HIGHER RANK ZETA FUNCTIONS OF CURVES I:
RIEMANN HYPOTHESIS FOR ELLIPTIC CURVES

LIN WENG AND DON ZAGIER

ABSTRACT. In [8], a non-abelian zeta function was defined for any smooth
curve X over a finite field F, and any integer n > 1 by

Cxrgn(s) = Z [HZ(X, V)~ {0} q—deg<v)s (R(s) > 1),

where the sum is over isomorphism classes of Fy-rational semi-stable
vector bundles V' of rank n on X with degree divisible by n. This func-
tion, which agrees with the usual Artin zeta function of X/F, if n =1,
is a rational function of ¢~° with denominator (1 — ¢~ "°)(1 — ¢"™™%)
and conjecturally satisfies the Riemann hypothesis. In this paper we

study the case of genus 1 curves in detail. We show that in that case
the Dirichlet series

1 —ran S
3x/m,(5) = Z A ¢ K(V) (R(s) > 0),
vl

where the sum is now over isomorphism classes of F,-rational semi-stable
vector bundles V' of degree 0 on X, is equal to [[;Z, (x/r, (s + k), and
use this fact to prove the Riemann hypothesis for {x . (s) for all n.

INTRODUCTION

Let X be a smooth projective curve of genus g over a finite field IF,. For
all positive integers n, a “non-abelian rank n zeta function” of X/F, was
defined (in [8]) by

Cxn(8) = Cx/pyn(s) = Z Z

d=0 (mod n) [V]eMx,n(d)

' XV) 1

RETR

where M x ,(d) denotes the moduli stack of Fy-rational semi-stable vector
bundles of rank n and degree d on X, and Aut(V) and h°(X, V) denote the
automorphism group of V' and the dimension of its space of global sections.
In other words, if we define, for any d, the a and § invariants of X/F, by

RO(X,V) _ 1

q 1
axn(d) = Z TAw) Bxn(d) = Z )my

[VIEMXx n(d) [VIEMx n(d
(2)

then (x () is the generating function of the numbers ax ,,(mn):

Cxnl(s) = > axa(dtt = Y axa(mn)T™, (3)
d=0 (mod n) m=0
1
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where t = ¢7%, =" = Q7° with Q = ¢". Note that th(X’V) —-1=
|[Hom(Ox, V)~ {0}|, so ax n(d) counts the number of isomorphism classes
of pairs consisting of a semi-stable vector bundle V' of rank n and degree d
together with an embedding Ox < V, while the beta invariants were studied
in the case (d,n) = 1 (when semi-stability coincides with stability) by Harder
and Narasimhan in their famous work on moduli spaces of vector bundles [9].
For the zeta function, on the other hand, it is crucial (for reasons indicated
briefly in [9], Remark 1) to restrict to the opposite case n|d.

The following properties of (x(s) were shown in [8], using Riemann-
Roch, duality and vanishing for semi-stable bundles:

Theorem. Define (x n(s) for alln>1 by (3). Then

(i) The function (x1(s) equals (x(s), the Artin zeta function of X/F, .
(ii) There exists a degree 2g polynomial Px ,,(T) € Q[T such that

B Px o (T)
(iii) The function (x , satisfies the functional equation
Cxn(l—s) = QUINETD ¢y (s). (5)

The following conjecture, verified in many examples, was also proposed in [8].
Conjecture (Riemann Hypothesis). If (x ,(s) =0, then R(s) = 5.

Of course in the classical case n = 1 this is a famous theorem of Weil.

A further indication that the higher zeta functions defined by equation (3)
are natural objects is that they turn out to coincide with the special case
G = SLy, P = P,_1, of the zeta functions C)C;’P(s) defined in [8] for suitable
reductive algebraic groups G and parabolic subgroups P. This equality,
which was conjectured in [8], is proved in the second paper of this series [9],
while a planned third paper will discuss the Riemann hypothesis for curves
of arbitrary genus. In this paper, the first of the series, we concentrate on
the case of elliptic curves X = E, i.e., g = 1. Here ag,(d) = (¢ —1)Bgn(d)
for d > 0 (because h°(V) — h!'(V) = d by the Riemann-Roch theorem and
hY(V') vanishes) and B, (mn) = Bg.n(0) for all m (because tensoring with
a line bundle of degree 1 gives an isomorphism between the sets of rank n
semi-stable vector bundles of degree d and degree d + n for any d € Z), so
the zeta function (3) reduces simply to

Q- 1T
011 - QD) ©)

We will give explicit formulas and generating functions for ag,(0) and
BEn(0) and prove the Riemann Hypothesis for (g n,(s). The key fact is
Theorem 5, which gives an elegant expression for the generating function
> BEn(0)g™" as a product of translates of the zeta function of E.

