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Abstract

We provide a conjectural characterization for I, (¢)-linear relations between multizeta values
and for the dimensions of their fixed-weight F,(¢) span, as well as many new parameterized
families of relations. These two conjectures provide the function field analog of the conjec-
tures provide by Zagier and others. In contrast to the classical case which uses regularized
stuffle and shuffle products to produce relations, we will posit that all relations in the func-
tion field setting can be generated from a single relation in weight ¢ from Thakur’s stuffle
product. We also prove many of the currently existing relations in the literature in this
setting.

1. Introduction

There exist two products on the Q-span of classical multizeta values, the shuffle product
and the stuffle product, from which Q-linear relations can be derived. It has been conjectured
that the regularization of this process accounts for all such linear relations (see [1], [2]).

Recent research in the function field case has investigated multizeta values in positive
characteristic (See [3] and [4] for a survey of recent results.). Although the function field
case does not have two products, we will define two parameterized families of maps between
the space of power sum relations. We will posit that these two families of maps, along with
one relation, describes all relations. As in the classical case, we restrict our attention to the
IF,(t)-span of multizeta values of fixed-weight since it is not expected that there are relations
between multizeta values of differing weights [5].

We also provide the following conjecture for the dimension of the span of fixed-weight

multizeta values in positive characteristic. Let g = dim <SpanFq(t)(MZV’s of weight k:)),
then

2h—1 itl1<k<gqg

b1 1 ifk=gq

gr = q
> g ifk>q.
=1
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Compare this with Zagier’s conjecture for the classical multizeta values: dp = dy_o + d_3
(see [2]).

We also provide a theorem which shows that the two conjectures in the function field
setting are equivalent for all ¢ and weights & with 1 < k < max(q + 3, 11).

2. Notation

We fix some notation.

g = a power of a prime p
A =TF,[t]
A, = monics in A
A<y = elements of A of degree at most d
Ag+ = monics in A of degree exactly d
K =TF,(t)
K. =F,((1/t)) = completion of K at oo
[n] =t —t
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3. Multizeta Values

For integers d > 0 and s > 0, we define the power sum Sy(s) by

Sd(S) = Z E e K
CLEA+
deg(a)=d
Fix a positive integer w and let sq, ..., s, be positive integers such that ) s; = w. Then we
call (s1,...,8,) a composition of w. Let V = (s1,...,s,) be a composition of w, then we

define the multizeta value (V) = ((s1,...,s,) as

CV)=Cls1:--v8) = > Sa(s1)-+Sa(sr) € Ku.

dy>->dp>0

We will frequently say that (V') has depth r and weight »_ s;. Strictly speaking, depth and
weight are really properties of V' rather than (V). The weight and depth, then, are possibly
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not unique to a multizeta value. As in the classical case, it is conjectured that there are no
relations between multizeta values of differing weights. We also define

1
Sd(v):Sd(Slv"'75T>: Z 31, .. gSr € K.
d=dy>sd, >0 T
deg(a;)=d;

Then we have

We define S_4(V') by

Sca(V)

I
=N
>

so that
Sd(Sl, e S,n) = Sd(51)5<d(52, e ST).

Finally, we extend the definition of S;(V') to any integer d by defining empty sums to be
zero and empty products to be unity. Thus

Sa(s1,...,8)=0,deZ,d<r—1.

We now introduce some results of Carlitz and Thakur concerning power sums which we will

use frequently (see [6], [5], and [7]). With ( %) defined as

(L) =TI Grarms

q acA
deg(a)<d

Carlitz derived the first generating function and Thakur derived the second:

vy =D Sa(k)at,d>1 (3.1)
) &
=1+ ) Sca(k)z*,d> 1. (3.2)
ld(qd) k>0
q—1|k

Thus, we get formulas (although complicated) for the power sums

Sa(k +1) = lklﬂ > ( )Hld/ld k>0,

d Zf:o kiq'=k =1
k;>0



The following special cases will be used frequently and are derived in [5]:

Sy(a) = lla,lf 0 <q.d>0 (3.3)

Salg +b) = zq1+b (1—b[fl]]q),if1§b<q,d20 (3.4)

Sealmlq — 1)) = (m[ld}l) m<gd> 1 (35)
d—1

Sea(qt —1) = (ld“;l) d> 1. (3.6)

lil;]lfl
The following product formula for the power sums is due to Chen (See [3], [4]):
Theorem 3.7.

Sa(a)Sa(b) = Sa(a + b) +Z< )a~ 1(21) + (-1t (‘Z:D) Sala+b—3,7)

where the sum is over all j such that q— 1|7 and 0 < j < a+b.

Beginning with this product for the product of two power sums of depth 1, we can define
the product of two power sums of arbitrary depth. The following is proved in [§].

Theorem 3.8 (Thakur). Let Sy(aq,...,a,) and Sq(by, ..., by) be power sums of weight > a;
and > b; and depth r and k, respectively, then

Sa(ar, ... a.)Sq(by,...,b Zfzsd (City - -+ s Cimy)

with f; € F,, ¢;; and m; independent of d, > a; + > b; = Zj c;j for each i, and m; <r+k
for each 1.

