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HOPF ALGEBRAS AND MULTIPLE ZETA VALUES IN
POSITIVE CHARACTERISTIC

BO-HAE IM, HOJIN KIM, KHAC NHUAN LE, TUAN NGO DAC, AND LAN HUONG PHAM

ABSTRACT. Multiples zeta values (MZV’s for short) in positive characteris-
tic were introduced by Thakur as analogues of classical multiple zeta values
of Euler. In this paper we give a systematic study of algebraic structures of
MZV’s in positive characteristic. We construct both the stuffle algebra and the
shuffle algebra of these MZV’s and equip them with algebra and Hopf algebra
structures. In particular, we completely solve a problem suggested by Deligne
and Thakur [17] in 2017 and establish Shi’s conjectures [47]. The construction
of the stuffle algebra is based on our recent work [34].
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1. INTRODUCTION

1.1. Classical multiple zeta values.

Let N = {1,2,...} be the set of positive integers and Z=° = {0,1,2,...} be
the set of non-negative integers. The multiple zeta values (MZV’s for short) are
real positive numbers that were studied notably by Euler in the eighteenth century.
They are given by the following convergent series

((na,ome) = Y P
0<ki<--<hk, L =707
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where n; are positive integers with n; > 1 and n, > 2. Here r is called the depth
and w :=ny + -+ n, is called the weight of the presentation {(n1,...,n,). These
numbers generalize the zeta values

1
¢(n) :IZ%I?”’ where n € N and n > 2,

which were studied well before Riemann studied them as a function ((s) of a com-
plex variable s, and its links with the distribution of primes. The simple zeta values,
and more generally the multiple zeta values, still keep many secrets and play the
role of fundamental constants. They are ubiquitous in many fields of mathematics
and physics, in particular through the Feynman integrals which govern the interac-
tions between elementary particles or through the Drinfeld associators coming from
quantum groups and knot theory.

The even zeta values are well understood. In fact, Euler proved in 1735 that, when
n is even, ((n) is a rational multiple of 7. Thanks to Lindemann’s proof of the
transcendence of 7, it follows that all these numbers are transcendental. However,
the odd zeta values are much more mysterious. Indeed, a folklore conjecture states

Conjecture 1.1. The numbers m,((3),((5),... are all algebraically independent
over Q.

To our knowledge, we know nothing about the transcendence of odd zeta values.
Concerning the irrationality of these numbers, Apéry [5] showed that {(3) is irra-
tional, and Ball-Rivoal [6] proved that there are infinitely many irrational numbers
among the remaining odd zeta values (see [45, 46, 61] for related works).

The product of two multiple zeta values is a linear combination, with integral
coeflicients, of multiple zeta values. For instance, Euler proved the following identity

for all integers m,n > 2. It follows that the Q-vector space Z spanned by all MZV’s
has an algebra structure. One can argue that the main goal of this theory is to
understand all Q-linear relations among MZV’s. Unlike the algebra generated by
simple zeta values, there are lots of linear relations among MZV’s that endow Z
with a rich combinatorial structure. One systematic way to produce linear relations
among MZV’s is to use the so-called extended double shuffle relations introduced
by Ihara-Kaneko-Zagier [33]. To do so, one first defines Hoffman’s algebra b and its
subalgebras h° C h! C b with respect to the following algebra structures. Next, one
constructs two algebra structures as particular cases of quasi-product algebras intro-
duced by Hoffman [27]: the stuffle algebra (h*, *) and the shuffle algebra (b, ). By
regularization [33, §2], there exist zeta maps which are Q-algebra homomorphisms

Gt (Y %) = 2,
and
CUJ : (b?LLl) — Z’a

which give rise to a generalization of the stuffle product and the shuffle product. The
extended double shuffle relations are obtained by “comparing” the stuffle and shuffle
products on h! (see [33, Theorem 2] for a precise statement). Further, Thara, Kaneko
and Zagier formulated the following influential conjecture (see [33, Conjecture 1]):
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Conjecture 1.2 (Thara-Kaneko-Zagier’s conjecture). The extended double shuffle
relations exhaust all Q-linear relations among MZV’s.

In particular, it implies Goncharov’s conjecture which states that all Q-linear
relations among MZV’s can be derived from those among MZV’s of the same weight.

Surprisingly, if Z; denotes the Q-vector space spanned by MZV’s of weight k
for k € N, Zagier [59] and Hoffman [26] were able to predict the dimension and an
explicit basis for Zy.

Conjecture 1.3 (Zagier’s conjecture). We define a Fibonacci-like sequence of in-
tegers dy, as follows. Letting dy = 1,d; =0 and ds = 1 we define d, = di_o + dg_3
for k> 3. Then for k € N we have

dimg Zy, = d.

Conjecture 1.4 (Hoffman’s conjecture). The Q-vector space Zy is generated by
the basis consisting of MZV’s of weight k of the form {(n1,...,n,) with n;, € {2,3}.

The algebraic part of these conjectures which concerns upper bounds for dimg 2,
was solved by Terasoma [49], Deligne-Goncharov [18] and Brown [7] using the theory
of mixed Tate motives.

Theorem 1.5 (Deligne-Goncharov, Terasoma). For k € N we have dimg 2y, < dy,.

Theorem 1.6 (Brown). The Q-vector space Zy, is generated by MZV’s of weight k
of the form ((ni,...,n,) with n; € {2,3}.

The proofs of this theorem use by a crucial manner different Hopf algebra struc-
tures of Hoffman’s algebra b as described above. We mention that the transcenden-
tal part which concerns lower bounds for dimg 2, is completely open. We refer the
reader to [9, 16, 59] for more details and more exhaustive references.

1.2. Multiple zeta values in positive characteristic.

There is a well-known analogy between number fields and function fields (see
[35, 40, 57]). Inspired by Euler’s work on multiple zeta values and that of Carlitz
[10] on zeta values in positive characteristic, Thakur [54] introduced multiple zeta
values attached to the affine line over a finite field. We now need to introduce
some notations. Let A = FF,[f] be the polynomial ring in the variable 6 over a
finite field F, of g elements of characteristic p > 0. We denote by A, the set of
monic polynomials in A. Let K = F,(6) be the fraction field of A equipped with
the rational point co. Let K., be the completion of K at co. We denote by v
the discrete valuation on K corresponding to the place oo normalized such that
Voo () = —1, and by |-|oc = ¢~ the associated absolute value on K.

In [10] Carlitz introduced the Carlitz zeta values (4(n) for n € N given by

Ca(n) = Z ai” € K

acAy

which are analogues of classical special zeta values in the function field setting.
For any tuple of positive integers s = (s1,...,s,) € N", Thakur [50] defined the
characteristic p multiple zeta value (MZV for short) (4(s) or Ca(s1,...,S) by

1
Cals) ::ZW € Koo
Sy
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where the sum runs through the set of tuples (ai,...,a,) € A7 with dega; > --- >
dega,. We call r the depth of (4(s) and w(s) := s; + - -- + s, the weight of 4(s).
We note that Carlitz zeta values are exactly depth one MZV’s. Thakur [51] showed
that all the MZV’s do not vanish. We refer the reader to [3, 4, 20, 22, 38, 39, 43,
50, 52, 53, 54, 55, 58] for more details about these objects.

Thakur proved that the product of two MZV’s is a K-linear combination of
MZV’s and we call it the shuffle product in positive characteristic. As in the classi-
cal setting, the main goal of the theory is to understand all linear relations over K
among MZV’s. Analogues of Zagier-Hoffman’s conjectures in positive characteristic
were formulated by Thakur in [54, §8] and by Todd in [56]. In 2021, the fourth au-
thor [41] solved these conjectures in the case of small weights. While the algebraic
part uses tools introduced by Chen [14], Thakur [53, 54] and Todd [56], the transcen-
dental part uses the theory of t-motives and dual motives of Anderson [1, 8, 25] and
a powerful transcendental tool called the Anderson-Brownawell-Papanikolas crite-
rion in [2] (see [42, 11, 12] for further development). Then the authors [34] have
developed a completely new approach and been able to solve these conjectures for
all weights. More precisely, we prove (see [34, Theorem B]):

Theorem 1.7 (Zagier’s conjecture in positive characteristic). For w € N we denote
by Z,, the K-vector space spanned by the MZV’s of weight w. Letting

1 if w=0,
d(w) = ¢ 2wt fl<w<g-1,
vl 1  4fw=gq,

we put d(w) = Y7, d(w — i) for w > q. Then for any w € N, we have

dimg Z,, = d(w).

Theorem 1.8 (Hoffman’s conjecture in positive characteristic). We keep the above
notation. A K-basis for Z,, is given by T, consisting of Ca(s1,...,8,) of weight w
with s; < q for1 <i<r, and s, < q.

We mention that in loc. cit. we also extended these results to the setting of alter-
nating multiple zeta values introduced by Harada [24]. We note that the classical al-
ternating multiple zeta values have been studied by Broadhurst, Deligne-Goncharov,
Hoffman, Kaneko—Tsumura and many others due to many connections in different
contexts. We refer the reader to[13, 15, 24, 29, 60] for some references.

As pointed out by one of the referees of [41], we do not know any algebraic
structures of MZV’s in positive characteristic (see [41, Remark 2.2, Part 1]). As
mentioned above, unlike the classical setting, the proofs of the above theorems
are based on new ingredients: some operations introduced by Todd [56] and the
fourth author [41] as well as a transcendence criterion of Anderson-Brownawell-
Papanikolas [2].

1.3. Main results.

In this manuscript we present a systematic study of algebraic structures of MZV’s
in positive characteristic. This paper grew from an attempt to answer the question
in [41, Remark 2.2, Part 1] raised by one of the referees of loc. cit.. It turned out
that in a private letter to Thakur in 2017, Deligne [17] went further and suggested
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the existence of a Hopf algebra structure of MZV’s in positive characteristic. Sub-
sequently, the composition space which plays the role of Hoffman’s algebra in our
context was suggested by Shuji Yamamoto [54], and Shi in [47] formulated a conjec-
tural Hopf algebra structure for this composition space (see [47, Conjectures 3.2.2
and 3.2.11]).

In this paper we succeed in constructing both the Hopf stuffle algebra and the
Hopf shuffle algebra in positive characteristic. In particular, we completely solve all
the aforementioned questions and conjectures of Deligne, Thakur and Shi in the
previous paragraph. Our approach is based on various tools of analytic, algebraic
and combinatorial nature.

Let us give now more precise statements of our results.

1.3.1. Composition space.

We introduce the composition space € suggested by Shuji Yamamoto (see [54,
§5.2]) which plays the role of the Hoffman algebra § in our context. Let ¥ = {x,, } nen
be a countable set equipped with the weight w(z,) = n. The set ¥ will be called
an alphabet and its elements will be called letters. A word over the alphabet X
is a finite string of letters. In particular, the empty word will be denoted by 1.
The depth depth(a) of a word a is the number of letters in the string of a, so that
depth(1) = 0. The weight of a word is the sum of the weights of its letter and we
put w(1) = 0. Let (X) denote the set of all words over ¥. We endow (X) with the
concatenation product defined by the following formula:

Ty oo Ty, "Ly oo Tj = T4y oo L, Ty « oo T -

Let € = F,(X) be the free F,-vector space with basis (). The concatenation
product extends to € by linearity. For a letter z, € ¥ and an element a € &€, we
write simply x,a instead of z, - a. For each nonempty word a € (X), we can write
a = x,a_ where x, is the first letter of a and a_ is the word obtained from a by
removing .

1.3.2. Shuffle algebra and shuffle map.
We define the unit v : F; — € by sending 1 to the empty word 1. Next we define
recursively two products on € as F,-bilinear maps
0:CxC—C¢ and W:EXC—C

by setting loa=a¢l=ga,1Wa=aWwll=aand

aob= zap(a-wb )+ > AL wi(z;w(awb_))

i+j=a+b
awb= z(a_ Wb)+ap(awb_)+aoch,

for any words a,b € (X), Here the coeflicients Ag’b are given by

A {(1)“1(1"1) H (=0 if(g—1)|iand 0<i<a+b,

— a—1
@b 0 otherwise.
We call ¢ the diamond product and LU the shuffle product.

Our first result gives an affirmative answer to both questions in [41, Remark 2.2,
Part 1] and [47, Conjectures 3.2.2 and 3.2.11]. It reads as follows (see Theorems 6.9
and 5.5):
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Theorem A. The spaces (€,¢) and (€, W) are commutative Fy-algebras. Further,
for all words a,b € € we have

Ca(awb) = Ca(a)Ca(b).

If we denote by Z the K -vector space spanned by MZV’s, then the homomorphism
of K-algebras

ZMZQ:@FQK—)Z

ar— CA(CL)

is called the shuffle map in positive characteristic.

To prove Theorem A, we are reduced to prove that the diamond and shuffle
products are associative. It turns out that this claim is very hard to prove since
a direct check involves complicated combinatorics as already noticed by Shi [47,
§3.1]. Our method uses analytic tools and consists of unpacking the coefficients A;b
involved in the definition of the diamond product. Then we use the uniqueness of
partial fraction decomposition to prove the desired associativity.

1.3.3. Shuffle Hopf algebra.
We also define recursively a product on € as a F,-bilinear map

>:CfxC€—C
by setting 1>a=ap>1=a and
ar b= z.(a_ LWb)

for any words a, b € (X). We call > the triangle product. We stress that the triangle
product is neither commutative nor associative. Inspired by the work of Shi [47,
§3.2.3] we define a coproduct

A:¢—=eERC

using > rather than the concatenation on recursive steps for words with depth > 1
(see §7.1). The counit € : € — F, is defined as follows: €(1) = 1 and e¢(u) = 0
otherwise.

We note that for quasi-shuffle algebras introduced by Hoffman [27] and their
generalization, the coproduct is roughly speaking the deconcatenation. The co-
product A defined as above is completely different from the deconcatenation and
involves complicated combinatorics. We refer the reader to Proposition 8.18 and
Appendix A for numerical calculations of A.

Our second result shows that this construction gives rise to a Hopf algebra struc-
ture of the shuffle algebra (see Theorem 7.11).

Theorem B. The connected graded bialgebra (€, W, u, A €) is a connected graded
Hopf algebra of finite type over Fy.

The proof of Theorem B is of algebraic nature by exploiting key properties among
the diamond, shuffle and triangle products.
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1.3.4. Comparison with Shi’s construction.

Next we study the coproduct A for letters in detail and prove some key properties
in Proposition 8.6. As an immediate consequence, we deduce that the coproduct A
coincides with the coproduct introduced by Shi in [47, §3.2.3]. Thus we settle Con-
jecture 3.2.11 of [47] (see Theorem 8.9).

Theorem C. Conjecture 8.2.11 in [47] holds.

We note that to convince ourselves its validity, we made intensive numerical
calculations (see Proposition 8.18 and the Appendix A). The proof of Theorem C
is based on combinatorial techniques.

1.3.5. Stuffle algebra and stuffle Hopf algebra.

The stuffle algebra is easier to define. We introduce the stuffle product in the
same way as that of (h', %) as above. The * product

¥:CXxC—C
is given by setting 1 *xa=a*1 = a and
axb= xo(a_xb)+axp(axb_) + zep(a_xb_)

for any words a,b € (X). We call % the stuffle product and see that (€, %) is a
commutative [ -algebra.

We now define a coproduct A, : € =+ € ® € and a counit € : € = F, by
Ai(w) = Z U

and

0 otherwise,

() = {1 if w=0,

for any words w € (X).
We deduce from the work of Hoffman [27] that

Theorem D. The stuffle algebra (€, *,u, A, €) is a connected graded Hopf algebra
of finite type over Fy.

1.3.6. Stuffle map.

Finally, using our previous works [34, 41] we know that there is a connection
between MZV’s of Thakur and Carlitz’s multiple polylogarithms. Thus we are able
to construct a homomorphism of K-algebras called the stuffle map (see §9.3).

Theorem E. Recall that Z is the K-vector space spanned by MZV’s. Then there
exists a homomorphism of K-algebras

Z*Z€®]FqK—>Z:

called the stuffle map in positive characteristic.
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1.4. Organization of the paper.
We briefly explain the plan of the manuscript.

e In §2 we recall the definition and basic facts of different notions of algebras
(algebras, coalgebras, bialgebras and Hopf algebras) that will be used in
this paper.

e In §3 we present the stuffle algebra and the shuffle algebra of MZV’s in the
classical setting. We recall different zeta maps and Hopf algebra structures
associated to these algebras as well as important conjectures and theorems
concerning these objects.

e In §4 we introduce the notion of MZV’s in positive characteristic and define
the composition space that is an analogue of Hoffman’s algebra in this
context.

e In §5 and §6 we define the shuffle product L and the shuffle map (see The-
orem 5.5). Using partial fraction decompositions we prove that the com-
position space equipped with the shuffle map is a commutative F,-algebra
(see Theorem 6.9).

e In §7 we define the coproduct A and the counit on the shuffle algebra. We
prove that these give a Hopf algebra structure of the shuffle algebra (see
Theorem 7.11). In §8 we study the coproduct for words of depth one in
detail and deduce that the coproduct A coincide with that introduced by
Shi (see Theorem 8.9). Explicit formulas for the coproduct of such words
are given in many cases in §8.5 and the Appendix A.

e Finally, in §9 we introduce the stuffle product * and get the algebra and the
Hopf algebra structures of the stuffle product as well as the stuffle map in
our context (see Theorem 9.2). The key ingredient is a connection between
MZV’s and Carlitz multiple polylogarithms as explained in [41] and [34].

Acknowledgments. The fourth author (T. ND.) would like to thank Dinesh
Thakur for sharing a private letter of Deligne and for helpful discussions.

The first named author (B.-H. Im) was supported by the National Research
Foundation of Korea (NRF) grant no. 2020R1A2B5B01001835 funded by the Ko-
rea government (MSIT). Two of the authors (KN. L. and T. ND.) were partially
supported by the Excellence Research Chair “L-functions in positive characteristic
and applications” financed by the Normandy Region. T. ND. and LH. P. were par-
tially supported by the Vietnam Academy of Science and Technology (VAST) under
grant no. CTTH00.02/23-24 “Arithmetic and Geometry of schemes over function
fields and applications”.

2. REVIEW OF HOPF ALGEBRAS

We briefly review the notion of Hopf algebras and follow closely the presentation
of [9, §3.2]. Throughout this section, we let k denote a ground field. Unless otherwise
specified, all tensor products will be assumed to be over k.

2.1. Hopf algebras.

For each k-vector space H, we denote by ¢+: H ® H — H ® H the transposition
map given by xt Q@ y — y Q@ x.
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Definition 2.1. An algebra over k is a triple (H,m,u) consisting of a k-vector
space H together with k-linear maps m: H ® H — H called the multiplication and
w: k — H called the unit such that the following diagrams are commutative:

(1) associativity

HoHoH ™Y geog

o |

HoH —" —+ H

(2) unitary
1d®u u®id
H®H +——

BN l’”/

where the diagonal arrows are canonical isomorphisms.

The algebra is said to be commutative if the following diagram is commutative:

HoH ——— H®H

R

Turning all arrows around, one obtains the definition of coalgebras over k.

Definition 2.2. A coalgebra over k is a triple (H, A, ¢) consisting of a k-vector
space H together with k-linear maps A: H — H ® H called the coproduct and
€: H — k called the counit such that the following diagrams are commutative:

(1) coassociativity

Heo Ho H &%2Y of

id®AT TA
HoH<+>—H
(2) counitary

1d®e e®1d

BN

where the diagonal arrows are canonlcal isomorphisms.
The coalgebra is said to be cocommutative if the following diagram is commutative:

HoH ————— H®H

N

Definition 2.3. A bialgebra over k is a tuple (H, m,u, A, €) consisting of an algebra
(H,m,u) over k and a coalgebra (H,A,¢) over k which are compatible, i.e., the
following diagrams are commutative:

(1) product and coproduct
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HoH m H A HeH

A®Al Tm@m

HoHoH®H id®c®id

(2) unit and coproduct

H-25 HoH
7
k—— kQk
(3) counit and product
H+"— HH
| e
k+—kQFk

(4) unit and counit

where the bottom arrows in the second diagram and the third diagram are
canonical isomorphisms.

Definition 2.4. A Hopf algebra over k is a bialgebra (H, m,u, A, €) over k together
with a k-linear map S: H — H called antipode such that the following diagram is
commutative:

HoH —5%9 HeH

HoH —99 HeH

We note that a bialgebra does not always admit an antipode (see [9, Exercise
3.83] for an example).

2.2. Graded Hopf algebras.

In this section we introduce the notion of connected graded bialgebras which will
be useful. We will see later that every connected graded bialgebra has an antipode,
and hence a Hopf algebra structure.

Definition 2.5.

(1) A bialgebra (H,m,u, A, €) over k is said to be graded if one can write H as a
direct sum of k-vectors subspaces
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such that for all integers r, s > 0, we have

m(H, @ Hy) C Hoyo and A(H,) € @ H;® Hj.
1+j=r
A graded bialgebra is said to be connected if Hy = k.
(2) A graded Hopf algebra is a Hopf algebra H whose the underlying bialgebra is
graded and the antipode S satisfies S(H,,) C H,.
(3) A graded Hopf algebra is said to be connected if Hy = k.
(4) A graded Hopf algebra is said to be of finite type if H, is a k-vector space of
finite dimension.

The following proposition shows that a connected graded bialgebra automatically
admits an antipode, thus it is always a Hopf algebra. It is given as an exercise in
[48, §11.2] (see also [9, Exercise 3.84]).

Proposition 2.6. Let (H,m,u, A, €) be a connected graded bialgebra over k.
(1) For each element x € Hy, with n > 1, we have

A(x):1®x+x®1+2x(1)®x(2),

where Y xqy @ x2) € @ H; @ Hj. Moreover, the counit e vanishes on H,
320
foralln > 1.
(2) We continue the notation as in (1) and define recursively a k-linear map

S: H— H given by

S( ) T Zfl’e }?07
xTr) =
—x — > m(S(z1)) ® x(2)) if v € Hy, withn > 1.

Then H is a graded Hopf algebra whose antipode is S.

Proof. See [19, Lemma 2.1]. O

3. CLASSICAL MULTIPLE ZETA VALUES

In this section we review classical multiple zeta values studied by Euler in the
late eighteenth century. In §3.1 we recall the theory of quasi-shuffle algebras intro-
duced by Hoffman in 2000 and give basic facts such as the associated Hopf algebra
structure. The stuffle algebra and the shuffle one defined in §3.3 and §3.5 are exam-
ples of this class. We explain their connection with MZV’s and the regularization
of Thara-Kaneko-Zagier in §3.2 and §3.4.

3.1. Quasi-shuffle algebras.

We review the notion of quasi-shuffle product introduced by Hoffman [27]. Let
Y = {z; }ien be a countable set. To each letter x; we associate a weight w(x;) € N
and we suppose that for any n € N the set X, of letters of weight n is finite. In this
context, we follow the notations in Section 1.3.1.

Let (X) denote the set of all words over ¥.. We denote by Q(X) (resp. QX) the
Q-vector space with (X) (resp. X) as a basis. The concatenation product extends
to Q(X) by linearity so that Q(X) is a graded algebra with respect to weight.
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We set ¥ = L U{0}. Let o : ¥ x ¥ — ¥ be a commutative and associative
product which preserves the grading. It means that this map satisfies the following
properties: for all a,b,c € ¥,

ao0=0.

aob="boa.

(aob)yoc=ao(boc).

Either aob =0 or w(a<ob) = w(a) + w(b).

We define a new product *, on Q(X) recursively by setting 1 xou =ux, 1 = u,

and
au *q bo = a(u *, bo) + b(au *, v) + (a © b) (u *, v)

for all letter a,b € ¥ and all words u,v € Q(X). This product is called the quasi-
shuffle product associated to ¢. Hoffman [27, Theorem 2.1] showed that the vector
space Q(X) equipped with the product #, is a commutative Q-algebra.

We now define a coproduct A : Q(X) — Q(X) ®Q(X) and a counit € : Q(X) — Q
by

Au) = Z a®b

ab=u

() = {1 ifu=1,

and

0 otherwise,

for all words u € (X). Hoffman [27, Theorem 3.1] showed that Q(X) equipped with
the *s-multiplication and A-comultiplication is a bialgebra. Since both *, and A
respect the grading, Proposition 2.6 implies

Theorem 3.1. The algebra Q(X) with the xo-multiplication and A-comultiplication
is a graded Hopf algebra. Further, it is connected and of finite type.

Moreover, the antipode S : Q(X) — Q(X) is given explicitly in [27, Theorem 3.2]:
for any word u = z;, ...x;, we have

k
S(u) = Z (—1) Lijq v xih *Oxij1+1 . xij1+j2 Kot '*Oxij1+m+jk,1+l . xij1+m+jk
(J15--20k)
where the sum runs through the set of all partitions (j1,. .., k) of n.

For recent developments on quasi-shuffle products, we refer the reader to [28, 30,
31, 32].

3.2. Multiple zeta values of Euler.

We now illustrate two examples of quasi-product that are related to the classical
MZVs. Recall that multiple zeta values of Euler (MZV’s for short) are real positive
numbers given by the following convergent series

1
C(nl,...,nr)z Z AR where n; > 1,n, > 2.
O<ky <<k, 17T
Here r is called the depth and w = ny; + -+ + n, is called the weight of the
presentation ((ny,...,n,). When r = 1, we recover the special zeta values ((n)

for n > 2 of the Riemann zeta function. It was studied by Euler in the eighteenth
century and have been studied intensively especially in the last three decades by
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mathematicians and physicists. We refer the reader to [9, 59] for more details. As
mentioned in these references, the main goal of this theory is to understand all
Q-linear relations among MZV’s. We note that precise conjectures formulated by
Zagier [59] and Hoffman [26] give the dimension and an explicit basis for the Q-
vector space Zj spanned by MZV’s of weight k for £ € N. The algebraic part of
these conjectures was completely settled by Brown [7], Deligne-Goncharov [18] and
Terosoma [49].

3.3. The Hoffman algebra, stuffle product and shuffle product.

In this section we take & = Q. Let X be the alphabet with two letters xg, 1
with weight 1, that means w(zg) = w(z1) = 1. We denote §h = Q(X) and call it
the Hoffman algebra. A word in the alphabet X is said to be positive if it is of the
form zu and is said to be admissible if it is of the form z;uzy. We denote by h!
(resp. h°) the subspace of h spanned by positive words (resp. admissible words).

For all i € N we put z; = xyx5 ' Then w(z;) = i. Let Z be the alphabet
with letters {z;}ien. Then b = Q(Z). We now equip the alphabet Z with the
commutative and associative product ¢ : Z X Z — Z given by

Z2i ¢ Zj = Zitj

for all i, j € N. The associated quasi-product on h! = Q(Z) will be denoted by * and
called the stuffle product. A word in h' is called admissible if it can be expressed
as zg, - .. 2s, with s, > 1. We note that h° is the subspace generated by admissible
words in h! and that (h°, ) is a subalgebra of (h!, x). Further, the harmonic product
on MZV’s gives rise to a homomorphism of Q-algebras

G =R

which sends an admissible word zg, ... 25, to the associated zeta value ((s1,...,s;),
that means

G (ux0) = G (u)C.(v)
for all words u, v € h°. This map is called the stuffle zeta map.

We now recall the shuffle algebra. We endow X with the trivial product o :
X x X — X given by

aob=0
for all a,b € X. The associated quasi-product on h = Q(X) will be denoted by LU

and called the shuffle product. We see that (h°, ) and (h', L) are subalgebras of
(h,w). The shuffle product on MZV’s defines a homomorphism of Q-algebras

G h > R

which sends an admissible word zg, ... z5, to the associated zeta value ((sq, ..., s;),
that means

Cu(uw o) = Cu(w)Cu(v)
for all words w,v € h°. This map is called the shuffle zeta map.

Using these zeta maps yield the so-called double shuffle relations in the conver-
gent case: for all words u,v € Y,

Celuxv) = (u(uw o).
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3.4. Regularized zeta maps.

Following Thara-Kaneko-Zagier [33], we note that the homomorphism of (h°, *)-
algebras o, : h[T] — b which sends T to z; is an isomorphism. Further, the
following homomorphisms of (b, LL)-algebras

ouw BT = b, T 2y,
ow BT, U] = b, T 1, U o,
are isomorphisms.

Now we define the stuffle regularized zeta map
(3.1) bl =R

as the composition

b' — p°[T] —» R[T] - R
where the first map is ¢!, the second map is induced by the stuffle zeta map and
the last one is the evaluation at 1" = 0. Similarly, we define the shuffle regularized
zeta map

(3.2) Cuw:bh—=R

as the composition

h—§°[T,U] - R[T,U] - R
where the first map is !, the second map is induced by the shuffle zeta map and
the last one is the evaluation at T'=U = 0.

We mention that Thara, Kaneko and Zagier [33] use the restriction of these maps
on h! to extend the previous double shuffle relations among MZV’s. Further, they
conjectured that these extended double shuffle relations exhaust all linear relations
among MZV’s (see Conjecture 1.2). As mentioned in the Introduction, other impor-
tant conjectures in this theory are those of Zagier and Hoffman which give precise
dimension and a basis for the Q-vector space spanned MZV’s of fixed weight (see
Conjectures 1.3 and 1.4).

Recall that the algebraic part of these conjectures was solved by Terasoma [49],
Deligne-Goncharov [18] and Brown [7] using the theory of mixed Tate motives
(see Theorems 1.5 and 1.6). The proofs of this theorem use by a crucial manner
different Hopf algebra structures of Hoffman’s algebra h as described above. We
mention that the transcendental part which concerns lower bounds for dimg 2
is completely open. We refer the reader to [9, 16, 59] for more details and more
exhaustive references.

3.5. Stuffle Hopf algebra and shuffle Hopf algebra.

By the work of Hoffman [27] the above algebras can be endowed with a richer
structure, i.e., that of Hopf algebras. In fact, as a direct consequence of Theorem 3.1,
we get two Hopf algebras for classical MZV’s.

3.5.1. The first graded Hopf algebra
H* - (hla *)

comes from the stuffle product. We note that it is related to the algebra of quasi-
symmetric functions over k (see [19, 28]). For some applications of Hopf algebra
structure, we refer the reader to [28] (see also [36]).
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3.5.2. The second graded Hopf algebra
Hy,, = (h7 LU)
is the shuffle algebra (see [44]). Explicitly,

b = Q(zo,z1).