CE,n<3> - aE,n(0> + 5E,n(0)

1. STATEMENT OF MAIN RESULTS

From now on E will denote an elliptic curve over F,. By an “Atiyah
bundle” over E we mean any direct sum of the vector bundles Iy, Io, ...
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over E defined by Atiyah in [1]: I; = Op is the trivial line bundle and I}, for
k > 2 the unique (up to isomorphism) non-trivial extension of I_1 by I7.
For n > 1let aat (0) and B4t (0) be the numbers defined as in (1), but with
the summations now ranginé only over Atiyah bundles. We will show:

Theorem 1. Forn > 1 we have

1y e e(my)e(me)---
() = 3 (g - SRl g

m

ﬁéfn(o) _ Z e(mi)e(msa)--- | ®

qN(ml,mg,...)
where the sum is over all partitions n = mq + 2mgo +3ms +--- of n and
m? m(m+1)/2
q q

e(m) = = , 9
") = GLa@E) = @ D@ - @-n
N(mi,ma,...) = Z my, my min(k, £) . (10)

ke>1

From this we will deduce the following simple formulas for aAEfn(O) and
Bgfn(O) (“special counting miracle”) by a direct combinatorial argument:

Theorem 2. For n > 0 we have
apli1(0) = B, (0) = g "e(n). (11)

This in turn will be used together with considerations of algebraic struc-
tures of semi-stable bundles of degree 0 to obtain the following intrinsic
relation between « and f invariants (“general counting miracle”):

Theorem 3. For all n > 0 we have
apnt+1(0) = BEn(0). (12)

We mention that Theorem 3 has been generalized to curves of arbitrary
genus by Sugahara [6].

The above results, whose proofs are given in §2, show that the higher
rank zeta functions for elliptic curves are completely determined by their
beta invariants. To understand the latter, we first use results of Harder-
Narasimhan [5], Desale-Ramanan [4] and Zagier [10] to get an explicit for-
mula for Sk ,(0) in terms of special values of the Artin zeta function of E/F :

Theorem 4. For n > 1 we have
n
_ k—1 VEn, """ VEn,
6E,n(0) - Z (_1) Z (qn1+n2 _ 1) - (an_1+nk _ 1) ) (13)
k=1 ni+-+ng=n
ni,...,nE>0

where the numbers vy, (n > 0) are defined by
Vg = UGB Caln), G = lm (1—¢") Ce(s). (14

In §3, we will use (13) and a fairly complicated combinatorial calculation
to establish the following simple formula for the generating Dirichlet series
of the invariants g ,(0):
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Theorem 5. Define a Dirichlet series 3g(s) = 3g/r,(s) for R(s) > 0 by

. 1
BE/]Fq (s) = Z /BE,n(()) " = Z m q—rank(V)s’ (15)
n=0 4

where the second sum is over isomorphism classes of IFq-rational semi-stable
vector bundles V' of degree 0 on E. Then

o0
3E/r,(5) = H Cer,(s+ k). (16)
k=1
This formula will then be used in §4 to prove the following estimate:

Proposition 6. Forn > 2 we have the inequalities
BE,n(O) < qn/2 +1
Ben-1(0) ~ ¢ -1

(In fact, we prove a stronger estimate; see (52).) Combining these bounds
with equations (6) and (12), we will deduce:

1 <

(17)

Theorem 7. The Riemann Hypothesis is true for elliptic curves.

2. CALCULATION OF THE « AND ,3 INVARIANTS OF ELLIPTIC CURVES

In this section we will give explicit formulas for ag ,(mn) and Sg ,(mn)
for an elliptic curve E/F,. By what was already explained in the introduc-
tion, it suffices to do this for m = 0. We will prove Theorems 1-4 as stated
in §1.

2.1. Automorphisms of Atiyah bundles. Let V' be an Atiyah bundle of
rank n over E as defined in §1. Then V' can be uniquely written in the form

v e prim (18)
k>1
for integers my, > 0 with > k>1 kmj = n, so Theorem 1 follows from:
Proposition 8. For V/E as in (18), we have h®(V) = > k>1 M and
[Aut(V)] = ¢VOmmze) TT g7 |GLu, (Fy)] (19)
k>1

where N(mi,ma,...) is defined as in equation (10).

Proof. By Theorem 8 of [1], for any integers k, £ > 1 we have
L@l = b

|k—2] <m < k+4
m=k+£—1 (mod 2)

and consequently, since [Ij, is self-dual,
dim Hom(Iy, I;) = h°(IY @ I;) = h°(Ix ® I;) = min(k,?) . (20)

This can be seen explicitly as follows. The bundle I has a realization given
locally away from 0 € E by k-tuples of regular functions and near 0 by
k-tuples (f1,..., fxr) where f; and each zf; — fi_1 (2 < i < k) is regular,
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where z is a local parameter at 0. (In other words, f; is allowed to have a
pole of order ¢ — 1 at 0 and, for instance, the residue of fs equals the value
of f1 at 0.) The space Hom(I, Iy) is then spanned by the maps

(flv--'afk) = (07"'707f17-~-7f8) (1 <s Smln(k7€))
N——
l—s
As a special case of (20) we have h°(I;) = 1 for all k, making the first
statement of Proposition 8 obvious. We prove the second in several steps.
1. In the special case V = I, we have
[Aut()] = ¢ g—1).

Indeed, from the above description, any endomorphism of I has the form

ar as -+ Qp_1 ag
0 a1 -+ ap2 a1
e= o (21)
0 0 cee al a9
o 0 --- 0 al

for some a; € Fy, and ¢ is an isomorphism if and only if a; # 0.
2. More generally, for any positive integers k and m we have

[Aut(7™)] = 0" | GLn (Fy)] (22)
because the automorphisms of ;" have the same form as (21), but with
each a; now being an m x m matrix over F, and with a; invertible.