Thus the product of two multizeta values is an [F,-linear combination of multizeta values,
turning the F-span of all multizeta values into an algebra. A simple corollary of Theorem 3.8
is:

Corollary 3.9. Let S_4(ay,...,a.) and S—q(by, ..., bx) be sums of power sums of weight
Y- a; and > b; and depth r and k, respectively, then

S<d(a1,---, )S<d bi,..., by Zng<d 611,--->€imi)

with g; € Fp, e;; and m; independent of d, 3 a; + > b; = >, eij for each i, and m; <r +k
for each 1.



In light of the classical case of both a shuffle and stuff product, the product resulting from
Theorem 3.7 might be emphasized with suggestive notation such as Sy(a) * Syq(b). However,
as there is no known analogue of the shuffle product for Thakur multizeta values, it will
be understood that when we wish to write S;(a)Sq(b) as an [F,-linear combination of power
sums, this product will be used.

We seek a characterization of F,(¢)-linear relations between multizeta values. As exam-
ples, the following are proved in [5]:

Theorem 3.10 (Thakur). For any q we have

€<m7m(q - 1)) = C(mQ)/Fln7m <q (3'11)
C(1,¢* =1) = C(¢*) 1/l + 1/1). (3.12)

Fix a positive integer k. We introduce the vector space of relations between multizeta
values of weight & and we attempt to identify a spanning set for these spaces. Let Z; be the
K-span of the multizeta values of weight k and let {Vi,..., Vor-1} be a fixed ordering of the
2k=1 compositions of k. Then we define a subset of K Qkfl, the space of relations between
multizeta values of weight k, by:

2k71

Re=1L (r1,...,rge1) € K" ZTZC(V;) =0

=1

Note that dim(Zy) + dim(R;) = 2571, We define two subsets of R}, as follows: the space of
fized relations, Fy:

9k—1

Fe=1Q (r1,...,r91) € R0 Y _13Sg(Vi) = 0, for all d € Z

=1

and the space of binary relations, Ny:

N, = {(rl, ooy Tok-1) € Ry @ there exist a;, b; with a; + b; = ry,

ok—1

> aiSa(Vi) + biSas1 (Vi) = 0, for all d € Z}.
=1

Note that these are both K-vector spaces with ¥, C N, C R,. We will motivate the
necessity of the complexity in the definitions of N which allows terms in the relation between
the power sums that do not appear in the relation between the multizeta values. Essentially,
the extension of a relation between multizeta values to power sums is not always obvious
and, in general, not unique. We give an example.

Example 3.13. For ¢ = 2, we have the relation, proved in [5]:

(I + 1)C(4) + 111o¢(1,3) = 0. (3.14)
5



It is easily verified using (3.3) - (3.6) that:
1154(4) + 125441 (4) + 1112S442(1,3) = 0,for all d € Z (3.15)
and
11S4(4) + 1284(4) +13S441(2,2) +1754(2,2) + 11158441(1,3) = 0,for all d € Z.  (3.16)

Both (3.15) and (3.16) give the relation (3.14) when summed over all d, but we cannot
conclude from (3.15) that the relation associated to (3.14) is fixed, but it does follow from
(3.16).

Because relations between multizeta values do not always extend uniquely to relations
between power sums, it makes defining maps on these spaces problematic. We introduce the
vector space of relations between power sums, which will somewhat remedy this situation.
Define the space of relations between power sums of weight £ by:

2/971 Qkfl
Pr =1 (a,...,a-1,b1,...,box1) € K2 Z a;Sq(V;) + Z b;Sq11(V;) =0,for all d € Z
=1 i=1

There is an obvious K-linear map from Py to Ry, i : P — R given by
Jk((al, ce sy Qok-1,b1, .. ,ka—l)) = (a1 + b1, ..., 0951 + b2k—1).

Note that the image of Iy, is actually in Ny. If for (aq, ..., aoe-1,b1, ..., box—1) € Py either
a; = 0 for all ¢ or b; = 0 for all 7, then the image of this element under J; is in F;. As a
notational convenience, if R € P, we define R = J,(R) € Ry.

We now define several families of maps between the K vector spaces just discussed.
These maps will be parameterized by compositions. First, we define a map from Py to Py,
whose image under Jj,, is in Fy4,, (that is, a map that always results in a fixed relation).

Definition 3.17. Let W = (wy,...,w,) be a composition of w. Define a map
BW : fpk — :Pk—&-w
as follows. Let R = (ay,...,a9-1,b1,...,byr-1) € Pr. Then

ok—1 ok—1

> aiSaVi) | + | D biSara(Vi) | =0, for all d € Z.
=1 =1

Fix a D € Z and let {Uy, ..., Us+w-1} be a fixed ordering of the 2¥**~! compositions of
k + w. By Theorem 3.8 and Corollary 3.9, we have

2k—1 2k—1 2k+w—1
0=Sp(W) Z Z a;Sq(V;) + Z biSa1 (Vi) | = Z ¢:Sp(Usy),
d<D =1 =1 i=1

for some ¢; € K. We define By (R) = (c1, ..., Cortw-1,0,...,0). Note that for all R € Py,
Bw(R) € Frrw and By is a K-linear map.