The coproduct is given by the shuffle product L.

The unit is given by the empty word 1.

The coproduct A : h — h ® b is given by the deconcatenation

Au) = Z a®b

ab=u

for any words u € b.
The counit € : h — Q is given by

() = {1 ifu=1,

0 otherwise.

The antipode S : h — b is given by
S(l‘il ‘e J,‘in) = (—1)”@” c o Ty

This Hopf algebra and its motivic version introduced by Goncharov [21] lie in
the heart of the works of Brown [7], Deligne-Goncharov [18] and Terosoma [49] (see
also [9]).

4. MULTIPLE ZETA VALUES IN POSITIVE CHARACTERISTIC

In §4.1 we recall the notion of multiple zeta values of Thakur and present the
main goal and results of this theory. Then we define the composition space which
plays the role of Hoffman’s algebra in the function field setting (see §4.2).

4.1. Multiple zeta values in positive characteristic.

By analogy between number fields and function fields, Carlitz [10] introduced
zeta values in positive characteristic which are studied extensively in the last three
decades. More recently, Thakur [50] generalized the work of Carlitz and defined
analogues of multiple zeta values in positive characteristic. We recall some notations
in the Introduction. The ring A = F[f] is the polynomial ring in the variable 6 over
a finite field F, of ¢ elements of characteristic p > 0. We recall that A denotes the
set of monic polynomials in A and K = F,(0) is the fraction field of A equipped
with the rational point co. Then K, is the completion of K at oo and C, is the
completion of a fixed algebraic closure K of K at co. We denote by v, the discrete
valuation on K corresponding to the place oo normalized such that v (0) = —1,
and by |-|cc = ¢ V= the associated absolute value on K. The unique valuation
of C,, which extends v, will still be denoted by vx.

For any tuple of positive integers s = (s1,...,5s,) € N", Thakur [50] defined the
characteristic p multiple zeta value (MZV for short) 4(s) or Ca(s1,...,S) by

1
Cals) =) —— € Kuo
aji'...ap

where the sum runs through the set of tuples (ay,...,a,) € A’ with dega; > --- >
deg a,. We call r the depth of (4(s) and w(s) = s;+- - -+, the weight of (4 (s). We
note that Carlitz zeta values are exactly depth one MZV’s. Thakur [51] showed that
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all the MZV’s do not vanish. As in the classical setting, the main goal of the theory
is to understand all linear relations over K among MZV’s. In fact, analogues of
Zagier-Hoffman’s conjectures in positive characteristic were formulated by Thakur
in [54, §8] and by Todd in [56] that we recall below.

For w € N we denote by Z,, the K-vector space spanned by the MZV’s of weight
w. We denote by T, the set of (4(s) where s = (s1,...,8,) € N” of weight w with
1<s;<qforl1<i<r—1ands,<q.

Conjecture 4.1 (Zagier’s conjecture in positive characteristic). Letting

1 if w=0,
d(w) = ¢ 2wt fl<w<gqg-—1,
2v—l 1 ifw=yq,

we put d(w) = Y1, d(w — i) for w > q. Then for any w € N, we have

dimg Z,, = d(w).

Conjecture 4.2 (Hoffman’s conjecture in positive characteristic). A K-basis for
Zy 1s given by T, consisting of Ca(s1,...,8,) of weight w with s; < q for1 <i <,
and s, < q.

These conjectures have been completely solved by the works of [41] and [34].

4.2. The composition space.

In this section, we recall the notion of the composition space € as mentioned in
the Introduction. Let ¥ = {z, }nen be a countable set equipped with the weight
w(zy) = n. The elements of ¥ will be called letters. A word over ¥ is a finite string
of letters. In particular, the empty word will be denoted by 1. Let (X) denote the
set of all words over . We endow (X) with the concatenation product defined by
the following formula:

Ty oo Ty, ~Tjy oo Tj = T4y -0 L, Tjy « oo Ty -

The composition space € is the free F,-vector space Fy(X) with basis (X). The
concatenation product extends to € by linearity.

5. SHUFFLE ALGEBRA AND SHUFFLE MAP IN POSITIVE CHARACTERISTIC

This section aims to introduce the notion of the shuffle product of MZV’s in
positive characteristic. Then we define different products related to the associated
shuffle algebra (see §5.2) and also the shuffle map (see Theorem 5.5).

5.1. Shuffle product for power sums.
For d € Z we introduce

1
Sd(ﬁ) :ZW eKoo
1 ---Qr

where the sum runs through the set of tuples (ai,...,a,) € AT, with d = dega; >
... > dega,. Further, we define

1
S<a(s) ::ZW € Koo
Sy
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where the sum is over (a1,...,a,) € A7, with d > dega; > ... > dega,. Thus
d—1
S<d<5) = Z SZ'(S), Sd(s) = Sd(81>5<d(57) = Sd(81>s<d(82, ey Sr).
i=0

Here by convention we define empty sums to be 0 and empty products to be 1. In
particular, S of the empty tuple is equal to 1.

We briefly recall some results of Thakur concerning the shuffle product for power
sums in [53] (see also [54, §5.2]). Thakur first proved (see [53, Theorems 1 and 2])
that for all a,b € N, there exist Afz,b € I, for 0 < i < a + b such that for all d € Z,

(5.1) Sa(a)Sa(b) = Sa(a+b)+ > Al,Sa(a+b—1i,i).

0<i<a+b

Shortly after, Chen [14] gave explicit formulas for the coefficients Ag’b and proved

a,b —

Al (D () + (-1 (D) if(g—1)|iand 0<i<a+b,
0 otherwise.

Here we recall that for integers a,b with b > 0,

(a) ala—1)...(a=b+1)

b)) ~ !
It should be remarked that (Z) =0ifb>a>0.

Proposition 5.1 (Chen). Let r, s be positive integers. For all d € Z, we have

Sa(r)Sa(s) = Salr + s) Z Al $5a(i,7)-
i,J€EN,
i+j=r+s
Proposition 5.2. Let r, s be positive integers. For all d € 7, we have
S<a(r)S<a(s) = S<a(r + ) + S<a(r;s) + S<a(s, )+ > A Scali, j)-

,j€N,
1+j=r+s

Proof. Using Proposition 5.1, we have

Sca(r)S<a(s ZSk )Sk(s +25k )S<k(s +Zsk )S<r(r

k<d k<d k<d
:Z<Sk(r+s)+ Z A k(i ] > —|—ZSk r,s —I—ZSk 5,T)
k<d i,j€EN, k<d k<d
1+j=r+s
=Sca(r+s)+ > Al Scaling) + Scalr,s) + S<a(s,r).
1,JEN,
i+j=r+s

This proves the proposition. [
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5.2. The shuffle algebra in positive characteristic.

Recall that the composition space is defined as in §1.3.1. We define the unit
u : F; — € by sending 1 to the empty word 1. Next we define recursively two
products on € as [F,-bilinear maps

0:Cx€—¢C and W:EXC—C
by setting loa=a¢l=a,1Wa=alWll=aand

aob= zop(a_wb )+ > A ai(z;w(as wb_)),
i+j=a+b
awb= z,(a_ Wb)+ap(awb_)+ach

for any words a, b € (X). We call ¢ the diamond product and Wi the shuffle product.

Proposition 5.3. The diamond product and the shuffle product are commutative.

Proof. Let a,b € (¥) be two arbitrary words. It is suffices to show that
(5.2) aob=Dboa and awb=>bwa.

We proceed the proof by induction on depth(a) + depth(b). If one of a or b is
empty word, then (5.2) holds trivially. We assume that (5.2) holds when depth(a)+
depth(b) < n with n € N and n > 2. We need to show that (5.2) holds when
depth(a) + depth(b) = n.

Indeed, we have

aob= zop(a_wb )+ Y A ai(z;w(as wb_)),

i+j=a+b
boa= mppa(bowa)+ > A zi(z;w(bowal)).
i+j=b+a
It follows from the induction hypothesis that a_1b_ = b_1ua_, hence aob = boa.

On the other hand, we have

awb= z,(a_Wb)+azp(awb_)+ach,

bwa= zp(b_wa)+z,(bwa_)+boa.
It follows from the induction hypothesis and the above arguments that a_ b =
bwa_,awb_ =b_waand aob =D0b¢oa, hence allib = b a. This proves the
proposition. O

We next define recursively a product on € as a Fg-bilinear map
p:EXC—C
by setting 1>a=ap>1=aand
arb= z,(a_Wwb)

for any words a, b € (X). We call > the triangle product. We stress that the triangle
product is neither commutative nor associative, as one verifies at once.

Lemma 5.4. For all words a,b € (¥), we have

(1) aob = (zo0owp)>(a_b_)
(2) awwb=arb+brat+ach.
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Proof. We have
aob= zp(a_wb )+ > AL 2i(z;w(awb_))

i+j=a+b

= ZToypD(a_Wb_)+ Z Aibxixj >(a_wb_)
i+j=a+b

et Y AT ra)e (oo whl)

i+j=a+b
= (zqoxp)>(a_LLb).

This proves part (1). Part (2) is straightforward from the commutativity of the
shuffie product. We finish the proof. ([l

5.3. The shuffle map in positive characteristic.
For all d € Z, we define two F,-linear maps

Sca: € > Ky and (4:¢€— K,

which map the empty word to the element 1 € K, and map any word zs, ... s,
to S<a(s1,...,sr) and Ca(s1,...,S,), respectively. The main result of this section
reads as follows:

Theorem 5.5. For all words a,b € € and for all d € 7 we have
S<d(a L b) = S<d(a) S<d(b),
Ca(aw b) = Ca(a) Ca(b).

Proof. See [47, Theorem 3.1.4]. O

We denote by Z,, (resp. Z) the K-vector space spanned by MZV’s of weight w
(resp. by MZV’s). Then the K-linear map

Zuw:Cor, K = 2,

which sends a word a € € to {4(a), is a homomorphism of K-algebras, and is called
the shuffle map in positive characteristic.

6. ALGEBRA STRUCTURE OF THE SHUFFLE ALGEBRA

The main goal of this section is to prove that the composition space € equipped
with the shuffle product W given by Thakur is an algebra (see Theorem 6.9). The
key point is to show the associativity of the shuffle product which consequently
solves [47, Conjecture 3.2.2]. In fact, the associativity property of (&, ) turned
out to be very hard to prove (see [41, Remark 2.2, Part 1]) as pointed out one of
the referees of [41]. Our method is of algebraic nature. It consists of unpacking the
nature of the coeflicients Afl,b appearing in the shuffle product of Thakur by using
partial fractional decompositions.

We mention that the associativity could follow from a transcendental approach.
As mentioned in [47, §3.2.1], it follows from a conjecture of Thakur about the
F,-linear independence of MZV’s (see [47, 3.2.3]).

6.1. Expansions for S; of depth one.
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6.1.1. Let r,s,t be positive integers. We first expand (S4(s)S4(t))Sq(r). We have
(Sa(r)Sa(s))Sa(t)

= | Sar+s)+ > A Sali,j) | Sa(t)
i+j=r+s

= Sa(r+s)Sa(t) + > A Sali,§)Sa(t)
1+j=r+s

= | Sar+s+t)+ > Al S, ])
i+j=r+s+t

+ Y Al Saitt )+ D ALSa(in)S<a(i)S<ali)
i+j=r+s i1+j1=i+t
The sum of the terms of depth 2 in the above expansion is the following:
(6.1)
oA S+ Y A S+t + DD ALY S, gy + )
i+j=r+s+t i+j=r+s i14j1=1i+t

The sum of the terms of depth 3 in the above expansion is the following:

Z Al Z Al (Sd(ilajlaj) + Salin, J, j1) + Z A ]1Sd(217123]2)> :

i+j=r+s i1+j1=1+t i2+j2=7+J1

6.1.2.  We next expand Sg(r)(Sq(s)Sa(t)).
Sa(r)(Sa(s)Sa(t))

= Sq(r) [ Sa(s+1)+ Z A +5a(i,7)
i+j=s+t

= Sa(m)Sa(s +t)+ > AL,Sa(r)Sali, )

i+j=s+t

= [ Sa(r+s+t)+ Z Ai,s-s-tsd(iyj)
i+j=r+s+t

+ Y AL Sali+ri)+ >, ALLSa(i)S<a(j1)S<a(h)
i+j=s+t i1+j1=i+r

The sum of the terms of depth 2 in the above expansion is the following:

(6.2)

Z A7 é-‘rtS Z A ( i+ .]) + Z Ag,lrgd(ilajl +J)) .

1+j=r+s+t 1+j=s+t i1+J1=t+r
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The sum of the terms of depth 3 in the above expansion is the following:
SooAlL > AR SaCin g g) + SaGingig) + Y. A Sali, i, j2)
i+j=s+t i1+j1=i+r t2+Jj2=j+j1

6.1.3. Partial fraction decompositions.

In this section, we will give some partial fraction decompositions which will be
used in the next section. To simplify the notations, for j,r € N, we set

V= (-1)7“(7{':1).

Lemma 6.1. Let 7, s be positive integers. The following equality of rational function

holds: . .
I = N
Xys T e (X HY)X T (X4 Y)iY
i+’jj:7"4’~s
Proof. See [9, Lemma 1.49]. O

Lemma 6.2. Let R be a ring, and let a,b be elements in R such that a #b. Then
for all positive integers r, s, we have the following partial fraction decomposition:

wrr s X aowoera ot
(X +a) (X +b)s et (a—b) (X +a)y (b—a)(X+0b)t]"
i+,j:rJ7rs
Proof. The result follows immediately from Lemma 6.1 by taking X = X + a and
Y =—(X+b). O
It should be remarked that Chen’s formula is based on the following identity.

Corollary 6.3. Let a,b be elements in A such that a # b. Then for all positive
integers r, s, we have

1 A Vi
il {(a—b)ﬂ'ai -]
5,j€N,
1+j=r+s

Proof. The result is straightforward from Lemma 6.2 when X =0and R=A. O

Let r, s, t be positive integers. Let R be a ring, and let u, v be elements in R such
that u # 0,v # 0 and u # v. Consider the following fractional function
B 1
CAT(A+u)s(A+ o)t
Set B=A+u and C = A + v. Using Lemma 6.2, we give the partial fraction
decomposition of P(A) in two ways. First, we expand P(A) from the left to the
right as follows:

11 \ Vi 1
(6:3) ArBs Ot m;ﬂ <(A —ByA (B A)jBi) ct

S Y aiaena
i+j=rtsii+ii=i+t (A - B)j (A — C)jl At

P(A)
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VZ Vfl 1
' i+j;+si1+j12:l‘+t (A—B)i (C — A)ir Cir
+ r RS
H‘j;-‘rs i1+j12:i+t (B - A)J (B — C)]1 Bit

Vi v
T2 )X BoAC_ B on
1+j=r+si1+j1=1+t

Next we expand P(A) from the right to the left as follows:

1 1 1 v! Vi
4 NS L s
(64) A Bl A i+;+t<(30)a31+(03)ﬂcz>

\% Vi1
=2 X (B—tC)j(A—B)ﬁE

i+j=s+ti1+jr1=1i+r

\Y Vi1
+ > > (B—C)i (B— Ay Ba

i+j=s+ti1+ji1=i+r

Vi v
IDIEED'D (C—B) (A—C)ir A

i+j=$+t il +j1=i+7"

v Vi1
T2 ) GoBC_Aph
1+j=s+t 11+J1=14+71

6.2. Associativity for S; of depth one.

6.2.1. Main results.
To simplify the notations, for j, k € N, we set

: 0 otherwise,
A€F;

1
(5ij: Z )\j,uk'

M EFS A £

The following formulas will be used frequently later:

65 AL, = (Vi + V),
(6.6) dj = 0;(—1)7,
(67) 5j6k = §j+k + (Sj’k.

Consider all the cases of tuples (a,b,c) € A;(d) x Ay (d) x Ay(d), we set
My = {(avba C) € A+(d) X A+(d) X A+(d) ra=b= C}?

My ={(a,b,c) € Ay(d) x Ap(d) x Ay (d) :a=b#c},
My ={(a,b,c) € Ay(d) x Ay (d) x Ap(d):a #b=c},
Mz ={(a,b,c) € Ay(d) x AL (d) x A;(d) : ¢ = a # b},
My ={(a,b,c) € Ay (d) x Ay (d) x Ay (d) :a #b,b+#c,c+# a}.
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The last set My can be decomposed by the following partition:
My = Ny U Ny UNs U N3 U Ny.
Here

e the set Ny consists of tuples (a,b,c) € My where b = a + A\f,c = a + pf
with A, 4 € F such that A # p and f € A such that d > deg f;

e the set N consists of tuples (a,b,c¢) € My where b = a4+ Af,c = a + pu
with A\, p € Fy and f,u € Ay such that d > deg f > degu;

e the set No consists of tuples (a,b,¢) € My where b = a + Au,¢c = a + pf
with A\, p € Fy and f,u € Ay such that d > deg f > degu;

e the set N3 consists of tuples (a,b,c) € My where b = a+Af,c = a+Af+puu
with A\, p € Fy and f,u € Ay such that d > deg f > degu;

e the set N, consists of tuples (a, b, ¢) € My where b = a+Af,c=a+pf+nu
with A, u,m € Fy such that A # p and f,u € Ay such that d > deg f >
deg u.

Proposition 6.4. Letr,s,t be positive integers. The expansions using Corollary 6.3

of
1 1 1 1
Z a’bs ’ E and Z J ’ bsct
yield the same expression in terms of power sums, where (a,b,c) ranges over all
tuples in the sets My, My, My, M3, No, N1, No, N3, Ny. Moreover,

(1) the expansion of 3. —A—-L (respectively, > L - =17 ), where (a,b,c) ranges over
all tuples in My, yields the term of depth 1 in the expression of (Sq(r)Sa(s))Sa(t)
(respectively, Sq(r)(Sa(s)Sa(t)));

(2) the expansion of les . ci, (respectively, > a—lr . ﬁ), where (a, b, c) ranges over
all tuples in My U Ms U M3 U Ny, yields the terms of depth 2 in the expression
of (Sa(r)Sa(s))Sa(t) (respectively, S(r)(Sa(s)Sa(t)));

(3) the expansion of 3 —A—- L (respectively, > L - =17 ), where (a,b,c) ranges over

all tuples in N1 U No U N3 U Ny, yields the terms of depth 3 in the expression
of (Sq(r)Sa(s))Sa(t) (respectively, Sq(r)(Sa(s)Sa(t))).

As a direct consequence, we obtain the following theorem.

Theorem 6.5. Let r,s,t be positive integers. For all d € N, the expansions using
Chen’s formula of (Sq(s)Sa(t))Sa(r) and Sa(s)(Sa(t)Sa(r)) yield the same expres-
ston in terms of power sums.

The rest of this section is devoted to a proof of Proposition 6.4.

6.2.2. Depth 1 terms: proof of Proposition 6.4, Part 1.
It is obvious that

1 1 1 1
Z arbs'g: Z E.bsct:’sd(r+s+t)’

(a,b,c)eMy (a,b,c)eMy

which yields the term of depth 1 in the expression of (S4(r)Sa(s))Sa(t) and Sq(r)(Sa(s)Sa(t)).
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6.2.3. Depth 2 terms: proof of Proposition 6.4, Part 2.
Consider the following cases:

Case 1: (a,b,c) ranges over all tuples in M.
For each A € F, consider the rational function

1

PA(A, F) = Ar+s(A+ AF)t
We will deduce the partial fraction decomposition of Py(A, F) by the following
process: we first give the partial fraction decomposition of Py (A4, F') in variable A
with coefficients are rational functions of the form Q(F) € F,(F'); then we continue
to give the partial fraction decomposition of Q(F) in variable F' whose coefficients
are elements in [F,.

Set C = A+ A\F. Using Lemma 6.2, we proceed the process in two ways. First,
we expand Py (A4, F) from the left to the right as follows:

1 1 Vg v£+s
(6.8) Arts Ot > ((A— C)i Al + (C = A)iCt

i+j=r+s+t
S ( Vi Vi )
i (=AF)IAT  (AF)iC?
vg 1 VZ:+S 1
= 2 OyaERt 2 N ooF
i+j=r+s+t i+j=r+s+t
Next we expand Py (A, F) from the right to the left as follows:
1 1 1 V! Vi
(6.9) A Asct T AT Z ((A—C)in+(C—A)jCi>
i+j=s+t
Sy Vi L
T (A—C)i Aitr
1+j=s+t

\/ v
T ) G AA_Cp A

itj=sttirtii=itr

\%Zi Vi 1
v ) oM A
1+j=s+t 11+J1=t+71

B Z \V4 1
T L (=AF)i Aitr
1+j=s+t

ViVl
LD DD DR v v s va
i+j=s+t i1 +jr1=i+r

vi w1
DD ONF) (\F)i O

1+j=s+ti1+j1=14r

B

_ Z Vi 1
T L= (=N AR
1+j=s+t
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Vi(-1)avi o1
T Z Z \i+i1 At Fi+i
i+j=s+t i1 +j1=1i+r

Vivi 1
+ > X S oE
N+ir Qi Fiti’
i+j=s+ti1+j1=i+r

For each (a,b,c) € My, there exist A € F) and f € A, with d > deg f such that
c¢=a+ Af. Replacing A = a, F = f, one deduces from (6.8) that

1 1
Z a’bs ’ E

(a,b,c)eM;y
1 1
R R YR i

a,fEAL AEFY
d=deg a>deg f

. 1 . 1
- Z 6, Ve Z aifj+ Z 3jVits Z cifi

i+j=r+s+t a,fEAL i+j=r+s+t c,feEAL

d=deg a>deg f d=deg c>deg f
= > &VISai)+ D 6VieSali))
i+j=r+s+t i+j=r+s+t
= Z Ag‘#»s,tsd(iuj)‘

i+j=r+s+t

Similarly, one deduces from (6.9) that

>
a”  bsct
(a,b,c)eM;

1 1
= 2 X ar @ (a+ Af)

a,fEAL AEFY
d=deg a>deg f

; 1
— \7J
- Y Y
i+j=s+t a,fEAL

d=deg a>deg f

I v/ N R RV R v 25! Z
+ Z Z 5J+J1Vs( 1) Vi air fiti
i+j=s+ti1+j1=i+r a,fEAL
d=deg a>deg f

- 1
S IN\/I1
+ E : E : 5J+J1vsv7' E cilfj+j1
i+j=s+ti1+ji=i+r c,feEAL
d=deg c>deg f

= > 5 VISa(i+r,5)

i+j=s+t

+ 3N G V() Sa(in, G+ )
i+j=s+t i1 +j1=i+7

+ 3 > 6 VIV Salin, g+ ).
1+j=s+t i1 +j1=14+r
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Since the partial fraction decomposition of Py(A, F) obtained from the process is
unique, it follows that the above expansions of

1 1 1 1
2 oapd ™ Y o pa

(a,b,c)e M, (a,b,c)eM;

yield the same expression in terms of power sums.

Case 2: (a,b,c) ranges over all tuples in M.
For each A € F, consider the rational function

1

BAE) = e

Set B = A 4+ AF. From the same process as in the the case of M;, we expand
Py(A,F) in two ways. First, we expand Py\(A, F) from the left to the right as
follows:

1 1 \% Vi 1
1 - L
(6 0) AT Bs Bt H_]‘z:;_i_g ((A B)]Az (B _ A)g BZ) Bt

Vi vl
Z Z (A — B)j (A _tB)jl At

i+j=r+si1+j1=14+t

Vi v
N Z (A= B)i (B— Ay B
i+j=r+s 11+J1:z+t

1
+ Z B’Lth

i+j= r+s

\%] vt
Z Z (=A\F)J (_)\})jl At

i+j=r+si1+j1=1+t

ViVl
D DY (AF)j(AF)jlﬁ
it+j= T+sn+]1 i+t

+ Z ] B7,+t

i+j= r+q

3 3 vivi 1
(_)\)j+j1 A Fiti

i+Jj=r+si1+j1=1+t

Vi-)rvy 1
* Z Z (=A)itin B Fiti
i+j=r+s i1+71:i+t

+ Z )\J BZthFJ
i+j=r+s

Next we expand Py (A, F') from the right to the left as follows:

11 Vi Vi
(6.11) Ar Bt Z ((A_B)in+(B_A)jBi
1+j=r+s+t
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\» Vi
2 ((—)\FJSJ‘AZ' * ()\F)jBi>

i+j=r+s+t

Vi 1 Vi1
o Z (A AFT Z N BiFi’
1+j=r+s+t 1+j=r+s+t

27

For each (a,b,c) € My, there exist A € F) and f € A, with d > deg f such that

b=a+ Af. Replacing A = a,F = f, one deduces from (6.10) that

1 1
Z a’bs ’

Ct
(a,b,c)EM>

1 1
- X X 3 ;
wich, aere T@TADT (a+AS)
d=deg a>deg f

- 1
— E § PR VAV E - -
6]+]1vsvt ailfj‘i‘jl
i+j=r+sii+ji=it+t a,fEAL
d=deg a>deg f

D DD DR ITA ZICE VA A b“f%

i+j=r+sii+ji=i+t bfeEAL
d=deg b>deg f
. 1
.\/J S
Y Y
i+j=r+s b,feAy

d=deg b>deg f
= 3 > 5, VIV S g+ )
i+j=r+siit+ji=i+t
+ 3N G VA1)V Salin, G+ )
i+j=r+siitji=i+t
+ > 5ViSa(i+t,5).
i+j=r+s

Similarly, one deduces from (6.11) that

1 1
Z J ’ bsct
(a,b,c)€M>

1 1
R R D i

a,fe€A+  AegFY
d=deg a>deg f

) 1 )
= > Vi >, a7t ooV >

i+j=r+s+t a,feEAL i+j=r+s+t b,feAq

d=deg a>deg f d=deg b>deg f

= > 5VILSa)+ > VS, )

1+j=r+s+t 1+j=r+s+t

= > ASa( )

1+j=r+s+t

1
bifi
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Since the partial fraction decomposition of Py(A, F) obtained from the process is
unique, it follows that the above expansions of

1 1 1 1
2 oapd ™ Y o pa

(a,b,c)eM, (a,b,c)eM;

yield the same expression in terms of power sums.

Case 3: (a,b,c) ranges over all tuples in Ms.
For each A € F, consider the rational function
P\(A,F) = v
M A (A AF)s AL

Set B = A 4+ AF. From the same process as in the the case of M;, we expand
Py(A,F) in two ways. First, we expand Py\(A, F) from the left to the right as
follows:

1 1 Vi \% 1
12 C— = 5 T ) —
(6.12) ABs Al iﬂ;ﬁ ((A “ByA T (B= A)JBZ) At

S v 1
T Zs (A—DB)i Aitt
i+J=r+s

\Y vt
D DY (B_ A)i (B_ Ay Bit

i+j=r+si1+j1=i+t

Vi vl
T2 X B A By A
i+j=r+siit+j=i+t

_ oy Vi1
e (—AF)i Ai+t
1+j=r+s

Vi v
T2 X GO B
i+j=r+sii+j1=1+t

ViVl
LD DD DI v Ty vy
t+j=r+siit+ji=i+t

- ¥ Zowm
T L (AR
1+j=r+s

vivie o1
+ Z Z N+it B it
i+j=r+si1+j1=i+t

Vil 1
+ Z Z M\t At Fitin’

i+j=r+sii+j1=i+t

—~

Next we expand Py (A, F') from the right to the left as follows:

11 1 Vi Vi
(6.13) AT'BsAt—mH;H((B_A)jBi"'—(A_B)in>
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\%A v
Z Z (B—tA)j (A— B)ir Ain

i+j=s+t i1+ji1=i+r

\Y Vi1
DY (B— A) (B— Ay Bt

t+j=s+ti1+j1 :i+r

1
+ Z Az+'r
i+j= 9+f
ViVl

2 X

1+j=s+ti1+j1=14+r
vV
P Z (\FY (ZF) B
l+]:S+t11+]1:’L+7‘
1

+ Z J Az+r

i+j= s+t

N GR VA
Z Z \i+i1 A Fiti

1+j=s+ti1+j1=14+r

Y Y vivis o1
M TIi1 Bir i+
i+j28+ti1+j1:i+r
1

+ Z j Aerr Fj
i+j= s*—&-t

For each (a,b,c) € Ms, there exist A € Fy and f € A, with d > deg f such that
b=a+ Af. Replacing A = a, F = f, one deduces from (6.12) that

1 1
Z arbs ’ g

(a,b,c)eM;3

1
- Z Zara—l—)\f at

a,feAL AEFY
d=deg a>deg f

. 1
\/J -
Z 0;V? Z aittfi
i+j=r+s a,feAy
d=deg a>deg f

o 1
A JIN7J1
+ § : § : 6J+J1vrvt E bilfj+j1
itj=r4s i1+ =i+t bfEA,
d=deg b>deg f

1
LD DD DR TR GG VA LD @it fitin

i+j=r+si1+j1=i+t a,feEAL
d=deg a>deg f

> 6;ViSali+t,4)
i+j=r+s
+ > D 8 VIV Sa(in i + )

it j=rts i1 tji=itt
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+ 3N 8 VD)V Sa(in, G+ i)
i+j=r+si1+j1=1i+t

Similarly, one deduces from (6.13) that
v oL
a" bsct
DD D — —
a” (a4 Af)sat

a,fEAL AEF
d=deg a>deg f

, o 1
L J(_1)I1\yI1
§ : § : 6J+jlvt( 1) Vz E : ailfj"‘jl
i+j=s+t i1 +j1=i+r a,fEAL
d=deg a>deg f

+ Z Z 8;45, VIV Z b“f%

i+j=s+t i1 +j1=14+7 b,feEAL
d=deg b>deg f

- 1
\/J S
SID DRI D=
i+j=s+t a,feA}
d=deg a>deg f

SN 5 Vi)V Su(in g + 1)
1+j=s+ti1+j1=14r

+ 3N 5 VIV Sa(in, g+ )
i+j=s+tirt+ji=itr

+ > §;VISa(i+ 1, 4).
i+j=s+t

Since the partial fraction decomposition of P\(A, F') obtained from the process
is unique, it follows that the above expansions of

1 1 1 1
Z a’bs ’ g and Z J ’ bsct

(a,b,c)eMs (a,b,c)eMs

yield the same expression in terms of power sums.