3. Finally, if V' is a general Atiyah bundle as in (18), then
[Aut(V)| = ] [Hom(Zy, Ip)™™ - T] [Aut(Z;™)],
k0 k
and equation (19) then follows from (20) and (22). O

2.2. Proof of Theorem 2. Introduce the three generating functions
oo o0 (0.9]

A(z) = o, (0)2" ", Blw) =) B.(0)2", Clzx)=> ¢ "e(n)a",
n=1 n=0 n=0

where the notations are as in Theorem 2. We must show that they coincide.

There is a bijection between terminating sequences (mi,ma,...) of non-
negative integers and monotone decreasing terminating sequences (p1, p2, . - . )
of non-negative integers, given by setting p, = Zl>k Mg, Mk = Pk — Pk+1-
Under this correspondence, we have a

oo
N(my,mg, ...) = kak(mk+2mk+1—|—2mk+2+---)

k=1
o0 oo

= > k(pk—prs) (e +Dri1) = D> _Dp-
k=1 k=1

Hence Theorem 1 shows that A(x) and B(z) can be given as
1 o0 oo
Aw) = 3@ -DB).  Bl) = Y Byla). (29
p=0

z
p=1



6 LIN WENG AND DON ZAGIER

with By(z) € Q(q)[[x]] defined by

By(x) = > H( e(pk — Prt1) g piﬂ”“)

p=p1>p2>...>0 k=1
or, equivalently (set h = p2 on the right-hand side), by the recursive formulas

P
Bo(z) = 1, ¢ aPBy(z) = > elp—h)Bu(a). (24)
h=0
We claim that the solution of this recursion is given by
P

_ qr
50 =lg—=g— ©=" >

To prove this, we denote the right-hand side of (25) by By(z) and show that
By (z) satisfies the same recursion (24) as By(x), i.e., that we have

Bla,t) = (Z e(n) t") B(z,t) = Clqt) B(z,1), (26)
n=0
where B(z,t) and B(z,t) are the two generating series defined by
) = > By(@)t",  Bla,t) = Y ¢ a7 By(x) ¥
p=0 p=0

But this is now fairly easy. The definition of By(z) gives the formulas
(1—2)By(qz) = (¢" —x)Bp(z), (1—x)(¢”—1)By(qx) = qz Bp_1(z),

which translate into the four generating series identities

(1-— :c)(B(qa;,qt) — B(qx,t)) = qut B(x,t), (27)
and
R (1—2x) ?( x,qt) = (x qt) — = B(z,t), (28)
(1—2)(B(gz,qt) — Blgx,t)) = qt B(x,qt).

Now using the identity C(¢) = (1 — t)C(qt), which follows from
n(n—1)/2 m

Clat) §>j ‘{) oo~ e,

we find from (27) that C(qt)B(z,t) satisfies the same two recursions (28) as
B(z,t), and hence that these two power series are equal. This proves (26)
and hence also (25) and lets us rewrite (23) as

A@@) = ©(Blrg) — B@,1),  B(x) = Blx,1).

Substituting ¢ = ¢! into the sum of the two equations (27) now gives
(1 — 2)B(gx) = B(z) and hence B(z) = C(z), and then substituting ¢t = 1
into the first of equations (27) gives A(z) = B(x). This completes the proof.
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2.3. Proof of Theorem 3. Let V be a semi-stable vector bundle of rank n
and degree 0 over E/F,. By the classification of indecomposable bundles
on elliptic curves defined over algebraic closed fields given by Atiyah [1],
we know that there are no stable bundles of rank > 2 and degree 0 over
E := E ®p, F;. Consequently, over F, the graded bundle G(V') associated
to a Jordan-Holder filtration of V' decomposes as

G(V)ZLl@LQGB"‘EBLn

for some line bundles L; of degree 0 on E. (For basics of Jordan-Holder
filtrations and their associated graded bundles for semi-stable bundles, see
e.g. [7].) Since L; need not be defined over F,, usually it is a bit complicated
to classify V over E. (This classification problem depends on the arithmetic
of the curve F, and specifically, on the number of F4-rational torsion points
of order < n on FE.) Instead of doing this, we first note that in order to get
a non-trivial contribution to « invariants, we must have h%(V') # 0. Guided
by this, we regroup the bundles appearing in the summation defining the
a-invariant in the following way. Assume (after renumbering) that L; = OF
for 1 < j <iand L; 22 O for ¢ < j < n. Since there are non non-trivial
extensions of O by L; for L; 22 O, we can uniquely decompose V as UGW
where U and W are Fg-rational semi-stable bundles of degree 0 over E' with

GU) =2 0%, GW)=2Li® &L, Lj#0g.

