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Multiple zeta functions and polylogarithms over
global function fields

par DEBMALYA BASAK, NicorLas DEGRE-PELLETIER
et MATILDE N. LALIN

RESUME. Dans [36], Thakur définit des analogues de la fonction zéta multiple
sur les corps de fonctions, (q(Fq[T]; s1,...,84) et Ca(K;s1,...,5q), ot K est un
corps de fonctions global. Les versions étoilées de ces fonctions ont été étudiées
par Masri [28]. Nous prouvons des formules de réduction pour ces fonctions
étoilées, nous définissons des analogues des polylogarithmes multiples et nous
présentons quelques formules pour des valeurs zéta multiples.

ABSTRACT. In [36], Thakur defines function field analogs of the classical mul-
tiple zeta function, namely, (4(F4[T];s1,. .., 5q4) and (4(K;s1,...,54), where
K is a global function field. Star versions of these functions were further
studied by Masri [28]. We prove reduction formulas for these star functions,
extend the construction to function field analogs of multiple polylogarithms,
and exhibit some formulas for multiple zeta values.

1. Introduction
The multiple zeta function is defined by the infinite series
1
Covnsa) = D
0<ni<-<ng 1 d

and is absolutely convergent and analytic in the region

(1.1) Re(sg+--+sq) >d—k+1, k=1,...,d
In the above formula, we say that d is the depth and that s; + --- 4+ s4 is
the weight.

Multiple zeta values are given by ((ai,...,aq), with ay € Z>1, ag > 1.

The formal definition is given by Zagier [43], but they already appear as
early as Euler [11].
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These numbers appear extensively in Number Theory, Geometry, and
Physics. See for example, the works of Brown [4, 5], Deligne [9], Drin-
feld [10], Hoffman [16, 17], Goncharov and Manin [12], Kontsevich [21, 22],
Manin [27], Zagier [44]. The survey [23] by Kontsevich and Zagier dis-
cusses multiple zeta values in the context of periods and special values of
L-functions.

A variant of the multiple zeta function is considered by Hoffman [16]

1

*(81,...,84) = —_.
Clan 2 1§n1§_§nd nit -
Here the notation x indicates that the indexes are ordered with non-strict
inequalities. Multiple zeta (star) values have been largely studied, see for
example, [2, 3, 8, 13, 14, 15, 18, 19, 20, 24, 25, 26, 29, 30, 31, 32, 35, 41,

42, 45]. They generally yield simpler identities than multiple zeta values.
In this work, we consider a function field version of the multiple zeta
function. Let IF, be the finite field with ¢ elements, where ¢ is a prime
power. For f € F,[T], denote by deg(f) its degree and by |f| = ¢@°&(f) its

norm. The zeta function of F,[T7] is defined by

1
C(]FQ[TLS): Z |f|87
JEF[T]
f monic
0<deg(f)
and further verifies )
C(Fy[T];5) = g

The multiple zeta function of depth d over F [T is defined by Thakur
([36, Section 5.10]) and further developed by Masri [28]. It is given by

G [T 51, - 50) = 3 ﬂlwd
(f1,sfa) €(Fq[T])* ! !
f1,--,fq monic
0<deg(f1)<--<deg(fa)
Thakur considers the definition where the indexes are ordered with strict in-
equalities. Masri studies the version with non-strict inequalities given above
and denotes it by Z4(IF4[T]; s1, ..., sq). We have chosen a notation that bet-
ter reflects the analogy with (*(s1,...,sq). For uniformity of notation we
will also write (*(F,[T; s) in place of ((F,[T7];s).

We remark that this complex function is different from the multizeta
version of the Carlitz zeta function introduced by Thakur in [36] (see also [1,
6, 7, 37, 38, 39]).

Masri proves that (j(F4[T];s1,. .., sq) is absolutely convergent and ana-
lytic in the region given by (1.1). He further proves the existence of a ratio-
nal meromorphic continuation, an Euler product, and a functional equation,
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and he proves that

d
(12)  CGET)isn,- . s0) = [[ CFolThisk+-- -+ 50— (d— k),
k=1

which provides an exact formula for the function.
Masri further considers an extension to a global function field K,

1
Ci(His1,- 00, 8a) = Z |Dy[s1 -+ |Dygl5a’
(D1,...,Da)€(DE)?
0<deg(D1)<--<deg(Dq)

where D} is the semigroup of effective divisors (see Section 2.)
Masri proves the following result.

Theorem 1.1 ([28, Main Theorem]). The function (j(K;s1,...,5q) has a
meromorphic continuation to all s in C* and is a rational function in each
q ', ...,q %, with a specified denominator. Further, (5(K;s1,...,Sq) has
possible simple poles on the linear subvarieties
Sg+--+sg=0,1,....d—k+1, k=1,...,d.

A central question in the theory of multiple zeta functions has to do with
reduction, that is, the property that a multiple zeta value can be written
as a rational linear combination of products of lower depth multiple zeta
values.

Masri proves the following.

Theorem 1.2 ([28, Corollary 1.5]). (j(Fy(T); s1,. .., 54) is a rational linear
combination of products of zeta functions from the set

{C(FGT)ysp+--+sa+4):k=1,...,d, £=-1,0,1}.

A goal of this note is to give a precise formula for (K s1,...,s4) when
the genus of K satisfies g > 1, which implies an analogous result to Theo-
rem 1.2. More precisely, we prove the following.

Theorem 1.3. We have

G(K;81,...,84)
:Rd(K;Sl,...,Sd)

d 9p, /¢
+ Z <Z _Ii) Rd—f(K; Sly--45 Sd—ﬁ)q_(Qg_l)(Sd+1_£+m+Sd)
/=1

> Z (_qg)_(5d+l—l+"'+5d)

edt1—05-,ea€{0,1}

-1
x [ ¢ (Fg[T); sa—j + €q—j + - + sa + eqa — j),
=0
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where Ry, (K;s1,...,8m) 18 a certain polynomial on q~5',...,q %™ given
more precisely by equation (3.5).

The multiple polylogarithm is defined by

an .. -an
. o 1 d
L1k1,...,kd(z17"'>zd) = Z ki ka’
0<ny<---<ng nl nd
which is absolutely convergent for |z;| < 1 fori=1,...,d — 1 and |z4| <

1 (respectively |zq] < 1) if kg > 1 (resp. kg = 1). We then extend the
construction of multiple zeta functions over global function fields to multiple
polylogarithms:

Sdeg(f1) | deg(fa)

1 d
| fulkr - | fqlka

Lizl,...,kd(Fq[T];Zh'"7Zd) = Z
(fl:"'vfd)e(Fq[T])d
f1---,fq monic
0<deg(f1)<--<deg(fa)
and
(eE(D1) ., deg(Da)

DDyl

ok
Lig, ok, (K 21,005 24) = >
(D17"'7Dd)e(/D2>()d
0<deg(D1)<:-<deg(Dg)

We prove the following.