Case 4: (a,b, c) ranges over all tuples in Ny.
For each A, € F¢ such that A # p, consider the rational function

1
P, (A F)= .
(A F) AT(A+ \F)5(A + pF)t

Set B= A+ AF and C = A+ pF. From the same process as in the the case of
M, we expand Py (A, F') in two ways. First, we expand P ,(A, F) from the left
to the right. From (6.3), we have;

11 \%! vl

14 S = e

(6.14) ArBs  Ct Z , Z (CAF)7 (—pF)ir An
1+j=r+si1+j1=1+t

ViV
T2 X rpgEn e
i+j=r+si1+j1=14+t
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Vi \%& 1
YA 2 DI wA B

i+j=r+sii+ji1=i+t

\%A v 1
MR SR DR v T ey

t+j=r+siit+ji=i+t

B Z Z vivi 1
- (=A\)I (—p)ir Al Fiti

1+j=r+si1+j1=1i+t

Vi(-1)h vt
+ Z Z (-A)j(_u)jl C' i+

i+j=r+sii+ji1=i+t

vivi 1
T Z Z M (X — p)ir B Fita

i+j=r+siit+j=i+t

viphvy 1
+ Z _ Z M — )y CaFith
i+j=r+st11+j1=1+t

Next we expand Py (A, F) from the right to the left. From (6.4), we have;

11 \% v
(6.15) T B0 X 2 O F (AF A
i+j=s+t i1 +j1=i+r

Y Vit 1
t o 2 T W BB B

i+j=s+t i1 +j1=1+7r

\%/ v
t ol TN Carp A

i+j=s+t11+j1=i+r

\W AvZ2! 1
+ S _ r 4 =
i+j§:;+ti1+j§1;i+r [(,u - A)F]J (MF)jl C'i1
Sy oy e
- itj=sttintiji=itr (X — p)i N A Fiti
%S 1
" '+jz+t ; +]-Z-+ (A — p)iNt B Fiti
rHy=sttutn=t+r
Vg(—l)jlvjfl 1
+ Vi 1
i+j§+ti1+j12:i+r (=AY pir A Fitin

Vivi 1
- Z Z (/u, — )\)jﬂjl Cir Fi+i’
it+j=s+ti1+jr1=1i+r

For each (a,b,c) € Ny, we have b =a + \f,c = a+ pf with A\, u € Fy such that
A# pand f € Ay such that d > deg f. Replacing A = a, F' = f, one deduces from
(6.14) that

1 1
Z a’™bs ) E

(a,b,c)ENy
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1 1
- x D RSV A oL

a,f€EAL X\ pueFXiA
d=deg a>deg f nelg A7

. 1
_ R vAA il
B Z Z 95,11 Vs Vi Z a® fiti
i+j=r+si1+j1=i+t a,fEAL
d=deg a>deg f

+ Z Z 5jvjlvjsl(_]‘)j1vgl Z ch flj"rjl

i+j=r+sii+ji1=i+t c,fEAL
d=deg c>deg f

y 1
F XX WM Y g

i+j=r+sii+ji=i+t b,feAL
d=deg b>deg f

. N 1
N7 (1)L Z
+ Z Z 5]7.’/1v7'( 1) Vz CilfjJrjl
i+j=r+sii+ji1=i+t c,feEAL
d=deg c>deg f

= Z Z 5jaj1vz'vilsd(i17j +.]1)
i+j=r+sii+j1=1i+t

+ DY S VAV Sulin G+ )
1+j=r+si1+j1=i+t

+ Z Z 5j7j1vivglsd(i17j +j1)
1+j=r+si1+j1=i+t

YD S VIV Salin + ).
1+j=r+si1+ji1=i+t

Similarly, one deduces from (6.15) that

1 1
Z ar bect

(a,b,c)ENy
- ¥ 5 1
N av (a+Af)*(a+ pf)
feA o
d:cllleg a>§egf AneFg AFp
, o 1
— A v G RV v 2 -
SID S SEDIL RIS o
i+j=s+ti1+ji=i+r a,feAL
d=deg a>deg f
o 1
A vZA VA -
FYY s Y
i+j=s+ti1+j1=i+r b,feAL

d=deg b>deg f

D Y GaVECDYR Y ailfljﬂ'l

i+j=s+ti1+j1=i+r a,fEAL
d=deg a>deg f

.. I\/J1
+ E : E : 5]»]1vsvr E Cilfj+j1
i+j=s+t i1 +j1=i+r c,fEAL
d=deg c>deg f

= Z Z 855, V(=1 VI Sa(iv, 5 + 1)

t+j=s+tirtji=i+r
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+ > 8 VIV Salin g+ )
i+j=s+ti1+j1=1+r
+ 3> 8 V=)V Sa(in G+ )
i+j=s+ti1+j1=1+r
+ Z Z 5j,j1ngiISd(ilvj +.]1)
itj=sttirtii=itr

Since the partial fraction decomposition of P (A, F') obtained from the process is
unique, it follows that the above expansions of

1 1 1 1
D apa m D> Soga
(a,b,c)€ENo (a,b,c)ENg

yield the same expression in terms of power sums.

Using Formulas (6.5), (6.6) and (6.7), one verifies easily that
¢

1 1 1 1 1 1 1 1
Z arbs ) E + Z arbs ) ; + Z arbs ’ E + Z arbs ’ E
(a,b,c)eM; (a,b,c)e M, (a,b,c)eMs3 (a,b,c)€Ng

= Y AL Sai+ D Ai,s<sd<z‘+t,j)+ > A{}tsd@hjﬁj))
i+j=r+s+t i+j=r+s i1+j1=1i+t

which is the sum of the terms of depth 2 in the expression of (Sq(r)Sqa(s))Sa(t).
Similarly, one verifies easily that

1 1 1 1 1 1 1 1
Z y ’ bsct + Z J ’ bsct + Z J ) bsct + Z ? ) bsct

(a,b,c)e M (a,b,c)eM> (a,b,c)eM3 (a,b,c)€No

= D ALLSD+ Y A?;,t(sduw,m > Az;sdul,jwj))

i+j=r+s+t i+j=s+t i1+J1=1t+r

which is the sum the terms of depth 2 in the expression of Sq(r)(S4(s)S4(1)).

6.2.4. Depth 3 terms: proof of Proposition 6.4, Part 3.
Consider the following cases:

Case 1: (a,b, c) ranges over all tuples in Nj.
For A\, u € F, consider the rational function

1

Pl B U) = o P (A b
We will deduce the partial fraction decomposition of Py ,(A, F,U) by the following
process: we first give the partial fraction decomposition of Py ,(A, F,U) in variable
A with coefficients are rational functions of the form Q(F,U) € Fy(F,U); then we
continue to give the partial fraction decomposition of Q(F,U) in variable F' with
coefficients are rational functions of the form R(U) € F,(U); finally, we give the
partial fraction decomposition of R(U) in variable U with coefficients are elements
in IFy.

Set B= A+ AF,C = A+ pU and G = F + /U where ¢/ = —£, so that

—&
B — C = MAG. Using Lemma 6.2, we proceed the process in two ways. First, we
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expand Py ,(A, F,U) from the left to the right. From (6.3), we have;
1 1

\%I v
TF O 2 2 A Cul) A
i+j=r+siit+ji=i+t

AV vt
S
i+ j=rdsii+jr=it+t (_)\F)] (MU)J C

Vi Vi1
+- Z , Z (AF)J (A\G)7+ B
i+j=r+si1+j1=1i+t

Vi vl
D DD ONF) (—AGY O

1+j=r+si1+ji1=i+t

(6.16)

Here,

vi Vi1 vV 1
(—=AF)i (—pU)ir Al o (=) (—p)ir A iy’
ViVl o1 ViV 1

(=AF)I (pU)i Civ (=N Cor FiUsh

vl 1 viv] 3 vy . 45 1
(AF)i (A\G)ir Bir T\t et (F —G)i2Fiz (G — F)2Gi2 | Bh

e (mw)
1 — U\ F TaaviYel i
N+ i (—p'U)I2 Fiz (WU)2G"= | B

_ iV} Vi 1
VA ‘ Z ) (_lu/)]é Bi1 Fi2 ]2
t2+J2=J+J1

vivi % 1
T M\ +i1 Z (u')d2 BirGi2UJ2’

i2+Jj2=j+j1

Vi Ve 1 [CDWVIVE s i, v 1
()\F)J (_,\G)jl Ccih (_/\)j+j1 (F — G)j’zFiz (G — F)j2Gi2 (it

i2+j2=j+j1

_CUVIE N A
B (_/\)j+j1 (_M/U)]é iz (M/U)]é Giz | O

io+j2=j+j1

CYwVE g VE

_ j+71 WAV i i j
(FATT e, (R CRERTS

GYAAE S .
(_)\)j"rjl ('U/)Jé CirtGizUJd2"

t2+j2=j+71
Next we expand P (A, F,U) from the right to the left. From (6.4), we have;
11 vi vl
17 S Vi o
(6.17) TOBC T 2 2 DOV AF A

i+j=s+ti1+j1=i+r
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viooviro1
LD DD DR sve TR eV T
1+j=s+t 11 +J1=t+r

ViVl
+.Z . Z (=AG)T (—pU)ir A
i+j=s+ti1+j1=i+r

Vi Vi1
MR IR DR oo 6 ey

i+j=s+ti1+j1=i+r

Here,
Vi V1 (Vv 3 ViV !
()\G)J (_)\F)jl An (_)\)j-i'jl et (G — F)j2Gi2 (F — G)j2F’L'2 At
CIAATES ( Vi oV )1
—\)Jti / 2 (G2 —U)iz2 iz i1
(SN e, \WU)RGE (pU)RFE A
IETAAAIES S
—\)Jti Niz A1 G2l 2
(=) ity WP ARGEU
(~1)Viv] 3 vy 1
—\)Jti — )iz At Frie[Ji2’
(=3) intiamgg (T ARERU
Vi Vi1l _Vivi o s ViV L
()\G)J ()\F)jl Bt )\ita et (G — F)]éGiz (F — G)szi2 B

_vive v vy L
PR Z (1/'U)2Giz + (—w'U)izFiz | Bix

i2+j2=j+J1

_ ViV 5 Vi 1

D VR T A ('u/)]é Bi1(Gi2[Ji2
t2+J2=j+J1

SAUACE o A

Ni+it L (_M/)'h Bi1 Fi2[]j2
t2+J2=Jj+J1
and
ViVl \AVE 1
(=AG)i (—pU)ir Aiv — (=X (—p)it AnGiUR’
vioovh o1 wvive 1

(CAG)T (U Cf — (— )i CuGiUan
For each (a,b,c) € Ni, we have b = a + Af,c = a + pu with A\,u € Fy and

fyu € AL such that d > deg f > degu. Set g = f + p'u where y’ = —&. Replacing
+ K K X
A=a,F = f,U = u, one deduces from (6.16) that

1 1
Z arbs  ct

(a,b,c)eNy

1 1
= > > & 3 ;
o faa, Nt a"(a+ ) (a+ pu)
d=deg a>deg f>degu
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. . 1
— § E NI 5. J1 E
6va(s]1vt ailfjujl
it+j=r+siit+ji=i+t a,fu€Aq
d=deg a>deg f>degu

. . 1
RvEPR v
+ N 6Vi6, V! 3 e
i+j=r+si1+j1=i+t c,fueAy
d=deg c>deg f>degu

L J\7I1 . J2 -
LD DR DRIPA (A D DI S D D Y T
i+j=r+sii+ji1=1i+t to+jo=j4+J1 b, frueAy
d=deg b>deg f>degu

. - 1
§ § PR VIAVZE § . \/J2 E
+ 6J+lervt 5]2 v_] bilgi2uj2
i+j=r+siitji=i+t i2+j2=j+7j1 b,g,u€Ay
d=deg b>deg g>degu

E E AR G AVA v A vA5 ! E .72 s
+ 5]-‘:-]1( 1) vrvz 6]2 Vgl E cit fiz wiz
it+j=r+sii+ji1=i+t i2+j2=Jj+J1 c,frueAy
d=deg c>deg f>degu

+ 0y DR TR N S DA A v S N P v > Cilgiujg

i+j=r+si1+j1=1i+t io+J2=7+71 c,g,u€A
d=deg c>deg g>degu

= >, > V6LV Sa(ind.0)
i+j=r+siit+ji=i+t
+ Z Z 5Jv16]1vzlsd(lla]7]1)
i+j=r+siitji=i+t

+ Z Z 8j45, VIV Z 85, V2 Sa(iv, iz, j2)

it+j=r+siit+ji=i+t i2+j2=j+7j1
j 7J1 ) L
+ § : E : 0441 VI Vi E 5jzvj Sal(i1, 12, j2)
i+j=r+siit+ji=i+t i2+j2=j+71
AviAvZE! jo L
+ § : E : j45: (=1) VI V; E 5jzvj15d(21,12,32)
i+j=r+siit+ji=i+t i2+j2=Jj+Jj1
+ 2 : 2 : 5J+]1(71)jv{“vzl E 5j2vj25d(7’137'27.72)
i+j=r+sii+ji=i+t ia+j2=j+J1

— Z Z (sjngiltSd(Zlvjajl)

t+j=r+siit+ji=i+t

+ 3 S VIV ST A Sy(inia, o)

i+j=r+sii+ji=i+t i2+je=j+j1
E E i 77 \7J1 §: j2 L
+ 5]+]1(_1)]vg“vz AleSd(Zl;'LQa]Z)'
i+j=r+sii+ji=i+t ia+j2=j+J1

Similarly, one deduces from (6.17) that

1 1
Z ar bsct

(a,b,c)ENy

1 1
= > > o s ;
o faa, Nt a” (a4 Af)*(a+ pu)
d=deg a>deg f>degu
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_ o (1\INTITI . J2
- E : E : 6J+]1( 1) VtV’L E : 6J2vj1 E ailgi2uj2
i+j=s+t 11 +j1=i+7r io+jo=7+71 a,g,u€A+
d=deg a>deg g>degu

A G AVA v2A v 2L .72 -
SD DD DI A oV  CHD DA ¢ > pr T
i+j=s+t i1 +j1=i+r ia+je=j+j1 a,fu€Ay
d=deg a>deg f>degu

o ) 1
L IN7J1 . J2 -
D DD DENTEACA (D DN S SD DI o7
i+j=s+ti1+j1=i+r i2+J2=j+j1 b,g,u€Ay
d=deg b>deg g>degu

o A 1
L JI7J1 . J2 -
D SR RIS S SR
it+j=s+tii+j1=i+r i2+j2=7+J1 b,fiueA
d=deg b>deg f>degu

o 1
AV/EVR VL
D SIED DR TR DR
i+j=s+t i1 +j1=i+r a,g,u€A 4
d=deg a>deg g>degu

. . 1
§;Vi5, Vi S S
Y > VLV i giuin
i+j=s+t i1 +j1=i+r c,g,u€A L
d=deg c>deg g>degu

= > D G (F1IVIVE YT 6, V9S4 da, j2)

i+j=s+ti1t+ji=it+r i2+j2=j+j1
AviAvZ] j L

Y > G CYIVIVE YT 8,V Salin, ia, o)
it+j=s+ti1+j1=i+r io+jo=7+71

. j S
Y DL S VIVE D 6,VESa(iia, )
it+j=s+tii+j1=i+r i2t+j2=j+7j1

Avii J s
Y DL S VIVE D 6,V Sa(iia, )
it+j=s+tii+j1=i+r i2+j2=j+7j1

+ Y > 6VI6;, VI Sa(in, g, )
itj=s+t iy +ji=i+r
+ Y > 6V96;, VI Sa(in, g, )
i+j=s+ti1+j1=1+r

= YD G (Vv YT AR Sy, o, o)

itj=s+tiitji=i+r t2+jo=j+j1
+ Z Z 815, Vi Vi Z A% Sa(in, iz, j2)
i+j=s+ttirt+ji=itr i2+j2=j+7j1

+ D> 6 VIAL Sa(in, 4, 1)
i+j=s+ti1+j1=1+r
Since the partial fraction decomposition of Py (A, F,U) obtained from the process
is unique, it follows that the above expansions of

1 1 1 1
Z arbs ¢t and Z ar bt

(a,b,c)ENy (a,b,c)EN;

yield the same expression in terms of power sums.

Case 2: (a,b, c) ranges over all tuples in No.
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For A\, u € F, consider the rational function

1
P4 FU) = AT (A+ NU)*(A+ pF)t

Set B=A+\U,C = A+ uF and G = F+ XU where ' = —g, so that C — B =
pG. From the same process as in the the case of Ny, we expand Py , (A4, F,U) in
two ways. First, we expand Py ,(A, F,U) from the left to the right. From (6.3), we
have;

11 \Y/ AL

1 R - U

(6.18) ATBs Ct Z , Z (=\U)J (—pF)ir A
1+j=r+si1+j1=1+t

ViV
DD (CAU)T (uF)i O

i+j=r+sii+j1=i+t

Vi vl
> D (\U)i (—pGYir Bit

i+j=r+si1+j1=i+t

ViVl
T2 X Goyaop o
1+j=r+s11+j1=1+t

-y ¥ vivi 1
B (f/\)j(flu)jl A i

i+j=r+st1+j1=i+t

\AVE 1
+ _ Z 4 Z (=\)ipi Ca Fnyi
i+j=r+si1+j1=1+t

vivi 1
+ Z _ Z N (—p)7t BiGaiU
1+j=r+s11+j1=1+t

vivie o1
+ Z Z )\j,Lle Cu@GirJi
itj=r+si1tji =i+t

Next we expand Py (A, F,U) from the right to the left. From (6.4), we have;

11 vi v
(6.19) Ar Bt Z ' Z (—pG)I (=AU A
i+j=s+tirt+ji=it+r

vioooviho1
X X T OB
i+j=s+t i1+j1=i+r

ViVl
t a2 GGy b A

i+j=s+tii+j1=1i+r

ViVl
MR IR DR ek yes

i+j=s+t i1+j1=t4+r

Q

Here
vi v vl 1
(—puG)I (=AU)Ir Aiv— (=p)i(=N)Jr AuGiUn’
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vVl AV 1

and

\vZJ

t2+j2=j+71

_COVIE Vi, v L
B (7’u)j+j1 ()\/U)j2 G2 (7)\/[])3'2 Fiz | At

t2+j2=j+71
(1) Vivy ) Vi 1
AT Nj2 Ai1(Yia]]j
(S T, W2 ARGRUP
(-1 vy vi o1
(—p)ita Z (=)= At 2 [Ji2”

i2+j2=j+J1

viovio1 viva A % 1
Y S S
(uG)I (uF)i C1 pdta (G — F)i2Gt= (F —G)i2Fi2 | C1r

i2+j2=j+J1

vivj Vi vy 1
it Z (NU)i2Grz + (=NU):2Fiz | Cin

t2+j2=j+J1

vivy Vi1
o pdta Z (N)iz Ca G2 J2

i2+j2=j+J1

Vivi Vi 1
pIti Z (=)= C1 Fi2(JI2 ’

i2+j2=j+J1

For each (a,b,c) € N, we have b = a + Au,c = a + pf with A\, u € Fy and
fyu € Ay such that d > deg f > degu. Set g = f + Mu where N = —%. Replacing
A=a,F = f,U = u, one deduces from (6.18) that

1 1
Z arbs iy

C
(a,b,c)EN2

1 1
=2 2 ' t
o N ar(a+ M) (a+ pf)
d=deg a>deg f>degu

. . 1
— E E AR VRV E
6va(sjzvt ailfjluj
i+j=r+siit+ji=i+t a,f,ucAy
d=deg a>deg f>degu

. . 1
NS5, U1
+ DAL 3 e
itj=r+sii+ji=i+t c,fLu€eAy
d=deg c>deg f>degu

. . 1
N7 5. J1
+ N 6,Vi6, Vi 3 g
i+j=r+si1+ji1 =i+t b,g,ucAy
d=deg b>deg g>degu

1

\v-LN IR (S BEAvAA v/ L A% Vi
(HG)I (—pF)ir Al (=)t (G—F)iG=  (F—G)2F2 | Ah
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) . 1
E E AvZE VR VA _
+ 5jv’f“6jlvi Z Cilgjluj
i+j=r+s i1 4j1 =i+t c,g,u€Ay
d=deg c>deg g>degu

- Z Z §;V18;, V1 Sq(in, 41, )
i+j=r+sii+ji1=i+t

+ Z Z 5JV%5]1V315(1(117]17])
it+j=r+si1t+ji=i+t

+ Z Z (%Viéle{lSd(ilajl,j)
it+j=r+si1t+j1=i+t

+ Z Z (Sjvg;(;jlvzlsd(ilajlaj)
it+j=r+siit+ji=i+t

= > Y ALALS(in 1. g).

i+j=r+siitji=i+t

Similarly, one deduces from (6.19) that

1 1
Z ar bsct

(a,b,c)EN,

1 1
2 2 (a+ Mu)*(a+ puf)

a,fucAy A\ LEFRG
d=deg a>deg f>degu

. . 1
E E : 6J'V§5j1vgl E : i1 00,
a}lg]ujl
i+j=s+ti1+j1=i+r a,g,u€Ay
d=deg a>deg g>degu

) . 1
X7 5. J [
D D GV VI > b gl
it+j=s+tii+j1=i+r b,g,u€AL
d=deg b>deg g>degu

D DD DR TN GV EA /A AN SR YA v > ag#u]

i+j=s+ti1+j1=i+r i2+j2=j+J1 a,g,u€A;
d=deg a>deg g>degu

L . 1
(1Y RvE 4+
+ X D G (DI Y 6,V > it [
it+j=s+tii+j1=i+r i2+j2=7+J1 a,f,u€eAy
d=deg a>deg f>degu

+ > Yo G VIVE Y 6,V > Cilgiujg

i+j=s+tii+j1=i+r i2+j2=7+J1 c,g,u€A;
d=deg c>deg g>degu

. . 1
D DI ST A UR N ' o > o fauiz

i+j=s+t i1 +jr1=i+r i2+jo=j+J1 c,fiue Ay
d=deg c>deg f>degu
_ j i1 L
- Z E : 6; V105, Vi Sali, j, j1)
i+j=s+ti1+j1=i+r

+ Z Z 5JVi6]1V2‘1Sd(Zl7],]1)

i+j=s+ti1+j1=i+r
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O D S (CIVIVE Y 6, V28, da, o)

it+j=s+ti1+j1=i+r i2+J2=j+J1

O D S (CIVIVE Y 6, VP8, da, o)

i+j=s+ttirt+ji=itr i2+j2=j+J1
I v/A vi! o2 .
+ 2 : § : 5J+lesvr E : 5]2vjlsd(217
i+j=s+ttirt+ji=itr i2+j2=j+J1
R vZAvZ] R vir ;
+ 2 : 2 : 5J+lesvrl E : 5]2vj Sd(“?
i+j=s+ttirt+ji=itr i2+j2=j+J1

= Y Y 6 VIALSa(in, b, )

1+j=s+ti1+j1=14r

i2a .]2)

i2a .]2)

+ Z Z Sj (1) VIVE Z Afjl Sali, iz, j2)

i+j=s+tii+jr1=i+r i2+j2=J+J1

O Y G VIV Y AP Sa(in g, )

it+j=s+ttii+ji=i+r i2+Jj2=7+J1

41

Since the partial fraction decomposition of Py ,,(A, F,U) obtained from the process

is unique, it follows that the above expansions of

1 1 1 1
Z a’bs ’ E and Z E ’ bsct
(a,b,c)EN, (a,b,c)EN2
yield the same expression in terms of power sums.
Case 3: (a,b, c) ranges over all tuples in Nj.
For A, u € F, consider the rational function
1
P (A FU) = .
(4, B ) AT (A4 AF)*(A+ \F + pU)t

Set B= A+ AF,C = A+ AF 4+ pU and G = F 4 p'U where p/ = &, so that
C — B =puU and C — A = A\G. From the same process as in the the case of N7, we
expand Py ,(A, F,U) in two ways. First, we expand Py ,(A, F,U) from the left to

the right. From (6.3), we have;

1

11 vi o V]
2 — . — = st
(6.20) T Te Al DID DI vy s veirT
1+j=r+si1+ji1=1t+t

i+j=r+si1+ji1=i+t

Vg‘ vjl
ta L BEy B

i+j=r+sii+ji1=i+t

Vi vl
+ Z Z (AF)i (pU)i O "

i+j=r+si1+j1=1+t

Here,

A

ViVl
D DY (CAFY (AG)t O

1

J2
vj

vioovio1 o wivy 3 Vi
(=AF)i (=A\G)it Air — (=\)yitin £~ \ (F — Q)izFi
12+j2=j+J1

G- FpGn

)

1
ye
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W v v\
EOVE (WO (UG ) An

t2+j2=j+j1

vivi vi
o (—)\)j+j1 , +jz:j+j (_M’)jz At Fi2[Ji2
2 2= 1
Vivi %4 1
(—)\)j+j1 Z (M/)Jé A G2z’

+
i2+j2=Jj+J1

Vi V1 (-)wvd 5 ( v vy )1

(CAF) (AG)yi G (F—G)F= | (G=F)G= ) On

_CDVIVE A R
\i+i1 (_#'U)sziz (#’U)jz G2 | C

t2+j2=j+j1

io+j2=7+J1

_ v Vi 1

- N+ i (_Ml)j2 Ci1 fi2[JJ2
i2+j2=j+J1

(—1)VIvy] 3 vy 1
M\t L (,u/)jz CiiGizUJi2’
i2t+je=j+7j1
and
ViVl vivi 1

(AF)i (—uU)7* B - (\)i (—p)ir BhFiUh’
vi o vlo1 wivl 1
(AF)I (uU)ir Ci— Nph CoFigh’

Next we expand Py (A, F,U) from the right to the left. From (6.4), we have

11 v, vl
(6.21) TG T 2 2 Sy (O A
1+j=s+t i1 +j1=14+7

Vj le 1

+ Z Z b ] L
itj=s+tii+ji=itr (—pU)I (AF)1 B
ViVl o1

RIS (uU)7 (—AG)ir Air

i+j=s+t 11 +j1=14+7r

vioowviro1
DD uUY (\G) O

t+j=s+tirt+ji=i+r

-y % vivi 1
itj=s+ti1+j1=i+r (—p)i(=A)Jr AL FinJi

\ZAVA 1
+ > > (Cp)iNt BuFnUi
i+j=s+t 11 +j1=14+7r

\UAE 1
+ Z . Z W (A AL GRTI
1t+j=s+t11+J1=t+r

—
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VIV 1
DS N CHGhUI
i+j=s+t 11 +j1=14+7r

For each (a,b,c) € N3, we have b = a + A\f,c = a + A\f + pu with A\, u € F and
J,u € Ay such that d > deg f > degu. Set g = f + p'u where ' = §. Replacing
A=a,F = f,U = u, one deduces from (6.20) that

1 1
Z arbs  ct

(a,b,c)€N3

1 1
= Z Z - —. g
a,flucA, s a”(a+Af)* (a+ \f+ puw)

d=deg a>deg f>degu

o , 1
— PN J J1 . J2
= 2 2 GmVIVE )L Vi > o
i+j=r+sii+j1=i+t to+jo=j4+J1 a,fu€eAy
d=deg a>deg f>degu

. . 1
D DD ST A SR N T o > aighui

i+j=r+si1+ji1=i+t io2+j2=j+j1 a,g,u€A
d=deg a>deg g>degu

E E AR YA vAA vl § : 72 § : o
+ 5]+]1( ]-) vsvz §J2vj1 Cilfléuj?
it+j=r+sii+ji=i+t i2+j2=7+J1 c,fiueAy
d=deg c>deg f>degu

D DD DRI TR CS DA A v AR N P > czlg%uh

i+j=r+sii+ji=i+t i2+ja=7+J1 c,g,u€A4
d=deg c>deg g>degu

. ) 1
N7 4 - J1
+ S N 5Vi8, VI 3 b
i+j=r+siit+ji=it+t b,fu€ A
d=deg b>deg f>degu

§;Vi6, Vi 3 -
+ Z Z JVT lel i fiyh
i+j=r+sii+ji=i+t ¢, fru€Aq
d=deg c>deg f>degu

= > S 6 aVIVE Y 6,V Sa(i, iz, 5a)

i+j=r+sii+ji1=i+t i2+je=j+j1
i j L
+ E: E: 0j45, ViVy' E 5j2vj25d(11,l2d2)
i+j=r+sii+ji=i+t i2+Jje=j+j1
AviAvZE! J2 s
+ E: E: 8451 (=1) VIV; E 5j2vj15d(21,12d2)
i+j=r+sii+ji=i+t i2+Jje=j+j1
+ E: E: G4, (—1) VIV E 5j2vj25d(21,127]2)
i+j=r+sii+ji=i+t i2+Jje=j+j1

+ Z Z 5]v-77”5]1vg15d(217‘7a;71)
i+j=r+sii+ji=i+t
2 > VIV Sulin i)
it+j=r+sii+j1=i+t

- Z Z 84, VAV Z AP Sq(iv, iz, ja)

i+j=r+sii+ji1=i+t i2+j2=j+j1
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D0 D0 G (C)IVAVE 3T A Salins iz, )
i+j=r+si1+ji=i+t i2+Jj2=j+j1
+ Z Z 86, VIAL, Sa(i, . j1)-
i+j=r+si1+j1=1i+t
Similarly, one deduces from (6.21) that
1 1
Z ? ’ bsct

(a,b,c)EN3

1 1
- > > - t
a,frueAy aerr ” (a+ Af)s(a—+ \f + pu)

d=deg a>deg f>degu

, . 1
_ ois o
- Y Y 5,V ) P
i+j=s+ti1+ji1=i+r a,fu€eAy
d=deg a>deg f>degu

, ) 1
775, I
D SR S A R p———
i+j=s+ti1+ji1=i+r b,fueA
d=deg b>deg f>degu

. . 1
AV VR v
LYY sy Y
i+j=s+t i1 +j1=i+r a,g,u€A
d=deg a>deg g>deg u

, . 1
AVAFVIRAVA
FYY sy
i+j=s+ti1+j1=i+r c,g,u€EA L
d=deg c>deg g>degu

— Z Z 5jvg(5j1vglsd(ilajlaj)
it+j=s+ti1+j1=i+r
—+ Z Z §jV{§j1V{;1Sd(i1,j1,j)
i+j=s+tiitji=i+r
+ Z Z @Vgéjlvglsd(il,jhj)
i+j=s+tii+ji=i+r
—+ Z Z SjV@hV{lSd(il,jhj)
i+j=s+tii+ji=i+r
= Y Y ALARSi ).
i+j=s+t i1+j1=itr

Since the partial fraction decomposition of Py (A, F,U) obtained from the process
is unique, it follows that the above expansions of

1 1 1 1
2 g d ™ > apa

(a,b,c)EN3 (a,b,c)EN3

yield the same expression in terms of power sums.