Then h°(E,V) = h%(E,U) and Aut(V) = Aut(U) x Aut(W) (because there
are no non-trivial homomorphisms among O and L;), and U and W range
independently over bundles with the properties listed above. Hence

n
apn(0) = Z 5 BEn—i
i=1

where a*EJ- and BE ;. are the modified o and 8 invariants defined by

gqEY) 1 1
* —_— —_—_— * = .
B = Z Aw(o)] 0 Bk Z [Aut(W),|
U semi-stable W semi-stable
GU) =0 G(W)=L1©--®Ly

deg(L;)=0, L;22Of

But, by using Atiyah’s classification of indecomposable bundles on elliptic
curves defined over algebraic closed fields again, we know that the bundles U
in the sum defining o ; are precisely the Atiyah bundles U = €, 1, ,? "% with
> kmy =i. Hence af; = a%fi(O). By the same argument, of course, we
have Bg,(0) = >, ,Béfi(O)ﬁE’n_i. (Note that this time the summation
starts at ¢ = 0, whereas for ag,(0) we started at i = 1 because aj; ;= 0.)
Theorem 3 now follows immediately from Theorem 2.

2.4. Proof of Theorem 4. In this subsection, in which X is again a curve
of arbitrary genus g > 1, we combine results of [5], [4] and [10] to give a
closed formula for Sx ,(0) for all n > 1.

The invariant Sx ,(d) is periodic in d of period n by the same argument
as given for ¢ = 1 in the introduction. We renormalize slightly by setting

Bxn(d) = q 00D gy (d), Ox(s) = ¢ Cx(s),  (29)
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(notice that these agree with Sx ,(d) and (x(s ) in the case when g = 1),

because this gives a simpler functional equation ¢ X(l —-s5)=¢( X( ) and will
also lead to a formula in Theorem 9 that has no explicit dependence on g.
We also define

Uxn = GW(2)-&x(m), k1) = lim(1-¢"*)Cx(s)  (30)

instead of (14). Then the work of Harder-Narasimhan and Desale-Ramanan
implies the following relation, involving an infinite summation:

Theorem. Forn > 1 and any d € Z we have
PN

T By )\ .

Z Z Z Zi<j(din]'_d]'ni) - UXvn : ( )

ni,...,n>0 nq ny
di+-+dp=d

This theorem is stated at page 236 of [4] (lines —9 to —4), except that there
the authors use g and ( instead of B and Z and write the equation in the
slightly different form BX,n(d) = Ux , — (sum over terms with k£ > 2 in (31))
to make it clear that this equation gives a recursive determination of all
B x,n(d). This recursion relation was inverted in [10]. We state the result
here in detail since in that paper only a corollary (namely, the application
to the calculation of the Betti numbers of the moduli space Mx ,,(d)) was
written out explicitly. The following theorem, however, is an immediate
consequence of equation (31) and Theorem 2 of [10]. Note that here the
sum is finite!

Theorem 9. Forn > 1 and any d € Z we have

— g(mitnipa) {d(nit-4ny)/n}

Bxn(d) = Z(—l)k—l Z H Ux oy - H q S 1 ,

k>1 ni+-+ng=n j=1
N, ...,nE>0

where {t} fort € R denotes the fractional part of t.

Theorem 4 is just the special case d = 0 and X = F, since BEn = BEn-

3. THE GENERATING SERIES OF THE BETA INVARIANTS

3.1. Explicit formulas. We keep all notations as in the Introduction and §1.
Recall that the Artin zeta function of E and its renormalized special value
at s = 1 as defined by (14) are given by

1 —ag® + q'=2 « _|E(F)|
) T G em T

where a € Z is defined by |E(F,)| = ¢ — a + 1 and satisfies |a| < 2,/q. For
convenience, from now on we write simply £, instead of 8, (0). Note that
Brn depends only on ¢ and a and belongs to Q(q)[a].

)

The closed formula for 3, given in Theorem 4 has O(2") terms. In this
subsection we will give several alternative expressions, including closed for-
mulas with p(n) = O(eV") terms and with O(n?) terms, the generating
series formula (16), and a recursion permitting the calculation of fi,..., 8,
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in O(n) steps. The proofs of these relations will be given in the rest of the
section.

We begin by calculating the first few values of /3, from (13). Here we
notice that there is considerable cancellation and that we always have

1
A T B

even though the least common denominator of the denominators of the terms
in (13) is much greater, e.g., the first few values of 3, are given by

Zla,q] (32)

Bo = 1, ﬁlzvlzwy
q—1
By =y M _ (@oagtDg-atl)  (g-a+l)
-1 (¢ = 1)(g—1)? (¢*—1)(¢g—1)?
_ (g—a+1)(@+g—a)
(®?-1(q-1)
3
Py = v3 — 2 §1i21 (qui1 1)2

_ (@—a+1)(@+¢"—(a—2)¢*— (20— 1)¢* — (a+1)q +a*)
(@ = 1)(?—=1)(g—1) '

Some more experimentation shows that in fact much more is true, namely

2 3
wy + we wy + 3wiws + 2w3
61 = Wi, 182 = L 2 ) /63 = 1 6 ’
By = wi + 6wiwy + Swiws + 3wl + 6wy
4 = 24 ) cee

where the numbers wy, = wy, g = wn(a,q) (m > 1) are defined by

Wy, = CE/qu(l) = (™ _q:b)ﬁn ) (a+a=a, aa=gq). (33)

These special cases suggest that the following theorem should hold:

Theorem 10. The numbers 5, = Bgn(0) are given by

ni. no
wl w2 DY
= n >0 34
o n n;.>0 1m2m2 - malngl - =0 oy
n1+2na4=n

where the numbers wy, = wg, (M > 1) are defined by eq. (33).