Example 3.18. Fix ¢ = 2. From [5] we have the relation ((2) + 1{(1,1) = 0, which is a
binary relation since
Sa(2) +11S44+1(1,1) = 0.
Denoting the associated vector in P? by Ry we calculate B9 1)(R1):
Sa(2,1) ) (Si(2) + 11Sia(1,1))
i<d
=54(2,1) (S<a(2) + 11S<q(1,1) + 1154(1, 1))
= (54(2)5<a(1)5<a(2)) + 11 (54(2)5<a(1)5<a(1, 1)) + 1y (Sa(2)Sa(1)S<a(1)S<a(1))
= 54(2) (S<a(1,2) + S<a(3)) + 1154(2) (S<a(1,1,1) + S<a(2,1) + S<a(1,2))
+ 1(54(2)5a(1))(S<a(1)S<a(1))
= S4(2,1,2) + Sa(2,3) + 1(Sa(2,1,1,1) + Sa(2,2,1) + Sa(2,1,2))
+ 11(S4(3) + Sa(2,1))S<a(2)
= 54(2,1,2) + Sa(2,3) + 11S4(2,1,1,1) + 1.54(2,2,1) + 1,54(2, 1, 2) + 1,.54(3, 2)
+1154(2,1)5<4(2)
= S4(2,1,2) + Sa(2,3) + 11Sa(2,1,1,1) + 1,54(2.2, 1) + 1154(2, 1, 2) + 1154(3,2)
+11.54(2)S<a(1)S<a(2)
= S4(2,1,2) + Sa(2,3) + 11Sa(2,1,1,1) + 1,.Sa(2,2, 1) + 1,Sa(2, 1, 2) + 1,S4(3, 2)
+1184(2)(S<a(1,2) + S<a(3))
= S4(2,1,2) + Sa(2,3) + 1Sa(2,1,1,1) + 1,Sa(2,2,1) + 1,Sa(2, 1, 2) + 1,S4(3, 2)
+184(2,1,2) + 1S4(2,3).
So we see that m is the relation associated to
C(2,1,2) + (I + 1)C(2,3) + 1hC(2, 1,1, 1) + 1C(2,2,1) + 1C(3,2) + 1¢(2,1,2) = 0.

3.1. C Map
Definition 3.19. Let W = (wq,...,w,) be a composition of w, then we define a map Cy,

GW : ipk — Tk—f—w
as follows. Let R = (ay,...,a9-1,b1,...,by-1) € Pg. Then

ok—1 ok—1
(Z aZSd(V;)) + (Z blSdJrl(V;)) =0, for all d € Z.
=1 =1

Let {Uy,...,Usp+w1} be a fixed ordering of the 2¥+%~1 compositions of k + w. By Theo-
rem 3.8 and Corollary 3.9, we have

2k 1 2k: 1 2k+w 1 2k+w 1
0= Scar (W (Z a;Sq(V;) + std—l—l ) = ( Z ciSq(U, ) ( Z diSa+1(U, ) )

=1

for some ¢;,d; € K. We define Cy (R) = (c1, ..., Cop+w—1,dy, ..., dor+w—1). Note that Cy is a
K-linear map.



3.2. Maps B* and C*

We define iterated versions of the maps B and €. These maps are particularly useful in
describing fixed relations that are short in length.

Definition 3.20. Let W = (wy, ..., w,) be a composition of w. Define B}, by
By =By, 0By,0---0B, .

Definition 3.21. Let W = (wy, ..., w,) be a composition of w. Define C};, by
Ciy =€y, 0Cyy0---00C,,.

Note that when W = (w) is a composition of w of length 1, then B}, = By and
Civ = Cw. The map B* restricted to fixed relations is quite simple.

Theorem 3.22. If > .a,((V;) = 0 is a fized relation with associated power sum relation
> 0iSqa(Vi) =0 (for alld € Z), and W is a composition of w, then the relation associated
to By (R) is

> aiSd(W, Vi) =0

3
so that

Proof. For any length 1 composition (w) and fixed relation, we have

Sa(w) Y (Z aiSj(V,-)>

j<d \ i

= Sd(w) Z az’S<d(‘/i)
= Z a;Sq(w, V;).

By definition B}, = B, o...0 B, , and the claim follows. O
Example 3.23. We prove in Theorem 6.1 that for ¢ = 2, a fixed relation is

¢(1,2) + L1¢(2,1) + L1¢(1,1,1) = 0.
By Theorem 3.22 we also have

C(37 17 2) + L1C<37 27 1) + L1C(3, 17 17 1) = O
¢(1,4,5,1,2) + L1¢(1,4,5,2,1) + L1¢(1,4,5,1,1,1) =0
etc.



Something similar is true for binary relations:

Theorem 3.24. Let R = (r1,...,790-1) € P be the relation associated to

ok—1 9k—1

Zaisd(‘/i> + Zbisdﬂ(vi) =0
i1 i=1

for all d. Write V; = (v;, V) and let W = (w) be a composition of w of length 1 such that
w+v; < q for all i such that b; # 0, then we have

2k71 2k 1
Z(al—i—b) Zb(w—i—vl, )| =0.
i=1

Proof. By hypothesis we have

Qkfl 2k71
> aiSa(Vi) + Y 0iSasa (Vi) = 0, for all d € Z.
=1 i=1

First note that taking d = —1 gives

ok—1
i=1

Summing both sides from d =0 to d = D — 1 we have

2k 1 2k 1
0= Z (a;S<p(V; ‘|‘Z (b;S<p (Vi ‘|’bSD(Uqu))
=1
2k 1 2k 1
= Z a;S<p(V;)) + Z (b:S<p (Vi) + biSp(v:)S<p (V7))
2k 1 2k 1

=3 @S0l + 3 (b SenlVi)+ S<D<V)).