Case 4: (a,b,c) ranges over all tuples in Ny.
For A, u,m € Fy such that A # u, consider the rational function

1
Pron & B U) = o S p (A g 0




HOPF ALGEBRAS AND MZV’S 45

Set B = A+ AF,C = A+uF+nU,G = F+n'U wherey’ = L and H = F+7"'U
where "’ = ﬁ, so that C— A = uG and C'— B = (u—A)H. It should be remarked
that ' # n’’ since A # 0, From the same process as in the the case of N7, we expand
Py un(A,F,U) in two ways. First, we expand Py, (A4, F,U) from the left to the
right. From (6.3), we have

11 \%/ AL

.22 _— = E E 5 LA

(6.22) ArBs Ct 4 L = (=AF)T (—pG) A
1+j=r+si1+ji1=1t+t

ViVl
> (CAF)T (uG)i O

i+j=r+si1+ji1=i+t

Vi v 1
* Z . Z (AF)i [(A — p)H)* Bir
i+j=r+sii+j1=i+t

Vi v 1
Yo TRy G NEp O

i+j=r+si1+j1=1i+t

Here

vi v
(=AF) (—puG)r An

A ) ( vy N Vi ) 1
(_)‘)](_N)Jl T (F — G)]zFlz (G _ F)]szz Air

__ vy 3 ( Vi,V ) 1

T (=N (— )t —p! jo i ! ia(Yiz | Ai1
(NI (=i =\ (o D)Fe T (nU)=GE | A

S SIS o W

T\ (— )it —N\js Aix TialTia
(=N (=p) i2+j2:j+j1( n' )iz A P27

LW s VP
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Vi Ve 1
() [ = wH" BR

_ Wiy vy vy 1
B A (AN — )i Z (F — H)i2 Fiz + (H — F)izH#2 ) Bia

i2+j2=j+7j1
AVZE J2 J2
m. Z . <(—n”z])lj2F"2 +(77”UV)JJ'ZG”2>31“
t2+j2=7+Jj1
A% 3 vy 1
TO= 5, TP BT
iJ J2
t2+j2=j+7j1

vi w1
(AF)7 [(u — N Hr Cn

ICVAA AN i v !
- (=) (p — M) (F — H)i2Ft2 (H— F)i2Hi= | Cn

i2+j2=j+j1
ICVAL AN ( i,V ) !
ERNY TN o TTj2 Rz 1TT\j2 (Y2 | (i1
-7, 2\ 0)aFs * T)ees ) ©
S VA S A

- (_/\)j (,U — )\)jl (_n//)jQ Ci1 Friz[JJ2

GVAZA S
(_)\)j (u — /\)jl (n//)jz CirtGizJiz’

Next we expand Py, (A, F,U) from the right to the left. From (6.4), we have;

i2+j2=j+Jj1

+
i2+Jj2=j+j1

11 \ AL

2 —_— = p Lt -

(6 3) AT BsCt ' Z , Z [()\,M)H}J (7)\F)J1 An
t+j=s+tii+ji1=i+r

V! Vit 1
XX AT DR B
1+j=s+t 11+J1=1+7r

Vi AZE|
D DD T e o
T = MHY (mpG) A

Vi vito1
+ Z Z \ j 3 i (Vi1
L A = VP (WG ©

Here
Vi Vi L
O = W] (—AF) A
__CUVivE Vi, VP L
o (= A (=) (H — F)i2H?» (F — H)72Fi2 | An

i2+j2=j+j1
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("= i HY (\F) B
SERACH o Vii .V L
()\ — M)j)‘jl T (H — F)sz’iz (F — H)sziz B
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R AY v vy 1
T (A= p)ia ﬂz:jﬂ_ (n/'U)32 Hz ™ (—n"U)72Fiz ) Bix
2 2=, 1
A% 5 VR
(N — M)J)\Jl T (,,7//)]2 Bt Hiz[Ji2
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()\ — p)iA o (_n//)jz Bit Fi2[Ji2’
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__CUVIVE Vi, VP L
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G/ Ve vy 1
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VIV S
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(A= p) (=p)7 (' — ") AhGU72’
\% Vi1
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s Y e
_ i ! 1\j 7 i jo
(= AP Ty, (1 =) G

For each (a,b,c) € Ny, we have b = a + \f,c = a+ pf +nu with A\, u,n € F such
that A # u and f,u € A, such that d > deg f > degu. Set g = f + n'u where
n = % and h = f + n"u where n’ = % Replacing A = a,F = f,U = u, one
deduces from (6.22) that
> L1
a’bs ¢t

(a,b,c)ENy

1 1
=) > ~ t
afuen,  apmery C@FA)T atpf +m)
d=dega>deg f>degu )4,

L . 1
— L. I\7I1 . J2
- Z Z 6J>lesvt Z 632vj1 Z ailfizujz
i+j=r+si1+j1=i+t i2+j2=j+j1 a,fu€Ay
d=deg a>deg f>degu

L . 1
D DD DT A S S A > ai g

it+j=r+sii+ji=i+t to+jo=j4+J1 a,g,u€A 4
d=deg a>deg g>degu

L . 1
R AVA vAA wa it i J2 § : -
+ E E : 6%]1( 1) stz E : 5J2 Vj1 ch fig wJ2
i+j=r+sii+ji1=i+t ta+j2=j+j1 c,fiu€eAy
d=deg c>deg f>degu

D S S A D SIS - I DI —

i+j=r+sii1t+ji1=i+t ia+j2=j+J1 ¢,g,u€A
d=deg c>deg g>deg u

L . 1
. I\7J1 X J2
+ Z Z 6J’le7“vt Z 632Vj1 Z bilfi2uj2
i+j=r+siit+j1=i+t ia+j2=j+j1 b,flu€eA4
d=deg b>deg f>degu

L ) . 1
R vZAviL! izyiz L
+ Z Z 5J»JIVTVt Z 5J2 le vj Z bit gizujz
i+j=r+sii+j1=1i+t io+jo=j+J1 b,g,uc AL
d=deg b>deg g>degu

L (—1)iwiwdt IRVeL L
SR ST FTRIT LD SRR SR S
i+j=r+siitji=i+t i2+Jje=j+j1 c,fueAy
d=deg c>deg f>degu

o , 1
D DR DRI TN CS DA A v SR N A v > g

i+j=r+si1+j1=1i+t i2+j2=7+Jj1 c,g,u€A;
d=deg c>deg g>deg u

= 3 Y 5,V Y 6,V Sali,in, o)

i+j=r+sii+ji1=i+t i2+j2=j+j1

+ : : z : 5]»J1vivgl § 5j2v§'25d(7;1)7:27j2)
i+j=r+sii+ji=i+t i2+Jje=j+j1

+ 6]»]1(_]‘)]v‘;vzl § 5j2vj?5d(7/17127]2)
i+j=r+sii+ji=i+t i2+j2=j+J1

+ Y Y (VIR Y 6,V Sa(in, da, j2)

i+j=r+sii+ji=i+t i2+j2=j+Jj1
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+ > D AR Y 6,V Su(in i, )

it+j=r+sii+ji1=i+t i2+j2=7+J1
i x7J1 J2x7J2 s
+ > 5.5 ViV > 05, V2V Sa(in, i2, jo)
i+j=r+sii+ji=i+t i2+j2=7+J1
AvZAvZ J2 s
+ § : § : 8j,: (=1) VIV E 5j2vj15d(7’17z23.]2)
i+j=r+sii+ji=i+t i2+Jj2=j+J1
AvZAvZiE! J2 ..
+ oy Y G (FWVIVE Y 65,V S8a(in, i, o)
it+j=r+sii+ji=i+t i2+Jj2=7+J1
— E R viA v/ J2 Ca
- Z 5]7]1vsvt E Aj,jlsd(llvlzajz)
it+j=r+si1+j1=i+t i2+j2=7+J1
AviAveE! j2 L
+ E : E , 8j.5: (=1) ViV E AleSd(ZlaZQv]Q)
it+j=r+sii+ji=i+t i2+j2=Jj+J1
i \7J1 j2 L.
+ E : E R CA § A% Sa(i, iz, jo)
it+j=r+siit+ji=i+t i2+j2=7+J1
AvZAvZE! j2 L.
+ E : E , 5j,j1(*1)Jvivi E A_j,jlsd(ZhZQa]Q)'
it+j=r+siit+ji=i+t i2+j2=7+J1

Similarly, one deduces from (6.23) that

1 1
Z ar bsct

(a,b,c)ENy

1 1
- > > ; :
wfuen,  apmene @ @At pf +)
d=deg a>deg f>degu AEu

— o (1\INTI It . J2
= E E 6J7J1( 1) Vt Vz § : (sﬂ’vjl Z a1 hizqyd2
i+j=s+t 11 +j1=14+7r io+ja=j+7J1 a,h,u€Ay
d=deg a>deg h>degu

.. IN7I It . J2 -
+ Z Z 5]731 (_1) vtvi Z 6]2Vj Z ailfiQuj2
i+j=s+t i1 +jr1=i+r i2+j2=7+J1 a,f,ucAq
d=deg a>deg f>degu

o . 1
R viA vl . \/J2 JE
+ E E 9j,5: Vi V7 E : 5J2Vj1 Z bi1 hizqydz2
itj=s+tii+ji=i+r iot+jia=j+j1 b,hu€Ay
d=deg b>deg h>degu

o ) 1
VLAV . \/J2 E
+ E E : 6J,]1vtvr § : 632Vj bit fizqd2
i+j=s+ti1+j1=i+r ta+j2=j+j1 b,flu€eA4
d=deg b>deg f>degu

o ; 1
R AVAvZAviE! . J2 -
+ > > GaCLIVIVE Y 6,V > @i hirui
idj=s+ti1+j1=i+r ig+j2=j+71 ah,u€Ay
d=deg a>deg h>degu

o (—1\INT7IT7IL . J2 -
D OIS DA Ce VA CED DA Y. g
it+j=s+tii+j1=i+r i2+j2=j+71 a,g,u€Ay
d=deg a>deg g>degu

o . 1
. I\/J1 . J2
+ Z Z 6]»31v5v7" Z 5]2 vjl Z i1 hizqd2
i+j=s+ti1+j1=i+r i2+j2=j+j1 c,h,u€Ay
d=deg c>deg h>degu
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. \JI\gI . /72 E
+ Z Z 95,51 ViV Z 6J2VJ ci gl2yd2
i+j=s+t i1 +j1=i+r i2+J2=7+71 c,g,u€A
d=deg c>deg g>degu

= Z Z 8j,, (1) VIV Z 5j2V§de(i1,i2,j2)

i+j=s+ti1+j1=i+r i2+j2=j+J1
AviAveE! jo L
+ E : E : 5j,j1(*1)]vtvi E 5jzvj Sal(i1, 2, j2)
it+j=s+ti1+jr1=i+r i2+j2=7+J1
E Jx7J J2 S
+ E : 0j,jr Vi Vit E 5j2vj15d(7'1722a]2)
1+j=s+t i1 +j1=14+71 io+j2=7+j1
+ Y > VIV D 6, V7 Sali, iz, j2)
i+j=s+tti1+ji=i+r i2+j2=Jj+J1
] iv7J1 J2 . . .
+ z : 2 : 6j»j1(71)Jv(J€vi E 6j2vjlsd(7113127‘72)
i+j=s+ttii+jr1=i+r i2+j2=j+7j1
E E AviAvZE! § : jo L
+ 6j»j1(71)Jv(J9vi 5j2vj Sd(213127‘72)
i+j=s+tirt+ji=itr io+jo=j+71
+ 5j»j1vévg“l E 5j2vjfsd(zlaz2>32)
i+j=s+ttii+jri=i+r i2+j2=j+Jj1
+ oy Y 6 AVIVE D 65, VIESa(i, iz, o)
i+j=s+ti1+j1=i+r i2+je=j+j1
— AviAvel! J2 c
- E : E : 9j.5: (=1) ViV E Aj,jlsd(’Ll»szjQ)
i+j=s+ti1+j1=i+r i2+je=j+j1
+ § : E : 5j»j1vgv¥*1 § : Afjlsd(ilvi%jé)
i+j=s+ti1+ji1=i+r ia+j2=j+J1
+ z : 2 : 5]»]1(_1)]v';vzl § Aj?jlsd(llv'LQ»]Q)
i+j=s+ti1+jr1=i+r ia+j2=j+J1
+ 6]»J1vév77"1 Aj?jlsd(llaZZMYQ)'
i+j=s+ti1+jr1=i+r i2+Jje=j+j1

Since the partial fraction decomposition of Py ., , (A, F, U) obtained from the process
is unique, it follows that the above expansions of

1 1 1 1
Z arbs ¢t and Z ar bt

(a,b,c)ENy (a,b,c)ENy

yield the same expression in terms of power sums.
Using Formulas (6.5), (6.6) and (6.7), one verifies easily that

1 1 1 1 1 1 1 1
Z a’bs ’ E + a’bs ’ E + Z a’bs ’ E + Z a’bs ’ E

(a,b,c)EN; (a,b,c)EN, (a,b,c)EN3 (a,b,c)ENy

= > AL D> Az}t<sd<z‘17jhj)+Sd(i1,j,j1)+ > A;i?jlsd(n,z'z,jz))

i+j=r+s i1+j1=i+t i2+j2=j+j1
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which is the sum of the terms of depth 3 in the expression of (Sg(r)Sq(s))Sa(t).
Similarly, one verifies easily that

1 1 1 1 1 1
Z ; ’ bsct + Z ; ) bsct + Z ; ) bsct
(a,b,c)EN; (a,b,c)EN, (a,b,c)EN3 (a,b,c)ENy
SooalL, > Al (Sd(ihjhj) + Salin, g i)+ Y, AL jlsd(ll,lm]z))
i+j=s+t i1+J1=i+r i2+je=j+ij1

which is the sum of the terms of depth 3 in the expression of Sg(r)(Sq(s)Sa(t)).
This completes the proof.

1
ar bsct

6.3. Expansions for S.; of depth one.
For two positive integers r,s and for all d € N, we first recall the following
formula:
(6.24) Sca(r)S<a(s) =Y Si(r)Si(s) + S<a(r, s) + S<als, 7).
i<d

Let r, s, t be positive integers. In this section, we give the expansions of (S<4(r)S<a(s))S<a(t)
and S<4(r)(S<q(s)S<4(t)) by using Formula (6.24).

6.3.1. We expand (S<4(r)S<q(s))S<aq(t) as follows. We have;

(S<a(r)S<a(s))S<a(t)
(Z Si(r )+ S<alr,s) + S<als, 7")) S<al(t)
i<d
=) Si(r)Si(s)S<alt) + S<a(r, s)S<a(t) + S<a(s,r)S<a(t)
i<d
= 8i(r)Si(s) Y _Sit)+ Y Si(rs) > Si(t) + > Si(s,r) > Silt)
i<d i<d i<d i<d i<d i<d
= (Z(S( () + Y (Si $))S<i(t) + Y _ Si(t ZSj(T)Sj(8)>
i<d i<d i<d 7<i
(ZS T, 8) —l—ZS (r,8)S<i(t +ZS S<lrs>
i<d i<d i<d
(ZS s,71) +ZS (s,7)S<i(t —|—ZS S<Zs7">
i<d i<d i<d
= (Si(r)Si()Si(t) + Y (S; $NS<i(t) + > Silr,8)Si(t) + > Silr, 5)S<i(t)
i<d i<d i<d i<d
+) 0 Si(s.m)Si(t) + > Si(s,m)S<i(t) + Y Si() (ZS s) + Sci(r,s) + S<i(s, 7")).
i<d i<d i<d 7<i

6.3.2. We expand S.4(r)(S<q(s)S<q(t)) as follows. We have;
S<a(r)(S<a(s)S<a(t))
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= S<alr (Z Si( )+ S<a(s,t) + S<alt, 3))

= S<a(r Ejg ) + S<a(r)S<als,t) + S<a(r)S<alt, s)
— ; S(r;; S;(s)S:(t) + 2 S;(r) ; Si(s,t) + ; Si(r) ;1 Si(t, s)
- (;Si(r)( +§<;s gs ; t))S<i(r ))
+<ZSZ—(T (5,8) + > Si(r)Sci(s,t) + > Si(s, t)S<i(r ))
i<d i<d i<d
+<ZSi(r (t.5)+ > Si(r)S<it,s) + > Si(t,5)S<i(r ))
— ZZ;;;(T)( id; S:d + ; Si(r)Si(s,t) + ; Si(s,t)S<i(r)

+ Z Si(r)Si(t, s) + Z Si(t,8)S<i(r) + Z Si(r (Z S ( )+ S<i(s,t) + S<ilt, s)>

i<d i<d i<d j<t

6.4. Associativity for S.; of depth one.

Theorem 6.6. Let r,s,t be positive integers. For all d € N, the expansions using
Chen’s formula and Formula (6.24) of (S<a(r)S<a($))S<a(t) and S<q(r)(S<a(s)S<a(t))
yield the same expression in terms of S<q.

Proof. To prove the desired associativity, we compare the expansions of (S<q(r)S<4(s))S<a(t)
and S<q(7)(S<a(s)S<q(t)) in Section 6.3. From Theorem 6.5, it is obvious that the
expansions of

Z(Si(r)si(s))si(t) and Z Si(r)(Si(s)Si(t))

i<d i<d
yield the same expression in terms of S<4. From Formula (6.24), one verifies easily
that the expansions of

> Sit <Zs s)+ S<i(r,s) + S<i(s, r)) and Y Si(t,5)S<i(r)

i<d J<t i<d

yield the same expression in terms of S.4. Similarly, one deduces that the expan-
sions of

D Si(r,s)S<i(t) and Y Si(r <ZS t) + S<i(s,t) + S<i(t, s)>

i<d i<d 1<t

yield the same expression in terms of S.4. From a straightforward verification, one
deduces that the expansions of

Z(Sl( 8))S<i(t) ZS T, 8) ZS s,71) ZS $,7)S<i(t

i<d i<d i<d i<d
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yield respectively the same expressions in terms of S<d as those of

D Sir)Sils,t), Y Si(r)Silt,s), D (Si()Si(1))S<i(r), Y Sils,t)S<ilr

i<d i<d i<d i<d
This proves the theorem. O

6.5. Expansions of arbitrary depth.

We now extend our results for the case of arbitrary depth. Let a = (a4, ..., am)
and b = (by,..., by) be two positive tuples. For simplicity, we set a_ = (as, ..., am)
and b_ = (bs,...,by). For all d € N, we recall the following formulas (See [41]):
(6.25) Sa(a)Sa(b) = (Sa(a1)Sa(b1))(S<ala-)S<q(b-))

= Sa(a1 +b1)(S<a(a-)S<a(b-))
+ > AL Sa()[S<a(d)(S<a(a—)S<a(b))],

i+j=a1+b1

(6.26) Sa(a)S<a(b) = S<a(b )Sd( )— Sa(ar)(S<a(a-)S<a(b)),

(6.27)  Sca(a)S<a(b) =D Si(a)Si(b) + > Si(a)S<i(b) + > Si(b)S<i(a
i<d i<d i<d

Let a, b, ¢ be positive tuples. We first give the expansions of (Sg(a)Sg(b))Sq(c) and
Sa(a)(Sq(6)S4(c)) by using Formula (6.25).

6.5.1. We expand (Sq(a)S4(6))Sq(c) as follows. We have;

(6.28)

(Sa(a)Sa(b))Sa(c)
= (Sd(al +b1)(Sca(a)Sca(b-) + Y Ail,blsd(i)[sw(j)(5<d(a—)5<d(b—))]> Sa(c)

i+j=ai+b1

= Sa(ar +b1)(S<a(a-)S<a(6-))Salc) + D> AL, Sa(i)[S<a(j)(S<a(a—)S<a(b-))]Sa(c)
i+j=ai+by

= Sa(a1 + b1)Sa(c1)[(S<a(a-)S<a(b-))S<a(c-)]
+ Y A (Sa(i)Sa(e1))[S<a() (S<a(as)S<a(b-))]S<alc-).

i+j=a1+b1
6.5.2. We expand Sg(a)(Sq(b)S4(c)) as follows. We have;
(6.29)

Sa(a)(Sa(b)Sa(c))
= Sa(a) (Sd(bl +e1)(S<a(6)Scale )+ Y AL Sa(D)[S<als )(S<d(b—)S<d(c—))]>

i+j=bi+c1

— Sa(@Salbi + 1) (S<alb)Scalc ) + Sal@) S AL L Sa(DS<ali)(S<alb-)S<alc)]
i+j=bi1+c1

= (Sa(a1)Sa(br + c1))[S<a(a-)(S<a(b-)S<a(c-))]
+ > AL (Sa(a1)Sa(i))S<a(a=)[S<a(§) (S<a(b_)S<alc-))]-

i+j=bi+c1
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We next give the expansions of (S<4(a)S<q(b))S<4(c) and S<q(a)(S<q(b)S<q(c))
by using Formula (6.27).

6.5.3. We expand (S<q(a)S<q(b))S<a(c) as follows. We have;

(6.30)
(S<a(a)S<a(b))S<a(c)
= (Z&( b) + > Si(a)S<i(b) + > Si(b)S<i(a >S<d(>
i<d i<d i<d
= Si(0)Si(b)S<ale) + Y Si(a)S<i(b)S<alc) + > Si(b)S<i(a)S<alc)
i<d i<d i<d
= _Si(@Si(0) Y Si(0) + ) Si()S<i(b) D Si(e) + Y Si(b)S<if) Y Si(e)
i<d i<d i<d i<d i<d i<d
= (Z(S( (©)+> (S 6))S<i(c) + Y Si(c) ZSj(a)Sj(b)>
i<d i<d i<d j<i
+<Z(S( )S<i(0))Si(c) + D (Si(a)S<i(6)S<ife) + > Sile) > Sj(a)S<;(b )
i<d i<d i<d 7<i
- (Z(Si(b )S<i(a))Si(c) + Y (Si(b)S<i(a))Scile) + Y Si(e) > S;(b)S<;(a )
i<d i<d i<d 7<i
= (Si(a)Si(0))Si(c) + > (S 6))S<i(c) + Y (Si(0)S<i(b))Si(c)
i<d i<d i<d
+ Z S<z S<z Z S<’L + Z S<z S<z( )
i<d i<d i<d
+YSie) (ZS (6) + Y Si(a)S<j(b) + Y S;(6)S<;(a )
i<d j<i j<i j<i
6.5.4. We expand S<q(a)(S<q(b)S<a(c)) as follows. We have;
(6.31)
S<a(a)(S<a(b)S<a(c))
=S_4a (ZS (€) + ) Si(0)Sci(e) + Y _ Si(e)S<i(b >
i<d i<d i<d
= Sca(a) > Syl )+ Sca(a) > Si(b)S<i(c) + S<ala) Y Si(c)S<i(b
i<d i<d i<d
= Si(a) Y Si(0)Si(c) + > Si(a) > Si(0)S<i(c) + > Sia) Y Si(e)S<i(b
i<d i<d i<d i<d i<d i<d

- <Zsi<a><si<b>sz—<c>> + 2,50 2 5i0)5,(6) + 2 (Si0)Si(0)Sila )>

i<d i<d j<i i<d
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(ZS 6)S<i(c) +ZS ZS )S<;(c) Z 6)S<i(c))S<i(a ))

i<d i<d j<i i<d
(ZS S<1 +ZS ZS S<] +Z S<l S<l( ))
i<d i<d <1 i<d
ZZSZ(CL)(Sl +Z S<z +ZS S<z( ))
i<d i<d i<d
+ Z S<Z S<1 + Z S S<Z Z S<1 S<Z( )
i<d i<d i<d
+)_ Si(a (ZS () + D Sj(0)S<j(e) + ) Sj(e)S<;(b )
i<d j<i 7<i j<i

6.6. Associativity of arbitrary depth.

Theorem 6.7. Let a,b, ¢ be positive tuples.

(1) For all d € N, the expansions using (6.25), (6.26), (6.27) of (Sq(a)Sq(b))Sa(c)
and Sq(a)(S4(6)Sq(c)) yield the same expression in terms of power sums.

(2) Foralld € N, the expansions using (6.25), (6.26), (6.27) of (S<a(a)S<4(6))S<a(c)
and S<q(a)(S<a(b)S<a(c)) yield the same expression in terms of S<q.

Proof. We proceed the proof by induction on depth(a) 4+ depth(b) + depth(c). The
base step depth(a)+depth(b)+depth(c) = 3, i.e., depth(a) = depth(b) = depth(c) =
1 of Theorem 6.7 follows from Theorem 6.5 and Theorem 6.6.

Assume that Theorem 6.7 holds when depth(a) 4+ depth(b) 4+ depth(c) < n with
n € N and n > 4. We need to show that Theorem 6.7 holds when depth(a) +
depth(b) + depth(c) =n

In order to prove Part (1), we apply the induction hypothesis on Expansions
(6.28) and (6.29). We deduce that the expansion of (Sg(a)Sq(b))Sq(c) yields the
same expression in terms of power sums as that of

[(Sd(a1+b1)+ > Aﬂl,blSd(iJ)>Sd(C1)] [(S<a(a-)S<a(b-))S<a(c-)]

i+j=a1+b1
= [(Sa(a1)Sa(b1))Sa(c1)][(S<ala-)S<a(b-))S<alc-)],

and the expansion of Sg(a)(Sq(b)S4(c)) yields the same expression in terms of power
sums as that of

[S<a(a-)(S<a(b-)S<a(c-))]

lSd(al) (Sd(bl + Cl) + Z Abl o Sd(l,])>

i+j=bi1+c1
= [Sa(a1)(Sa(b1)Sa(e1))][S<a(a-)(S<a(b-)S<alc-))].

Using Theorem 6.5 and the induction hypothesis again, we conclude that expansions
of (S4(a)S4(6))Sa(c) and Sy(a)(S4(b)Sq4(c)) yield the same expression in terms of
power sums.
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In order to prove Part (2), we compare Expansions (6.30) and (6.31). From Part
(1), it is obvious that the expansions of

D (Si(@Si(0))Si(c) and Y~ Si(a)(Si(b)Si(c))
i<d i<d
yield the same expression in terms of Sg.
Note that from Formulas (6.26) and (6.27), we have;

(ZS +ZS a)S<;(b +ZS )S<;(a )

Si(e)(S<i(b)S<i(a))
= Si(e1)[S<i(e-)(S<i(0)S<i(a))]

and

(Si(e)S<i(b))S<i(a) = Si(c1)[(S<i(c-)S<i(b))S<i(a)].

One then deduces from the induction hypothesis that the expansions of

> Sie (ZS (6) + > Sj(a)S<;(b) + > S;(b)S<;(a )

1<d J<i J<i J<i
and
> (Si(0)S<i(b))S<i(a)
i<d
yield the same expression in terms of S.4. Similarly, one verifies easily that the
expansions of

> (Si(a)S<i(0))S<ilc)
i<d

and

> Si(a (Zs (©)+ > 9(0)S<;(e) + Y 8;(¢)S<;(b )

i<d j<i 7<i j<i
yield the same expression in terms of S.g4.
Note that from Formulas (6.25) and (6.26), we have;

(Si(a)Si(b))S<i(c) = (Si(a1)Si(b1))[(S<i(a-)S<i(b-))S<i(c)]

and

Si(a)(Si(b)S<i(e)) = (i(a1)Si(b1))[S<i(a—)(S<i(b-)S<i(c))].
One then deduces from the induction hypothesis that the expansions of
> (Si(@)Si(0)S<i(e) and Y Si(a)(Si(b)S<ic))
i<d i<d

yield the same expression in terms of S.y4. Similarly, one verifies easily that the
expansions of

D (Si(a)S<i(0))Si(e), D (Si(0)S<i(@)Si(c), D (Si(b)S<i())S<i(e)

i<d i<d i<d
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yield respectively the same expressions in terms of S<4 as those of

D Si(a)(Si(€)S<i(b)), > (Si(0)Si(c)S<i(m), Y (Si(b)S<i(c))S<ila).

i<d i<d i<d
From the above arguments, we conclude that the expansions of (S<q(a)S<q(6))S<a(c)
and S<g4(a)(S<q(b)S<q(c)) yield the same expression in terms of S.4. This com-
pletes the proof. ([
6.7. Associativity of the shuffle algebra.

Proposition 6.8. The diamond product and the shuffle product are associative.

Proof. Let a,b, ¢ € (X) be arbitrary words. It is suffices to show that
(6.32) (aob)oc=ao(boc) and (awb)wec=aw (bwrc).