Equation (34) is the promised formula expressing /3, as a sum of p(n) =
O(e™V?2"/3) rather than O(2") terms.
To proceed further, we introduce the generating funtion

B(xz) = Bgp,(v) = B(z;a,q) = Y Boa” . (35)
n=0

Then formula (34) is equivalent to the formula

B(z) = exp(iwm 3;:) ,
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and substituting for wy, from (33) we find

1%(((;:3) _ exp<§:(qm 1w, i:) — eXp<§: qm—amnjaerlx’”)

m=1 m=1

_ (l-—ax)(l—az)  1-az+ ga? (36)
(1—gz)(1-2) (1-2)(1-qz)’
This in turn can be rewritten in three different ways, each of which is equiv-
alent to Theorem 10. The first is obtained by replacing = by z/¢* in (36)
and taking the product over all £ > 1 to get the following multiplicative
formua for the generating function B(zx;a,q):

Theorem 11. The generating function B(x;a,q) defined in (35) has the
product expansion

OO k

1 —aq "x + ¢q
B(z;a,q) Hl_qk 1 - ¢Fa)

1- 2kx2

(37)

S

Theorem 11 is clearly equivalent to Theorem 5 of §1, by setting x = ¢~

For the second we recall the “g-Pochhammer symbol” (z; q),, defined for
z,q € Cas [[%}(1 — ¢"™x). This also makes sense for n = oo if || < 1.
Slnce our g has absolute value greater rather than less than 1, we replace it
by its inverse. Then the calculation in (36) is just a version of the “quantum
dilogarithm identity”

> —rm,.m
q xr
S - X = log oo (> 1)
m=1 q m,r>1 q 4 o0

(we refer to [11], pp. 28-31, for a review of the quantum dilogarithm), and
equation (37) says simply

(¢ 'aw; ¢ Noo (g1 aT; ¢ oo

(725 ¢ oo (75 ¢ oo
Together with the standard power series expansions of (x; ¢)eo and 1/(; q)co
as given in the survey paper just quoted, this implies the following result,
which is the above-mentioned closed formula for 8, with O(n3) terms.

B(x;a,q) = (38)

Theorem 12. The numbers B, = Brn(0) are given by the sum

/Bn(E/IFII) = Z

ni,nz,ng,ng>0
ni+nz2+nz+ns=n

(C1yrrne 5 VH(R) g

(@ Dy (@ Dy (@5 Qs (a5 Q>n4

(n>0),

where o and @ are defined as in eq. (33).

Finally, multiplying both sides of (36) by their common denominator and
comparing coefficients of z™, we obtain:

Theorem 13. The numbers 3, satisfy, and are uniquely determined by, the
recursion relation

(@"=1)Bn = (" +¢" " =) o1 — (" =) a2 (39)
together with the initial conditions Bp = 1 and B_1 = 0.
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Theorem 13 gives the simplest algorithm for computing 3, of all the formulas
we have given, since, as already mentioned, it calculates each 3, in time O(1)
from its predecessors and hence requires time only O(n) to calculate all the
numbers (1, ..., B,. We also remark that equation (39) immediately implies
the assertion (32) by induction on n.

3.2. Proof of Theorem 5: First part. In the previous subsection we for-
mulated four theorems, found experimentally, each of which was equivalent
to the others and to Theorem 5. Of these, the simplest by far is the recursion
relation (39). Unfortunately, we were not able to find a direct proof that the
numbers defined by (13) satisfy this recursion, and the proof of Theorem 5
that we give will be indirect and fairly complicated.

There are two main ideas. The first is to replace the “closed formula” (13)
for 3, by a recursive formula (thus in some sense undoing the calculation
in [10] that led to that formula, which began with the recursion (31) and then
inverted it). To do this, we break up the sum (13) into n pieces according
to the value of the last n;, i.e., we decompose 3, as

Bo=b,  Ba=D B (nx1), (40)
m=1
where ﬁém) =g (E/Fq) = ﬂém) (a,q) is the partial sum defined by

IBT(Lm) _ i Z (_1)k—1 Uny = ** Uny, (n >m > 1) '

(qnl+n2 — 1) e (anfl‘i_nk — ]_)

k=1ni,...,ng_121, ng=m
ni+-+ng=n

Denoting the last-but-one variable n;_1 in this sum by p whenever k is at
least 2, we find

1 if m =n,
m) — oy o d am g®
p=1 4 -

which defines all the numbers By(Lm) (and hence also all the numbers ,,) by
recursion. Multiplying this formula by ™ and summing over all n > 0, we
find that the generating functions
(o ¢]
B (2) = By (z) = B™(z50,9) = Y B a" (41)
n=0
of the &(Lm) (observe that the sum here actually starts at n = m, so that
B(™(z) = O(z™), and also that B(?)(z) = 1) satisfy the identity

Sy 102
B (2) = v, 2™ (1 =S m> (m>1). (42)
p=1
A natural strategy of proof would therefore be to guess a closed formula
for the individual series B(™ (z) that satisfies the same recursion and that
gives (37) when summed over m > 0. Unfortunately, we were not able to do
this here, so that we have to argue indirectly. The second idea is therefore

to prove the identity for special values of the parameter a. Since the desired
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formula (37) is equivalent to the recursion (39), which is an identity among
polynomials in a and therefore is true if it can be verified for infinitely many
values of the argument a for each n, it is enough to prove the identity (37)
only for the special values

a = ap = ¢+ ¢7* (keZ, k>0). (43)

We denote by 3, and /B’ELT’]? the specializations of 3, and ﬁ,(zm) to this

value of a, and by By (z) and IB%ém)(x) the corresponding generating series.
Then (42) specializes to the identity

o n(p)
B,(Cm)(x) = vy’ <1 - Z IW) (m>1, k>0), (44)

where v, , denotes the specialization of vy, = vp(a,q) to a = ag, so that
if we can guess some other collection of numbers Bflnz) whose generating
functions satisfy the same identity, then we automatically have Bflnl? = Eff,?