Multiplying both sides of the equation by Sp(w) = 1/} (since w < q) gives

ok—1 ok—1

b;
0= Z (aiSD(w, V;)) -+ Z (bZSD(w, V;) lv +wS<D<V ))
i=1 i=1
2k71 2]@*1
0= (a:Sp(w,Vi)) + Y _ (b:Sp(w, Vi) + biSp(w + vy, V}))
i=1 i=1
2k—1 2k—1
0="> ((ai+b:)Sp(w, Vi) + > (b:Sp(w +v;, 1)) .
i=1 i=1
Summing over all D gives the result. O



4. Describing Previous Work

Previous work on IF,()-linear relations has been done in [5], [9], [10], [11], [12], [13], and
[14]. In this section we describe much of that work with the maps just defined. The following
relation, proved in [5], is of special importance and we denote it by R,, (for fixed m < q):

Sa(mq) — 11" Sgr1(m,m(qg — 1)) = 0,for all d € Z
and associated multizeta relation

((mq) = I7"¢C(m,m(q —1)) =0, m < gq.
Notice that this relation is binary.

Theorem 4.1. Let a,b be positive integers with a +b =m < q, then

R = Clug) (Ra) = 11C0(a-1)) (Ra) + 1 Ba.a(q—1)) (1) = Brag (Ry).
Proof. Cpq)(R,) is the relation associated to

Scar1(bq) (Sa(aq) — 1$S41(a,a(q —1))) ,for all d € Z
= Sca+1(0q)Sa(aq) — 17 S<ar1(bq)Sar1(a, alq — 1))
= (S<a(bq) + Sa(bq)) Sa(aq) — 1S<at1(bq)Sar1(a, alg — 1))
= Sa(aq, bq) +Sa(aq + bg) =11 S4:1(a, alg — 1))S<as1(bg) .
R ) N )

-~

Ay By

Here we have used that Sy(aq)Sa(bg) = Sa((a + b)q) since a + b < q.
(=1)12€Cpp(q—1)) (Ra) is the relation associated to

(=1)11S<ar1(b,b(g — 1)) (Salaq) — 1Sas1(a, alq — 1))

(=D S<ar1(b,b(g = 1))Sa(aq) + 177" S (a, alq — 1))S<ara(b,0(g — 1))
g—l)llde(aq, b,b(q — 1)) —12S4(aq)Sa(b,b(q — 1))

7 .

Cq D1
+ ﬁH'bSdH(a, a(q—1))S<qr1(b,b(q — 1))1

-

Eq

19B(a,a(q—1)) () is the relation associated to

I{Sar1(a,a(g — 1)) Z (Si(bQ) - lll)si—i—l(b? b(q — 1)))
= 1$Sa11(a,a(g = 1)) (S<arr(bg) — 17S<a1(b,b(q — 1)) = 1§ Saz1 (b, b(q — 1)))
= 1{Sa31(a, alg = 1)) S<ayr (bg) =17 Say1(a, alg = 1))S<apa (b, b(g — 1))

~~ —~

B2 E2
— 117 Sa11(a, alg = 1))Sar1 (b, b(g — 1)).
10




Finally, —Baq)(Rp) is the relation associated to

— Sy(aq) Z (Sz'(bQ) - llfsiﬂ(ba b(g — 1)))
— —Sy(aq) (S=afba) — LSafb,blg — 1)) — 1Sa(b, blg — 1))
= —Sa(aq,bg) +11S4(aq, b, b(q — 1)) +11Sa(aq) Sa(b, b(g — 1)) .

-~

As Co Do

Note that A1+ Ay = B+ By = C1+Cy = D1+ Dy = E; + E5 = 0 for all d. This gives that
Coa) (Ra) = 11CG5(a-1)) (Ra) + 1B a,a(4-1)) (Rs) — Bag) (Rs)
is the relation associated to
Sa(ag + bg) — 157 S (a, alg — 1)) Sar (b, b(g — 1)).

This second term we can write as

Sar1(a,alg = 1))Sar1(b;b(g — 1)) = Sat1(a)Sar1(0)S<arr(alg = 1))S<arr (b(g — 1))
= Sar1(a+b)Scan((a+0b)(g—1))
= Sar1(a+b,(a+b)(g—1))

and the result follows. O
As a particular case, by putting a = 1 and b = n, we have:
Corollary 4.2.
Bpi1 = Cng) (1) = [ Clnm(g—1)) (B1) + hiBag-1)(Bn) = By (Ra)
form+1<gq.
A similar calculation gives this relation in terms of the B* map:

Theorem 4.3. With m < q we have

Rm+1 =
Cimg) (R1) = 1" Cmam(g—1)) (F1) = Bg)(Rm) + 1B g1y (Bm) + 1By © Clgny (FBom)-

Lemma 4.4. We have
Sal@®> = q)Sa(g—1) = Sa(¢® = 1) — Su(¢® — ¢, — 1)

and
Scald® — q)S<alg—1) = Scalg — 1,¢* — q) + S<a(q® — 1).