We proceed the proof by induction on depth(a) 4 depth(b) + depth(c). If one of a, b
or ¢ is empty word, then (6.32) holds trivially. We assume that (6.32) holds when
depth(a) + depth(b) + depth(c) < n with n € N and n > 3. We need to show that
(6.32) holds when depth(a) + depth(b) + depth(c) =n

We first show that (aob)oc¢=ao(boc). From Lemma 5.4, we have

(aob)oc

= |Zap(a_ Wb_) + Z Ai)bxi(xj W(a_wb_))|oc

i+j=a+b
= Zapp(a- Wb Yo+ Y AL mi(z;w(a_ whb_))oc
i+j=a+b
= (Zasp o xe) > ((a_ W b_ + > A (wiome) e [(zw (an wbo))we].

i+j=a+b

For all 4,5 € N with ¢ + 7 = a + b, it follows from the induction hypothesis that

(xioxe) > [(x; W (am W b)) We_]
= (z;0xc)> ;W ((am wb_)wc )]

= |wie+ >, Altwiag | eleyw((a- wb)we )]
i1+j1=1+c
= Tipeb [y W (e Wb )we )+ Y Aliwg g ol w (e Wb )we )]
i1+j1=1+c
= Tipelr; W ((a-wo)we )+ D> Al [(2), Way)w (e wbo) we)
t1+j1=1i+c
= iper; b (@ Wb )we )+ Y Al (v, W) ((a- Wb )we.)
t1+j1=1i+c

= |wiyers+ > Al (zj, way)| e (e wb)we)
i1+j1=1i+c
= (zsxzj o) ((a— Wb_)wec_).
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Thus

(aob)oc= (Tarpoxe)> ((am Wb )We_)+ Z Ai’b(mix]‘ ox) b ((am Wb_)wec_)
i+j=a+b

= | (Zagb© ) + Z Ai’b(a:ixj oxe) | > ((amWwb_)wec_)
i+j=a+b
= ((wgomp)oxe)>((a_ Wb )wec ).

On the other hand, from Proposition 5.3 and the above arguments, we deduce that

ao(boc)=(boc)oua
=((zpoxe)oxe)> ((boWe_)a)
=(zgo(mpoxe))> (am W (b Wec_)).
It is straightforward from Theorem 6.5 that (x,oxp) 0z, = 24 ¢ (2po2). Moreover,

it follows from the induction hypothesis that (a_ W b_) W e = a_ w (b_ Wec_).
We thus conclude that (aob)oc=ao (boc).

We next show that (awb) Wwec=aw (bwec). From Lemma 5.4, we have;

(awb)we= (apb+bra+aocb)wc
= (apb)wcec+ (bra)we+ (aob)wec
= ((apb)pc+cr(arb)+ (a>b)oc)
+((bra)pc+ce>(bra)+ (b>a)oc)
+ ((aob)pec+cecr(aob)+ (aobh)or)
(avb)>c+ (apb)oc+ (b>a)pc+ (bra)oc+ (aob)>c
+(c>(adb)+ce>(bra)+c>(aob)) + (aob)oc
= (apb)pc+ (apb)oc+ (bra)pct (bra)oc+ (aob)>c
+er(awb)+(aob)oc

and

aw (bwe)= aw (brc+crb+boc)
= aw(brc)+aw(c>b)+aw(boc)
= (ap(brc)+ (brc)pataoc(b>o))
+(a>(cob)+(cob)pa+ao(c>b))
+(ap(boc)+ (boc)patac(bor))
= (bro)patao(brce)+(cob)patac(c>b)+ (boc)ra
+(ad(b>c)+av(crb)+ar(boc))+ac(bor)
= (bro)pa+ao(b>c)+(cob)pataoc(cxb)+ (boc)ba
+av(bwe)+ac(boc).

We now compare the above expansions. We have showed that (acb)oc = ao(boc).
On the other hand, we have;

c>(awb) =z.(c_ W (aw b))
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and
(cob)pa=x.(c_Wwb)>a=z.((c_ Wb)Lwa).

From the induction hypothesis and commutativity of shuffle product, one deduces
that ¢> (a L b) = (¢>b) > a. Similarly, one deduces that (a>b)>c=a> (bLuc).

We have
(apb)oc=zx4(a_LWb)oc
= (xgox)> ((a_ Wb)Wc)
and
ao(erb) =aox.(c_ Wb)
= (z,0xe) > (a_ LW (c— W b)).
From the induction hypothesis and commutativity of shuffle product, one deduces
that (apb)oc=ao (c>b).
We have
(bra)ypec=xp(b_wa)>c
=ap((b- Wwa)wre)
and
(bre)pa=xy(b_Wc)>a
=2p((b_ We)Wa).

From the induction hypothesis and commutativity of shuffle product, one deduces
that (bra)>ec= (b>c)>a.
It follows from the induction hypothesis that

(aob)>ec= |zeqp(a_ b))+ Z Ai’bmi(ijLl(a_l_le_)) >

i+j=a+b
= Topp(a_Wb_)>c+ Z Ai7bxi($j Wa_wb_))>c
i+j=a+b

= zapp(@-wb )we)+ Y A a[(z;w(as wbo)) W
i+j=a+b

= Zapp((a_Wb_)wc)+ Z Ai)bxi[fﬁj W ((a—wb_)we)]
i+j=a+b

= Zapp> ((a- Wb )we)+ > AL ;> ((an wb_)we)

i+j=a+b

= |ZTayb T+ Z A;inIj > ((Cl_ L b_) L1 C)
i+j=a+b
= (zgoxp) > ((a— WbH_) W)

and

ao(brc)=aoxp(b_wc) = (a0 xp) > (a_ W (b_ Wc)).
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From the induction hypothesis, one deduces that (a ¢ b)>c¢ = ao (b c). Similarly,
one deduces that (bra)oc= (boc)>a.

From the above arguments, we conclude that (a L b) 1w ¢ = aww (b c). This
completes the proof. ([

As a direct consequence of Proposition 5.3 and Proposition 6.8, we obtain the
following result.

Theorem 6.9. The spaces (€,0) and (€, L) are commutative Fy-algebras. In par-
ticular, Conjecture 8.2.2 of [47] holds.

The following proposition summarizes several properties of different products >,
o and W that will be useful in the sequel.

Proposition 6.10. Let a,b,¢ € (X) be arbitrary words. Then we have

(1) acb=boa.

(2) (aob)oc=ao(boc).

(3) awb=bwa=arb+bra+ach.

(4) (awb)we=aw (bwc).

If we assume further that a,b, ¢ are nonempty words, then
(1) (apb)pc=(avc)pb=ar>(bLec).

(2) (aob)pc=ao(b>c)=(a>c)ob.

7. SHUFFLE HOPF ALGEBRA IN POSITIVE CHARACTERISTIC

We first equip the shuffle algebra with a coproduct A and a counit map. The
main theorem of this section states that these give a Hopf algebra structure of the
shuffle algebra (see Theorem 7.11).

Throughout this section we continue with the notation of the previous section.

7.1. Coproduct.
We first introduce the coproduct

A:C—oCRC.

We will define it on (X) by induction on weight and extend by F,-linearity to €.
We put

Al):=1®1,
A(l’l) = 1 ®$1 +£L'1 ® ].

Let w € N and we suppose that we have defined A(v) for all words v of weight
w(v) < w. We now give a formula for A(u) for all words u with w(ut) = w. For such
a word u with depth(u) > 1, we put u = z,b with w(v) < w. Since z,, and v are
both of weight less than w, we have already defined

Alzy) =1z, + Zau ® by,
Av) := " ay @ by.

Then we set
A) :=1@u+ Y (ay>ay) @ (by L by).
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Our last task is to define A(z,,). We know that
21 W Ty—1 = Ty + T1Tw-1 + Tw-121 + Z A{,w—lmW—jmJ
0<j<w

where all the words z,,_;x; have weight w and depth 2 and all AJ w—1 belong to Fy.
Therefore, we set
(7.1)

A(zy) = A(z1) WA(2y—1) — A(z12Z0w—1) — A(Xy—121) Z Alw 1A(zy—jz5).
0<j<w

We note that this definition of coproduct is different from that given as in Shi’s
thesis (see [47, §3.2.3]).

Lemma 7.1. For all words u, we have
A) =10u+ Y ay® by
where a, # 1.

Proof. The proof is by induction on the weight w = w(u). For w = 0 and w =1
Lemma 7.1 immediately holds as
A(l):=1®1,
Alxy) =1z + 11 ® 1.
Let w € N with w > 2. We suppose that for all words u with w(u) < w, we have
A)=1@u+ Y ay @by
where a, # 1.

We have to prove that the statement holds for all words u with w(u) = w. In
fact, we first consider a word u with w(u) = w and depth(u) > 1. We put u = z,0
with depth(v) > 1. By the induction hypothesis, we write

Alxy) =1@xzy + Y ay @by
where a,, # 1. If we put A(zy) = > ap ® by, then we know that
A) :=1@u+ Y (ay>ay) @ (bu L by).

Since a,, # 1, a, > ay # 1. Thus Lemma 7.1 holds for u.

To conclude, it suffices to prove that Lemma 7.1 holds for z,,. By the induction
hypothesis, we deduce that

A(wy) WA(y—1) =18 (31 Way_ 1) + Y _a®@b, a#l,
and for all 0 < j < w,
A(zy—jz;) =1@ xyp_jz; + Zaj ®bj, a; #1.
Thus by (7.1),
Azw)
=A(r1) WA(xy-1) = A(T1209—1) — A(T—121) Z AJ wj A(zy—jz5)

0<j<w

= <1 ® (21 W Ty_1) + Za ® b) - <1 ® T1Tw—1 + Zaw,l ® bwfl)
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- (1 ® Ty 121+ Y a1 ® bl) - > AL (1 ® Ty + Y0 ® bj)

0<j<w
=1® |21 WTy—1— T1Tpw—1 — Tw—-1T1 — Z A;w_j:vw,jxj
0<j<w
+Za/®b_ Zaw—l ®b’w—1 _Zal ®b1 - Z A;,wszaj ®bJ
0<j<w
EEPTIND ST TS SN SR VRN S
0<g<w
The proof is finished. O

7.2. Compatibility of the coproduct.

In this section we prove the compatibility of the coproduct A given as in the
previous section.

Theorem 7.2. Let a,b € (X). Then we have
A(aw b) = A(a) w A(b).

The rest of this section is devoted to a proof of Theorem 7.2. The proof is by
induction on the total weight w = w(a) + w(b).

For w = 0 and w = 1 we see that Theorem 7.2 holds. Let w € N with w > 2 and
we suppose that for all a,b € () such that w(a) + w(b) < w, we have A(a L b) =
A(a) LW A(D).

We now show that for all a,b € (3) such that w(a) + w(b) = w, we have

A(awb) = A(a) LW A(b).

The proof will be divided into three steps.

7.2.1. Step 1. We first prove the following proposition.

Proposition 7.3. For all words x,u,x, € (X) with u,v € N, depth(u) > 1 and
w(z,u) + w(zy) = w, we have

Az u W ) = Azu) W A(zy).

Proof. By definition of the product LW and Lemma 5.4, we write as
(7.2) zuullzy, = 2y > (1) + (T4Uh) B2y + (Tlt) O Ty
= TpTylt + T (WL 2y) + (T, 0 2y) D U
= Ty Tt + &y (UL ) + Typptt + Z Al Typo—j(2; W)
0<j<u+v
where the coefficients AJ, , belong to Fy. Therefore, we get
(7.3) Az ull 2,) — Az,u) W A(x,)
= A(zyzut) + Az, (u W z,))
+ A(@yqou) + Z AimA(xu—kv—j (z; W)
0<j<utwv

— Azu) W A(zy).
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We now analyze each term of the RHS of the above expression. To do so we put
Aw)=1@u+ Y ay® by,
and for all j € N, we simply put
Alwj) =1@a;+) a;@b;.
In particular,
Alwy) =1@ @y + Y a, @by,
Azy) = 1@z —i—Zav ® by.

The first term A(x,z,u).
From the definition of the coproduct A we deduce

(7.4) Afz,w) =1@z,u+ Y a, @ (by Wu)+ Y (ay>ay) @ (by LWby).

Thus
(7.5)

Azyzyu) = 1 ® Tpxu + Zav ® ((zyu) Wby) + Z(av D ay) @ (by ULl by)
+Z Gy > (A > Ay)) ® (by LW by LU D).
The second term A(z,(uLlz,)).

Since w(u) + w(z,) < w, the induction hypothesis implies
Aluwz,) = A(u) W A(zy)

= (1®u+2au®bu>u_|(1®xv+zau®bv)

=1® (uwWm,) +Zau (by W x,)

+) ay @ (uwb,) + Y (ayWay) @ (by W by).

It follows that
(7.6)
Az, (U 2,)) =1 (2, (v a,)) +Zau (by WU LU 2)

—I—Z (ay>ay) ® (b, Wb, Wx, —|—Z Ay D> ay) ® (by WU by,)
+Zau|> (ay W ay)) @ (by LW by LW by).

The third term A(x,,u).
By definition,
(7.7)
A(Zypot) = 1@ (Tugott) + Y Guty @ (g W) + > (Gug > ay) @ (bugy W by).
The fourth terms A(z,4,—;(z; Wwu)) for all 0 < j < u+v.
As w(z;) + w(u) < w, by the induction hypothesis,
Az; wu) = Azj) W Au)

= (1oz+Y aeb)w(leut Y aob,)
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=1® (z; Wu) +Za] (bj Wu)
+Zau® (@ LW by) +Z a; W ay) ® (b LW by).
We then get;
(7.8)
A(@ypo—j (25 W) = 1@ (@upo—j (0 W) + Y Guto; @ (bupoj W s W)
+ > (Gt >a;) @ (buyy—j Wy W)
+ Z(au+v—j D ay) ® (buyo—j W 2 L by)
+ Z(awv_j > (a; W ay)) @ (bygo—j LW bj LU by).
The last term A(z,u) W A(x,).
Recall that A(z,u) is given by (7.4). Thus,
(7.9)
A(z,u) W A(zy)
= (1®$uu+2au®(bumu)+z Ay > ay) @ (by LD )) LU (1®xv+2av®bv)
=1® ((xyu) Wxy) + Zav ® (by W (zy1))
—i—Zau (by Wuzy) + Y (6, Way,)® (by Wb, Wu)
+Zau>au ® (by LU by Luxv)+Z((aul>au)u_|av)®(bumbuu_|bv).
Plugging the equations (7.5), (7.6), (7.7), (7.8), (7.9) into (7.3) yields
Az u z,) — A(zu) W A(x,) = So — S1 — S2 + S5+ S4.
Here the sums .S; with 0 < ¢ < 4 are given as follows:
So=1@z,2,u+ 1@ (z,(WW z,)) + 1 @ (Typott)

+ Y ALI® (T2 W) — 1@ ((zu) Way).
0<j<u+w

S1= Z(aul-l-lav)@@(buUJbULUu) —Z(aubav)@)(bumbyu_lu)
Z (ay > ay) & (by, Wb, Wu).
= (a0 > ay) Way) @ (by Wby Wby) — > (ay > (ay W ay)) @ (by Wby Wby
Z( (4 > ay)) @ (by LW by L by).
Sz = Zau+v ®@ (buso W) + Z A, Zawv*j ® (buto—j Wz W)

0<j<u+v

+ Z Ai,v Z(auﬂ*j >a;) @ (buyo—j W b; L ).
0<j<u+w

Sy = Z(a"+” b ay) @ (bypo LW by)
+ Z Ai,v Z(auva*j > au) & (bu+v7]’ Wz, W bu)

0<j<u+w



HOPF ALGEBRAS AND MZV’S 65

Z Ai,v Z(a'u+v—j > (@ Way)) @ (buyo—j W b;j L by).

0<gj<u+v
We claim that
(1) So =0.
(2) S —S3=0.
(3) S — Sy =0.

We now prove the previous claim. For Part (1), we want to show that Sy = 0.
In fact, it follows immediately from (7.2), e.g.,

LTyt + Toy (WL Ty) + Tygptt + Z Ai’vxuﬂ,j(xj Wwu) — (z,u) Wa, =0.
0<j<u+wv

For Part (2), we will show that
S1=S83=> (a,0a,)® (b, Wb, W)
In fact, we note that
S1 :Z(aumav)@)(bumbvmu)—Z(aubav)éé(buu_lbvmu)
—Zavbau ® (by, W by, LW u)
:Z (ay W ay — ay > ay — ay > ay) & (by Wb, Wu)
—Zauoav (by Wby L.

Here the last equality follows from Lemma 5.4, Part (2).
Next, since w(z,,) + w(x,) < w, by the induction hypothesis we know that

(7.10) Axy Way) = Axy) W A(x,)
The LHS equals
Az, W x,)
= Azyy) + A(zpy) + A(Xytv) Z Al WA (@ygv—jz;)
0<j<utv

=1® 2,2y + Zau ® (by W ) +Zaul>av) (by, LW by)
+1®xvxu+2av® (2 LI by) +Z Ay > Gy) @ (by LU Dy)
+1®mu+v+zau+v®bu+v

+ E Ai,vl ® Tytv—jT;j
0<j<u—+tv

+ Z A‘Z'J,ﬂ) Z Aytv—j & (bu‘l”U*j L mJ)

0<j<u+v

+Y AL (G a) @ (bugo—j LU D).

0<j<u+wv
We see that

A(zy) W A(z,) = (1®xu+2au®bu) L (1®$U+Zav®bv)
=1® (z, Wazy) Zau (by W xy)
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+ Zav ® (X W by) + Z(au L Gy ) @ (by LW by).

Replacing these equalities into (7.10) gets
D (> ay) @ (by Wby) + Y (ay > ay) ® (by LW by)
+ Z au+v ® bu+v + Z A{L,U Z au—l—v—j ® (bu+v—j L xj)

0<j<u+wv

Z A{L,’U Z(au+v—j > aj) ® (bu+v—j L1 b])

0<j<u+wv

—Zaul_uav (by LW by).

Thus we deduce

(7.11) Z Qutv @ byty + Z A.’{L,’U Z Autv—j @ (Dyto—j W T;5)

0<j<u+wv

+ Z A{L,’U Z(auﬁ*l}*j > a]) ® (bu+v—j L1 b])

0<j<u+wv

:Zaul_uav—aubav—avbau)®(bul_ubv)

—Zauoav ® (by, W by).

As a direct consequence of (7.11), we obtain

= Z Autv @ (buto W) + Z Ai,v Z Autv—j @ (buto—j W x5 LWN)

0<j<u+wv
+ Z A‘L,u Z(auﬂ,,j > aj) X (bquvfj L1 bj L u).

0<j<u+wv
—Zauoav (by Wby W w)

as desired. We conclude that S; = S5 as claimed.
For Part (3), we will show that

Sy =8, = Z((au > ay) ¢ ay) ® (by, Wby Wby).
In fact, to prove the equality for So, we note that
(ay > ay) Way = (ay > ay) D> ay + ay > (ay > ay) + (ay > ay) © ay
=y > (ay W ay) + ay > (ay, > ay) + (ay > ay) © ay.

The first equality follows from Lemma 5.4 and the second one follows from Propo-
sition 6.10, Part 5. We then obtain

Sy =Y ((au> ay) Way) @ (by Why Wby) = Y (@ > (ay W ay)) @ (by W by L by)
— S (a5 (a0 > @) © (by Wby W)
Z( Gy D y) W @y — Ay D (Gy W ay) — @y B (ay > ay)) @ (by Wby, Wb,)
= Z( Ay D Qy) O Gy) @ (by LW by L by).
‘We now consider the term Sy. We have

S, = Z(auﬂ, b ay) @ (buto LW by)
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+ Z Ai,v Z(au+,u_j > Clu) ® (b'u+v—j Wz, L bu)

0<j<u+v

+ Z A%,v Z(au+1)—j > (a; W ay)) ® (butvo—j Wb; Wby)
0<j<u+v

= Z(au-HJ > au) oY (bu-H) L bu)
+ Z Az;,'u Z(au+1)—j > Clu) ® (bu+v—j Wz, L bu)

0<j<u+v

+ Y ALY (o> a) > ay) @ (buto—j Wh; LIby)

0<j<u+v
= Z((au O Qy) > ay) @ (by LU by LW by)
= Z((au > au) <>CLU) & (bu LU by L bv)-

Here the second and fourth equalities follow from Proposition 6.10, Part 5 and 6.
The third one is a direct consequence of (7.11).

Thus we have proved that Sy = S4 as claimed.
To conclude, we see immediately that

Az uw z,) — A(zu) W A(x,) = So — S1 — Sa+ S5+ 54, =0.
The proof of Proposition 7.3 is finished. g

7.2.2. Step 2. Next we generalize Proposition 7.3 for words of arbitrary depth.

Proposition 7.4. We work with the above assumption. Then for all words x,u, x, €
(2) with u,v € N, depth(u) > 1, depth(v) > 1 and w(z,u) + w(z,v) = w, we have

Az ull 2,0) = A(z,u) W A(z,0).

Proof. We follow the same strategy as that of the proof of Proposition 7.3 but the
proof is much more involved and complicated.

By the definition of the product L and Lemma 5.4, we obtain
(7.12)
T WL Ty 0
= (2u) > (2,0) + (zy0) > (zy1t) + (zy1t) © (z40)
= 2y (T u0) + zy (U (2,0)) + (24, 0 ) > (WL D)
= 2 (T U WD) + 2y (UL (2,0)) + Tupo (W o)+ Y AL 2y (2 W),
0<j<u+tv
where the coefficients AJ, , belong to Fy. Therefore, we get
(7.13) Azyu W x,0) — Azu) W A(z,0)
= A(Zp(zuu W) + Az, (Ul (2,0)) + A(@qyip (UL 1))
+ Y AL A@ure—j(m Wuw ) — Alz,u) W A(z,).
0<j<u+twv

We now analyze each term of the RHS of the above expression. To do so we put

Aw)=10u+ Y ay® by,
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AlD) =100+ Y ay @by,
and for all 7 € N, we simply put
Alej) =102+ ) a;@b;.
In particular,
Alwy) =1®zy+ Y a, @ by,
Alz,) =18z, + Y ay, ®b,.
The first term A(x,(z,u W 0)).
Recall that A(z,u) is given as in (7.4). As w(z,u) + w(v) < w, we obtain
Az uwv) = A(z,u) W A(v)
= 1@ ((zu1) WD) + > 0y @ (by WD) + Y ay @ ((wyu) L by)
—|—Zau>au @ (by W by LW b +ZauLLlat,) (by LW u L by)
—|—Z (@ > Gy) LU Gy ) @ (by LU Dy LI by ).
Thus
(7.14) Az (z,u W 0)) =1 Q ay (zu ) + Z ay & (by LWL (2,,u) LU D)

+
+
+
Zavl> (ay W ay)) & (by LW by LWu LU by)

2

The second term A(z,(uLl (z,0)).

B ay) ® (by L by LU LU D)
Ay B> (G, D Gy)) @ (by, L by LU by LLI D)

(ay
(
(ay>a (by L () L by)
(
(ay

((ay > ay) Way)) ® (by, Wby, Wby L by).

Similarly, we get
(7.15)  Alza(uw (z,9) = 1@ 2, (U z,0) + Y ay ® (by W (z,0))
(ay > ay) @ (by LW by LU L B)

Ay > (A > Gy)) @ (by L by LU LLI by )

Ay > (ay LW ay)) @ (by, W by LW by, LU D)

Ay, D (ay W (ay > ay)) @ (by LW by LDy L Dy).

(
(
(ay > ay) @ (by, LW by LU (2,0))
(
(
)-

The third term A(x,, (1 b)
We put
Afo) =1@ (Ul v) + > duw @ buwo-
As w(u) + w(v) < w, the induction hypothesis implies that
A(uwo) = A(u) W A(v)
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= (1ou+d aob)w(1oot Y aob).

Thus
1® (U L U) + Zaumu ® by

= (1eutdaob)w(leotY aeh)
=1@ uwo)+ > a, ® (by W)
+Zan® ULl by) +Z (ay Way) @ (by W by),
which implies
(7.16) Zauu.m@)buu_m Zau@) by LLb +Z ay @ (ullby, —I—Z Ay Uy )@ (byLUby).
Finally, we have
(7.17) A(@ugy (W 0)) = 1@ (Tupo (UL D)) + D s @ (Duty LU LI D)
+ 3 (Guto > Auwe) ® (buty W o).
The fourth terms A(z,q,—;(z; Wuwv)) for all 0 < j <u+w.
As w(z;) + w(u W v) < w, by the induction hypothesis, we get
Az WuLlv)
= A(z;) WA(uLWD)
— (1®xj +> a; ®b‘) LI (1®(u|_un) + ) uwe ®bum)
=1® (zjwuwo +Zaj ® (bj WuLLv)
+ Zauu_m ® (xj W byuw) + Z a; W ayyip) ® (bj W byuww)-
We then get
(7.18) A(Zysv—j(z; WuLlv))
= 1@ (Typoj (@) WUW D)) + D Gygo—; ® (bugp—j L 2; WU LID)
+ Z(auﬂ,j >aj) ® (byty—j LWL b LLUULLD)
+ Z(auﬂ,j > Gyiin) ® (bygo—j W xj W byue)
+ Z(auﬂ,j > (aj W auww)) @ (bygo—j W bj W byuw)-

The last term A(z,u) W A(x,0).
Recall that A(z,u) is given by (7.4). Similarly,

A(x,0 )—1®va+Zav (by Wo —I—Z Ay > ay) @ (by LW by).

Thus
(7.19)

A(z,u) W A(z,0)
_ (1®xuu+2au®(bul_uu)+Z(aul>au)®(bul_ubu)>
L] (1®xvn+2av®(bv|_un)+Z(aU>an)®(bv|_|_|bn))
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= 1® (xu W x,0)

+Zav® (Tqu) Wb, W +Z (y > Qy) @ ((Tyu) LU by LI by)

+Zau®b L L (b +Z“U""'av @ (by W by L LI D)

—i—Zau (ay > ay)) @ (by LU LL by LU by)

+ > (0> ay) ® (by Wby W (20)) + > (@ > ) W ay) @ (by L by Wby, LW v)

+Z Uy > Qy) LW (ay > ay)) @ (by LW by LU by, LU by ).

Plugging the equations (7.14), (7.15), (7.17), (7.18), (7.19) into (7.13) yields
Az u ) 2,0) — Az u) W A(zy0) = Sg — 51 — S2 — Sy — Sy + 53+ Sy

Here the sums S; with 0 < ¢ <4 and S,, S, are given as follows:

So=1@ zy(z,uv) + 1@z (u (2,9)) + 1 @ Tyqp (UL )

+ Z A 1@ @y j(zj Wuv) — 1@ ((z,u) W (z,b)).
0<j<u4v

51:Z(GULU%)@)(buLUbUUJUUJU)fZ(aubav)QQ(bul_ubvl_uuLLln)
> (ay > ay) @ (b, Wb, Wuwo).

S5 = > (@ > ) W (ay > ay)) @ (b L by Wby W by)

S3 = Zau+v ® (bu+1) L u L U)
+ Z Ai,vZGU-&-v—j@(bu-&-v—jLUJ?]‘LLIuLLIU)

(ay > (ay W (ay > ay))) @ (by LW by LU by, LU Dy)
(

ay > ((ay > ay) W ay) @ (by LW by LW b, W by).

0<g<u+v
+ Z Al Z(au+v—j > a;j) @ (buty—j Wb WuLL D).
0<g<u+v

Sy = Z(au+v > Qo) @ (bugo W byiie)

Z Au ) Z Qutv—j > Quin) @ (bugo—j W 25 L bypyy)
0<j<u+tv

+ Z A{L,’U Z(au_,_v_j > ((lj L auLUU)) & (bu+v—j L1 bj LL bumn),
0<j<utv

and
Z(aum(avpan))@)(bumbvmumbn)—Z(aup(avban))@J(buLubULuuLubn)
Z(CLUD (ay Way)) ® (by Wb, WuLl by),
—Z((aubau)LLIaU)®(buLUvaLIbuLUU)—Z(aub(auu_lav))®(bul_l_lbvl_ubuu_ln)
Z > (ay > ay)) @ (by LW by, LW by LW b).

We claim that
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(1) So = 0.
(2) S1— S5 =0.
(3) So+ Sy + Sy, — S, =0.

We now prove the previous claim. For Part (1), we want to show that Sy = 0.
In fact, it follows immediately from (7.12).

For Part (2), we will show that
S1 =053 :Z(auoav)@)(buLLIbULLIuLLIU).
In fact, Lemma 5.4 implies
S1 :Z(aumav)®(bu|_ubvu_|uu_|u) fZ(auDav)@)(buu_lvauuLun)
Zavbau (by Wb, Wuwv)
:Z Gy W Gy — Ay D Gy — Ay > Ay) @ (by, LW by, LI U LU D)
Z w© Gy) @ (by Wby LU LU D).
Recall that by (7.11),

Z Qutv @ byty + Z A-’Z.ﬂj Z Autv—j @ (buto—j LW T5)

0<j<u+wv

+ Z Ai,v Z(auﬁ*’l)*j > aj) & (bu+v—j L1 bj)

0<j<u+v
= Z (@, © ay) ® (by L by).
As a direct consequence, we obtain
S3 = Za““ ® (bygo LW ULL D)

+ Z Ai’v Z Aytov—j ® (bu+7j,j Wz Wull U)
0<j<u+wv

+ Z A, Z(auﬂ,j >aj) ® (byto—; LW bj UL D).
0<j<u+wv

_Zauoav (by L by LU LI )

as desired. We conclude that S; = S5 as claimed.
For Part (3), we will show that

Sp 4 Su+ S0 =81=> ((au©ay) > auuw) @ (by Wby L byie).

In fact, we have

SQZZ((auDau) (> ay)) @ (by W by LI by LI by)

= (au > (ay W (ay > ay))) @ (by LW by L by L by)
—Zavb ((ay>ay) Way) ®
—Z Ay D Gy ) W (ay > ay) —

® (by LU by LI by, LU Dyy)
= ((au®ay) o (ay > ay)) @ (by L by L by L by).

(by W by L by, LW D)

> (ay W (ay > ay)) — ay b ((ay > ay) Way))
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Here the last equality follows from Lemma 5.4 and Proposition 6.10. More precisely,
(@y > ay) W (ay > ay)
= (ay > ay) > (ay > ay) + (ay > ay) > (ay > ay) + (ay, > ay) © (ay, > ay)
=ay > (ay W (ay > ay)) + ay > ((ay > ay) Way)) + (ay > ay) o (a, >ay).
By Lemma 5.4 and Proposition 6.10 again,
Su=> (au W (ay>ay)) @ (by Wby Wuliby) = > (6w (ay > ay)) @ (bu L by L1t 11 by)

Sy = Z((aubau)u_lav)@) (by L by LI by LU D) —Z(aub(auLLIav)) @ (by LW by LI by LU 0)
- Z(“v B (G > ay)) @ (by L by LI by L1 1)
= Z((au D ay) © Ay) @ (by LW by LDy LI D).
Combining the previous formulas for Sy, Sy, S, with (7.16) yields
S+ Sut S0 = ((au © ay) > Gywn) @ (by W by W byuse).-
‘We now consider the term S;. We have
Sy = Z(au+v D Qo) @ (bugo W byie)

+ Z Afw} Z(au—i-u—j > aumn) ® (b11.+1)—j L 117]‘ L bumn)
0<gj<u+v

+Y ALY (Gt > (05 W awwe)) @ (bugo—j Wb L byu)
0<g<u+v

== Z(au+v > aumn) ® (bu+v L buLUU)

+ Z Agz,v Z(au+v—j > i) ® (bygo—j W xj Wbyy)
0<j<u+v

+ D ALY (Gugv— B ;) D au) @ (bugv—j W bj L byu)
0<j<u+v
= ((au © ay) > auwe) ® (b LW by L byi).