The reason for looking at the special value (43) is that equation (37) for this
value of a says that the generating function By (z) (k > 0) is given by

0 k—r k+1—r k j
1—q )(1—q x) B 1 — ¢
1;[ (1—grz)(1—gt—r2) H 1 —qix (45)

j=1

(in particular, it is a rational function of ), and also that the numbers vy,
are given by

_1\ym—1 (g)—km (Q)k-i-m ; m
v = 4 G e @ TEETER )
0 it m >k,

as one checks easily. (Here and for the rest of the section we use the notation
(x), for the g-Pochhammer symbol (1 — z)(1 — qz)---(1 — ¢" 'x), with
()o = 1.) After a considerable amount of computer experimentation, we

found that the generating function ]B%,(Cm) (x) is given by the following closed
formula.

Proposition 14. For k > 0 and m > 1 the generating function B,E:m) (z) =

B(m)(l‘; ak, q) is a rational function of x, equal to 0 if m > k and otherwise
given by

(@mir ™Y " (@)
(Q)k(@)m—1  Di(z)

where Dy(x) € Zq, x] is defined by the product expansion

k
= 1@ -=)

Jj=1

B (2) = (-

(47)
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and where Yk(m) (z) € Z[q, x] is the polynomial of degree k — m defined by

YOy = S° g [kH k }x

k—m-—r
r=0

(48)
k
= Coefficient of T~ in H (1+ qJT 1+ qux) .

k

The symbol [ } used in (48) is the g-binomial coefficient ()(?)f, which
r q)r\q)k—r

occurs in the following two well-known g-versions of the binomial theorem

g(—l)“q@ NESXGH Z’;[Hz—l}xr - (;)k (19)

where k denotes an integer > 0. The equality of the two expressions in (48)
follows from the first of these formulas.

The proof of Proposition 14 will be given in the next subsection. Here
we show that it implies our main identity (37). For this, as we have already
explained, it suffices to show that the sum over m > 1 of the rational
functions (47) coincides with the right-hand side of (45). Combining (47)
with the second of equations (48) and the second of equations (49), we find

1 Dy( k Tk m
a:l—quH ZB - Z(_x) 1{,1{:—4—?] Yk( )(x)

m=1
H?:l(l + qu>
(1+2T)(1+g++1aT)

But by comparing poles and residues (partial fractions decomposition), we
see that

— Coefficient of TF~1 in

I (1+4'T)
(1+2T) (1 + gH+1aT)
_ H?Zl(l—qjx—l) T (1= g1
(=g (1+aT) - (1 ]q 1) (L + ¢F+1aT) + Pp—o(T),

where Py,_o(T') is a polynomial of degree < k — 2 in T It follows that

- (m) _ (_@k _ . -1 E(k+1) :  j—k—1,-1
ZIB%k (x) Dr(a) H(l T I H(l q zh)
m=1 j

j=1 j=1
k 1 — ¢z
= —1 = = -14+B
+ j|:|1 = + By(z),

where the final equality is equation (45). Since ]B%l(f) (z) = 1, this completes
the proof that the sum of the functions B("™ (z) defined recursively by (42)
coincides with the right-hand side of equation (37) and hence, by what has
already been said, completes the proof of Theorem 11.
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3.3. Completion of the proof. It remains to prove Proposition 14. For
this purpose we reverse the order of the logic, taking equation (47) (with

Yk(m) (x) defined as 0 if m > k) as the definition of the power series IB%,E:m)(a:)
for all m > 1 and k > 0 and then proving that these power series satisfy the
identity (44). Inserting equations (45), (47) and (48) into (44), we see after
multiplying both sides by a common factor that the identity to be proved is

™y (m k Mok » —z)P
DY = [ o+ S [ e

(50)
But a simpler version of the same partial fraction argument as the one used
above shows that Dy (z) is the coefficient of T* in (1+27)~" H§:1(1 +¢T),
and one also sees without difficulty that Yk(m) (z) equals (¢"1z)™™ times
the coefficient of T%*™ in the same product H?Zl(l —¢’T)(1—¢'Tx) as the

one used in the orginal definition (48), so that the left-hand side of (50) can
be written, using the first equation in (49), as

qkm*(?) Yk(m) (z) = Coefficient of Tk in

k k—m
[T +ar)- 3 o] * .
=1 g m+ s

The identity (50) then follows immediately from the lemma below by re-
placing x by 2T, multiplying both sides by H?Zl(l +¢’T), and comparing
the coefficients of T* on both sides.