11



Proof. The left-hand side of the first relation is

Sd(Q(Q - 1>>Sd(q - 1) = (lq(ql—1)> <lq1_1> - lq21—1'

For the right-hand side, we have

Sald® = 1)~ Salalg = 1).q — 1) = (fl> - (lq@ln) (m[fq]—l)
_ lav1/la B —(=1)d)4
Lig ! hig !
_
1

where we have used (3.6) and that

Sd(q2 - 1) = S<d+1(q2 - 1) - S<d(q2 - 1)'

This proves the first relation. The second relation follows from

S<d<q2 —q)S<alq —1)

_ (Z Si(q* — Q)> (Z Silg — 1))
=Y S —a)Sila—1D)+ Y Sla—DSi =)+ Y Sild>—a)Silg—1)

i<j<d j<i<d i=j<d
=Sal@®—q.a- 1)+ Saalg— L. — )+ > _ Si(a® — 9)Silg— 1)
i<d
=Scl@®—q.q- 1)+ Saalg— 1. =)+ > _ (Si(¢> = 1) = Si(¢® — q.q — 1))
i<d

= Seal® — ;0= 1)+ Scala — 1, — @) + (S<ald® — 1) — Sca(d® —q,q — 1))
= Scalg—1,¢> — q) + S<a(g® — 1).

Theorem 4.5. The relation associated to Cig—1)(Rg—1) is
Sa(> —1) = 19"S01(g—1,9(g— 1)) = 0, for all d € 7Z.

Moreover, we have
C(@® = 1) =1 Sa(g = 1,9(g = 1)) = 0.

12



Proof. We check

0=Scan(g—1) (Salglqg— 1)) = { ' Sara(g — 1, (¢ — 1))
= Sa(q — 1)Sa(glqg — 1)) + Salqlqg — 1), = 1) = {7 ' Sara(q — 1,q(q — 1))
= Sa(¢® = 1) = Salglg = 1), — 1) + Saa(g = 1),¢ = 1) = I{ " Sara(qg —1,9(¢ — 1))
= Sa(q* = 1) = {7 Sara(g — 1,q(g — 1))

where we have used Lemma 4.4 and 3.5. Summing over all d gives the Theorem. [

Theorem 4.6. With (), the relation associated to

((h + 12)Sa(q®) — hloSara(1,¢° — 1)
+117Sa(q,¢° = a) = 1" Sayi(a,¢* — @) = 0.
We have
Qu= (i + )Ry +1{" Cyq-1)(Rr) = 1By 0 Cgy (Ry-).
Moreover @ 18
(i + 12)¢(?) — lils¢(1,¢* — 1) = 0.

Proof. We compute term by term. For the first term, (I; + [f)R, is the relation associated
to

(h+1)Sa(d®) — @ +112) S (g, (g — 1))

For the second term, l?*le(qu)(Rl) is the relation associated to

0=11"Sa41(¢* — a) (Salg) = LhiSa1 (1,4 1))
= 1" (Sa(q)Sald® — @) + Sa(g. ¢ — @) — i Sar1(1)S<ar1(q — 1)Scari(¢® — q))
=15 (Sala®) + Sala,¢* — q) — 11S4+1(1)S<ar1(qg — 1)S<as1(q® — q))
=11 (Su(¢®) + Sala. 4 — @) — 1141 (1) (Scari(q — 1,¢* = @) + Scar1(d* — 1))
=t (Sala®) + Salg,¢* — q) = 11Sa+1(L,g — 1,¢° — q) — 1Sa1(1,¢° — 1))

= 11" 8u(@®) + 1 Saa. 4 — @) = 1T7San(Lg = 1,8 —q) = 11 Saa(L.g* = 1)
where we have used Lemma 4.4 from the third equality to the fourth.

Finally, compute the relation associated to —I3B1y o €4—1)(R¢—1). From Theorem 4.5,
the relation associated to Ciy—1)(Rg—1) is

Sa(g* = 1) = 17" San (g — 1,9(¢ — 1)) = 0.
To compute —I3B (1) 0 Cy—1)(Ry—1), we use Theorem 3.24 to get
~138a(1,¢* = 1) + 1" Su(1,q — L.qla — 1)) + 1 Sula, a(q — 1)) = 0.

Adding together and noting that —(177> + I3) = —ljly and Iy 4+ 12 + 197" = I, + I, gives the
result. O
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Theorem 4.7. With R as
R=—1{7Qu+ (117" + )Ry + (5 + 1) Cqq 1) (Ry),
the relation between multizeta avlues associated to R is
¢(¢*) = [1)7[2¢(L, g — 14" —q) = 0.
Proof. For —1972Q, we have

— l(1172(<11 + lg)Sd(QQ) — lll25d+1(1, q2 — 1)
+ 1 Su(g, % — @) — 11 S (g2 — q)) =0

for all d, while (17" + 1) R, gives
(U +1) (Salq®) = 1{Sas1(q,4* —q)) =0
for all d € Z. Finally, (I} +19)€y(g-1))(R1) gives

(7 +11)S<ar1(q* — @) (Salq) — 1Saa(1, ¢ — 1))

(P97 1D S4(¢% — ¢)Salq) + S<ala® — 0)Sa(q) — 11Sa41(1,¢ — 1)Scarr(¢* — q)
(l%q—l + l?)Sd(qQ) + Sa(q, q2 —q) — 115311(1)S<ar1(q — 1)S<ar1(q(qg — 1))
G+ 10)Sa(q®) + Sa(a,6* = ) — hSan(Lg = 1,.¢° — q) — hiSan(1,¢° — 1).