Theorem 1.4. Lif . (K;21,...,2q4) s absolutely convergent and ana-
lytic in the complex region determined by

fejterthg—d-j—1 -
’Zj"'Zd‘<qJ d I j=1,...,d,

and has an analytic continuation to the complex region determined by

k]'+"'+kd7 ) k‘j+"'+kd_d+j_1’ ] = 17 . ,d-

Zj 24 #q - q
We prove a reduction formula that is analogous to Theorem 1.3 for g > 1.
Theorem 1.5. We have

Lizl,...,kd(K? 21,3 2d) = Ry, ey (K 21,500, 24)

L g9\
T Z ( _ 1) Rhseokas (K21, 2d0)
=1\

d 2g—1
—(2g—1) (kg1—g+tk
Xq(g Y(kar1—e ) H 2

i=d+1-£
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% Z (_qg)_(3d+1—£+"'+ed)
€d+1—15--,ed€{0,1}
/—1 d
X H Lizd,j—l—ed,j—i-"--&-kd-&-ed—j Fq[T]; H Zi
§=0 i=d—j
where Riy... ko (K521, ..., 2m) is a certain polynomial on ¢~ %1, ... ¢g~*m

given more precisely by equation (5.5).

It is also natural to consider multiple zeta values. Formula (1.2) implies
that special values of (j(F,[T7; s1,. .., sq) are very easy to compute, and we
exhibit several examples that are counterparts of results for (*(sy, ..., sq).
Special values of (j(Fq(T); s1,...,5sq4) are harder to compute, and we focus
on the case where s; = --- = s4. For example, we prove the following.

Theorem 1.6. ((Fy(T);m,...,m) satisfies the recurrence
GEF(T);m,...,m)

G T )
d =0 (q - 1)']

X i(—lf@ C(Fg(T); (G +1)(m = 1) + £+ 1)

The proofs of our results follow manipulations at the level of the series.
It would be interesting to see if the special values considered here can
be expressed in terms of integrals as in the case of ((ki,...,kq), as this
would open the door for even more relationships among these values. As
Masri [28] mentions, it would be also interesting to see if there is a particular
interpretation for the numerators of (*(K;si,...,sq) in the same vein as
the numerator of ((K;s) is the characteristic polynomial of the action of
the Frobenius automorphism on the Tate module ([33, p. 275]).

This article is structured as follows. In Section 2 we review some back-
ground on arithmetic of global function fields. In Section 3 we prove sev-
eral results reducing the depth of (j(IFy(T); s1,. .., sq) and (K s1,. .., Sq)
including Theorem 1.3. The construction of multiple zeta functions is ex-
tended to multiple polylogarithms in Sections 4 and 5, where Theorems 1.4
and 1.5 are proven. Finally, we focus on multiple zeta values in Section 6.

Acknowledgements. The authors are grateful to Riad Masri for his en-
couragement in the early stages of this project, to Dinesh Thakur for bring-
ing their attention to several references, and to the anonymous referee for
helpful corrections.
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2. Background on function fields

We follow the definitions of [28] and [33].

Let F' be a field. A function field in one variable over F is a field K
containing F' and at least one element x transcendental over F' such that
K/F(z) is a finite algebraic extension. We will work with a global function
field, which is a function field in one variable with finite constant field
F=TF,.

A prime in K is a discrete valuation ring R with maximal ideal P such
that F C R and the quotient field of R equals K. Such prime is typically
denoted by P. We define deg P := [R/P : F.

The group of divisors of K, denoted Dy, is the free abelian group gener-
ated by the primes. A typical divisor is written as D = > p a(P)P, where
a(P) = ordp(D) is uniquely determined by D. The degree of D is given
by deg(D) = > pa(P)degP. For a € K*, the divisor of a is defined by
(a) = Y pordp(a)P. The map a +— (a) is a homomorphism K* — Dy
whose image is the group of principal divisors Px. Two divisors D and Do
are said to be equivalent, written Dy ~ Do, if their difference is principal,
that is, D1 — Dy = (a) for some a € K*. The divisor class group is defined
by Clxg = Dk /Pxk. Since the degree of principal divisors is zero (see [33,
Proposition 5.1]), the degree map deg : Clg — Z is a homomorphism. Its
kernel is the group of divisor classes of degree zero, denoted by C’l(})(. The
number of divisor classes of degree zero is finite ([33, Lemma 5.6]) and is
denoted by hg. Schmidt [34] proved that a function field over a finite field
always has divisors of degree 1. This gives an exact sequence

0—=Cl% = Cly - 7Z—0.

A divisor D is effective if a(P) > 0 for all P. We write D > 0 in this
case. For any integer n > 0, the number of effective divisors of degree n is
finite ([33], Lemma 5.5).

Let D}E be the semi-group of effective divisors. Given a divisor, consider

L(D)={x € K*|(z)+ D >0} U{0}.
It can be seen that L(D) is a finite dimensional vector space over F,. Its
dimension is denoted by I(D). For any divisor D, the number of effective

MqD_)l_l ([33, Lemma 5.7]).

divisors in its class [D] is
Theorem 2.1 (Riemann-Roch). There is an integer g = g(K) > 0 and a
divisor class C such that for C' € C and D € Dk we have
[(D) =deg(D) —g+1+1(C—D,).
The integer g is called the genus.

Corollary 2.2. If deg(D) > 2g — 2, then I(D) = deg(D) — g + 1, unless
D ~ C and in that case deg(D) =29 — 2 and [(D) = g.
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Let b,, denote the number of effective divisors of degree n.

Lemma 2.3 ([33, Lemma 5.8]). For every integer n there are hx divisor
classes of degree n. Supposen > 0 and that {[D1],...,[Dn,]} are the divisor
classes of degree n. Then

hi U(Dj) _ 1

bo=3 2

=oa—1
Combining the above statements, one gets

Lemma 2.4 ([33, p. 52], [28, Proposition 3.1]). For all non-negative inte-
gersn > 2g — 2,

Similarly,
Lemma 2.5.
(2.1) bp =1,
and
(2.2) bog—2=¢q" ' + hK(qqgll_l).

Proof. The first statement is a consequence that the only effective divisor
of degree 0 is 0 itself.

We use Lemma 2.3. Let {[D1],...,[Dp.—1],[C]} be the divisor classes of
degree 2g — 2. Then

UC) g hEt D)

q
byg2 = ——"—+ —_—.
q—1 =0 4 1

By Corollary 2.2, the above equals

¢ —1 ¢ -1

hg —1)—

q_1+(K )q—l

and this simplifies to the formula in the statement. O

For a divisor D, let |D| = ¢%&(P) be its norm, which is a positive integer
and satisfies that |D1 4+ Da| = |D1]| - |D2|. Recall that the zeta function of
K is defined by

((K;s) = Z ]Dl|3’ Re(s) > 1.

