HYPERGEOMETRIC GENERATING FUNCTIONS FOR
VALUES OF DIRICHLET AND OTHER L-FUNCTIONS

JEREMY LOVEJOY AND KEN ONO

ABSTRACT. Although there is a vast literature on the values of L-functions at non-positive
integers, the recent appearance of some of these values as the coefficients of specializations of
knot invariants comes as a surprise. Using work of Andrews, we revisit this old subject and
provide uniform and general results giving such generating functions as specializations of basic
hypergeometric functions. For example, we obtain such generating functions for all non-trivial
Dirichlet L-functions.

1. INTRODUCTION AND STATEMENT OF RESULTS.

Suppose that xi2 is the Dirichlet character with modulus 12 defined by

1 if n=1,11 (mod 12),
x12(n) == —1 if n=>5,7 (mod 12),
0 otherwise,

n=1
[Z] obtained the following generating function for the values of L(s, x12) at negative odd
integers

and let L(s,x12) = Yoo X%En) be its associated L-function. In a recent paper, Zagier

21 % _ - n o~ L(=2n—1,x12) (—t\"
D S e e Y B R e e ol
n=0 n=0 '
23 1681 ,
=22 1.1
12 576 (1.1)

The t-series expansion on the left hand side is obtained using the Taylor series expansion for
e~ '. In other recent works (see [A-J-O], [C-O], [H1], [H2]), similar generating functions have
been obtained for the values of certain L-functions at non-positive integers. These examples
were derived from g-series identities associated to the “summation of the tails” of a modular
form and the combinatorics of g-difference equations.

These L-function values are generalized Bernoulli numbers (for example, see [Ap]), and
there is a vast literature on the subject. These numbers play many important roles in
number theory. However, their recent appearance in knot theory, algebraic geometry, and
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mathematical physics comes as a surprise. In the recent works of Hikami [H1, H2] and Zagier
[Z], they appear as the coefficients of specializations of Kashaev invariants in knot theory.
Motivated by these examples, it is natural to seek general results which uniformly provide
such L-values as the coefficients of generating functions like (1.1) and the multidimensional
series appearing in [H1] and [H2]. Here we provide such results.
If 0 < ¢ < 1 is a rational number, then let {(s,c), for R(s) > 1, denote the Hurwitz zeta
function

ad 1
C(s;0) =) ——. (1.2)
2 o

These functions possess an analytic continuation to C with the exception of a simple pole
at s = 1 with residue 1. These zeta functions, which generalize Riemann’s zeta-function,
are the building blocks of many important L-functions. All of the L-functions in [H1, H2,
Z] are finite linear combinations of functions of the form

Laote) = @™ (¢ (s ) =< (%57 ) = 2 (o 77~ G o 7)
_ g LU (1.3)

where 0 < b < a are integers. We obtain multidimensional basic hypergeometric generat-
ing functions for all of these L-functions at non-positive integers. (For a survey of basic
hypergeometric series, see [A-A-R] or [G-R].)

We shall employ the standard notation

(a;@)n =1 —a)(l—aq)---(1—ag" ). (1.4)

and throughout we assume that |¢| < 1 and that the other parameters are restricted to
domains that do not contain any singularities of the series or products under consideration.
For integers k > 2, define the series F(z;q) by

Ng—1+2ng_2+-+2n1 gnitni+o+ng_,

o= Y (¢ Dniy (25 Dy, 2 q
7 N1 >n1 >0 (@ Dng1 -2 (G D s—ni—s (G Dno—na (G Dny (=23 Dny 41

(1.5)
Theorem 1. If0 < b < a are integers and k > 2, then

n! ’

S 1— n
ef(kfl)bthk(efabt; efazt) _ Z La,b(_2n) . (( k)t)
n=0

d _ e 2 = (1= k)t)"

@ (2k—2)b, (k—1)b aab. a _ _ 9 1) .

& (RGN g = Q=D Y Lus(=2n— 1)
The d% series in Theorem 1 is obtained by differentiating summand by summand in z, and

then setting z = 1 and ¢ = e~!. Although we omit its closed form expression for brevity, we
note that it is easily obtained from (1.5) using the standard rules for differentiation.