Here the second equality follows from Proposition 6.10. The third one is a direct
consequence of (7.11). We then have proved that Se 4+ S, + Sy, = S4 as claimed.

To conclude, we see immediately that
Az u W 2,0) — A(xu) W A(z,0) = Sg — S1 — S2 — Sy — Sy + .53+ 54
= S0 — (S1—S3) — (S2 + Su+ Sy — S4)
=0.
The proof of Proposition 7.4 is finished. (]
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7.2.3. Step 3. By Propositions 7.3 and 7.4, for all words u, v such that depth(u) +
depth(v) > 2 and w(u) + w(v) = w, we have proved

Au o) = Au) W A(v).
To finish the proof of Theorem 7.2 we prove the remaining case where both u and
v have depth 1.
Proposition 7.5. Let u,v € N such that u+v = w. Then

Ay W ay) = A(zy) W A(zy).

Proof. By the definition of the coproduct A, for all n € N,
(7.20) Az Wazy,) = Axy) W A(zy).
It follows that Proposition 7.5 holds if either w = 1 or v = 1. We now suppose that
u,v > 2.

We claim that
(7.21) Az WXy—q Wxy) =A(zr) W A(xy—1) W A(zy).
In fact, we write

Tyo1 WXy = Tygo—1 + Tu1Ty + TpTy_1 + Z Ai71,vmu+u—1—jxj~
0<j<u+tv—1

Thus

Az W xy—q W xy)

= Az W (zy—1 Wxy))

— § : J
=A T W | Tyqo—1 + Ty—1Ty + TyTy—1 + Au_17vxu+v717jxj
0<j<u+v—1

= A1) W Zyip—1) + A1 W ay_12,) + Az W22y —1)
+ Z Ai—l,vA(ml W Toygp—1-575)
0<j<utv—1
=A(z1) WA (@yyv—1) + A(z1) W A(y—124)
+ A(r1) W A(zy2y—1) + Z A{;—1,UA($1) L A(l’quvfl*jxj)'
0<j<u+tv—1
Here the last equality follows from (7.20) and Proposition 7.3. It implies
Ay W Zyq W Ty)
= A(z1) WA(@yqo—1) + Az1) W A(Ty—124)

+ A1) WA(zyzy—1) + Z Aifl,vA(xl) W A(@ypv—1-;7;)
0<j<u4v—1

— § ' J
- A(-rl) WA Ty+v—1 + Ty—1Ty + TyTy—1 + Au_l,vxu-i-v—l—jmj
0<j<ut+v—1

= A1) W A(2y—1 W 2y).

Asu+tv—1=w—-1<w, A(xy_1 Wz,) = A(xy—1) W A(z,), which implies the
claim.
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Now we express both sides of (7.21) by a different way. First, the LHS of (7.21)
equals

Ay W Xyq W Ty)
=A((x1 Wxy—q) Way,)

_ J
=A Ty +X1Ty_1+ Ty_171 + g A1,u—1$u—jxj LUl @,
0<g<u

= Az Wxy) + A(x12h—1 W xy) + A(xyo121 W) + Z A{’uflA(mu,jxj L &)
0<j<u
= ATy, Wxy) + A(x1Zy—1) WA(2y) + A(zy—121) W A(2y)
+ Z A{"u_lA(xu,jxj) W A(z,).
0<j<u

The last equality holds by Proposition 7.3.
Next, as A(z1) W A(xy—1) = Az W xy—1), the RHS of (7.21) equals
A(zy) WA(zy—1) W A(xy)
= (A(z1) WA(xy—1)) W A(zy)
= Az Wxy—1) W A(xy)

_ J
=A|zy +T10u_1+ Ty_121 + Z A, Tu—jry | W ANE!
0<ji<u

= A(zy) WA(zy) + A(212Z4—1) WA(2y) + A(zy121) W A(2y)
+ ) Al Amajzy) W A(y).
0<j<u
Putting all together, we deduce
Az, Wax,) = Azy,) W A(zy)
as desired. (]

7.3. Coassociativity of the coproduct.
In this section we prove the coassociativity of the coproduct A.

Theorem 7.6. Let u € (X). Then we have
(Id@A)A(u) = (A @Id)A(u).
The rest of this section is devoted to a proof of Theorem 7.6. The proof is by

induction on the total weight w = w(a) + w(b).

For w = 0 and w = 1 we see that Theorem 7.6 holds. Let w € N with w > 2 and
we suppose that for all u € (3) such that w(u) < w, we have

(Id@A)A(u) = (A @ Id)A(u).
We now show that for all u € () with w(u) = w,
(Id®@A)A() = (A @ Id)A(u).

The proof will be divided into several steps.
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7.3.1. Step 1. We first prove the following proposition.
Proposition 7.7. For all words u,v € (¥) with w(u) + w(v) = w, we have

(Id@A)A(uw v) = (A QId)A(uw v).

Proof. We see that if u =1 or v = 1, then the proposition holds. We can suppose
that u # 1 and v # 1. If we write

Aw) = ay @by,
Ap) = ay @by,
then by the compatibility, we get
(Id@A)A(u L ) = (Id©A)(A (W) LW A(v))
= (Id®A) (Z(au W ay) @ (by W bn))
A(by W by)

I Il
A
s £
® E
> &

Similarly, we get
(AQI)Au W) = (ARId)(A(u) W A(v))
= (A I)A(u) w (AR Id)A(v).
Since w(u) < w and w(v) < w, the induction hypothesis implies
(Id@A)A(u) = (A @ Id)A(w),
(Id®A)A(v) = (A @ Id)A(v).

Putting all together, we deduce

(Id®@A)A(uwv) = (Id RA)A(u) w (Id A)A(v)
= (A®IDAu) W (ARId)A(v)
= (A®Id)A(uLw ).
The proof is finished. U

7.3.2. Step 2. We define the operator > for tensors as follows:

(Z a ® bl) > (Z as ® bg) D= Z(al >ag) ® (by LW by),
(Zal ® by ®c1) > (Za2®b2 ®c2) D= Z(albag) ® (b W b2) ® (c1 LW c2).
We prove the following lemma which will be useful in the sequel.
Lemma 7.8. Let u,v € (X) with u# 1. Then
(A(w) —1@u)>A(s) =Aurov) —1® (u>v).
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Proof. Suppose that depth(u) = 1, says u = x,,. Then u>v = x,b and we have to
show that (A(z,) —1® zy) > A(v) = A(z,d) — 1 ® (z,0). We write

A@y) =10z, +» a, @by, A(0) =Y ay @b
Recall that A(z,0) =1 & (2,0) + > (ay > ay) @ (by LW by). Thus
A(zy0) = 1@ (240) = Y (@ > ay) @ (by L by)
— (A~ 1@ u)> Av)

as desired.

We now suppose that depth(u) > 1. We write u = z,u’. Thus u> v = z, (v’ W)
and we have to show that

(A(zv) — 1@z ) > A(d) = Az, (W W) — 1@ 2, (1 Wo).
We put
Ay =1®@zy + 3 ay @by,
A) = Zau/ ® by,
A(v) = Zau ® by.
It follows that
(7.22) Alz,u) — 1@z, = Z(au > ay) @ (by Wby ).
By Theorem 7.2, we have
A wo) = AW)WwWA®) =D (aw Way) @ (by W by).
Thus
Az (W W) = 1@ 2y (W W) = (ay > (ay W ay)) @ (by Wby LW by)
= ((au > aw) > ay)) @ (by Wby W by)
= (A(zut') — 1 ® z,u") > A(v).

The second equality holds by Proposition 6.10 and the last one follows from (7.22).
We finish the proof. O

Next we prove the following proposition.

Proposition 7.9. For all words z,u € () withu € N, depth(u) > 1 and w(z,u) =
w, we have

(Id @A)A(zu) = (A @ Td)A(zu).
Proof. We put
Aw) = ay @ by.
In particular,
Alz,u) =1Qzu+ Z(au >ay) ® (by Wbhy).
It follows that
(Id @A) A(xyu)
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= (Id®A) (1 Drut+ > (au>ay) @ (by W bu))
=1 A(z,u) + Z(au > ay) @ A(by LU by)
=10 A,u) + Y (au>ay) @ (Aby) W A(by)).

The last equality follows from the compatibility proved in Theorem 7.2.
Next, we have

(A @ Id)A(x,u)
— (A®1d) (1 Ozt Y (@ a) ® (b W bu))
=1@1@z,u+ Y A(ay>ay) @ (by Why).
Thus we have to show that
(7.23) 1@ Alzatt) + > (au > aw) @ (Aby) W A(by))
=101@zu+ Y Aay>ay) ® (by Wby).
As w(z,) < w, the induction hypothesis implies
(Id®A)A(zy) = (ARTA)A(zy,).
We write down the expressions of both sides. The LHS equals
(Id®A)A(z,) = (IdQA) (1 DT+ Y 0y ® bu>
=1® Azy,) Z a, @ A(b
and the RHS equals
(A @ 1d)A(z,) = (A @ 1d) (1 ©ry+ Y 0, ® bu)
=101z, + Y _ Aa) @by,
As (Id®@A)A(zy,) = (A @ Id)A(xy,), we get;

1® Az,) + Zau®A —1®1®xu+ZA(au)®bu.
We use Lemma 7.1 and cancel the terms of the form 1 ® a ® b on both sides to get
(7.24) > an @A) = (Alay) —1© ay) @ by.

Recall that A(u) = >~ a,®b,. By similar calculations, the equality (Id @ A)A(u) =
(A ® Id)A(u) implies

(7.25) D an @ Aby) =Y Alay) @ by.

Combining (7.24) and (7.25) yields

(Cawmatm)s (Cows an)
- (Z(A(au) —1®a,)® bu) > (ZA(%) ® b“) '

It follows that

D (au > ay) ® (A(by) W A(by))
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—Z (ay) — 1 ® ay,) > Alay)) ® (b, Wby)
—Z (ay>ay) —1® (ay>ay)) ® (by, Wby)

= Afau>ay) @ (by Why) = Y 1@ (ay > ay) @ (by Wby).

The second equality holds by Lemma 7.8.

As a consequence, the equality (7.23) follows immediately from the equality

Alzu) = 1@ zu+ Y (ay > ay) ® (by Wby).
O
7.3.3. Step 3. By Proposition 7.9, for all words u such that depth(u) > 1 and
w(u) = w, we have proved
(Id@A)A(u) = (A @ Id)A(u).
To finish the proof of Theorem 7.6 we prove the remaining case where u = x,,.
Proposition 7.10. We have
(Id®@A)A(xy) = (A @ Id)A(zy).
Proof. By Proposition 7.7,
(Id@A)A(x1 W xy—1) = (Id@A)A(z1 W Zyy—1).
Now we express both sides of the above equality by using

T W Xyy—1 = Ty + T1Tw—1 + Tww—1T1 + E A1w 1Lw—5Lj-
0<j<w

First, the LHS equals
(Id ®A)A(£L’1 L SUw_l)

= (Id@A)A | 2y + T1X0y—1 + Tyy—121 + Z A{)wflxw,jxj

0<j<w

— (Id2A)A(z) + (ABA)A @120 1) + (1 DA)A (20171
+ Z Alw LA @A) A2y —j25),

0<j<w
and the RHS equals

(A (24 Id)A(:ZZl L xw—l)

= (AQI)A | 2w + 71201 + Tyy—171 + Z A1w 1Pw—jTj
0<j<w

= (ARIDA(zy) + (ARIDA(z124-1) + (AR ID)A(zy—121)
+ Y AL (ARIDA(y ;).
0<j<w
Putting all together and using Propositions 7.7 and 7.9, we deduce that
(Id®@A)A(xy) = (A @ Id)A(zy).



HOPF ALGEBRAS AND MZV’S 79

7.4. Hopf algebra structure.

The counit € : € — Fy is defined as follows: €(1) = 1 and €(u) = 0 otherwise. By
induction on weight, we can check that A preserves the grading. So (€, L, u, A, €)
is a connected graded bialgebra. By Proposition 2.6, we get

Theorem 7.11. The connected graded bialgebra (€, 1, u, A, €) is a connected graded
Hopf algebra over IFy.

We also note that the Hopf shuffle algebra is of finite type (see Definition 2.5).

7.5. Numerical verification.

We end this section by presenting some numerical experiments for the shuffle
algebra in positive characteristic. We mention that these calculations have been
crucial for us during this project.

We have written codes which can calculate the operations on € and verified
Proposition 6.8, Theorem 7.6 and Theorem 7.2 in numerous cases as below, “ex-
tending” the verification which were done in [47, §3.2.3] The machine used for the
computation is MacBook Pro (15-inch, 2018), with 2.6 GHz 6-core Intel Core i7
CPU and 16GB of memory.

Associativity: For ¢ = 2,3,4,5,7, (Sq(a)Sq(b)) Sq(c) = Sa(a) (Sa(b)S4(c))
for all depth 1 tuples a, b, c with weight < ¢3.

e The running time for each of the cases when ¢ = 2,3,4,5,7 are less
than 1 second, 16 seconds, 170 seconds, 107 minutes, and 118 hours,
respectively.

Coassociativity: Coassociativity holds for some initial cases. Precisely, the
coassociativity for depth one word z,, for 1 < n < a4 and all words with
weight < w, were verified within execution time ¢, and t; seconds respec-
tively, for following ¢’s:

q 2 3 5 7
(aq,tq) | (33,362) (62,432) (122,335) (182,362)
(wq,tl) | (15,2038) (14,386)  (18,578)  (18,236)

q 8 9 11 13
(aq,tq) | (300,222) (302,183) (300,191) (382,283)
(wg,ty) | (18,207)  (18,199)  (18,199)  (18,218)

Compatibility: Compatibility holds for some initial cases. Precisely, we ver-
ified that A(w; Wwsy) = A(wy)A(wse) holds for all words wy, ws € (£) with
weight(wq) + weight wy < 12 within ¢, seconds of execution time respec-
tively, where to = 1965, t3 = 1414, t4 = 450, t5 = 825, t7 = 800, tg = 365,
tg = 506, t11 = 793, t13 = 789. Further, when ¢ = 9, we verified for all words
wy,wy € () with weight(w,) + weight(wz) < 13 within 2450 seconds of
execution time.

8. COPRODUCT OF DEPTH ONE

This section aims to prove Shi’s conjecture on a Hopf algebra structure of the
shuffle algebra (see Theorem 8.9). To do so we study coproduct for words of depth
one and deduce that the coproduct A coincides with that introduced by Shi (see
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Proposition 8.8). Explicit formulas for coproduct of such words are given in many
cases in §8.5 and the Appendix A.

8.1. Bracket operators.

In the next section we will give a formula for A(x,,) for all n € N (see Prop 8.6).
To do so, we need some preparatory results.

Lemma 8.1. Let n be a natural number. We have
(1) forall j <mn,
A — 1 if(g—1)1J
1,n .
’ 0 otherwise.

(2) AT, =0.

Proof. The result is straightforward from the definition of Ajln O

Remark 8.2. It follows from Lemma 8.1 that for all j,n,m € N with j <n <m,
we may identify A] = A] .

We recall that (¥) is the set of all words over ¥ = {z,, }nen. Let a = 24, -+~ 24, be
a non-empty word in (3). We define the bracket operator by the following formula:

(8.1) [a] := (—1)"AY A

w(a) 1 - W,

i ,
Lw(a)+17i1

As a matter of convention, we also agree that [1] = 1. The following lemmas will
be useful.

Lemma 8.3. Let b and ¢ be two words in (X). Then we have
[b] L1y [¢] = [bd],
where be is the concatenation product of b and c.
Proof. The result holds trivially if b = 1 or ¢ = 1. We thus assume that b =

Ziy -2y, and ¢ = xj, ---x;, . Then it follows from the definition of the bracket
operator and Remark 8.2 that

[6] Wi [¢]
= ()AL o1 AT a1 D 1 Aoy (@i W W, ) W (g, W0
= (1 A o+t AT e 118 o 117 A uee 10 W W@, W, W
= [be].

This proves the lemma. O

Lemma 8.4. Let a be a word in (X). If (¢ — 1) f w(a), then [a] = 0.

Proof. We may assume that a = x;, ---;_, so that w(a) =iy +---+4,. If (¢—1)1
w(a), then there exists an index i), for 1 < k < 7 such that (¢ — 1) { ix. It follows
from Lemma 8.1 that All’“w(u) 41 = 0, and hence [a] = 0. This proves the lemma. [

For the convenience of computation, we introduce the following result.

W ;. )

Wy,
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Lemma 8.5. Let u and v be two non-empty words in (X). Suppose that
Alu)=1®u+ Zu(l) ® U(a),
Alp) =1®0+ ZU(D ® 0(2).-
Then
Aluon)=1® (uob) + Z(u(l) o 0(1)) @ () LW o(2y).

Proof. From the compatibility, we have
A(uwo) = A(u) w A(p)

=1® uWo) + > 1wy @ (e Wo)+ ¥ by @ (4 Wo)

+ Z(u(l) L 0(1)) & (u(g) L1 U(g)).
On the other hand, it follows from Lemma 7.8 that

Auro)=1® (u>v) + Zu(l) (29 (u(g) o)+ Z(u(l) > 0(1)) & (u(z) L 0(2)),

Afopu)=1® (o>u) +Zu(1) ® (U o)) +Z(n(1)>u(1)) ® (u(2) L B(2)).
Thus
Aluon) =Aulo—upv—o>u)
=Auwo)—Auro) —Ao>u)
=1l®@uWwWo—urv—o>u)

+ > (U W) — gy >0y — b1y b)) @ (ue) L b))
=1®(uov)+ Z(u(l) <o 0(1)) ® (u(Q) L 0(2)).

This proves the lemma. O

8.2. A formula for the coproduct of depth one.
The first result of this section reads as follows.

Proposition 8.6. For alln € N, we have

r + depth(a) — 2
A =1 .
(@n)=1@z,+ ( depth(a) z, ® [a]
reN,ae(X)

r+w(a)=n

Here we recall that [a] is given as in (8.1).

The rest of this section is devoted to a proof of Proposition 8.6. We proceed the
proof by induction on n. For n = 1, we have

0

which proves the base step. We assume that Proposition 8.6 holds for all n < m
with m € N and m > 1. We need to show that Proposition 8.6 holds for n = m+1.
Indeed, from the induction hypothesis, we have

r + depth(a) — 2
A =1 )
('rm) ® xm + Z ( depth(a) x" ® [a]’
reN,ae(x)

r+w(a)=m

A($1)=1®1‘1+< >$1®[1]=1®1‘1+$1®1,
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hence it follows from Lemma 8.5 that

_ o r 4 depth(a) — 2 oo
82) A omn) =16 (@0 ’"HTeN%m( ey ) om0

r+w(a)=m

= 1®£L’m+1 + Z A{’m1®xjxj

i+j=m+1
r + depth(a) — 2
* Z ( depth(a) Tr+1 (o]
reN,ae(x)
r+w(a)=m
r + depth(a) — 2 &
A .
* Z ( depth(a) Z Lrny @ [a]
reN,ae(X) h+k=r+1
r+w(a)=m
On the other hand, we have
(8.3)
A(ml O.Tm) = A(l‘m+1 + Z A{,mxixj) = A(l‘m+1) + Z A1 m J} xj)'
i+j=m-+1 i+j=m+1

From the induction hypothesis, it follows that for all 4, j € N such that i+j = m+1,

NI PP (s + depth(b) — 2)% o [,

seEN,be(X) depth(b)
stw(b)=i
t 4+ depth(c) —
Alz;)=1®@x; + Z ( de th((c)) )m@[c],
teN,ce(X) P
t+w(e)=j
hence
(8.4)
s + depth(b) — 2
seN,be (%)
st+w(b)=t

s + depth(b) — 2\ ('t + depth(c) — 2
’ s tENZb:ce(2> ( depth(b) > < depth(c) )xsxt @ ([b] W [¢]).

stw(b)=1
t+w(e)=j

From (8.2), (8.3) and (8.4), we have
A(mm+1) = A(:I,‘l oxm) — Z A]LmA@%JJJ) =1® xpme1 + 51+ Sy,
i+j=m+1
where

_ r + depth(a) — 2
1= Z ( depth(a) )xT—H @ [a]

reN,ae(®)
r+w(a)=m

s + depth(b) — 2
4 1 ,m ( depth(b) Ls ® ([b] L xJ)’
i+j=m+1 seEN,be(X)
stw(b)=i
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r + depth(a) — 2
B 2 <+degth23 ) > Az @[

reN,ae(X) h+k=r+1
r+w(a)=m

_ + depth(b) — 2\ [t + depth(c) — 2
- Y N ’ ’ '
B 1m Z ( depth(b) depth(c) zszy @ ([b] W [c])
i+j=m+1 $,tEN;b,ce(X)
s+w(b)=i
t+w(c)=j

We next compute the sums S; and Sy as follows.

8.2.1. The sum S;. We ﬁrst note that if j < m then it follows from Remark 8.2
and Lemma 8.3 that (—A7,,)([b] w ;) = [b] W [2;] = [bx;]. Thus we have

_ r + depth(a) — 2
51 = Z ( depth(a) )x7'+1 ® [a]

reN,ae()
r+w(a)=m

- X Al X (T e (lwy)

itj=m+1 SEN,bE(D)
stw(b)=i
m—+1
— 1+ depth(a) — 2
Y X (T e
el epth(a
r+w(a)=m+1
m
s + depth(b) — 2 ,
_AJ )
D VR SER (Ao ELIS TS
s=1  jeN,be(X)

s+w(b)+j=m+1

S G L C 11D D DI (i g PRI

r=2 ac(x)
r+w(a)=m+1
s + depth(b) — 2 ;
! Z Z ( depth(b) zs ® (—A7,,)([b] way)

s=2  jeN,be(%)
st+w(b)+j=m+1

i Z (decli)etp})lt(ﬁzb; 1) 21 ® (=A],)((b] W)

JEN,bE(S
w(b)+j= m
“ r + depth(a) — 3
= ®l+ [y D ( depth(a) )% @
r=2  ac(®)

r+w(a)=m-+1

m

s+ depth(b) — )

DD o o)

poer SR depth(b)
s+w(b)+j=m+1

depth(b) — 1 ;
’ JGN% ( depth(b) )”fl ® (=A7,,)([b] w )
w(b)+j= m
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m r + depth(a) — 3 r + depth(a) — 3
= 1
A rz:; Z; ( depth(a) * depth(a) — r, ® [a]
rdw(a)=m+1
depth(b) — 1
Al ,
> ( depth(b) ) ® (—A7,5) (6] w ;)
JEN,bE(D
w(b)+j= m
r + depth(a) — 2
=T © 1+ Z Z ( depthgai >xr ® [a]
ae(x)

T+w(u)—m+1

bE (O ) o )

N pels) depth(b)
w(b)+j=m

We claim that for all j € N and for all b € (£) with j + w(b) = m,
depth(b) — 1
8.5 A bl wax;)=0.
(55) (v EX ORI CITES
Indeed, if j = m, then it follows from Lemma 8.1 that A", = 0, hence (8.5) holds.
If 5 < m, then w(b) > 1, i.c., depth(b) > 1, hence (dzﬂ;};g’()bgl) = 0, showing that
(8.5) holds. This proves the claim. As a consequence, one may identify

depth(b) — 1) depth(a) — 1
) @(-A1,) (b)) = Y 19[a) = 0.
jEN,be(D) ( depth(b) ae(m) depth(a)
w(b)+j=m w(a)=m
Thus

S1 =Ty @ [1] + Z Z (r * SZEEEEB a 2) z, ® [a]

ag(X)
r+w(a) m-+1

depth(a

+ Z ( depth a) ) 1@ [a]

w(a)

m—+1

depth(a) — 2

2> (r " e )x o

o = epth(a)

r+w(a)=m+1

B r + depth(a) — 2
N Z < depth(a) @r @ [a].

reN,ae(X)
r+w(a)=m+1

8.2.2. The sum So. We claim that S = 0. The following lemma will be useful.
Lemma 8.7. For positive integers h, k,l, we have;
Z h+i\(k+j\ (h+k+i+1

, i i ) l '

1,520
iti=l
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Proof. For all m,n € N, we have
i (n—l—r) _ (n—l—m—l—l)
e r m
We now proceed the proof by induction on k. The base step k = 0 follows from the

above identity. We assume that Lemma 8.7 holds for £ > 0. We need to show that
Lemma 8.7 holds for k+1. From the previous identity and the induction hypothesis,

we have
Z (h;ri)((k+;)+j): Z (h:rz)<k+j+1>

i,j>0 i,j>0
ifj=l ifj=l

ECECT)

i
i,j>0 r=0
i+j—l

2 (U))

s=0 i,r>0
z+r:s

_i(h-ﬁ-k—i—s—i—l)
n S
s=0

B <h+k+l+2>

- l .

This proves the lemma. [

It follows from Lemma 8.3 that [b] LU [¢] = [bc], hence

r + depth(a) — 2
»e Z < deithgz; ) Z Af zpwy @ [d]

reN,ae(x) h+k=r+1
r+w(a)=m

j s + depth(b) — 2\ [t + depth(c) — 2
- > ALY . ( depth(b) )( depth(c) )xsxt ®[bd

i+j=m-+1 s,teN;b,ce
s+w(b)=i
t+w(c)=j
h+k—1+ depth(a) — ) &
= Z AT pgk—1Znk @ [a]
h,k€EN,ae(3) ( depth(a)
h+k+w(a)=m+1
s+ depth(b) — 2\ [t + depth(c) t4w(c)
_ A s
2. ( depth(b) > ( depth(c) ) Lm. @5t ® [b]

$,tEN;b,ce(X)
s+t4w(b)+w(c)=m+1

h+k+ depth -3
= Z A 1,h+k—1

depth(a
h,keN,ae (%)
h+k+w(a)=m+1

B+ depth(b) — 2Y (k +depth(c) 2 \k-ru(e
b GZ@) ( depth(b) depth(c) Al |Zhok @ [d]

be=a
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We will prove that for all h,k € N and for all a € (X) with h + k +w(a) =m + 1,
(8.6)

h + k + depth(a) — 3\ , » h + depth(b) — 2\ (k + depth(c) — 2\ \ ktw(c)
A1 h+k—1"" Z A1 m
depth(a) ' depth(b) depth(c) ’
b,ce(X)
be=a
If this is the case then Sy = 0. We divide into three cases:
Case 1: h = 1. The LHS of (8.6) equals
k + depth(a) — 2\ depth(b) — 1\ [k 4 depth(c) — 2\ | ktw(c)
AT — A .
( depth(a) Lk . %(:D depth(b) depth(c) L |T12kSa]
,bc:a

It follows from Lemma 8.1 that A’f,k = 0. Moreover, if b # 1, then depth(b) > 1,
dzz;};g’()b;l) =0.If b = 1, then ¢ = a hence k+w(c) = k+w(a) = m, showing

that A’f:;i”(c) = AT, = 0. So (8.6) holds in this case.

hence (

Case 2: h > 2,k = 1. The LHS of (8.6) equals

h + depth(a) — 2\ ,; h + depth(b) — 2\ /depth(c) — 1\  14w(c)
( depth(a) )Al h Z < depth(b) ) ( depth(c) > .

)

b,ce(X)
bc=a

Since 1 < h < m, it follows from Remark 8.2 that A} , = A} . Moreover, if ¢ # 1,

then depth(c) > 1, hence (dzzglgl‘()sl) = 0. Then the LHS of (8.6) equals

h + depth(a) — 2 Al h + depth(a) — 2\ /—1 Al
depth(a) 1m depth(a) o) tm

So (8.6) holds in this case.

Tpx1 ® [a] = 0.

Case 3: h > 2,k > 2 Since k < h+ k — 1 < m, it follows from Remark 8.2 that
Allc,thk—l = A’im. Moreover, we claim that

(8.7) AV O z2, @ o] = AF L apay © [a].

m

Indeed, note that k& + w(c) < m. If (¢ — 1) | w(c), then it follows from Lemma
8.1 that Alfjnw(c) = A, hence (8.7) holds. If (¢ — 1) t w(c), then it follows from
Lemma 8.4 that [c] = 0, hence [a] = 0, showing that (8.7) holds. Thus the LHS of

(8.6) becomes

h+ k + depth(a) — 3 h + depth(b) — 2\ [k + depth(c) — 2
( depth(a) )‘ 2 ( depth(b) ) ( depth(c) )

b,ce(X)
be=a

It follows from Lemma 8.7 that
h + k + depth(a) — 3\ Z h + depth(b) — 2\ [k + depth(c) — 2
depth(a) N : depth(b) depth(c) ’

b,ce(x
be=a

Al,m ]th1®[a].

Afmxhxk@[a].

] TprE®la] =
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hence (8.6) holds in this case.

From the above computations, we conclude that

r + depth(a) — 2
A(Xpg1) = 10T m41+S1+52 = 1®@xm41 + Z ( deithga; >$r®[ﬂ]~
()

reN,ae
r4+w(a)=m+1

This proves Proposition 8.6.

8.3. Comparison with Shi’s coproduct.
In [47], Shi defined another coproduct

A1Q:—>Q:®€

using the concatenation rather than > on recursive steps for words with depth > 1.
More precisely, we define it on (X) by induction on weight and extend by F,-linearity
to €. First, we set

A1) :=1®1,
Al(xl) =1 Rr1+11® 1.