DeD};
It is immediate to see that
>0b
n

((Kis) =) —-.

n=0 q
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Masri [28] extends this to define the multiple zeta function of depth d
over K as

CG(K;81,...,84) = Z
(D1,...,Da)e(DL)?
0<deg(D1)<---<deg(Dq)

which can also be expressed as

C;(K;Sl,...,sd): Z

0<n1<-<ng

by, - - b,

Nn181 ... NMdSd
qll qdd

3. Some reduction results for multiple zeta functions
We start this section by considering the case K = Fy(T).

Theorem 3.1. We have

d
(3'1) C;(Fq(T); Sty Sd) = (zil)d Z (_1)61+---+edq7(e1+---+ed)
q @1,,..,8(16{071}

d—1

X H C*(Fq[T]; Sd—jteq—j+ - +Sqa+eq—J)
j=0

_ g e e1+-teq
(3.2) =7 2 D

4 e1,.ea€{0,1}
d—1

x [ [ ¢ (Bq[TT; sa—j+e€d—j+ -+ +54+€a—1j)-
7=0

Proof. When d =1 we have

« L) — 1 0 qn+1 -1

C(Fg(T); ) = = 1;:0 e
= qil (qC*(Fy[TT; ) — C*(Fy[TT; s + 1))
= qq_sl (C*(Fq[T); 8) = C*(Fg[T]; s + 1)),

which satisfies both equations (3.1) and (3.2).
By extracting the last term in the sum and using the geometric summa-
tion, we have

CEq(T);s1,- .-, 8a)

" (¢—1)d 2

0<n1<-<ng_1

(¢ =1)---(g"— 1) ght -1

qn131+“‘+nd715d71

qndsd
ng>ng—1
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1
" (¢ 1) 2

0<n1<-<ng—1

<qnd—1(1—sd)+1 q—nd—18d>
X

(qn1+1 _ 1) . (qnd71+1 _ 1)

qn151+"'+nd715d—1

1 — qlfsd - 1 _ qfsd
(qn1+1 — 1) c. (qnd—1+l — 1)

_ q Z
- (q — 1)d(1 — qlfsd) O<niogng 1 qn151+-"+nd—28d—2+nd—1(Sd—1+8d—1)

1 (qn1+1 _ 1) - (qnd—1+1 _ 1)
(g —1)d(1 — g—3q) vem S g st na—28d—2+nd-1(sa-14s4)
SN1IS - SNd—1

q
(33) = q_il(*(Fq[T]’ Sd)cg_l(Fq(T), 51, - ,Sd_Q, Sd—l + Sd - 1)
1
- ﬁC*(Fq[T]; sd+ 1)1 (Fg(T); 51, 8d4-2, 841 + Sa),
which gives a recurrence relation reducing the depth.
Proceeding by induction, we replace formula (3.1) for d — 1 in (3.3) and
make the change h = j + 1 in order to obtain

Ci(Fy(T); 1,5 5q)

q q e1dedes 1 —(e1dedes
_ jc*(Fq[T};sd)W Z (_1) 1++eq 1q (e1+-+eq—1)
q q 61,...,64716{0,1}

9

—1
x [ ¢*(Fq[T0; san + €a—n + -+ + Sa—1 + €41 + $a — h)
=1

>

qd—l
(¢ — 1)1
« Z (_1)61+'"+6d71q*(€1+"'+€d71)

e1,..,eq—1€{0,1}

1
- ﬁg*(Fq[T]Q 54+ 1)

-1
x [[ ¢ FolT); san + €a—n + -+ + Sa—1 + €a—1 + sa+ 1 — h)
h=1

and this proves formula (3.1) by induction.
Similarly, we can replace formula (3.2) for d — 1 in (3.3) and make the

change h = j + 1 in order to obtain

CG(Eg(T); 51, 54)
q N q81+---+8d71
= q—ilg (Fo[TT; Sd)m Z

e1,...,eq—1€{0,1}

(_1)€1+'~~+€d—1
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d—1
X H C*an[T]; Sq—h +€q—ph + -+ Sqg—1 +€qg—1+ Sqa — h)
h=1

L gt 1ty
— ——C*(Fy[T); 50 + 1)@ Z (=1)

- 1 61,...,ed_1€{0,1}
d—1
X H C*(FQ[T]; Sd—h +eq—p+ - -+sq-1+eq1+sq+1— h)
h=1
and this proves formula (3.2) by induction. O

Corollary 3.2. We have

CZI((FQ(T);SD s asd)

d
q
34) = ——
BY = -
x Y (mpetrtagr@t et G T] site, o satea)
61,...,ed€{0,1}
q51+"’+3d
=T L UG e satea).
q ) 61,...,ed€{0,1}
Proof. This is a consequence of equation (1.2). O

We continue with the general case of g > 1.

Lemma 3.3. Assume that g > 1 and let
(=9t —1)... (g"m—9+l 1)

qms1+---+nmsm

S (81,0 .y 8m) = Z

29—2<n1 < <nm
Then we have

€1,--,em€{0,1}

Sin(S1y.+y8m) =¢q

m—1
X H C(FgT]; sm—j + em—j+ -+ 5m +em — 7).
§=0

Proof. First notice that the case m = 1 is given by

qn—g+1 -1

Si(s) = — g9V (ICH (B [T]; 8) — C(Fy[Thi s + 1)),

ns
2g—2<n q

which satisfies the claim.
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By extracting the last term in the sum, and using the geometric summa-
tion, we obtain,

Sm(sl, . ,Sm)

- ¥

2g—2<n1<--<ng_1

>

29—2<n1 < <npm—1

qnm—1ﬁfsm)fg+1 qnm—1&n>
><<

(qn1—g+1 _ 1) - (qnm—1—g+1 _ 1) Z qnm—g-i-l -1

N181++Nm—1Sm— Nm S
qll m—15m—1 qmm

Nm >Nm—1

("9t —1).-- (g9t - 1)

qn1$1+'“+nm—1sm—1

1— ql—sm B 1— q—sm
quJrl

= 1 — ql—sm Z
29—2<n1 < <npm—1
: >
L= qism 2g—2<n1 < <nm—1
= qinglC*(Fq[T]; Sm)Sm—l(Sh ceeySm—2,8m—1 + Sm — 1)
- C*(Fq[T]a Sm + ]—)Sm—l(sla vy 8m—2,8m—1+ Sm)y

(qn179+1 —_ 1) ce . (qnnbflfg“rl _ 1)
qn181+--~+nm—1(sm—1+sm—1)

(g0t 1) (g - )

grisittnm—1 (Sm—1+5m)

which gives a recurrence relation that reduces the depth.
Proceeding by induction, we replace the formula for m — 1 and make the
change h = j + 1 in order to obtain

Sm(Sl, ceey Sm)
= I (g [T]; s )g? D=2 Dsr e bsn 1)

% Z (_qg)—(e1+~-+emf1)

61,...,em_1€{0,1}
m—1

X H C*(Fq[T]a Sm—h t€m—n+ - -+ Sm_1tem_1+5m— h)
h=1

h C*(]Fq [T]a Sm + ].)qg(mfl)*@g*l)(sl+...+Sm)
A SR

el,em—1€{0,1}

m—1
x [T ¢ FolT); st + €m—n + -+ + Sm—1 + €m—1 + Sm — A+ 1),
h=1

and this simplifies to the formula for m. O
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Theorem 3.4. Assume that g > 1 and let

T'm

by, ---b
(3.5) Ry(K;s1,...,8m) = > :

qn151+-"+nmsm '
0<n1 <<y <2g—2

Also set Ry = 1.
We have

CG(K;81,...,84)
= Ry(K;s1,...,54)

d 9p, /
+ Z (Z _Ii> Rd—f(K; S1y- .- 7Sd—f)q_(29_1)(8d+1_£+m+8d)
/=1

> Z (_qg)—(6d+14+~~+ed)

edy1—t5--,a€{0,1}

x [] ¢*(FqlT); sa—j + €a—j + -+ + sa+ €4 — j).
This is Theorem 1.3 from the introduction.