Suppose that x mod f is a non-trivial Dirichlet character (i.e. a homomorphism from
(Z)fZ)* — C*) with Dirichlet L-function

L(s,x) = Z X(?)

n

(1.6)
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Such a x is even (resp. odd) if x(—1) =1 (resp. x(—1) = —1). We give basic hypergeometric
generating functions for the values of L(s,x) at non-positive integers. Define the series
G(z;q) by

G(z; q) = i (—1)n(q; q)n(l/z; q)n(zq; Q)n+1q"(”+1)/2 .

1.7
= (45 D2nt1 (1)
If x mod f is a Dirichlet character, then define Gy (z;q) by
[f/2] , ,
Gy (z5q) = Z x(r)z""q" G2l g7 . (1.8)
r=1

Theorem 2. Suppose that x mod f is a non-trivial Dirichlet character.
1) If x is odd, then

Gy(l;e7h) = ZL(—Qn,X) . (—nt')”

2) If x is even, then

(-1

d 0
% (GX(Z7 q)) ‘z:l,q:e*t = - Z()L(_2n - 17 X) : nl

Suppose that x is a nontrivial even (resp. odd) Dirichlet character. It is a classical fact
that if n > 0 then L(—2n, x) = 0 (resp. L(—2n —1,x) = 0). Therefore, Theorem 2 provides
the L-values at non-positive integers for all Dirichlet L-functions.

In Section 2, we give formulas for Fi(z;q) and G(z;q). To prove these identities, we
employ important results of Andrews. In Section 3 we recall classical facts about Mellin
integral representations of L-functions, and then combine them with the identities of Section
2 to prove Theorems 1 and 2. In Section 4 we give several examples of Theorems 1 and 2.

2. ¢-SERIES IDENTITIES.

For convenience, we make use of the following abbreviation

(a1,az, ... ak)n = (a1;@)n(a2; @)n - - (ak; Q- (2.1)

Theorem 2.1. If k > 2, then the following identity is true

Fk(z; q) _ Z(il)nz(2k72)nq(k71)n2.

n=0

Theorem 2.2. The following identity is true
- —n ’I’L2 - n ’I'L2
G(ziq) =Y 2 "¢" =Y 2"q".
n=0 n=1

Remarks. The series F5(z;q) is a specialization of the classical Rogers-Fine identity [F]

FQ(Z;q) — Z()((Zlgljjl — ;}(—1)”22"(]”2’
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while the series G(z;q) is a specialization of an identity of Andrews [A2] related to “false”
theta functions in Ramanujan’s lost notebook.

Proofs of Theorem 2.1 and 2.2. Two sequences (ay,, y,) are said to form a Bailey pair with
respect to a if for every n > 0,

n

o ::g;%(q)nfk(aq)n+k'

On

Given such a pair, Andrews [A3] has shown that for any natural number k and complex
numbers b;, ¢; we have (subject to convergence conditions)

oo (b17cl7' bkack) G/qu "
) Z(M ag ag aq) -\ { o Qr

aq
(aq, brer /o >0 “b1’ 1 by ek ---bka

(505 &)

B Z (bk, €k )ng - (b1, €1 )y (2.2)

(o o e (55 &)

NE>np_1>...>n1>0 bk—17 cpe—1/Tk TN by 7 ¢y /T2

(bk:llg,PI)nk—nkfr"(%)ng—m ( aq )n’“ ( aq )"1ﬁ
(q)nk—nk—l"'(Q)n2—n1 bkck blcl e

The theorems follow by inserting the right Bailey pairs into the above equation and making

appropriate specializations of the parameters. Substituting the Bailey pair with respect to
a [A2],

(a);(1 —ag®)(=1)1g?U—1/2 amd G — { 1, j=0
(9);(1—a) 771 0, otherwise,

yields a limiting case of Andrews’ multidimensional generalization of Watson’s transforma-
tion [A1],