Let w € N and we suppose that we have defined Aj(v) for all words v of weight
w(v) < w. We now give a formula for A;(u) for all words u with w(u) = w. For
such a word u with depth(u) > 1, we put u = z,0 with w(v) < w. Since z,, and v
are both of weight less than w, we have already defined

A(zy) = 1@z —i—Zau ® by,
Aq(p) := Zan ® by.

Then we set
Au) =1@u+ Y (auay) ® (by L by).
Our last task is to define Aq(zy,). We know that

_ J
T W Tyy—1 = Ty + T1Tp—1 + Tw—1T1 + E ALw_ll’w—jl‘j
0<j<w

where all the words z,,—;x; have weight w and depth 2 and all A{,w—l belong to
F,. Therefore, we set

Al(.’tw) = Al(.’El)LLJAl(l’wfl)—Al(1’1.’Ew,1)—A1($w,1$1)— Z A{7w71A1($w7j$j)-
0<j<w
As an application of Proposition 8.6, we prove:
Proposition 8.8. For all words u € (¥), we have
Au) = Aq(u).
Proof. The proof is by induction on the weight w. We have to show that for all
words u of weight w,
Au) = Ay (u).
We denote this claim by H,,.
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For w = 0 and w = 1, we are done as A(1l) = A1(1) = 1® 1 and A(xy) =
Aq(z1) = 1 ® 21 + 21 ® 1. Suppose that for all words u with w(u) < w, we have
A(u) = Ay (u). We will show that the claim H,, holds.

Let u be a word of weight w. Suppose that the depth of u is at least 2. Then
we put u = z,0 with w(v) < w. By induction, we know that A(v) = A;(v).
If A(z,) = > a, ® by, then Proposition 8.6 implies that depth(a,) < 1. Thus
Au) = A (u).

To conclude, we have to check the claim for v = z,,. By induction, for all i < w,
A(x;) = Ar(z;). Tt follows that

A(zy)
= A(.’L‘l) L A(l‘w_l) — A(mlxw_l) Iw 11‘1 Z Al w—1 a?w_jl‘j)
0<j<w
=Aq(z1) WA (zy-1) — A1(z120-1) — A1(Tw-121) Z Alw 181 (Ty—jzj)
0<j<w
= Al(l'w).
Thus we have proved H,,. The proposition follows. ([l

In particular, we get

Theorem 8.9. Conjecture 3.2.11 in [47] holds.

8.4. Auxiliary results.

In this section we prove some auxiliary results that will be useful in the sequel.
We define

L1 Lgy +o L, kG 1= qull.qSQ .. 'xqsrv
(u®v)*g:=(uxq) @ (vxq)

for u,v € (¥), and extend it to be Fp-linear. We define 1 x ¢ = 1 when 1 is the
empty word.

We recall the Lucas’s theorem [23]:
ao + aip + azp® + - - + agp” _ (G0 (a1} (a2 ag (mod p)
bo+bip+bap?+ -+ bep* ) \bo by by ) T\ by p);
where p is a prime and 0 < a;,b; < p.
Lemma 8.10. The following modular equations hold.
1 =0 (mod p) when ¢{i, g|a. A, =0 (mod p) follows when q | a,b.
a— 1 a,b
2) (P~Y = (71 (mod p) and AP —A] mod p) for 0 < j < a-+b.
(2) ( P p j

pa—1 a—1 pa,pb —

Proof. Let ¢ = p*.
To prove (1), let i = Ag+ B with A,B € N, 0 < B < ¢q. We write

i—1=Aq+(B-1)=Bo+sp+-+B-1""")+ > awp’

and

a—1=(p-1)+@-Dp+-+@-1p"")+> alp’
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with 0 < ay, o, Bs < p. By Lucas’s theorem,
S

(1) =GE)6) 65 @) =0 oot

since at least one of 5; < p — 1. (Note that B < q.)
For (2), (gij) = (flj) (mod p) is verified by similar routine calculations with
Lucas’s theorem. O

Lemma 8.11. For all words u,v € €, we have (uLLv) g = (uxq) LW (b % q).
Equivalently, ifullv =) a;, then (uxq) W (v *q) = > (a; *q).

Proof. Let u = z,, v = x, be depth one words. We have

[
Ty WXy = Tyto + Ty + Ty + E Auﬂ;mu-‘rv—ixi;
0<i<u+tv

Tgu W Tgy = Lg(utwv) + Tyy + Tgo + Z Azuquxq(uﬁ-v)—ix@
0<i<q(u+v)
By Lemma 8.10,
J — i
Z Afl“quxQ(“‘Fv)_ixi - Z Aqu,qvmq(it+v)—ixi

0<i<gq(utv) qli, 0<i<q(u+wv)

_ qj . .
- Z AL qoTq(utv—3)Tqj
0<j<u+tv

qj . .
Z AT T q(utv—) Tqs-
0<j<u+wv

Thus the lemma is proved for depth 1 words u, v. By the induction on depth(u) +
depth(v), we can conclude the general result. O

We recall that A(1) = 1®1, A(x1) = 1®z1+21®1 by definition, and A(u) € €RE
is defined for other all words u.

Proposition 8.12. For all integers 1 < n < g,
(8.8) Alzy) =1z, +z, 1.

Proof. (8.8) holds when n = 1. Let 2 < n < ¢, and assume (8.8) holds for
1,2,...,n— 1. Then,
1 W Xyl = T1Tp—1 + Tp121 + Tp + Z A{7n_1xn,jxj.

q—1[j
0<j<n

The > term here is empty sum for n < ¢, and when n = ¢, j = ¢ — 1 term is the
only possible index. A?;il = (g:g) + (—1)’1(3:3) vanishes for all ¢, so
WXy 1 =211+ Tp_1T1 + Tp,
that is, A(z1)A(xp—1) = A(x12p-1) + A(xpn_121) + Azy).
By calculation and the induction hypothesis, we have
A(z1)A(xp-1)=1Rz1+21 1) (1 Qxp—1 + Tp_1 ® 1)
=1®@IWey1) + 21021+ 21 QTp_1 + (1 Wxp1) ® 1,

A(x12p—1) = €@ T1Tp—1 + 1 @ Tp_1 + 1Tp—1 @ 1,
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A(zp_121) =1 Q xp_121 + Tp—1 @21 + Tpo121 © 1
Recall 1 Wz, 1 = 21241 + Tpn_121 + x,, to have

Alzy) =10z, +z, 1.

Proposition 8.13. For all n € N, we have

A(zgn) = Alzn) xq
for allm € N. This can be stated as follows: letting A(x,) = eQx, + > an @ by, we
get A(xgn) = e®@ xgn + Y ;(an *q) @ (by * q).

Proof. The statement holds for n = 1 by Proposition 8.12.

Assume that the statement holds for all n < w. Say A(zy) = 1w+, Gy @by.
Since

_ J
Ty W T1 = Topy1 + Top®1 + T1T4 + E AwawH,jacj,
0<j<w+1

Axpx1) = 1@ Ty + Z(aw >21) @ by + Zaw ® (by W 1),
A(21Zy) = 1 Q@ 2124y + T1 @ Ty + Z(Jcl D Q) & by,
we have
A(Zw1)
=1® (21 Wxy) + 21 ®xw—I—Zaw®(bwLle1)+Z(awLle1)®bw
—1®xw$1—Z(awbxl)(@bw—Zaw@(bwLle)
—1®x1mw—m1®xw—2(xll>aw)®bw

= Y AL A@wr1-jT)

0<j<w+1

By the induction hypothesis, A(Zqy) = 1@ Zgw + Y (aw *q) ® (by *¢). Note that
A(zy) =1® x4+ x4®1 by Proposition 8.12 and since we proved the compatibility
for A,

_ J oy
Tqw W Tqg = Tg(w+1) T TquTq + TqTqw + E , Ay jwTquwtq—iTs
0<j<g(w+1)

A@gurg) = 1@ Tgutg+ Y _((aw *q) > 24) @ (by*q) + Y (4w *q) ® ((bu * ) W 7y),
A(@gTqu) = 1@ TgTgw + Tq @ T + Y _ (745 (0w *q)) ® (b * q),

we have

A(Zquw+q)

=10 (g W Zgw) + g @ Tgw + 3 (a0 *q) @ ((bu *q) Wxg) + Y ((aw *q) W) ® (by * q)
— 1@ Zqutg — Y (0w *q) > 2g) @ (b % q) = Y _(aw xq) @ ((bu * q) W zy)

— 1@ TTgw — Tq D Tquw — Y _(Tq > (@w *q)) @ (b * q)
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o Z A;qu(xqw-%q—jxj)-

0<j<q(w+1)
With Lemma 8.11, we are done if A((zyy1-i7i) * q) = A(Tywr1—iz;) * ¢ for i < w,
which can be shown by applying the induction hypothesis. ([

8.5. Explicit formula for A(z,) with 1 <n < ¢

In this section we give an explicit formula for A(z,) with 1 < n < ¢2. It could
be obtained as an application of Proposition 8.6. We will give below another way
to do calculations.

For 1 < n < ¢, an explicit formula for A(x,,) is given in Proposition 8.12:
Alzp) =1z, +z, 1.
We note that a direct consequence of Propositions 8.12 and 8.13 implies
A(Zoqr) =1 Q@ Tagr + Tagr @1
for all 1 < a < ¢. By Theorem 7.2, we have an algorithm to calculate A(zy,):

o Write n = ng + nig + -+ + nyq", with 0 < n; < ¢. Then A(z,,,i) =
1®xp,qi + 2,4 @ 1 by Proposition 8.12.
o Use compatibility result to calculate A(zy,), by calculating A(@y,, LA (2y, ¢) LW
CWA(Zpgr) = A(Tpy Wy, q W W Ty, gr).

Lemma 8.14. For 2 < k < q, we have
k=1
ATr(g-1)) = 1@ Tp(g—1) + Ti(g— 1)®1+Z( )xzq 1) © T(h—i)(g-1)-

i=1

Proof. The lemma follows from Lemma 8.15 and the compatibility equation (see
Theorem 7.2)

Al w-1)(g-1) W -1) = Az (e-1)(g-1)) W A(2g-1).

Lemma 8.15. For all a,b € N with a + b < q, we have

(8.9) Ta(q—1) W Tp(g—1) = Tg—1 W - W Tg_1 = X (q+b)(qg—1)-

a+b

Proof. Tt suffices to prove the following claim: for 2 < k < ¢, we have xj,_1)(4—1) W

Tg—1 = Tp(q—1)- In fact, with Lucas’s theorem one can verify that Aq ql 2()q )= -2
i(g—1)

when k = 1, and Aq Lk(g—1) _Aq 1kq ;) = —1 (mod p) and Aqqlk(q n=0

(mod p) when &k > 1. Thus the claim follows from the definition of LL. (]

Remark 8.16. Note that the Lemma 8.14 does not answer for A(z,2_1). By similar
calculation for x,(,_1) W 241, all lines except Ag(_q;;()q_l

yields

)= 0 are parallel, which

Tg(g—1) WTg—1 = Tg2—1 + Tg—1Tg(¢-1)-

Similar calculation gives

A1) =1@xp 1 +Tp_1 @1+ 244-1) @ Tq-1.
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Lemma 8.17. Let 1 < A, B<q—1 with A+ B <gq. Then
TAgW TB(g-1) = TAq+B(qg—1) T TB(qg—1)TAq-
Proof. Let n=Aq+B(g—1)=(A+B)(¢g—1)+A. Since 1 < A< ¢q—1,
Taq WTB(g—1) = Tn + TAgTB(g—1) T TB(q—1)TAq T S1 + 52
where

A N (ila=1) =1
S1=(-1) Z Ag1 )Fn-ita-DTita-1);

i=1
A+B
i(g—1)—1
S2=— ; < q—l _1) Tn—i(qg—1)Ti(qg—1)-

From Lemma 8.10, ( ia ql)) vanishes only when ¢ | ¢, which is possible only when
A+ B = q. In this case, the only nonzero summand is

o (1) = e (473) =4 moa),

A+ B
thus Sl {0 ( + < C])
AT g(g-1)Tq(g—1)- (A+B=q)

For S5, when i < g,

((B(i_&q:(z - 33_11)) - <;_11> (;—;—11)7 (mod p)

is nonzero only when i = B. Thus, if A+ B < ¢ —1, So = —z447p(q—1)- When
A + B = q, the coeflicient for the summand corresponding to i = ¢ is

(o) = () 7t ) == o)

S0 Sy = {_IAQIB(Q_U’ (A+B<q) which yields
~T4qTB(g-1) T Bn—q(g-1)Tg(q-1), (A+B=4q)
S1+ 52 = —xaqTB(g-1)
in any case. Thus we have
Taq W TB(g-1) = TAg+B(¢-1) T TB(g-1)TAq

as we desired. O

Proposition 8.18. When g+ 1 < n < ¢?, with some 1 < k < q such that kg+1 <
n < (k+ 1)q, we have;
nn+1)

Alzn) =102, + 2, ®1 —nxp_g41 Q@ Tq—1 + 3

n+k—1
+ (-1* < >In—kq+k ® Thg—k

Tp—2g+2 @ Tog—2 — ...

k
b n—1+i
:1®xn+xn®1+2(—1) .

i=1

)xnuql) ®Q Ti(g-1)-
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Proof. Note that ¢ | n and (¢ — 1) | n cases are already treated above. Note that
Lemma 8.14 coincides with the statement as follows: when n = r(¢ — 1) with
2 <r <gq, then

_4yCﬂ—rf1+g::@&yCr—Dq+@

—~

N e AN e :(71)" (g—(r—i+1))
= (T ) () =S e
D ety (=i D) — @) (=i 42
il (r+1)—g((r+2)—

by Lucas’s theorem and calculations. This kind of calculation will be used often.
We show the & = 1 case for the initial step. The statement for £ = 1 is for
¢+ 1 < n < 2q, but it also holds for n = ¢, since —gx12,—1 term vanishes over F,,.

Based on this initial case, we let ¢ + 1 < n < 2¢, and assume that the statement
holds for all ¢,q+1,...,n — 1. Then,

—r—1+m>

—(r—i+2)...1

—(r+2))...1
—q)..-((g—1)—q)

). ((g—1)—q)

QVAA

_ J
1 W Tyl = T1Tp—1 + Tpn_121 + Tp + E Al,nflxn—jxj'

q—1j
j<n

Note that j = ¢ — 1 yields a summand. There is another summand for j = 2q — 2
only when n = 2¢q — 1.

Since ¢ +1 < n, Af ! _; = 1. Also since Al (2 -1 =1+ (—1)%24=1 = 0,we have

T WXy 1 =21%p-1 + Tp_1T1 + Ty + Tn—q+1Tg—1,

thus

A(z1) WA(zp—1) = A(@1Zn-1) + A(zp_121) + A(@n—gt1Z4-1) + A(zh),

and a routine calculation with the induction hypothesis yields the result.

We divide the remaining cases into two subcases: when n = kq+b=k(¢g—1) +
(k+b)withl1 <k,b<qg—1,(1)2<k+b<qg—1and (2)¢g<k—+b.

Define a temporal function A’ to be A’(u) = Au) —1Q@u—-u® 1.

(1) Assume that the statement holds for all kg+b with k+b < ¢—1 and k < &,
for some k > 2. Let b € N with kK + b < ¢ — 1, and let n = kg + b. We have

i(g—1)
Trg W Ty = Trgb + TrqTh + TpTpq + Z A xn_i(q_l)xi(q_l),

Kq,b
=1
A(Trg) =1 @ Tpq+ g ® 1,
Alzp) =1Q@zp+ 7, ® 1,
A(Zrqxp) =1 @ Tig®p + Trg @ Tp + TrqTp @ 1,
A(zpZrg) = 1 Q@ TpLrg + Tp @ Tig + TpTrg @ 1,
SO
A(zyq W xp)

= A(Zpgtb) + 1 @ Trg®p + Tiog @ T+ TigTo @ L + 1 @ TpTg + Tp @ Tpg + TpTg @ 1
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i 1)
+ Z An(;lb A(Tn—i(g-1)Ti(g—1))
—an®mb+xb®xmq

+ 1@ Tugip + 1 ® Trgrp + 1 ® TpTpq + Z Ai,((f;l)l ® Tn—i(q—1)Ti(g—1)
i=1

+ Thgd @ 1+ Trqp @ 1 + 2p20q ® 1 + Z Afffb Tn—i(q—1)Ti(q—1) @ 1,
=1

thus

A(Trgiy) = 1@ Tugyp + Trgrp ® 1 — Y AL YA (2 iq-1)Ti(g-1)),
i=1

for 1 <4 < k,i(q— ) < Kq. Also since b < ¢, Lucas’s theorem and some calculations
yield (771) = (517 = (<11 (77 (mod p). so

~ (b+i—1
(8:10) Altgis) = 1@ g+ Tugro @1 -3 ( . )A'(:cn_i(q_l)xi(q_l)).
i=1
Let a; = n—i(q—1) = (k—i)q+(b+1) and b; = i(¢—1). Note that b+i < b+x < g—1,
so by induction hypothesis we have

A(Ta,) = 1@ o, + 70, ® 1+ (=
j=1
i—1

A(Z‘b)—l(g)xb +xb ®1+Z< )xsq 1)®x(z s)(g—1)>»

1)j(b+i+j—1

j )xaij(ql) @ Tj(g—1)

Az, mp,) = 1 @ Te, T, + Ta, @ Tp, + Ta,Tp, ® 1

+Z( )xalxs (q—1) @ L(i—s)(¢—1)
— (b+i+75—1

+Z(1)]< 7 )fﬂai—j(q—n ® Tj(g-1) W T,
=1

J

= (b titi—1
3 (U e

j
k—1ti—1 . . .
(b+i4+g—1\ (1
+> > (1) ( ; ) <s> Ta;—j(q-1)Ts(q-1) D Tj(g—1) L T(i—s)(g—1)
j=1 s=1

=1Q® g, Tp, + Tgq, @ Ty, + Ty, xp, @1

+Z<S)$a@$sq 1) @ T(i-s)(g-1)

- bti+—1
+ Z(—l)J < i )xai—ﬂq—l) ® L (itj)(q-1)
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S, (btitj—1
+) -1y < , )xai—j(q—l)wbi ® Tj(g-1)

J
+ Ni: §<—1)j (b o J;j B 1) (Z) Tai—jla-)Ts(a1) © T(itj—s)(a-1)
j=1s=1
by (8.9). By manipulating indices combining sums,
A (2o, 2p,) = Ta, @ Tp, + § (i) Ta, T(i—s)(g—1) @ Tg(q—1)F
+ Z (b : J,; 1) Tait(i—5)(a-1) © Lj(q-1)
j=it1
+ ﬂzf i 10,4y (s)(—1) <b +i J;j ~ 1) (Z) Tai—j(q—1)T(i—s)(g—1) @ T(j+s)(g—1)
j=1s=0

where 1pg ;)(s) = 1 when 0 < s < i, otherwise 0. So recalling the previous calculation
(8.10),

"\ (b+i—1
Al(afnq+b) = _Z ( b—1 )Al(maixbi)

=1
=51+ 5 + .53,

i—1 . .
)i b+j—1\/b+i—-1
% R ( b—1 >( i >x®xb
RS (b+i—1\(b+i+j—1\/[i
—ZZZI[OJ—)(S)(—UJ< b—1 )( j )<S>xaibijis®mbj+s

i=1 j=0 s=0
We show that S; + S5 yields the desired equation, and S3 vanishes.
One can see that sum for i = 1in Sy is —brp_g41 ® T4—1.
For the remaining terms in S; + S5, we can prove

() g () ()

J
for i > 2 and 1 < b < ¢ from the equation

()00

and the binomial equation Z;;ll(—l)J (;) =—-1—(-1)%
Thus it is enough to show that S35 = 0. We manipulate indices as u = j + s, and
then v =7+ j, to have

— S,
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i (b+i—1\[(b+i+j—1 i
fZZZI[OZ)’UJ ] ].)j( b1 >< ] )< )xal—b xb,+7‘_u ®xbu

u=0 =1 j=0 J U =7
K K v ‘ b+z_1 b+v_1 .

= Z ZZ 1[O,i)(u —v+ i)(_l)v1< > ( ) > < >xaibv—ixbv—u ® xp, .
u=1v=11i=1 b—1 v —1 v—Uu

The coefficient for ,, —(y—i)(g—1)T(v—u)(g—1) @ Tu(q—1) Of —S3 vanishes when u > v
due to 1jg 4 (u — v + i) = 0 factor. Otherwise, it is

S (T () ()

“Ee (I

1=V—Uu
B u(_l)uﬂ- b+i4+v—u—1\/b+v—-1\/i+v—u
_Z_:O b—1 u—1 v—u
_(=D)%( b—l—v—l _o

ul(b —1)!(v — u)! 4 u—z)!_ '

Thus we are done.

(2) Let n = kg + b, and suppose that ¢ — 1 < x + b. We have that n = kg + b =
k+D(@g-1)4+k+b—g+1) with0 < k+b—qg+1 < q. We exclude the
n =q%—1 case, i.e. Kk = b = g — 1 case, since it is already treated earlier, so that
0<k+b—qg+1<qg—2.

Let A=xk+b—q+1, B=q—0b.Then n=Aqg+ B(¢g—1),1 < A< qg-2,
1< B<g—1,and A+ B = k+ 1. What we need to prove turns out to be

B
(8.11) A(xn)—1®xn+mn®1+z< >xn i(g—1) ® Ti(g—1)
i=1

in terms of A and B, by Lucas’s theorem and direct calculations.
From Lemma 8.17,

Taq WTB(g-1) = Tn T TB(g-1)TAq
for all A, Bwith A+ B=x+1<gq.
Now we can show that A(z4q W xpg—1)) = A(zAg) W A(ZR(g—1)). From

B-1

B
A(@pg-1) =18 Tpg-1)+TpE1) @1+ ) <J->l’j<q—1) ® T(B—j)(g-1)»
j=1
A(mAq) =1 @ xAq+Tag ® 1,
we have
A(zp(g-1)Taq)

=1® TB(g—1)TAq T TB(g—1) ® TAg + TB(g—1)TAq ® 1

B—1
B
+ Z ( )%m 1) ®Taq WT(B_j)(g-1) T Z <j>wj(q—1)fmq @ ZT(B—j)(q—1)

j=1



HOPF ALGEBRAS AND MZV’S 97

=1® TB(g-1)TAq T TB(g—-1) ® TAg + TB(g—-1)TAq @ 1

+ Z( )% (a-1) ® (Tagr(B—j)(a—1) + T(B—j)(g-1)TAq)

+ Z( >%<q 1TAq ® T(B—j)(q-1)>

thus

A(qu L xB(q—l))
=A(n) +1®2pg-1)Taq + TB(g-1) ® Taq + TB(g-1)Taq ® 1

+ Z (j>l”j<q—1> ® (T ag+(B—j)(g—1) + T(B—j)(q-1)T Aq)
+ Z ( )xﬂ(q 1)TAq & T(B—j)(g—1)
= A(qu) W A(Tp(g-1))

B-1
B
= 2Aq @ TB(g—1) + Taqg Wp(g-1) @1 + ( )qu'-'-'mJ(q 1) @ T(B—j)(¢-1)

Jj=1 J
B-1
+1®@rpg-1) WTag +TB(g-1) @ Taq + < )xa(q 1) ® Z(B—j)(q—1) L L Aqg;
j=1
so routine calculation yields
B-1
Al@n) =1@an +Tn ®1+ 249 ®Tp(g—1) + Z <j>xn—(3—j)(q—1) ® T(B—j)(g-1)
j=1

B
B
=1QT + 2, ®1+) (j>1'n—j<q—1) ® Tj(q-1);
j=1

which is (8.11), thus we are done. O

We mention that some explicit formulas for A(z,,) with n > ¢? can be found in
the appendix (see Appendix A).

9. STUFFLE HOPF ALGEBRA AND STUFFLE MAP IN POSITIVE CHARACTERISTIC

In this section we define the stuffle algebra and the stuffle map in positive char-
acteristic. The stuffle algebra is easy to define. However, to define the stuffle map
we make use of a deep connection between the K-vector space spanned by the
MZV’s in positive characteristic and that spanned by the multiple polylogarithms
in positive characteristic proved in [34, 41] (see Theorem 9.4).

9.1. The stuffle algebra in positive characteristic.

We recall that the composition space € is introduced in §4.2. We define the stuffle
product in the same way as that of (h',*) as given in §3.3. More precisely,

x:Cx € —¢C
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by setting 1 xa=ax1=a and
axb= zo(a_*xb)+xp(a*xb )+ zepp(a_xb_)
for any words a,b € (X). We call % the stuffle product.

Proposition 9.1. With the above notation, (&€, ) is a commutative F,-algebra.
Proof. The proof follows the same line as that of (h, ) (see §3.3). O

9.2. Hopf algebra structure.
We now define a coproduct A, : € ® € — € and a counit € : € — F, by

Ay(u) = Z a®b

ab=u

() = {1 ifu=1,

and for any words u € (3),

0 otherwise.
By Theorem 3.1, we get:

Theorem 9.2. The stuffle algebra (€, *,u, A, €) is a connected graded Hopf algebra
of finite type over Fy.

9.3. The stuffle map in positive characteristic.
We put 4y :=1 and {4 := H?:l(ﬁ —09") for all d € N. Letting s = (s1,...,8,) €
N™ for d € Z, we define analogues of power sums by
. 1
Sld(s) = Z S1

me
d=dy>->d,>0 d1° " Tdn

K,

and

. 1
Sica(s) = > e €K
d>di>>d, >0 d1 77 Tdn

Thus
d—1
Sica(s) = Sii(s), Sia(s) = Sia(s1)Sica(s-) = Sia(s1) Sicals2,. .., 5n).
=0

Here by convention we define empty sums to be 0 and empty products to be 1. In
particular, Si-4 of the empty tuple is equal to 1.

Then we define the Carlitz multiple polygarithm (CMPL for short) as follows
1
Li(s) = Si = —— € K.
1(5) Z ld(ﬁ) Z 621 . EZ” 6 (oo}
d>0 dy>->dp >0 41 n

We agree also that Li(()) = 1. We call depth(s) = n the depth, w(s) =s1+ -+ s,
the weight of Li(s).

Lemma 9.3. For all s as above such that s; < q for all i, we have
Sa(s) = Sig(s) for alld € Z.

Therefore,
CA(E) = Li(s).
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Proof. See [34, Lemma 1.1]. O

Combining the above lemma and some extensions of results in [41] we get a deep
connection between the K-vector space spanned by the MZV’s in positive charac-
teristic and that spanned by the multiple polylogarithms in positive characteristic.

Theorem 9.4. The K-vector space Z,, of MZV’s of weight w and the K-vector
space L, of CMPL’s of weight w are the same.
Proof. See [34, Theorem 4.3]. O

For all d € Z, we define two F,-linear maps
Sicg: € = Ko and Li: € = K,

which map the empty word to the element 1 € K, and map any word z, ...Zs,
to Sica(s1,...,sn) and Li(sy, ..., sp), respectively. We have the following result:

Proposition 9.5. For all words a,b € € and for all d € Z we have
Si<d(a * b) = Si<d(a) Si<d(b),
Li(a * b) = Li(a) Li(b).
Proof. We leave the proof to the reader. O

Combining Theorem 9.4 and Proposition 9.5 yields the K-linear map
Zy: € AF, K — Z,

which sends a word a € € to Li(a), is a homomorphism of K-algebras, and is called
the stuffle map in positive characteristic.