Proof. By direct application of the definition and by replacing the value of
Sm(81,-..,5m) given in Lemma 3.3, we have

CG(K;81,...,84)

_ Z bnl e bnd
- qn151+---+ndsd

0<n 1< <ng
n
:Rd(K; S1, - +Z K Rd é(K 81,...,Sd,g)Sg(SCHl,g,...,sd)
= 1
- Rd(Ka S1, ,Sd)
P ¢=(29-1)( +etsa)
T 7 Rgo(K;81,...,84—¢ qg —(29—1)(Sg+1—¢++Sa
X (—qg)_(ed+1—z+“~+ed)

edy1—05,ea€{0,1}

X HC*(Fq[T];sd_j—I—ed_j—l—---—i—sd—i—ed—j). O
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Corollary 3.5. We have

(36) C;;(K, Slyeeny 3d>
= Rd(K;Sl,...,Sd)

: ¢’hx ‘ . —(29—1)(sa+1—¢++8a)
+Z N Rd*f(Ka 817"'7Sd*€>q

PN A
% Z (_qg)*(€d+17£+'“+ed)
Cdg1—Lseeny ede{O,I}
X C;(Fq[T]; Sd+1—¢ t+ €d4+1—¢5---,S4 + €d).
Proof. This is a consequence of equation (1.2). O

For the case g = 1, we have the following.

Theorem 3.6. Let g =1, then
d
GiK;s1,...8q0) = 14+ Y heq™ o= Ha (R (T): sgy1-e, - - -, 8)-
=1

Proof. Recall from equation (2.1) that by = 1. We then conclude that
Ry(K;s1,...,8m) =1 for all m.

Now apply equation (3.6) together with (3.4). O

In the case where we have the function field of an elliptic curve E, we
obtain that hx = |E(F,)|.

Corollary 3.7. Let g =1, then

CG(K;s1,...,8q) =C)_1(K;5s9,...,84)

+ heqm T TSI CH(F(T); 51, - - ., Sa)-
Proof. Consider the case d = 1 in Theorem 3.6.
C(E;s) =14 hieg *C(Fg(T); 5).

Similarly, with d = 2,

G(K;s1,80) = 1+ hieq ¢ (Fy(T); s2) + heq 2G5 (Fy(T); 51, 52)

= (*(K; 52) + hijeq™ )G (Fy(T): 51, 52).-

The rest of the proof proceeds by induction. O
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4. A generalization to polylogarithms

In this section we extend the previous construction of multiple zeta func-
tions to multiple polylogarithms. In this section, all subindexes k denote
positive integers.

We start by considering the depth-one case,

o L odeg f
le(Fq[T]’Z) - |f|k ’
FEFG[T]
f monic
0<deg(f)

which is absolutely convergent and analytic for |z| < ¢! (here we take
the convention 0° = 1 so that Lij(F,[T7;0) = 1).
Then

_ «~ 2"#{f monic|deg f = n}

— an
- k—1
"0 q”( )

—1
= <1— kz—l)
q

provides an analytic continuation to the complex plane with z # ¢*~ .
We define multiple polylogarithms in a similar way.

Jdes(h) . deg(f)

d
|flF - | falke 7

Lizl,...,kd (FQ[T]v Zlyvvs Zd) = Z
(f1,rfa)€(Fq[T])?

f1,.-.,fq monic
0<deg(f1)<--<deg(fa)

which is absolutely convergent and analytic in the complex region
(4.1) o+ 2q] < gitetRem STy
As before, we can write

z1t -+ 24 fimonic| deg f; = n;}
qn1k1 o qndkd

Liy, o, FelTliz, . za) = >

0<n1<<ng

ni ng
S AN
- ni(ki—1) ... gna(ka—1) "
0<nicang €T gl
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Writing 1 = nq and ¢; = n; — n;_1, we have,
- _
lel,...,kd(FQ[T]7 21y s 2d)
Z{l Z§1+52 . Zfll+~-~+£n

:Z £1(k1—1) g(€a+L2) (k2 —1 it lat Tl ) (kg—1
0§€17.”7£dq1(1 )q( 1+€2) (k2 )...q( 1+l2+-+Ly) (kqg—1)

-1 —1 -1
Zl"'zd 22."Zd Zd
(4.2) :<1_qk1+~--+kd—d> (“WW) "'(1—(1@—1) :

and this provides an analytic continuation to the complex region

(4.3) Zj 24 F gFattha—d+i—1 j=1,...,d.

We can prove a result that is analogous to equation (1.2) in the case of
polylogarithms.

Theorem 4.1. We have

d
(44) lehvkd(Fq[T]’ Zly-vey & H le +-tkg—(d—7) ( H Zh)

7=1
Proof. The proof follows directly from equation (4.2). O

For a global function field K, consider

Jdeu(Dy) ., dex(Da)
% . —
N T

(D1, Da)E(D) Dl
0<deg(D1)<--<deg(Dq)
where D;; is the semigroup of effective divisors.
Remark 4.2. Observe that
Ca(K k1, ka) = Lig, g (KG1,..001)
and we will use the notation k; to indicate z; = —1. For example,
Ca(K ki, .. k) = Lig, g, (K;—1,...,—1).
The same notation will apply for Fy[T] in place of K.
It can be seen that
Theorem 4.3. Lij, . (K;21,...,2q4) is absolutely convergent and ana-

lytic in the complex region determined by (4.1) and has an analytic contin-
uation to the complex region determined by

(4.5) Zj 24 F ghitrtha  gkittkamdti—1 j=1,...,d.

This is Theorem 1.4 from the introduction.
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Proof. Define the non-negative integers
any,..ng = #{(D1,...,Dg) € Df x --- x Df: |deg(D;) =nj,j=1,...,d}
and recall that

= #{D; € Dy | deg(D;) = n;}.