(%Z’ %Z)OO Z (a,qv/a, —g/a, b1, c1, .., by, ci)r ( atq )T (71)Tqr(7‘71)/2
(aq’ b:gk )OO >0 (qv \fv _\/5‘7 %7 %il» "'%37 %Z)r blcl-nbkck

(bkack)n _ -~-(b2762)n1
= Z ( aq aq = (aq aq) (23)

b gy (51 6 n

Oéj:

ng—12>...2n12>0

y (bk,(llgkf1 )nk—1*nk—2"'(%)n1 < aq )nkl ( aq >n1
(q)nk_1*nk—2"'(q)n1 biCr baco
Keeping in mind that (z),/z" — (=1)"¢"""Y/2 and (y/x), — 1 as x — oo, let a = 22, b; =
—z,¢ = 2z,bg = ¢, and all remaining b;,¢; — oo in (2.3). After a bit of simplification, this

is Theorem 2.1.
Next insert in (2.2) the Bailey pair with respect to ¢ [A4],

a; = (—2)IgUTD/2(1 = 22 and B, = (Z)JJF;M
(%)2;
The k =1 case is Andrews’ generalized false theta identity [A2],

i (2)n+1(q/2,b,¢)n (bc)n (%/b,¢/¢) o Z 2/b ( 2)nqn(n+1)/2((_Z)n+1_~_(_z)—n)'

ne0 (@)2n+1 - (4.¢%/b0)s =0 ¢*/0)n
Letting b = ¢, 2 = zq, and ¢ — oo gives Theorem 2.2.
O
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3. PROOFS OF THEOREMS 1 AND 2.

To prove Theorems 1 and 2, we require the following classical results regarding the Mellin
integral representations of L-functions.

Proposition 3.1. Suppose that ¥ is a periodic function with modulus f with mean value
zero, and let

As t\, 0 we have

io: \I/(’I’L) —n?t ~ f: L(—Qn) (_nt')n’

n=1 n=0 '

Z \Il(n)nefn% ~ Z L(-2n-1) ;:')n
n=1 n=0

Proof. By the hypothesis on ¥, L(s) has an analytic continuation to C. Suppose that H(t)
is the asymptotic expansion as ¢t \, 0 given by

t) =D b(n)t" ~ > W(n)e " (3.1)
n=0 n=1

Using the Mellin integral representation for L(2s) (for ®(s) > 1), and by letting 7' = n?t, it

turns out that
/ (Z \IJ(n)e‘"zt> 5 dt = Z (n / e gy
0 n=1

; W(n) [ 1
Z:l n(%) /0 e~ TTslar
=T'(s)L(2s). (3.2)

For any N > 0, this combined with (3.1) implies that

N
I'(s)L( (Z n)t" 4 O( tN)> 5 dt

2

b

(s),

n=0

where F'(s) is analytic for (s) > —N. Therefore, b(n) is the residue at s = —n of I'(s) L(2s),
and so

- L(—2n).
n2t

The same argument applies to the asymptotic expansion of Y~ | U(n)ne~

O
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We now prove Theorems 1 and 2 using Theorems 2.1 and 2.2, and Proposition 3.1.

Proof of Theorem 1. By Theorem 2.1, we have
Z(2k72)bq(k71)b2Fk (Zaqab; qaz) _ i(_1)nz(2k72)(an+b)q(k71)(an+b)2. (3.3)
n=0

By letting 2 = 1 and ¢ = ¢! in (3.3), we obtain a power series in t. To see that the t-series
is well defined, use the fact that the constant term in the Taylor expansion of 1 — e~ is
zero for every positive integer m. Each summand in (1.5) therefore has the property that
the numerator contains 2n4_; such factors while the denominator has ny_; many (note:
the (—2;¢)n,+1 does not contribute any). Therefore, Theorem 1 for L, ;(—2n) follows from
Proposition 3.1.

To obtain Theorem 1 for L, ,(—2n — 1), we apply the argument above to the series which
is obtained by differentiating (3.3) in z summand by summand before letting z = 1 and
q = e~ t. As above, the form of (1.5) implies that the resulting ¢-series is well defined.