Lemma 15. For fivzed k > 0 and m > 1, define two power series Fi(x) and
Fa(x) by

i = o ST G2
Folw) = [2] (1+a)! - qu(‘“?)ms [mis}f
Then
A = = i 2

Proof. The power series F; and Fo satisfy the functional equations

(1 + qx) ¢"Fi(qz) — (1 +¢"'z) Fi(z)

o

= (—qT)k+1 ;;1 [I;—I_—ﬂ (—z)P = 1—+x$
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(here we have used the second of equations (49)) and

(14 qz) ¢" Falqr) — (14 ¢"'a) Fa(a)

k+1
- [F) -

S () - e
= [l (0= 5 - a-a)

R S I

—tm +s—1

k k-1 ST pm(s+1) s+1

- (1—q) Z [m—i—s}q(Q) ( )x

5=0
(Dr+1 T

— Dl == (telescoping series) .
m —m

Together these imply (51), since it is easily seen that a power series F(x)
satisfyng (1 + qz)g™F(qz) = (1 + ¢**'z)F(z) for some integers k > 0 and
m > 1 must vanish identically.

This completes the proof of the lemma, the proposition and hence also of
Theorem 5.

4. THE RIEMANN HYPOTHESIS

4.1. Proof of Proposition 6. We can use the recursion relation (39) to
give an easy inductive proof of the inequality (17), which, as we will see in

a moment, implies the Riemann hypothesis for our zeta functions. Indeed,
(17) holds for n = 2 since

2 — N
Go _atg—a N
A1 -1 -1
where N = g —a+ 1 = |E(FF,)| satisfies 0 < N < 2¢ + 2, and if n > 3 and
we assume by induction on n that (17) holds for n — 1, then (39) gives

Bn "+q¢"'—a—- (""" —9q
> =1+ > 1
Bn-1 qr—1 g —1
and
@ -y (T
q”/2—1 anl
n 2 n n— n— n—
= (@P+1)" = (" +" —a) + (g 1_q)§ ;
q(n—l)/2_1

n/2 _on—-1 n—1 _
> 2¢"%+1—¢q (g+1)+ (q 9) oz

_ 2 )
- gD 1 1 ”
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(where we have again used only |a| < ¢ + 1, and not the stronger estimate
la| <2,/q given by the usual Riemann hypothesis of E/F;), completing the
proof of (17) by induction.

In fact the estimates (17) are quite wasteful, and by a more careful analysis
one finds that

B (n—1)g—a+1) - clg) n?
Boa T q° i O<q2”‘2> (52)

uniformly as ¢" — oo, where ¢(q) = 2+3(a—2)/q + - - - is independent of n.
(Recall that a = O(,/g).) We also remark that the bounds (17) together
with the initial value Sy = 1 give upper and lower estimates for each (,. In
particular, we have the uniform estimate

Bn =1+ O(1A/9), (53)

where the implicit constant is universal and can be taken, e.g., to be 3.

4.2. Proof of the Riemann Hypothesis. By equations (6) and (12), the
polynomial Pg (1) appearing in (4) is given by

1 BE n(o) 2

- P T:1—< $1) - (Q— 1)L )T+ T2, (54
and by the inequalities (17) the coefficient of T in the second factor lies
between —2 and 2+/Q. Theorem 7 follows immediately.

Notice that this argument gives much more than just the Riemann hy-
pothesis, for which we would only need that the coefficient of T' is between
—24/Q and 2/Q. In fact, inserting (52) into (54), we see that the reciprocal
roots of Pg (T, divided by ¢"/2, are not uniformly distributed on the unit
circle, but are actually very near to ¢ and —i for n large. In a related di-
rection, we mention that, since each 8, (a) is completely determined by n,
g and a, the usual Sato-Tate distribution property for the roots of the lo-
cal zeta functions of the reductions E/F, at varying primes p of an elliptic
curve E defined over Q implies a corresponding explicit Sato-Tate distri-
bution for the roots of the higher zeta-functions ¢z /g, ,, as p varies with n
fixed, and also, after a suitable renormalization, as n — oo.

5. COMPLEMENTS

The most important consequence of Theorem 5, of course, is the Riemann
hypothesis for the higher rank zeta functions (g, (s), but the theorem has
several other corollaries that seem to be of independent interest. We end
the paper by listing some of these.

The first statement concerns the analytic continuation and functional
equation of the Dirichlet series 3p/r, (s) defined by equation (15).

Corollary 16. The function BE/Fq (s) continues meromorphically to the en-
tire complex plane and satisfies the functional equation

3p(s—1) = (p(s)3p(s). (55)
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Proof. The meromorphic continuation is obvious from equation (16), since
Ce(s) is meromorphic and tends rapidly to 1 as R(s) — +o00. The functional
equation (55) then follows tautologically from equation (16). O

Corollary 17. The meromorphic function defined by
S:E/Fq(s) = 3g/r,(8) 3g/r,(—5) (56)

1s invariant under s — s+ 1.
Proof. This follows from (55) and the functional equation of (g, (s):

3%/]&1(5 -1 _ 3E/]Fq(5 - 1) 3E/]Fq(1 —s) _ CE/]Fq(S) _
Sfjﬂgq(S) 3e/r,(8)  3gr,(—s) Ceyr,(1—s)