Then we have

d
Anq,...ng = H bnj-
Jj=1

Hence, we can write

ni ng
z PEEEEY Z
i* . — E 1 fd
lelw'wkd(K’ Rlyens Zd) - any,...;nq qn1k1 e qndkd
0<n1<---<ng

"j

- Tl s

0<n;<---<ng j=1
€1+ R

Z > H’%+ Ay T GG

1=0  £4=0j=1
By Lemma 2.4,
bty ;| < Cigtt
for some constants C; > 0, j = 1,...,d. This yields the estimate
£1+ AL

d
H bey +- +f (£1+ F4;)
J=1

el —kib et
Ciq (2i97") /

IA
=

.
Il
—

Cj(zj . Zd)éj (qd—j-‘rl—(kj-i-"'-‘rkd))fj .

I
e

Il
MR

J

Thus, by using geometric summation, we have in the complex region deter-
mined by (4.1),

00 co d Zlf1+"'+fj

37
PIEEDY H byttt ki (Gr+++05)
06=0  £4=0j=1

,Zd)ej (qd—j+1—(k]-+-~+kd))zj

M8

| A

IT¢; 2
7=1
d
=116

Jj=1

d

~
<

Il

o

-1

/\

1 zj..zd
k: +otkg)—d+j—1
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This proves that for any global function field, Lij . (K;21,...,24)
is absolutely convergent and analytic in the complex region determined

by (4.1).
The region for analytic continuation will be a consequence of Corol-
lary 5.5. 0

5. Some reduction results for multiple polylogarithms

In this section we collect analogous results to those of Section 3 for the
case of multiple polylogarithms. The proofs are very similar, and therefore
we omit some of them, while repeating others for the sake of clarity.

We start by considering the case K = F,(T).

Theorem 5.1. We have
Lizl,...,k‘d (FCI(T)’ Blye-s Zd)

d
B q +odeq  —(e1++eq)
(51) = Z (_1)61 dq d
(=1, o
d—1 d
X H LiZd—j+5d—j+"'+k‘d+ed_j Fq[T]; H Zh

=0 h=d—j

ki+-+kq
2) O (1wt es

dT171d
(q o 1) HZ:l L e1,..,eq€{0,1}

d-1 d
X H Lizd—j+6d—j+~~+kd+ed—j (FQ[T]; H Zh) ’

j=0 h=d—j
Proof. The proof of this result is analogous to that of Theorem 3.1. 0
By combining the above result with equation (4.4), we obtain the follow-
ing.
Corollary 5.2. We have

Lify ok B (T)s 21, 2a)
d

q —
o “rt Xy
e1,...,eq€{0,1}

X Lizl+61,...,kd+ed (FQ[T]’ RBlye-s Zd)

qk1+-~+kd
— (_1)e1+~~~+ed

dT11d
(q - 1) HZ:I Z¢ e1,.eqa€{0,1}
X Lizl—l—el,...,kd-l—ed (FQ[T]’ RBlye-s Zd)'

We continue with the general case of g > 1.
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Lemma 5.3. Assume that g > 1 and let

Sk oo (215 Zm)

_ > (o = 1) (g™ - DTTE, 2

qn1k1++nmkm

29—2<n1 < <npy

Then we have

(54) Sk17..,7km (Zla ey Zm)

m 2g9—1
:qgm—(2g 1) (k1+++km) (H >
% Z (_q )—(e1+--~+em)

e1,.,em€{0,1}

m—1 m
x H Lizm_j+em_j+~-+km+em—j Fq[T7; H “h
j=0 h=m—j

Proof. The proof of this result follows very closely the proof of Lemma 3.3.
First notice that the case m = 1 is given by

(qnngrl _ 1)2”

Sk(z) = nk

2g—2<n q
— ¢~ Qo= Dk 291 (I (R, [T); 2) — Lif 1 (F,[T); 2))

which satisfies the claim.
By applying the geometric summation on the last term in the sum, we
obtain,

Sktro o (215 Zm)

n1—g+1 1) . (qnm,179+1 1) Hm 1Y)

= > (g _ - =1~
qn1k1+"'+nm—1km—1
29—2<n < <npm_1

(¢" 9 — 1)z
X Z qnmkm
T, >N — 1

- F

2g—2<n < <npm—1

qnmfl(lfkm)*g‘i’lzr’r%m_l q*nmflkng’lm_l
X 1 — ol—Fm T ke
q Zm q Zm

(qn1_9+1 _ 1) . (q”mq—g—&-l )Hm 1 né
qn1k1+"'+nnz—1km 1
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quJrl
T,
Z (anﬁl -1)-- (qnm_rﬁl 1) Hz 1 Ze “(2m—12m)"m!

X2 e e qn1k1+---+nm—1(km 1+km—1)
g—2<n1<-<nm—1
1
- q_kmzm
% Z (qnl—g-I—l _1) T (qnm71—g+1 ) He 1 Ze (Zm—lzm)n"k1

qu1+-"+nmf1 (km—1+km)
2972<n1 <- <n7n7 1

= q 9 Lig,, (Fg[T; 2m)Sky, b oskom 1k —1 (215« « + s Zd—25 Zm—1%m)
- L1k7n+1(]Fq|:T]; Zm)skl7---7km72,km71+k7n (Zlﬂ sty Zd—2) melzm)7

which gives a recurrence relation that reduces the depth.
Proceeding by induction, we replace the formula for m — 1 and make the
change h = j + 1 in order to obtain
2g9—1
1

Sk ook (215, 2m)

ek

= L, (Fy[T); 2) gD~ Go=Dlbat bl —1) (

> Z (_qg)f(el+---+em_1)

e1,...,em—1€{0,1}

L

m—1 m
ok
X H leTrL7h+e7nfh+"‘+km*h q H &7
h=1 Ezm h

2g9—1
m
— Lif, 1 (F[T]; 2m) gD~ Ro= D lathin (sz

=
> Z (_qg)7(61+---+em—1)

e1,....em—1€{0,1}

—_

m—1

X H Lig, ver pttkmtioh | FalTl;
h=1 ¢

Il
1=k
IS

and this simplifies to (5.4). O

Theorem 5.4. Assume that g > 1 and let

T2 (bo,20)
(55) Rklw.’km(K;Zl,... ,Zm) = Z qmzkl-‘r—n-f—ln;lﬂm
0<n1 < <nyp <292

Also set Rg = 1.
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We have

(5.6) Lizl,...,kd(KQ 21y 5 24d)
=Ry, kg (K521, .., 24)

9h
+Z(q K) Rtk o FK5 21,505 Za—p)

2g—1

d
% q—(29—1)(kd+1—e+~~-+/€d) H 2

i=d+1—4
% Z (_qg)*(€d+1fe+-"+€d)

edt1—t,--,eq€{0,1}

-1

d
X H L12d7j+€d7j+'"+kd+ed*j Fo[T]; H #
j=0 i=d—j

This is Theorem 1.5 from the introduction.