Adding these terms, noting that 539" 4+ 19 = 1971(19 + 1;) = 19"?l,, and summing over all d
gives the result. O]
5. Relation Conjecture

We now provide a conjecture for the nature of all F,(¢)-linear relations between multizeta
values in terms of these maps.

Conjecture 5.1. A spanning set for Ry, with w > 0 is given by

s=(U{Bvm).&@m})u(UBroem)

where the first union is over all compositions of w and the second union is over all composi-
tions U and V' such that (U, V') is a composition of w. Moreover, this set is also a spanning
set if B is replaced by B* in both unions.

Note that the conjecture requires only one “generating” relation, namely R;. We now
compute 8 explicitly for ¢+ 1,¢+ 2, and ¢ + 3 for all ¢ (using B*; similar, but much longer,
relations result from B). We list each power sum vector with its associated relation between
multizeta values.
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5.1. Weight q

Ry ((g)+Li¢(1,g—1) =0
This relation is binary and is proved in [5].

5.2. Weight q+ 1

Bay(Ry) ((Lq)+ Li¢(2,¢— 1) + L1¢(1,1,¢ = 1) =0 (5.2)

Cay(R1) Clg+1)+ Li¢(1,q) + Li¢(1,1,¢ — 1) + Ly¢(1,¢ — 1,1) (5.3)
+ (g, ) +¢(2,g—1)=0

5.2 follows from Theorem 3.24 with W = (1).
For 5.3, we have

0= Scir1(1) (Sa(q) + L1S411(1, — 1))
= Scar1(1)Sa(q) + L1S<ar1(1)Sa+1(1,¢ — 1)
= (S<a(1) + Sa(1))Salq) + L1Sat1(1)S<a+1(1)S<atr(g — 1)
= Sa(1)Sa(q) +Sa(q,1) + L1S411(1,1,¢ — 1) + L1 Sap1(1,¢ — 1,1) + L1Sa41(1, )
4 LASga (1,1, — 1)

()

Since the characteristic is 2 if ¢ = 0 mod 2, we have that A = 0 for all ¢, so

Here A is given by

0= Scqr1(1) (Salq) + L1Sa1(1,4 — 1))
= S4(1)Sa(q) + Sa(q, 1) + L1Sa1(1,1,q — 1) + L1Sa41(1,¢ — 1,1) 4+ L1 Sy (1, q).

For S4(1)S4(q) we have

Sa(1)Sa(q) = Salg +1) + Z fiSalg+1—3,7)

J

where the sum is over all j such that ¢ — 1|j and 0 < j < a + b. If ¢ > 2, then note that

20— =(@g+1)+qg-3
>q+1

15



so that, in this case

Sa0sla) = Sula + 1+ ((-0°(* )+ 0t (123) ) suczia - )
= Sa(qg+1)+ Sa(2,¢ - 1).
In the case that ¢ — 2, we have
sa0u(2) = 5.3) + 5i2. )+ (o) + -0 (1) ) sutw.2
= 54(3) + Sa(2,1).
This proves 5.3. Note that the set {B (K1), C(R1)} is linearly independent in Ry, 1.

5.3. Weight q + 2
For ¢ > 2 we have

Bloy(R1) ¢€(2,q) + LiC(3,¢ — 1) + L1¢(2,1,¢ —1) =0 (5.4)
Bliy(R1) C(1,1,q9) + LiC(1,2,g — 1) + LIC(L L1,g—=1)=0
W C€m(R)) ¢(Lg+1)+ LiC(2,q9) + Li¢(1,1,q) +¢(1,2,g — 1) (5.6)
C(1,q,1) + LiC(2,1,¢ = 1) + L1¢(2,q9 — 1,1)
+ Li¢(1,1,¢—1,1) + Ly¢(1,1,1,g — 1) = 0
Coy(Ry) (lg+2)+ Li¢(1,g+1)+C(q,2) + L1¢(1,9 — 1,2) (5.7)
+2¢(3,g—1)+2L1¢(1,2,g—1) =0
Can(Ri) ((2,9) +¢(g+1,1) + Li¢(1,1,q) + L1¢(1,1,1,4 — 1) (5.8)

+L1¢(1,¢,1) +¢(2, 1, = 1) +¢(2,¢ = 1,1) +¢(g, 1, 1)
+ LIC(L 17 q— 17 1) + L1<(17 q— 17 17 1) = 0.
The only exception for ¢ = 2 is that we have (L; +1)((2,2) + L1{(3,1)+ L1((2,1,1) =0
in place of relation 5.4. Relations 5.4, 5.5, and 5.6 follow from 3.22 applied to R;, R, and

5.3, respectively. 5.7 follows from the same method as in Theorem 4.5.
For 5.8 we compute

