt,

=0

We use this form to prove the irrationality of some values of the polylogarithm
function [13] defined as

Lin(z ZZ—N |z| < 1.

Theorem 6. Let N and « be fized positive integers. With ny(x) := x122-- 2N
and k := [I/N7], we have

/ FI(T"N(CC))dm‘
I

v TN (Z) —

1 1

«

k

1 1 1 2 2N(N+2)
< —-|—=+
=32 (\/5 a—l) <<¢a+¢a—1>2>
where Ry j is a rational number and (dl)NRMk 18 an integer. The integral does
not vanish for infinitely many positive integers l. Note that Fi(«) is an integer.
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Proof. Using our standard decomposition, we write
Fry(e) _ F()  Flry(@) - Ala)

n(z)—a  wn(x) -« mn(x) — «

Integration of this form shows the structure of the terms as stated in the equality
of the theorem.
To prove the inequality of the theorem, note that the orthogonality conditions
satisfied by F' and Theorem 2 imply that
Fi(ny (z)) / 1
——— " dx = — — P F d
ﬁN 7TN(£B) -« * IN 7TN($) -« k 1(7TN(:B>) l(ﬂ-N(w)) r

where Pj,_1(x) is any polynomial of degree k — 1. Proceeding on, we obtain

F
/ AN ) < o — P (x)| max |Fi(my ()
IN 7TN(.’I:) -« 0<z<1|TZ — « TrelnN
1
< (I4+k)N+1 _PpP._
=2 0<r2l |z — Pia (@)
1
< oN(N+2)k 1hax _Pk—l(w)
0<z<1|x — &

where the upper bound of the second maximum is derived from the explicite form
of the coeflicients of the polynomial Fj.

To have the best possible upper bound for the remaining maximum in the above
estimate, we wish to find a polynomial of degree k—1 such that the deviation of ﬁ
from Pj_; is minimized. This problem was solved by Tchebysheff and is discussed
by Akhieser [1] as in the next lemma from which the right hand-side inequality of
the theorem follows.

The non-vanishing of the integral follows from the orthogonality conditions. Each
F; is a polynomial of exact degree I. So, with g(z) :=1/(z — ),

|, Ftex @)amy (@)dz =0
implies
/1 Fi(x)g(x)(log 2)N ~tdx = 0.
So vanishing at all large [ ?mplies that g(x)(logz)¥~1! is a polynomial, which is a

contradiction. O

Lemma 4. The (k — 1)-th degree polynomial

where
1 1 1 1 4aFtT
x:—i(v—l—;), a:—i(a—i-E), la] < 1, M::m
and
max — Pi_1(z)| = M,
lz|<1 |2 — «

deviates the least from ﬁ on the interval [—1,1] in the uniform norm.

Proof. See [1]. O
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(From these we obtain, on using k = [I/N], and transforming the above Lemma
to [0,1], that

/. %dm} <3 (% = 1)2 (wf(j:—iwy'

Theorem 7. For positive integers o the polylogarithm function values Liy(1/c)

are irrational provided
1 1))\’
a>|-|VB+ —))
(:(v7+ 5

where 3 1= 2N(N+2)6(1.0388...)N2'

Proof. We multiply the form in Theorem 6 by (d;)" and demand for large k that

& k
(29 Vg e (20 o

(Va+va—1)? (Va+va—1)?

9N (N+2),(1.0388... )N? k
< 1.
(Va++vVa—1)2

For this is suffices that
9N (N+2)(1.0388... )N?

(Va++Va—1)2
where we have used the sharp global estimate d; < e(1:9388-)l (see [15]). The
theorem now follows by solving the above inequality for « ([

<1

We can extend our results in Theorem 6 to show the irrationality of the function
o0

J
®(z,N,u) := -

—_—, z| <1, u#0,-1,-2,...

(several properties of ® may be found in [11]) whenever N is an integer, u is a
rational number, and z = 1/a, where « is an integer greater than a constant
depending only on N and w. This follows from

Theorem 8. Let N and « be fized positive integers. Let u = q/p be a rational
mumber where p and q are nonzero integers. Then there exists a constant C

depending only on N and u so that
F r/4)d 1 N 1
/ U (@) )da ~ (9) Fy(a)® (—,N, 9) + Ry,
N a \p « P

(mn @)/ — o

1

r—«

< (Owa)” max,

— Pk,1 (:E)

where Ry i, is a rational number, dﬁJquN,k is an integer, and Py_1(x) is an arbi-
trary polynomial of degree k—1. The integral is not zero for infinitely many positive
integers . Note that Fi(a) is an integer.

Proof. This follows analogously to the proof of Theorem 6 with the substitution

mn(x) = (mn(x))P/a.
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