Proof. By direct application of the definition and by replacing the value of
Sky.kom (215 - -+, Zm) given in Lemma 5.3, we have

Lig, . ky(K;21,.. ., 2q)

d .
_ Z [Ti=1(bn,2")
o qn1k1+---+ndkd
0<n1<--<ngy

= Rkj, ’kd(K‘Zl,. . .,Zd)
+ Z K g Ry kg (G 21, 2d-0)Skgyr g, kg (Zdb 105 - - Za)

= Rkl,...,kd(K, 215y 2d)

a9\ '
+ Z Rkl,...,kd_g (Kv7 AT ,zd_g)

2g9—1

d
q_(QQ_l)(kd+1—z+"'+k'd) H 2

i=d+1-4
_ g9 (edt1—¢tFeq
% Z (—¢%) (ed+ )
€dt1—¢5--,eq€{0,1}

{—1

d
X T Lk req s 4thareai | FalTli TT 2| - O
j=0 h=d—j
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Corollary 5.5. We have
(57) Lizl,.‘.,kd(K%le-»Zd)
=Ry, kg (K5 21, .. 0, 2q)

4 g7\
+Z (q_ 1) Rkl:“'vkdfe(K;zla'”7zd7€)

i=d+1—/4
X Z (_qg)—(€d+1—£+"'+6d)

edy1—e5-ea€{0,1}

X Lizd+1—£+ed+1—e7---7kd+ed (Fq [T]; Zd4+1—0s«« s Zd).

d 2g—1
Xq(291)(kd+1e+'"+kd)< H 21>

Proof. This is a consequence of equations (4.4) and (5.6). g

Corollary 5.5 shows that Lif . (K;z1,...,24) is a rational function
with analytic continuation in the region (4.5) given by

k]'+"'+kd’ ] kj+"'+kd_d+j_17 ] = 1, v ,d-

Zj o 2d £ q g

This concludes the proof of Theorem 4.3.
For the case g = 1, we have the following.

Theorem 5.6. Let g =1, then

d d
Li;17...7kd(K; 21y, Zd) =1+ Z h% H 2 q—(kd+1—1z+~--+kd)
/=1 i=d+1—¢
X Lizdﬁ—l—ér--akd (Fq(T), Zd+1—Ls -+« Zd).

Proof. Since by = 1 we conclude that
Ry kg (K5 21,...,24) =1 for all d.
To conclude we combine equations (5.7) and (5.3). O
As before, we obtain a nice recurrence for the case of g = 1.
Corollary 5.7. Let g =1, then
Lizh.“,kd(K? Z1yeey2d)
= Liz%“’kd(K; 29,y 2d)
+hic (ﬁ Ze) g BT HRILE L (Fe(T)s 21 2a)-
/=1

Proof. The proof proceeds in a similar fashion to that of Corollary 3.7. O
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6. Identities for special values

In this section we explore multiple zeta values and compare them to
analogous results in the classical case. All the multiple zeta functions over
function fields are rational functions on ¢~° so these formulas are expected
a priori and are not as surprising as the results in the number field case.
Nevertheless, they yield interesting comparisons.

6.1. The F4[T] case. Special values of (j(Fy4[T7];s1,...,54) are easy to
find, thanks to equation (1.2), which we recall here:

d
G [T)i 51, 80) = [] C(Fg[Thi 85+ -+ + 5a — (d = k).
k=1

We start with one of the most elegant identities due to Hoffman [16] for
the classical case and to Aoki, Kombu, and Ohno [2] for the star case. For
d > 0, we have that

7r2d
(2D = o
d
C2 ) =201 -2 H)g(2a) = (1ot 1y BT
2d)!

Remark that the right hand side of each of the above equations can be
interpreted as a rational multiple of ¢(2)%.
We start by considering (}(Fq[T];2,...,2). Following Zagier [44], we set
Hg = (j(Fy[T);2,...,2).
In particular
Hy = ¢*(F[T7; 2).
Proposition 6.1. We have for n > 2,
oyt
B N e
Proof. 1t suffices to observe that

* 1 1
CEMTn) = T = oA A e
1 Hy !

1 n—lZHn—l_H_ln—l'
1_<1_?1) 1 (Hy —1)

(6.1) ¢*(Fy[T];m)

Corollary 6.2.
Hij(dﬂ) /2

(6.2) T2 02) = Ha = a— = ey
n=1H{
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Proof. Recall from (1.2) that we have

d+1
C(F[TT;2,...,2) = H C(Fg[T]; ).
n=2

Then apply equation (6.1). O

The right hand side of equation (6.2) has total degree d, and we can
interpret Cj(Fy[T];2,...,2) as the d power of (*(IF,[T7;2) (with some cor-
rection factor). This result is consistent with the number field case, even if

the final formula is not as simple.
The above result can be easily generalized.

Corollary 6.3. We have for m > 2,

Hl(mq)d(dﬂ)/z

d (Hfm—l)” _ (Hl _ 1)(m71)n)

n=1

(6.3) GEJT);m, ... ,m) =

Proof. By (1.2) we have

GE[Tm, ... ,m) = ] ¢*(F[T]; (m — 1)n +1).

Then apply equation (6.1). O
Muneta [29] proves

C*(20,...,20) = Cy ™,
d

where Cy ¢ is certain given rational number. By setting m = 2/ in (6.3) we
see that the total degree on the right-hand side is d, which would correspond
to 724, and therefore our formula is different from the one in the classical
case.

Ohno and Zudilin [32] consider values of the form

C(1,2,...,2,1,2,...,2,1,--,2,...,2.1,2,....,2),
N——— ——— —— ———
by by be_1 bn
where b1, ...,b; > 0 and formulate the Two-one Formula to reduce them in

terms of classical values of smaller depth. They prove several special cases,
while Zhao [45] proves the most general statement.
We consider
Glas,...,ap)
= Cpotagt -1 F[T]2,00,2,1,2,00.,2,1,---,2,...,2,1,2,...,2).
——— —— —— ———

al az ap—1 ag

(The case of Ohno and Zudilin is included in the above when a; = 0.)
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Theorem 6.4. We have

a+b+1
G(a,b) = C*(Fg[T]0+1) [ ¢*(F [T n)
n=2

Hi?—i—(a—i—b) (a+b+1)/2

(HY — (Hy — D) 15 (HY = (Hy — 1))

n=

and more generally,

¢ a1+-+ap+1
Glar,..a0) = [ CEJTham+-+ac+1)  J[  CF[T)in).
m=2 n=2
Proof. These formulas are a direct consequence of equation (1.2). O

In particular, we obtain,

a+1
Car1(F[T]:1,2,...,2) = G(0,a) = ¢*(Fy[T];a + 1) nl;[g ¢ (F[TT; m),

CH(F[T);1,2,...,2,1,2,...,2)
——— ———

‘ ’ a+b+1
= G(0,a,b) = C"(Fg[T);a + b+ 1) (F[T1;0+1) [T C(@[T);n),
n=2

and
G (Fg[T)51,...,1,2) = G(0,...,0,1) = C*(F,[T];2)"T.
——

From the cyclic sum formula due to Ohno and Wakabayashi [31] one can
deduce ([32, formula (3a)]):

C(1,2,...,2) = 2((2a + 1).
——

Ohno and Zudilin prove ([32, Theorems 1 and 2)):