Scar1(1,1) (Salq) — L1Saya (1, — 1))
= Sq(1,1)S4(q) + Salq,1,1) = 11.8441(1)S<qr1(qg — 1)Scgqr1(1,1).
We expand the first term:
Sa(1)Sa(q)S<a(1) = (Salg + 1) + Sa(2,q — 1)) S<a(1)
=Sa(g+1,1) + Sa(2,9 — 1)S<a(1)
= Sa(q +1,1) + Sa(2)S<a(qg — 1)S<a(1)
= Sa(q +1,1) + Sa(2) (S<alg — 1,1) + S<a(l,¢ — 1) + S<alq))
= Sa(g+1,1) + Sa(2,¢ — 1,1) + Sa(2,1,g — 1) + Sa(2, q).
16



Similarly the third term is

— LSar1(1)S<ari(g — 1)S<ara(1,1)

= 118411 (1) (S<asr (g — 1,1,1) + Z Silg = 1)Si(1,1)
i<d+1
+ Y Si()54(1)S<(g 1)
j<d+1

= _l15d+1(1)(8<d+1( 17 17 1) + S<d+1(17 17 q— 1) + S<d+1(17 q— 17 1)

+ S<d+1( ) ) + S<d+1(Q7 1))
- _llsd-i-l( y 4 ]-7]-71> _l15d+1(]-71717q_ 1) _llsd+1<]-7]-7q 1 ]-)

— 118441 (1,1, q) = iS4 (1, ¢, 1).

Adding all three terms, summing over all d and noting that —I; = L; gives the result. We
now show that these relations are linearly independent in R ;2. For ¢ > 3 (strict), we fix an
ordering of the compositions of ¢ + 2 as {(2,¢), (1,1,¢),(1,¢,1),(q,2),

(q¢,1,1),...}. Then writing these five relations as row vectors, we have
1 0 0 0 0
0 1 0 0 0
Ly Ly 1 0 0
0 0 Lq 1 0
1 Ly 0 0 1
(2,9) (1,19 (Lg,1) (¢,2) (¢,1,1)

from which it is clear that they are linearly independent. Independence of relations for ¢ = 3
is similarly easily verified.

5.4. Weight g+ 3
For ¢ > 3, we have

By (R1) ¢(3,q) + LiC(4,g — 1)+ L1((3,1,¢g —1) =0 (5.9)
Blioy(B1) ((1,2,9) + L1€(1,3,¢ — 1) + L1¢(1,2,1,¢g = 1) =0 (5.10)
Blony(B1) ¢(2,1,9) + L1¢(2,2,¢ — 1) + L1((2,1,1,¢g = 1) = 0 (5.11)

Bian(R1) C(1L,1,1,q) + Li¢(1,1,2,¢ — 1) + Li¢(1,1,1,1,g — 1) =0 (5.12)
Blin(Coy(R1) ¢(1,1,¢+ 1) + Li¢(1,1,1,9) + L1((1,2,9) (5.13)
+ Li¢(1,1,1,1,g— 1) + Li¢(1,2,1,g — 1) + Ly ¢(1,1,1,¢ — 1,1)
+ L,¢(1,2,¢—1,1) +¢(1,1,¢,1) +¢(1,1,2,g — 1) =0
Bo)(Cay(F1)) C(2,q+ 1)+ LiC(2,1,¢) + L1C(3,q) + L1¢(2,1,1,¢ — 1) (5.14)

+ LlC(37 17 q— 1) + L1§(27 17 q—

17
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By (Cr2)(Fn))

B1)(Ca,ny(Ra))

Cz) (1)

Crr2)(F1)

Cra1) (1)

Caan(R)

+¢(2,2,g—1)=0

C(1,q+2)+¢(1,¢,2) +2¢(1,3,g — 1) + Li¢(1,1,¢g+ 1)
+L1C(1,1,9—1,2) + 20,¢(1,1,2,g — 1) 4+ L1C(2, g + 1)
+ L1¢(2,g—1,2) +20,((2,2,¢g — 1) =0
C(1,2,¢)+¢(1,q+1,1)+¢(1,2,1,¢— 1)
+¢(1,2,¢g—1,1) +C(1,q,1,1) + Li¢(1,1,1,¢)+
Li¢(1,1,1,1,g — 1) + Ly¢(1,1,q, 1)+
Li¢(1,1,1,g—1,1) + Ly¢(1,1, — 1,1, 1)

+ L1¢(2,1,q9) + L1¢(2,1,1,¢ — 1) + L1¢(2,¢,1)

+ L1C(2,1,g—1,1) + L1((2,¢g —1,1,1) =0

C(g+3) + Li¢(1,¢ +2) + 3L1¢(1,3,¢ — 1)

+ L1¢(1,g = 1,3) + ((g,3) +3¢(4,¢ — 1) =0
C(2,q+1)+¢lg+1,2) + Li¢(1,1,¢+ 1) +¢(q,1,2)

+ L1¢(1,¢,2) + (2,9 — 1,2) + L1¢(1, 1, — 1,2)

+ ng(]-?q - 17 1a 2) + QC(2a 2)q - 1) + 2L1C(17 17 2aq - 1) =0

2((37 Q) + C(q + 27 1) + 2L1<<17 27 Q> + LlC(la q + 17 1)

+2L0:¢(1,2,q — 1,1) + 2L,¢(1,2,1,g — 1) = 0
€(2,1,9) +¢(2,¢,1) +Clg+ 1,1, 1) +¢(2,1,1,g = 1)
+¢(2,1,¢—1,1) +¢(2,¢—1,1,1) + (¢, 1,1,1)

+ LiC(1,1,1,q) + L1¢(1,1,¢,1) + Li¢(1,¢,1,1)

+ LlC(L 17 17 17q - 1) + LlC(L 17 1,(] - 17 1) + LIC(L 17q -

+ Li¢(1,g—1,1,1,1) = 0.