Alternatively, we could apply the functional equation of (g /Fq(s) to each
factor of the infinite product defining 35/, (—5) to write 3% /F (s) as the
q

absolutely convergent doubly infinite product [[,,cz Cg/r, (s+n), from which
the periodicity is obvious. O

There is a curious relation between Corollary 17 and the theory of elliptic
curves over C. Denote by §(x;q~!) the Jacobi theta function

0(z; 1) = Z (=)l g " (g, x€C*, |q| >1).
nezZ+i

It has the well-known elliptic transformation property
Oqz; ¢) = —¢"ab(x; ¢7") (57)

saying that the function 6(e*™%; ¢2™7) is doubly periodic, up to simple non-
vanishing factors, with respect to translation of z € C by the lattice Z71 + Z.
The Jacobi triple product formula is the formula

Ozsq7h) = ¢ V82 (7Y a7 oo (@717 0 oo (271 a7 Do

expressing 0(x;q ') as a product of three infinite g-Pochhammer symbols.
Combining this with equation (38), we find that the symmetrized zeta func-
tion (56) is related to the Jacobi theta function by
1 6(cg™5: -1 0(ags: -1
BE/F(S):*(Q 7q1)(q7q1)7 (58)
“ a (g% q71)0(e% ¢ 1)
so that the periodicity statement of Corollary 17 can also be seen as a
consequence of the elliptic transformation property (57) of 6(z;¢~!). This
gives some kind of connection between the zeta function of an elliptic curve £
over F, and the theory of elliptic functions for the elliptic curve C*/ q% over C.

In the next statement, our result for elliptic curves over finite fields is used
to motivate the definition of a new zeta function for elliptic curves defined
over Q, and to prove a factorization result for this function.
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Corollary 18. Let E be an elliptic curve over Q, and define {by,(E/Q) }men
as the multiplicative function with byn (E/Q) = Bn(E/Fy). Then the Dirich-
let series 3 q(s) defined for s € C with R(s) > 1 by

5E/Q(3) = Z E/Q H 3E/Fp

m=1 p prime

continues meromorphically to all s and has the product expansion
3p/0(5) H Cejols +F) .

We do not know whether these higher global zeta functions have other
interesting properties.

The final corollary of Theorem 5 that we will give concerns the limiting
values of the invariants we have been studying. To explain it properly, we
must first recall the geometric meaning of the numbers vg, occurring in
Theorem 4. In (14) these numbers were simply defined as the products of
the values of (g/p,(s) at s = 1,...,n (with the value at the pole s = 1
being replaced by a suitable limit), because this was all that was necessary
for our purposes. But that formula is actually a theorem, due to Desale
and Ramanan in the paper [4] already quoted, rather than a definition. In
fact, vg, is vE,(0), where vx ,(d) is defined, for all curves X/F, and for
all integers n > 0 and d, by

1
vnld) = 2 Ty

e., by the same summation as Sx(d) in (2), but with the summation
now ranging over all isomorphism classes of F,-rational vector bundles of
rank n and degree d rather than just the semi-stable ones. Using the fact
that the Tamagawa number of SL(n) equals 1, one shows (Proposition 1
of [4], summed over all |Pic®(X)(F,)| = (¢ — ) % (1) possible values of the
determinant) that vy ,(d) = ¢\~ 1)"(" D2 Xn (1ndependent of d!) with
Uy ,, defined as in (30), i.e., vxn(d) is related to vy, in the same way as
Bxn(d) and B x,n(d) are related in (29). Note that this formula includes as
a special case the formula vg/p, (n,0) = vg,, mentioned above. Also, since
semi-stable bundles form a subset of all bundles, it is clear from the geo-
metric definition that 8x »(d) < vx,(d) and Bxn(d) < vy, for all n, with
equality if n = 1.1 (This is also visible in the Harder-Narasimhan-Desale-
Ramanan recursion (31), in which the k = 1 term on the left equals 3 x.n(d).)
Therefore the following result can be interpreted as saying that, at least in
the case of elliptic curves, “almost all bundles of large rank are semi-stable.”

Corollary 19. The limiting values Bg o = lim,, B n and Vg o = lim, v,
of the sequences {frn(0)} and {vg.,} exist and coincide, with the value

BEco = VEoo = Cp(1)CE(2)CE() - . (59)

From (14) and Proposition 6 we also have the inequalities vg1 < vg2 < --- and
BE1 < BE,2 < ---, for which there does not seem to be an obvious geometric explanation.
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Of course the uniform bound for the numbers £, that we gave in (53) also
holds for the limiting value S.

Just for fun, we mention that the analogue of the product appearing on
the right-hand side of (59) when the function field F;(E) is replaced by the
number field Q is the number [[72,((n) = 2.2948565916733---, which
has a well-known interpretation as the average number of abelian groups of
given order. It would be interesting to know whether the product occurring
in (59), or its global analogue

Ress—0(3r/0(s)) = Rese=1(Cro(s)) - II Ce/o(m),
m=2

has any similar geometrical or arithmetical interpretation. In particular, as
was suggested to us by Christopher Deninger, one can ask whether there
is any connection with the famous Cohen-Lenstra class number heuristics.
(Compare equation (16) with Theorem 3.2 (ii) of [2], or Corollary 17 with
Theorem 7.1 of [3].)
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