C*(1,2,...,2,1,2,...,2) =4C*(2a+ 1,2b + 1) — 2¢(2(a + b) + 2),
——— T

b—1
¢*(1,...,1,2) = 20 Y (I +epj,..., 1+ e2,3+e1).
Jj=0 eit-tep_;=j

b e;j>0
The comparison between the above formulas for ¢* and those for
¢*(F4[T7) is not so clear, due to the relative simplicity of ¢*(F,[77).
Zagier [44] considers the multiple zeta values ((2,...,2,3,2,...,2) and
relates them to a convolution of {(2,...,2) and ((2n — 1). We now explore
analogous results for (*(Fy[77;2,...,2,3,2,...,2).
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Again following Zagier we define for a,b € Z>,
H(a,b) =y (F[T);2,...,2,3,2,...,2),
——— ——
a b
and more generally

H(ay,...,ap)
=G pragre—1(Fg[T)52,...,2,3,2,...,2,3,---,2,...,2,32,...,2),
N—_—— N—_—— N N —
ai az ap—1 ap
where we take a1,...,a, > 0.
Theorem 6.5. We have
1 a+b+3
H(a,b) = *(F,[T];n

B Hf—H . (Hl . 1)b+1 Hl(a+b+1)(a+b+2)/2

Hy™ [ (HY — (Hy — 1))

and more generally,

[Ty o2t ¢4 (R [T); m)

Han.....a0) = —— ot |
[ls C(Fy[Tl;an + - +ap +2(0 + 1 —n))
Proof. These formulas are a direct consequence of equation (1.2). O

As before, the comparison to Zagier’s formulas is not so clear, as our
formulas are much simpler.

Theorem 6.6. We also have

C;d(Fq[T]v ]-7 37 17 37 ceey 17 3)

Il
N
X

=]
=
e
IS

N
+

—
e

Muneta [29] proves
¢*(1,3,1,3,...,1,3) = Cyr'd,
2d
where Cy is certain rational number. Our formula has degree 2d, corre-
sponding to 7%, and therefore, the degrees coincide.

We close this section by considering some special values of polyloga-
rithms. Recall the notation from Remark 4.2.

Theorem 6.7. We have
- 1
(6.4) Cé.;_l(Fq[T];l,...,l,l) = a1

and

_ 1
CZZ—{—Q(F(][T];LL'“?LQ) = *(Fq[T];Q)d+1‘
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Proof. By (4.4), we have
C§+1(FQ[T]; 1) ] 17T) = Ll,l( 1(FQ[T]; 17 ] 17 _1)

and

CGuo(Fg[T];1,1,...,1,2) = Li’l‘w’l’Q(Fq[T]; -1,1,...,1,1)

u ([40, equation (2.9)]) proves

_ 1
¢*(1,...,1,1) = —Ligss () .
—_——— 2
d
It is interesting to compare Xu'’s formula and (6.4).
Xu also proves a result ([40, Theorem 2.6]) that gives a recursive for-

mula for ¢*(1,1,...,1,2) involving powers of log(2) and terms of the form
- (1

6.2. The F,(T) case. In this section we consider special values of

CG(Fy(T);51,...,84). It is harder to find elegant formulas in this case be-

cause, unlike the case of (j(IFy[T];s1,...,54), we do not count with the
reduction (1.2).
We will concentrate on the cases in which s; = --- = s4 which are much

casier to handle than other cases. Set

Ha(m) := G(Fg(T);m,...,m).
Thus,

We also set Ho(m) := 1.
Theorem 6.8. We have the following reduction formula

Hd(m)

Z  Haca5(m) Z(—N@) C(Fg(T); (G +1)(m — 1) + £+ 1)g? "

jU q_l) =0

This is Theorem 1.6 from the introduction.
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Proof. We consider the following stuffle! product.

Ca(Fg(T);m, ..., m)¢"(Fy(T); k)
1 1

N 2 D[ [ Dyl 2 |EF

(D17--~7Dd)€(9{1(ﬂ)d EEDfF:(T)
0<deg(D1)<--<deg(Dq) 0<deg(E)
[ Dy|™ -+ [Dj—a [ E[F|Dj|™ - - - [ Dy

g=1 (Elez---de)e(D];q(T)
0<deg(D1)<--<deg(D;_1)<deg(E)<deg(D;)<--<deg(Dg)

)d+1

d 1
72 Z Dilm ... |D._{|m|D.k+m...|D, |m
I=1 (B\D1,, D)E(DY, 7)™+ D1l [Dj—a[™ 1Dl [Ddl
0<deg(D1)<--<deg(D;_1)<deg(E)=deg(D;)<--<deg(Dyq)

d+1 1

:Z Z D™ D | Bk D:m ... |D,|m
J=1 (D1, Da)e(D], 7)) D1l D" BFID; D4l
0<deg(D1)<-<deg(D; 1) <deg(F)<deg(D;)<-<deg(Dy)

d
b 3 q/Dj| -1
— m... | D _{|m|D.;lktm. .. m’
-1i= (B,D1,....Da) (D}, 7))+ = ] =
0<deg(D1)< - <deg(D;_1)<deg(D;)<--<deg(Da)

where we have used that bgeg(p,) = % to count the number of possible

FE’s with that degree.

Thus,
CGE(T);m, ..., m)C*(Fy(T); k)
d+1
= ZC;H(]F(Z(T);m, ook o m)
7=1
q d
‘q_ﬁZQ(Fq(T);m,--.,ker—1,...,m)
j=1
1 d
(6.5) + (1_—1243(Fq(T),m, k+m,...,m)
j=1
Let

d
N(d,m,k) = ZCZE(IFQ(T);m,...,k:?...,m)
=1

ISee ([24], Corollary 1.5) for the stuffle product of the zeta star values in the classical case.
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in the above notation. Then equation (6.5) implies

N(d,m, k) = Hao1 (m)CH (B, (T): B)

1
+ﬁN(d—1,m,k+m—1)—quv(d—1,m,k+m).

Notice also that
(6.6) N(d,m,m) = Z GEFL(T);m,...,m,...,m) = dHa(m).
j=1

We claim that

(6.7) N(d,m, k)=

SyS @ ¢ (T j(m = 1) + £+ k)’

We proceed by induction on d. When d = 1, we get
N(1,m, k) = " (Fq(T); k),

and formula (6.7) is true in this case. Now assume that the formula is true
for d — 1. Then
N(d,m, k)
= Ha1(m)¢"(Fy(T); k)
q 1
——N(d-1 —1)— ——N(@d-1
) (d—1,m,k+m—1) 1 (d—1,m,k+m)
= Ha-1(m)¢"(Fy(T); k)
= Haa-j(m)
q— 1« 0 (q - ]‘)‘7

_|_
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= Ha- 1( )C*(Fq(T);k:)

Hd2]

+j:0 q_1j+1

e @ CET) G+ Dlm = 1)+ £+ k)
=0

2 Ha—2—j(m)
R

X z]:(—l)Z (‘2) C(Fy(T); G4+ 1) (m—=1)+€+Ek+1)¢7*
=0

Sending j + 1 — j above and ¢ + 1 — £ in the last line, we have,
N(d,m, k)
= Hd 1(m)¢*(Fg(T); k)

= - :
n Z Hd 1 ] ’ Z(_l)e (] . 1><*(Fq(T);j(m— 1) —i—ﬁ—i—]f)qﬂ—z

(-1 =

<—1>“<§_1><*< oT): 3 (m = 1)+ €+ 1),

—~
L

—_

NI

<.
~
Il Mu.
—_

and claim (6.7) follows from Pascal’s formula.
The statement of Theorem 6.8 then follows from setting k = m in (6.7)
and applying (6.6). O

We will now proceed to find a formula for (j(F,(T');m, ..., m). We set
Ha(m) := (Fy(T);m, ..., M) = Lip,_m(—1,...,—1).
—_————

Thus,
Hi(m) = (*(Fo(T);m).
We also set Ho(m) := 1.