O
Proof of Theorem 2. By Theorem 2.2, if 0 < r < f, then
o
5T 'r G(z f —2rf f ZZ—(fn+r) (fn+r)? ZZ fn— r) (fn—r)? (3.4)
n=0 n=1
Recall the definition of G, (z;q) (see (1.8))
[£/2]
Gylziq) = Y x(r)2 "¢ G(2T g™ ¢). (3.5)
r=1
y (3.4), this implies that
[f/2] oo ) )
-y ZX ( () g(fntr)® _ o (frekf=r) o(frtf =) )
r=1 n=0
Therefore, we have
[£/2] oo
== Z X(r (e—(fn+r)2t _ e—(fn+f—r>2t) ,
r=1 n=0
d [f/2] oo » ( 2
_ fn+r _ —(fn+f—r)°t
(O (2:0) |zt gmee = sz ) ((n+r)e +(fn+ f=r)e ).

An inspection of (1.7) shows that both t-series are well defined. Since x(f/2) = 0 for even
f, Proposition 3.1 implies that if x is odd, then

,t) _ Z L(—2’I’L,X> . (—nt')n
n=0 ’

Similarly if x is even, then Proposition 3.1 implies that

diz (Gy(2:0) g et = — D L(=2n—1,X) - (_7:!)“.

This completes the proof of Theorem 2.
O
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4. EXAMPLES

Here we give examples of Theorems 1 and 2.
Example 1. Here we give the k = 2 example of Theorem 1 for the function

= x-1(n)
7;7718 ,

where y_; is the unique non-trivial Dirichlet character modulo 4. Theorem 1 implies that

—2t—4(n—1)t)e—2nt

ety (e ety = _tz (1—e2)(1—e5)...(1—¢
(14 e=2t)(1 4 e=6t) ... (14 e—2t—4nt)
1 5, 61 1385

Sl L e Ol 1385
p Tttt et Y

= Z L(—2n,x-1) - (—nt')"
n=0

Theorem 1 provides a generating function for the values L(—2n — 1,x_1), where n > 0.
Since x_1 is odd, these values are zero. Theorem 1 implies that

- -t d
0=23 p(-20— 1) 0 = (gm0 ) o g
n=0 ’

e d <Z2q2;q4>nz2n+2q2n+l
= Z% — 3.2, 4 |=1.g=

(—22¢% ") 1

71+1t 1t2
“\2 2 4

15
+<_2t+2t2+...)+ ......

Example 2. Here we compute the values of L(s, x_1) at even non-positive integers again
using Theorem 2. By Theorem 2, we find that

Gy (L") = e 'G(ee7)

o i (71)n(6716t; eflﬁt)n(efst; 6716t)n(678t; 6716t)n+1678n(n+1)t
] (e=16t; ¢=16t),
= ZL(—2n,X,1) . (1)
n=0
:1+1t+§t2+ 61t3+@t4+... .
2 2 4 12 48

Example 3. Suppose that x5 is the Dirichlet character modulo 5 given by the Legendre
symbol modulo 5. By definition, we have that

st,(Z%‘J) = 5 qG( 5 —10 .q 5) —2 4G( 5 —20. .q 5)7
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and so we have

> (_1>n(q25; q25)n(z_5q10; q25)n(25q15; q
Gys (z39) = Z

1 25n(2n+1)+1

25)n+12_ q

(4%°; 4% )2n+1

n=0

N (EDM(g

—5,.20. 25 5.5..25 —g 2onntl) 4y
(2P ) (20 %P 1272 2 T

(q25; q25)2n+1

25)

By differentiating in z summand by summand, then letting z = 1 and ¢ = e~*, Theorem 2

gives

[A1]
[A2]

[A3]

[A4]
[A-A-R]
[A-J-0]

(Ap]
[C-O]

[F]
[G-R]

(H1]
(H2]
2]

d 2 67 . 361
@ (GXS (Z7 q)) |Z:1,q:e_t = g + 2t + th =+ Tt?) + o+
(=)

nl

o
=—> L(-2n—1,xs)
n=0
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