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

1,1,1)

Relations 5.9-5.16 follow from Theorem 3.22 applied to either R; or previously proved rela-
tions. Relations 5.17-5.20 follow from the same methods as in 5.8. For ¢ > 4, we order the
2972 compositions of ¢ + 3 as

{(37q)7 (17 27 )7 (27 17q)7 (17 17 17Q)7 (17 17q7 1)7 (27 q? 1)7 (17Q7 2)7 (17q7 17 1)7

(¢,3),(q,1,2),(q,2,1),(¢q,1,1,1),...}.

Writing the 12 relations in 5.9-5.20 as row vectors, we see the same lower-triangular pattern.
q = 2, 3,4 can easily be computed by hand.

6. General Relations

We give some examples of parameterized families of relations.

18



Theorem 6.1. The following are true:

(1) Li¢(k,1,q = 1)+ Li¢(1 +k, g — 1) +((k,q) =0,  k<qg-—1

(2) Li¢(1,2¢—2)+¢(2¢ 1) =0

(3) ¢(m,2g—1)+ Li¢(m+1,2¢ —2) + Li{(m,1,2¢ — 2) =0, m+1<gq
4) "C(nym,m(g — 1)) +"¢(n +m,m(q — 1)) —((n,m,q) =0,  m+n<gq
(5) ¢(29) +¢(g,q) + L1¢(1,2¢ = 1) + L1¢(1,g — 1,9) =0

(6) ¢(m,2q) +¢(m,q,q) + Li¢(m +1,2¢ = 1) + Li¢(m + 1, — 1,q)

+L1<(m7172q_1)+L1<(m717q_17Q>:07 m+1§q

Proof of (1). For the first relation, we provide two proofs to show how the maps can some-
times simplify proofs.
We have that

L1Sq(2+k,q—1) = L1Sq(2 + k)S<alqg — 1)
1
CUNER L,
1
AR

and

LiSq(1+k,1,g—1) = L1Sag(1 + k)S<q(l,g — 1)
d—1

= LiSu(1+k) > 8i(1)Sailg—1)

=1
d—1
1 1
=T —__

1 (—1+—1+—1+ +—1)
AN L

and finally

Sa(L+k,q) = Sa(1 + k)S<a(q)

1 d—1
:WZS"@)

d =0
B 1 (1 N 1 n 1 n n 1 )
N lic1)

Adding these together gives 0 and summing over d > 0 gives the result.
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We now show that the relation in (1) is the relation associated to B (R;):

U

-1

0=Sa(k) > (Si(q) —hSit1(1,4—1))

i=

= Sa(k) (S<alq) —S<a(l,q — 1) = 11S4(1,q — 1))
= Sd<k7Q> - llsd(k7 1,(] - 1) - llsd(k: + 17(] - 1)

o

Summing over all d gives the relation in (1), as desired. O

Proof of (2). We compute

Sa(2¢ —1) = Sa(g + (¢ — 1))

= zfﬂll (1 —(q— 1)%)
- lfﬁl‘l ([dg] 1])

and
Ly ([d+ 1]2) ( 1 )
L1Sg1(1,29 —2) =
1 d+1( q ) ld+1 ( [1]2 l?lq_Q
~ (ld+1] -1 1
B [1] la 22 )
The two are equal. Summing over d > 0 gives the result. O]

Proof of (3). This is the image of (2) under the map B,,. From (2), we have
Sd<2q — 1) + LlSd+1(1, 2q - 2) =0.

Applying B,y to this relation gives

U

-1

[e=]

= Sa(m) (S<a(2¢ — 1) = 115-4(1,2q — 2) — [154(1,2q — 2))
= Sa(m,2q — 1) — 1184(m, 1,2q — 2) — [1.S4(m + 1,2q — 2).

Summing over all d gives the relation in (3), as desired.
[

Proof of (4). This is the relation B, (R,,) and follows from Theorem 3.24 applied to R,,.
0
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Proof of (5). This is the relation €, (R;) and follows from a calculation similar to Theo-
rem 4.5. O

Proof of (6). This is the image of (5) under B,,y and follows from Theorem 3.24 applied to
(5). O

7. Dimension Conjecture

We give the following conjecture for the dimensions of the [F,(¢)-span of multizeta values
of fixed weight.

Conjecture 7.1. Let g, = dim (SpanFq(t)(MZV’s of weight k:)> Then

P if1<k<gq
k1 _1 ifk=gq

gk = q
Y g ifk>q
1=1

Note that the generating function for g is

gnt =
s 1_1'_..._1"]

where we define gy = 1.

By computing the spanning set in Conjecture 5.1, we can get an upper-bound for g.
This has been done in Section 5 for ¢ < k < ¢ + 3 and with the help of sage for ¢ =
2,3,4,5,7,8,9,11 with & < 11. Noting that dim(Z*)+dim(R;,) = 2*~!, we have the following
theorem:

Theorem 7.2. For all ¢ and all weights k = ¢+ w with 1 < ¢+ w < max(q + 3,11),
Congecture 5.1 is true if and only if Conjecture 7.1 is true.
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