Theorem 6.9. We have the following reduction formula

x> (-1)" @ CF(T) G+ Dm— 1) + £+ '™
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Proof. As in the case of the proof of Theorem 6.8, we have

Ci(Fy(T);m, ..., m)C*(Fq(T); k)

d+1
- ZC§+1(FQ(T)’W7 K, ,ﬂ)
j=1
LS GE(T)m,. . kT m -1, m)
q—1:7
1 d
+HZC§(Fq(TLm, E¥m,...,m),
j=1
as well as
Ci(Fg(T);m, ..., m)C*(Fy(T); k)
d+1 B
= ch“rl(F(I(T)’m’)k’ ,m)
7=1
q d
— T Y GE(T) ke m =)
j=1
1 A
+_1]§<§(FQ(T)7m7 ,k—l—m, ,m)
Let
J— d _
N(d,m, k) =>_ Ci(F(T);m,....k,...,m)
j=1
and

Then we have that
N(d,m, k) = Hq1(M)C*(Fe(T); k)

. 1
+q%qlN(d—1,m,k+m—l) - Nl L E ),

N(d,m, k) = Hq_1(m)*(Fy(T); k)

q _ 1 _
——N(d—-1 —1)— —N({d-1 .
+q—1 (d—1,m,k+m—1) ) (d—1,m,k+m)
Notice also that
d
(6.8) N(d,m,m) =Y _ F(T);m,...,m,...,m)=dHa(m).
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We claim that

(6.9) Z::Hd 1-4()

and

x 3 (1) @ C(Fy(T);j(m — 1) + L+ k)~

We prove both equations (6.9) and (6.10) together by induction on d.
When d =1, we get

N1, m, k) = *(Fy(T); k), N(1,m, k) = C*(Fy(T); k),

and formulas (6.9) and (6.10) are true in this case. Now assume the formulas
are true for d — 1. Then for (6.9) we have

N<d7 m7 k) - Hd*l(m)c*(FQ(T%E)
q [ | I

— A (1)) + S P
- T g1 (g1

X i:(—l)z (‘7> C(E(T); (G +1)(m = 1) + L+ k)g’ ™"
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We obtain (6.9) by proceeding similarly to the proof of (6.7). For (6.10)
we have

N(d, 7, F) = Haor ()G (Ey(T); )

q — 1 _
—|—q_1N(d—1,m,k‘+m—l)—q_lN(d—l,m,k—l—m)

B N . q diQ'Hd——'(m)
= Hana (M (B(D)30) + L5 XS

<Y (1) (;) C*(Fy(T); (G + 1)m = 1) + €+ k)’

/=0
1 dz_f Ha—o—;(M)
q— 1 =0 (q - 1)]

As before, we obtain (6.10) by proceeding similarly to the proof of (6.7).
After setting k = m in (6.10) and applying (6.8), we obtain the desired
result. O

We now show how the recurrence relations of Theorems 6.8 and 6.9 lead
to closed formulas for H4(m) and Hq(m).

Theorem 6.10. Let Hy be defined recursively by Ho = 1 and

1 d—1

Ha = p Z Ha—1-jaj41.
§=0

Then we have
£ Ly
a/l ...a/d
0 g1l gla?

Ha =
01420 +-+dly=d

where the sum is taken over all the possible non-negative integers £; such
that {1+ 20 + -+« + dlg = d.

Proof. We proceed by induction. If d = 1, we have

Hl = Hoal = ay,
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and the statement is true. Assume it is true for up to d — 1. Then

d 1
ZHd 1-j4j+1
] 0
— Z Z a?l . agd )
S d T d ! ... qt J
0142+ Fdlyg=d—j £yl 4110 dtd
aq d—1 ]
7=1
; (S £-+1‘“ Lq
% Z (EJ + 1) a{ e _:ll _
... (0. ] . —
G20+ 450+ 1)+ Fdla=d Gl (G + D)L £g110 la

Now we do the Change l; +1 — {; and the above becomes

- s Ly

ad Z I > tiay' - a4

d d Ol dla
J=1 " l1+2l+-+dly=d

£;>1
- l 0
RS S D S
d d O -l gl
J=1 " L1 +2la+-+dlg=d

ag a‘f . fd j€
—a " 2 0] edu@l cedla 4 Z '
0120t dbg=d

Notice that £; = 1 only when all the other ¢; are equal to 0 and in that
case the quotient inside the first sum is just equal to ag / d. Thus we have

4y Llq
a---a Jt;
_ 1 d
Ha = 2 0! ed!w- dfdz
1420+t dbg=d
41 Lq

_ Z ap ---ay
- | 110 . .. gl
2 it dly—d I21EERN 213 d

and the result follows. O
Theorem 6.10 can be combined with Theorems 6.8 and 6.9 by taking
1< ' . .
a1 = = (D) CFT); G+ Dm — 1) + £+ )¢/
(q - 1)] (=0 ¢
and
1 7\ o : .
a1 =——— 3 (=D |CFT); G+ 1)(m — 1) + £+ 1)g'*
(q - 1)] /=0 ¢

respectively.
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Remark 6.11. By using (3.1) and (5.1) one can see that the above ex-
pressions for a;41 are equivalent to

+1 .

0 =¥]§:(—1)£ IH DY kB 10 G+ 1) — 1) + £4 1)
T i & ( i “
and

1 = i+ 1) ., : 1
ajs1 = e (DT T @I G D (m — 1) + £+ D)gi

(¢ — 1)+ = ¢

respectively

6.3. The g = 1 case. We close our discussion by briefly considering the
case of K with g = 1. By Theorems 3.6 and 5.6, we have

d
CG(Kim,...,m) = 1+ 3 heq "G (Fy(T);m, ... ,m),
(=1

and
d ¢
GEm, ..., m) =1+ hi (1) ¢ "¢ (Fe(T);m, ..., 7).
/=1

These formulas can be combined with Theorems 6.8, 6.9, and 6.10 to
give closed formulas for (j(K;m,...,m) and (j(K;m,...,m).
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