APPENDIX A. NUMERICAL EXPERIMENTS

In this appendix we write down some explicit formulas for A(z,) for ¢> < n <
¢ +¢®and ¢ =3,5.
A.1. The case ¢ = 3.
Az10) =1® x10 + 22 @ 2226 + 224 @ 6 + 6 Q@ T4 + 208 Qw2 + 10 ® 1

(
A(z11) = 1@ 711 + 223 @ T2w6 + 225 @ T6 + To QT2 + 11 @ 1
(
(

Alz12) =1Q®@x12 + 226 Qa6 + 212 ® 1

Az13) =1 ® x13 + 223 ® 228 + 3 ® T4T6 + 205 @ T2x6 + 5 © 8 + 7 @ Te
+ 29 ®@wq+ 2711 QT2 + 713 R 1

A(z14) =1 Q@ 14 + 26 @ T2xe + 206 @ 28 + T8 @ X6 + T12 QT2 + 214 ® 1

>

(
(z15) =1®z15+ 29 Qa6+ 215 Q1

(z16) = 1 ® w16 + T6 ® T2ws + 226 ® 2426 + 226 ® T10 + 228 ® w8 + T12 ® x4 + 2214 Q2 + 216 ® 1
(

(

(

> b

z17) =1®z17 + 29 @z +T15 Q2 + 217 ® 1
A(r18) =1®z18 + 218 ® 1
A(z19) =1 Q@ z19 + 23 @ Tax14 + 3 ® T4z12 + 225 ® T2T12 + T5 @ Tex- + 225 & TYT6
+ 27 @x12 + 29 @ x10 + 211 @ 226 + 2213 @ 26 + T15 @ T4 + 2217 QT2 + 219 ® 1
A(z20) =1 Q@ x20 + z6 @ T2T12 + 206 ® Texs + T6 ® T3Te + T8 @ T12 + 2T12 ® T2T6
+ 2214 @26 + 218 @w2 + w20 ® 1
Az21) =1®@x21 + 29 @ 212 + 2215 @ 6 + 221 ® 1

A(z22) = 1 Q@ z22 + 6 @ T2w14 + 276 ® TaT12 + Te @ T3T8 + 2x6 @ T10T6 + 228 ® T14 + 2212 ® w28
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+ 212 ® T4%6 + 2714 Q@ T2T6 + T14 ® T8 + T16 @ Te + T18 ® T4 + 2w20 @ T2 + 222 @ 1

A(z23) =1 ® 23 + 9 ® T14 + 15 ® T2xe + 2x15 ® 8 + 17 ® X6 + T21 ® T2 + 23 ® 1

Az24) =1Q 24 + 218 Q26 + 24 ® 1

Az25) = 1 ®@ 225 + 29 ® T16 + T15 ® T228 + 2215 @ T4 + 2715 @ T10 + 2217 @ T8
+x21 Qa4+ 2023 Qa2 + 225 Q1

Az26) =1 ® x26 + 218 @ 8 + T24 @ T2 + 26 ® 1

Amer) =1Qz27 + 227 ® 1

A(meg) = 1 @ w28 + 22 @ T2x6x18 + T4 @ TeT18 + Te ® T2T20 + T6 ® T4T18 + 26 @ T6T16
+ 2x6 ® TgT14 + 2T6 ® T10T12 + Ty ® TaT18 + 278 ® TeT14 + T8 ® TT12 + 278 ® T12T8
+ 28 ® T14T6 + 2710 @ T18 + T12 ® T2T14 + T12 ® T4T12 + 2714 @ T2T12 + T14 @ TeTs
+ 2714 @ 3%6 + T16 @ T12 + T18 ® T10 + T20 @ T2T6 + 2T22 @ Te + T24 @ T4
+ 2726 @ T2 + 728 ® 1

A(z29) = 1 ® w29 + 23 ® T2w6T18 + T5 @ TeT18 + 279 @ T2x18 + T9 @ Tex14 + 2T9 ® T8T12
+ x9 @ T1278 + 229 ® T14T6 + 2711 @ T18 + T15 @ w2x12 + 2715 ® TeTs + T15 ® TTe
+z17 @ T12 + 2721 @ T2%6 + 2723 @ T + T27 @ T2 + T2 R 1

A(z30) =1 ® 230 + z6 ® L6218 + 2212 @ T18 + T18 @ T12 + 2224 @ 26 + 30 ® 1

A(z31) = 1 ®@ 231 + 3 ® 228218 + 223 @ TaTeT1s + 5 @ T2x6T18 + 205 @ xsT1s + 227 ® TeT1s
+ 229 ® 418 + 229 @ T6T16 + T9 ® TegT14 + 2x9 @ T14w8 + T9 Q@ T16T6 + T11 @ T2T18
+ 2211 @ z6714 + 11 ® 28T12 + 2211 ® T1228 + 11 ® T14%6 + T11 @ @20 + 2713 @ T18
+ x15 @ T2T14 + 2215 @ T4T12 + T15 @ TTs + 2715 @ T10T6 + 2717 ® T14 + 2721 @ T2x8
+ T21 @ TaT6 + 2723 @ T2T6 + T23 @ Ty + Tas @ Te + T27 @ T4 + 2729 Qw2 + w31 ® 1

A(z32) = 1 ®@ 32 + 276 @ 2276718 + Te @ TeT1s + 278 ® TeT18 + 2T12 @ TaT1s + T12 @ TeT14
+2x12 @ 283712 + T12 @ T1278 + 2712 ® T14W6 + 2712 ® T2 + 2714 @ T18 + T18 @ T14
+ 24 @ T2T6 + 2724 @ T8 + T26 @ Te + T30 Q@ T2 + T32 ® 1

A(z33) = 1® x33 + 229 Q@ TeT18 + 2215 @ T18 + T27 @ T6 + 33 ® 1

A(x34) = 1 ® 234 + 276 @ T278T18 + T @ TaT26 + T @ T4TET18 + Te ® T4T24 + T6 @ T10T18
+ 28 @ xgw1s + 2712 @ T4T18 + 2712 @ TeT16 + T12 @ T8T14 + 2712 @ T1478 + T12 ® T16T6
+ 2212 @ 22 + T14 @ 2718 + 2714 @ T6T14 + T14 ® T8T12 + 2214 ® T1278 + T14 R T14T6
+ 214 ® 220 + 2716 @ T18 + T18 ® T16 + T24 ® T2x8 + 2w24 ® T4T6 + 2224 ® T10
+ 2726 @ T8 + T30 ® T4 + 2T32 @ T2 + T34 ® 1

A(z3s) = 1 ® 35 + 29 ® w8T18 + 2015 ® T2T18 + T15 ® Tex14 + 2215 @ Tx12 + T15 @ L1228
+ 2715 @ T14T6 + 2715 @ T20 + 2717 @ T18 + T27 @ T8 + 233 QT2 + T35 @ 1

A(z36) = 1 Q@ x36 + 2718 @ T18 + *36 @ 1

A.2. The case ¢ = 5.
A(z26) = 1 ® 26 + 22 ® Taw20 + 426 @ T20 + T10 @ T16 + 4214 @ T12 + T18 ® 8 + 4x22 @ T4 + 26 ® 1

A(zo7) = 1 ® za7 + 223 @ TaT20 + 427 ® T20 + T15 @ T12 + 3719 @ 28 + 3w23 @ T4 + T27 @ 1
A(z28) = 1 ® 2g + 3x4 ® Tawo0 + 428 ® T20 + 20 ® 8 + 2024 ® T4 + T2 ® 1

A(z29) = 1® @29 + 4da5 ® Tawao + 429 ® T20 + T25 @ Ta + 29 ® 1

A(z30) =1® @30 + 4210 @ 20 + T30 ® 1

A(z31) = 1 ® @31 + 223 ® Tazo4 + 323 ® x8T20 + 227 ® T4x20 + T7 @ T24 + 3211 @ T20

+z15 @ 16 + 4219 @ T12 + 223 Q@ w8 +4r27 @ g4 + 231 ® 1

A(z32) =1 Q@ 32 + 24 ® T4x24 + 4x4 ® T8T20 + 428 @ T4w20 + 228 ® w24 + 312 ® T20
+ 220 ® 12 + 3724 @ 8 + 3228 ® T4 + 32 @ 1

A(x33) = 1@ w33 + 225 @ T4w24 + 3T5 ® T8T20 + To @ T4w20 + 3T9 ® w24 + 313 ® T20
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+ 225 @ 8 + 2729 Qx4 + 33 @ 1
A(z34) = 1 ® 34 + 3x10 ® Tax20 + 4210 ® 24 + 3T14 ® 20 + 30 ® T4 + 231 ® 1
Azss) = 1® 235 + 3215 @ w20 + 235 @ 1
A(z36) = 1 ® 36 + 224 ® Tax24 + 3x4 ® T12x20 + 428 ® T4T24 + T8 ® T8T20 + 428 ® T2g + 3T12 ® T4T20
+ 2212 @ T24 + 2716 ® T20 + T20 @ T16 + 4T24 @ T12 + T2g ® T8 + 4T32 @ T4 + 36 @ 1
A(z37) = 1 Q@ x37 + 3x5 @ w824 + 225 ® 12220 + 29 @ T4w24 + 39 ® w8T20 + 2T9 ® T2g + T13 @ T4T20
+ 4113 @ T24 + 2217 @ T20 + T25 @ T12 + 3T29 @ T8 + 3233 ® x4 + 237 D 1
Az3g) = 1® x38 + 4210 @ T4x24 + 10 ® T8T20 + 4210 ® T2 + 414 @ 4220 + T14 @ T24
+ 2x18 @ T20 + T30 ® T + 2734 @ T4 + 38 @ 1
A(zag) = 1 ® x39 + 2x15 @ Tax20 + 3T15 @ Toa + 219 ® T20 + T35 @ T4 + T39 ® 1
A(z0) = 1® x40 + 2220 @ w20 + T40 @ 1
A(zg1) = 1 @ 241 + 425 @ T12T24 + T5 @ T16T20 + 49 @ T8T24 + T9 @ T12T20 + Tg ® T32
+ 213 ® T4T24 + 4713 @ T8T20 + 3713 ® T2s + 4T17 @ T4T20 + 3717 ® T24 + T21 @ T20
+ 25 @ T16 + 4T29 @ T12 + T33 @ T8 +4x37 ® T4 + 741 @ 1
A(z42) = 1 @ w42 + 210 ® T3T24 + 4710 ® T12220 + 4210 @ T32 + 3214 ® T4T24 + 2714 @ TeT20 + 4714 ® T28
+ 3718 @ T4720 + 718 ® T24 + T22 ® T20 + T30 ® T12 + 334 ® T8 + 3738 R w4 + T42 ® 1
A(z43) = 1 @ 243 + 215 @ T4T24 + 4715 ® T8T20 + 3215 @ T2g + 2719 ® T4T20 + 4219 @ T24
+ 223 @ 20 + 35 ® 8 + 2239 R T4 + T43 @ 1
A(z44) = 1 @ 244 + 220 @ 24220 + 2220 @ 24 + 224 @ T20 + Ta0 QT4 + 244 ® 1
A(z45) =1 Q 45 + 25 Q@ T20 + 245 @ 1
Az46) = 1 ® xa6 + 3210 @ 12224 + 2210 ® T16220 + 4210 ® 36 + T14 @ T8T24 + 4214 @ T12220
+ 2714 @ 732 + 3718 ® TaT24 + 2718 ® TygT20 + 2T18 ® T2g + 4T22 ® T24 + T30 @ T16
+4x34 @ T12 + T38 @ T8 + 4T42 @ T4 + 746 R 1
Aza7) =1 ® a7 + 4dx15 @ T8T24 + T15 ® 12220 + 3215 @ T32 + 4x19 ® T4T24 + T19 ® TeT20
+ x19 @ T28 + 3T23 ® T4 + T35 @ 12 + 3T39 @ T8 + 3743 @ T4 +T47 ® 1
A(z48) = 1 ® xag + 3720 @ w4224 + 2020 @ T8T20 + 220 ® T28 + 224 @ w24 + T40 @ 82T44 @ T4 + T4g8 ® 1
A(z49) = 1 ® a9 + T25 @ T24 + Tas @ T4 + Ta9 ® 1
A(zs0) =1® x50 + 50 ® 1
Azs1) = 1 ®@ @51 + 323 @ Ta®aa + T3 @ T3Ta0 + 427 ® TaTa0 + T7 ® T20T24 + 427 ® T24T20
+ x11 ® 240 + 2215 ® T12%24 + 3215 @ 162720 + 3T15 @ T36 + 3T19 ® TgT24 + 2719 ® T12T20
+ 3719 ® T32 + 723 @ T2g + T27 @ T4x20 + 4731 @ T20 + 35 @ T16 + 4739 ® T12
+ 243 @ w8 + 4Ta7 @ x4 + 251 @ 1
Azs2) =1 Q@ w52 + 424 @ T4Ta4 + 3T4 ® T8T40 + 328 @ T4T40 + 228 @ T20T24 + 328 ® T24T20
+ 212 ® T40 + 2220 @ T8T24 + 3T20 @ T12@20 + 2720 R 32 + 3T24 ® T2g + 2x28 ® T4T20
+4x32 @ 20 + T40 @ T12 + 3744 Q@ T8 + 3248 ® T4 +T52 @ 1
A(xs3) = 1 @ w53 + 325 @ T4%44 + T5 @ T8T40 + 2T9 @ T4T40 + 3T9 ® T20T24 + 2T9 ® T24T20
+ x13 @ T40 + T25 ® Tag + 3729 @ T4T20 + 4733 ® T20 + Tas @ T3 + 2749 @ T4 + T53 @ 1
Azs4) = 1® @54 + 10 @ 4240 + 410 ® T20T24 + T10 @ T24T20 + T14 ® T40 + 4230 @ Tax20
+4x34 @ 220 + T50 ® T4 + 54 @ 1
A(wss) = 1 ® 55 + T15 ® T40 + 4035 ® T20 + T55 ®@ 1
A(zs56) = 1 @ w56 + 204 ® T4Tag + T4 @ TeTaqa + 24 ® T12T40 + 278 @ T4T44 + 378 ® T24T24
+ 2x8 ® T28T20 + 2712 @ T4T40 + 3T12 ® T20T24 + 2712 @ T24720 + 4T12 ® Taa + 3216 @ T40
+ 220 ® T12T24 + 4720 @ T16T20 + 2720 ® T36 + 4T24 ® T32 + 2728 ® T4T24 + 3T28 & TYT20
+ 2x32 ® T4x20 + 232 @ w24 + 3T36 @ T20 + T40 @ T16 + 4244 @ T12 + T4 ® T8
+4x52 @ T4 + T56 @ 1
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A(zs7) = 1 ®Q 57 + 325 ® Taxag + 425 ® £8%44 + 35 ® T12%40 + T ® TaTaq + 4x9 ® T24T24
+ x9 ® T28%20 + 4213 @ T4%40 + T13 ® 20724 + 4713 ® T24720 + 3713 ® T44 + 3217 @ T40
+ x25 @ T32 + T29 ® T4T24 + 4T29 @ TygT20 + 4233 @ T4T20 + 2733 @ T24 + 3T37 @ T20
+ x45 @ 12 + 3249 @ x8 + 3253 @ x4 + 257 @ 1

A(zs8) = 1 ® 58 + 2710 @ TaTa4 + 3710 ® T24T24 + 210 @ T28T20 + T14 ® TaTa0 + 4T14 @ T20T24
+ 14 @ 24720 + 2714 ® Tag + 3718 @ T40 + 2730 @ T4T24 + 3T30 @ T8T20 + T34 ® T4T20
+ 3734 @ w24 + 3T38 ® T20 + T50 ® Tg + 2T54 ® Ta + T58 ® 1

A(xs9) = 1 ® 59 + 3715 @ T4T40 + 2715 ® T20T24 + 3T15 @ T24T20 + T15 ® Taq + 3T19 @ T40
+ 3x35 @ T4T20 + 4735 @ T24 + 3T39 @ T20 + T55 ® T4 + T59 @ 1

A(ze0) = 1 ® 60 + 3220 @ Ta0 + 3T10 ® T20 + T60 X 1

Aze1) = 1 @ 61 + 25 @ T8T48 + 35 @ T12%44 + T5 ® T16T40 + T9 @ TaT48 + T9 ® TYT44
+ 3z9 ® T12%40 + 3T9 @ T28T24 + 229 @ T32720 + 2713 @ T4T44 + 2213 @ T8T40 + 413 Q@ T24T24
+ 213 @ 28720 + 213 @ T48 + 4T17 @ T4T40 + T17 @ T20T24 + 4T17 ® T24T20 + 2717 & Ta4
+ x21 ® T40 + T25 ® T36 + 2729 @ T8T24 + 3T29 ® T12T20 + 4733 @ T4T24 + 33 @ T8T20
+ 433 @ T2g + 3T37 @ T4T20 + 2237 @ T24 + 2741 Q@ T20 + Ta5 Q T16 + 4T49 @ T12
+ 53 @ T8 + 4w57 @ T4 + T61 ® 1

A(ze2) = 1 @ w62 + 4x10 ® TaTag + 4T10 @ T83T44 + 2210 ® T12T40 + 2210 ® T28T24 + 3T10 @ T32%20
+ 714 @ T4T44 + T14 ® T83T40 + 2714 ® T24T24 + 3714 @ T28T20 + 3714 ® T48 + 3T18 ® T4T40
+ 2x18 @ 20724 + 3718 ® T24T20 + 4718 @ T44 + T22 @ T40 + 3T30 ® TgT24 + 2T30 @ T12T20
+ 2234 @ T4T24 + 3734 @ T8T20 + 2734 ® T2g + T38 @ T4x20 + 4738 ® w24 + 2x42 @ T20
+ 250 @ T12 + 3754 @ T8 + 358 ® T4 + Te2 @ 1

Aze3) = 1 ® 263 + 2715 ® T4Ta4 + 2715 @ T840 + 4215 ® T24T24 + T15 ® T2gT20 + T15 ® T4s
+ 2219 ® 440 + 3219 @ 2024 + 2T19 @ T24T20 + T19 ® Ta4 + 23 @ T40 + 435 ® T4T24
+ T35 @ T8T20 + 4735 ® T2s + 4T39 ® T4T20 + T39 ® T24 + 2743 ® T2 + Tss @ T
+2x59 @ T4 + T3 @ 1

A(zes) =1 ® z64 + 220 @ Tazao + 4220 ® T20T24 + T20 @ T24%20 + 3220 ® Taa + T24 ® Tao
+ 2240 @ T4T20 + 3T40 ® T24 + 2744 ® T20 + Teo ® T4 + Tea ® 1

A(zes) = 1 ® w65 + T2s ® T40 + 2045 @ T20 + w65 @ 1

A(zes) = 1 ® xe6 + 310 ® T8x4ag + 2210 ® T16240 + T10 @ T32T24 + 410 ® T36720 + 2014 ® T4T48
+ 3714 @ T12740 + 4714 ® T28T24 + T14 @ T32T20 + 4714 ® Ts2 + 3718 @ TaT44 + 2718 ® TT40
+ 3x18 @ T24724 + 2718 ® T2gT20 + 3718 @ T4s + 4T22 ® Taa + 4230 ® 12724 + T30 @ T16T20
+ 4x34 @ T83T24 + T34 @ T12T20 + T34 @ T32 + T38 ® T4T24 + 4w38 ® Tgw20 + 3T38 @ T2s
+ 4z42 @ T4T20 + 3T42 @ T24 + T46 @ T20 + T50 @ T16 + 4T54 @ T12 + T58 @ T8
+4z62 @ T4 + o6 ® 1

A(ze7) = 1 ® 67 + 3715 ® 24%a8 + 2215 @ T12T40 + 215 @ TagT24 + 4715 ® T32220 + T15 @ 52
+ 4719 @ T4T44 + T19 @ T8T40 + 4T19 ® T24T24 + T19 ® T28T20 + 4T19 ® T4 + 3723 ® T44
+ T35 @ 8224 + 4235 @ T12T20 + 435 Q@ T32 + 3T39 @ T4T24 + 2239 @ TT20 + 4w39 @ Tog
+ 3243 @ T420 + T43 @ T24 + Ta7 ® T20 + T55 ® T12 + 3T59 @ 28 + 3x63 ® T4 + T67 @ 1

Azeg) = 1 ® x6s + 3220 @ Tax44 + 220 ® T8T40 + 3T20 ® T24%24 + 2020 ® L2820 + 320 @ T48
+ 2224 @ T44 + Ta0 ® T4T24 + 4T40 @ TyT20 + 3T40 @ T28 + 2744 ® T4T20 + 4T44 Q@ T4
+ T48 @ T20 + Teo ® T8 + 2T64 ® T4 + Tes ® 1

A(z9) = 1 ® xe9 + T25 @ Taa + Ta5 @ 4220 + 2245 @ T24 + T49 ® T20 + Te5 @ T4 + Teo ® 1

A(z70) = 1 ® w70 + 50 ® 20 + T70 ® 1

Azr1) =1 Q@71 + 15 ® T8T48 + T15 @ T12T44 + 3T15 @ T16T40 + 3T15 @ T32T24 + 2215 & T36T20
+ x15 @ T56 + 3719 ® TeT4a4 + 2719 @ T12T40 + 3T19 ® T2gT24 + 2219 @ T32720 + 2719 ® T52
+ 223 @ T48 + 3735 @ T12T24 + 2735 ® T16720 + 4735 @ T36 + T39 ® TgT24 + 4T39 ® T12T20
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+ 2239 @ 32 + 3743 @ Taw24 + 2743 @ T3T20 + 2743 @ T28 + 4Ta7 @ T24 + T55 @ T16
+4z59 @ T12 + T63 @ 8 +4x67 @ T4 + 271 @ 1

A(z72) = 1 @ 272 + 2720 ® 28244 + 3220 ® 12740 + 2720 ® T28%24 + 3T20 @ T32720 + 3x20 ® T52
+ 3x24 @ T48 + 4T40 ® TyT24 + T40 @ T12720 + 3T40 ® T32 + 4T44 @ T4T24 + T44 @ TT20
+ T44 ® T28 + 3748 ® T24 + Teo ® T12 + 3T64 @ T8 + 3T68 R T4 + 72 @ 1

A(z73) = 1 @ 273 + 25 ® 248 + 3T45 ® T4x24 + 2245 @ TeT20 + 2T45 ® T28 + 2049 ® T24
+ x5 @ T8 + 2769 @ T4 + w73 @ 1

Alzrg) =1@xra+ 250 @24 + 270 T4 + 272 ®@ 1

Alzrs) =1@zrs +x75 ® 1

A(z76) = 1 @ 76 + 374 @ T4T68 + 274 @ TsTe4 + T4 ® T12T60 + 475 @ T4T64 + 328 @ TeTeo
+ 4z @ T20T48 + 278 @ T24T44 + 4wg @ T28T40 + T12 @ TaTe0 + 4712 @ T20T44 + T12 ® T24T40
+4z12 @ 40224 + T12 ® T44T20 + 4T16 @ T60 + T20 @ T12T44 + 4220 ® T16T40 + T20 @ T32T24
+ 4z20 ® 36720 + 3720 ® Tse + 4T24 ® Ts2 + 3T28 ® T4T44 + T2g @ TgT40 + 4T32 ® T4T40
+ 232 @ 20724 + 4T32 @ T24T20 + T36 ® T40 + 240 ® T12T24 + 3740 @ T16T20 + 3T40 ® T36
+ 3244 @ T8T24 + 2744 @ T12T20 + 3T44 @ T32 + T48 ® Tag + T2 @ T4T20 + 456 @ T20
+ T60 ® T16 + 4T64 @ T12 + Tes @ T8 +4x72 @ T4 + 276 ® 1

A(zr7) = 1 @ 277 + 225 ® T4x68 + 3T5 ® T8Tea + 405 ® T12T60 + 209 ® T4T64 + 4T9 @ T3T60
+ 219 ® T20T48 + T9 ® T24T44 + 229 @ T28T40 + 2213 ® T4T60 + 3T13 ® T20T44 + 2713 @ T24T40
+ 3713 ® T40T24 + 2713 @ T4a®20 + 417 ® Teo + T25 Q Ts2 + 4T29 ® TaTa4 + 3T29 ® TYT40
+ 3x33 @ T4T40 + 2233 @ T20T24 + 3T33 @ T24T20 + T37 ® W40 + 2T45 @ T3T24 + 3T45 @ T12T20
+ 2145 @ T32 + 3749 @ T2g + 2753 ® T4T20 + 4757 @ T20 + Tes @ T12 + 3T69 @ T8
+3r73 QT4 + 77 ® 1

A(z7g) = 1 @ x78 + 4x10 ® TaTe4 + 310 ® T8Zeo + 4210 @ T20T48 + 2210 ® T24T44 + 4210 ® T28T40
+ 3714 ® T4T60 + 2714 @ T20T44 + 3T14 Q@ T24T40 + 2714 @ T40T24 + 3T14 @ T44T20 + 4718 ® T60
+ 3230 ® T4T44 + T30 @ T8T40 + 2234 ® T4T40 + 334 ® T20T24 + 2734 ® T24T20 + 38 R T40
+ 50 @ T28 + 3T54 @ T4T20 + 458 @ T20 + T70 D 28 + 2274 @ x4 +T78 D 1

A(z79) = 1@ x79 + 4215 Q@ TaT60 + T15 @ T20T44 + 4%15 @ T24%40 + T15 ® TaoT24 + 4215 @ Ta4T20
+4x19 @ T60 + T35 ® T4T40 + 4T35 @ T20T24 + T35 @ T24T20 + T39 @ T40 + 4T55 ® T4T20
+4x59 @ 20 + T75 @ T4 + 79 @ 1

A(zgo) = 1 ® xgo + 420 ® Te0 + 40 @ a0 + 460 @ T20 + 8o @ 1

A(zs1) = 1 ®@ 81 + 4w5 @ T4T72 + 35 @ T3Tes + 205 ® T12T64 + T5 @ T16T60 + 3T9 @ T4Tes
+ x9 ® T8Te4 + 3T9 ® T24Tas + 49 ® T28T44 + 3T9 ® T32740 + 3713 ® T4Tea + T13 @ T20T48
+4x13 @ 128740 + 2713 ® T44T24 + 3713 @ T48T20 + 4T17 @ TaTeo + T17 @ T20T44 + 4717 ® T24T40
+ 217 @ 40224 + 4217 ® T44T20 + T17 @ Te4 + T21 @ Teo + T25 @ T56 + 229 @ T4T48
+ 229 ® T8T44 + 2729 ® T12T40 + 2733 Q@ T4T44 + 3733 ® T24T24 + 2733 ® T28T20 + 2737 @ T4T40
+ 3237 @ T20T24 + 2737 ® T24T20 + 4237 @ T44 + 3741 ® T4 + T45 @ T12T24 + 4T45 @ T16T20
+ 2x45 @ 236 + 4749 ® T32 + 2253 @ T4T24 + 3T53 @ T8T20 + 2757 @ T4T20 + Ts7 @ T4
+ 3161 @ T20 + T65 @ T16 + 4T69 @ T12 + T73 @ 28 + 4277 @ T4 + 781 @ 1

Azge) = 1® xg2 + 2210 @ Tax68 + 4210 ® T8Te4 + 2210 ® T24%48 + T10 @ T28Ta4 + 2210 ® T32T40
+ 4714 @ T4T64 + 3T14 @ T20T48 + 2714 @ T28T40 + T14 ® T44T24 + 4T14 @ T48T20 + 3T18 ® T4T60
+ 2218 @ 120744 + 3718 ® T24T40 + 2718 @ T40T24 + 3T18 ® T44T20 + 2718 @ Te4 + T22 @ Teo
+ 3230 @ T4%4s + 4130 @ T8T44 + 3230 ® T12T40 + T34 @ TaTaq + 4734 ® T24T24 + T34 @ T28T20
+ 4x38 @ T4T40 + 238 @ w2024 + 4T38 @ T24%20 + 3738 ® Taa + 342 @ T40 + T50 ® T32
+ T54 @ 4724 + 454 @ T83T20 + 4758 @ T4T20 + 2758 @ T24 + 3T62 @ T20 + T70 ® T12
+ 3274 @ 8 + 3278 @ w4 + 282 ® 1

A(xgz) = 1@ 283 + 3x15 ® Ta%e4 + T15 @ T20T48 + 415 @ T28@40 + 2715 @ Ta4T24 + 3T15 ® T48T20
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+ 2219 ® T4T60 + 3T19 @ 20744 + 2719 ® T24T40 + 3T19 ® T40T24 + 2219 @ T44720 + 3T19 & Te4
+ 223 @ T60 + 2235 @ T4T44 + 3735 @ T24T24 + 2235 @ T28T20 + T39 ® T4T40 + 4T39 ® T20T24
+ T39 ® T24T20 + 239 @ T44 + 3743 ® T40 + 2755 ® T4T24 + 3T55 @ TT20 + T59 ® T4T20
+ 3z59 ® w24 + 3w63 @ w20 + 275 @ T8 + 2279 ® x4 + w83 @ 1
A(zse) = 1 ® x84 + 220 ® 4260 + 4220 @ L2044 + T20 ® T24T40 + 4720 ® T40Z24 + T20 @ T44T20
+ 420 @ T64 + T24 @ T60 + 3T40 @ TaT40 + 2740 @ T20T24 + 3T40 @ T24T20 + T40 ® Ta4
+ 3744 ® T40 + 3T60 @ T4T20 + 4T60 @ T24 + 3T64 @ T20 + T80 @ Ta + T34 ® 1
A(zgs) = 1 ® w85 + T25 ® w60 + 3T45 ® T40 + 3T65 @ T20 + T85 Q1
A(zge) =1 ® x86 + 10 ® Tax72 + 2210 ® T12T64 + 2x10 ® T16%60 + 410 ® T28T48 + 2T10 @ T32T 44
+4x10 @ 36740 + 4714 ® T4T68 + 4T14 @ T8T64 + 2714 @ T12T60 + 2014 ® T24T48 + 3T14 @ T28T44
+ 2214 @ 248724 + 3714 ® T52T20 + 3718 @ TaTea + 2718 @ T8T60 + 3T18 ® T24T44 + 218 @ T28T40
+ 3718 ® T44T24 + 2718 ® T48T20 + 4718 ® Tes + 422 @ T4 + T30 ® TgT48 + 3T30 ® T12T44
+ T30 ® T16T40 + T34 ® T4T4s + T34 @ T8T44 + 3734 @ T12T40 + 3T34 @ T28T24 + 2734 ® T32T20
+ 2238 @ T4T44 + 2738 @ T8T40 + 4T38 ® T24T24 + T35 @ T28T20 + T38 ® Tas + 442 @ T4T40
+ T42 @ T20T24 + 4T42 @ T24T20 + 2242 ® T4 + Tas ® T40 + T50 ® 36 + 254 ® TYT24
+ 3x54 @ T12720 + 4758 ® T4T24 + Tss @ TyT20 + 4T58 @ T2g + 3Te2 ® TaT20 + 2T62 @ T24
+ 2x66 @ T20 + T70 ® T16 + 4074 @ T12 + T78 @ T8 + 4x82 @ T4 + T56 ® 1
A(zgr) = 1 ®@ w87 + 215 ® w468 + T15 ® T8Ted + 3T15 @ T12T60 + 315 @ 2448 + 2715 ® T28T44
+ 3715 @ T48w24 + 2215 @ T52w20 + 4719 ® T4Te4 + T19 @ T8T60 + 4T19 @ T24T44 + T19 @ T28T40
+4x19 @ T44T24 + T19 ® T48T20 + 2719 @ Tes + 3T23 @ Tea + 435 ® T4T48 + 4T35 ® TeT44
+ 2235 @ 12240 + 2735 ® T2gT24 + 3235 @ T32720 + T39 ® T4T44 + T39 @ TyT40 + 2239 @ T24T24
+ 3239 ® T28T20 + 3x39 ® T4g + 3T43 ® T4T40 + 2743 ® T20T24 + 3T43 @ T24T20 + 4743 @ T44
+ T47 @ T40 + 3T55 @ T8T24 + 255 @ T12w20 + 2T59 @ T4w24 + 3T59 @ T8T20 + 2T59 @ Tag
+ 263 @ T4T20 + 4263 @ T24 + 2T67 @ T20 + T75 ® T12 + 3T79 @ T8 + 3783 @ T4 + w87 ® 1
A(zgg) = 1 @ w88 + 3x20 ® TaTe4 + 2720 @ T8T60 + 320 ® T24T44 + 220 ® T28T40 + 3T20 © T44%24
+ 2220 @ T48T20 + 4720 ® Tes + 2x24 ® Tea + 2240 ® T4T44 + 2240 ® TYT40 + 4T40 @ T24T24
+ T40 @ T28T20 + T40 @ T48 + 2744 @ T4T40 + 3T44 @ T20T24 + 2T44 ® T24T20 + Ta4 @ Tag
+ T48 @ x40 + 4T60 ® TaT24 + T60 @ T8w20 + 4T60 ® T2g + 4T64 ® T4T20 + T4 ® T24
+ 2268 @ T20 + T80 @ T8 + 2784 ® T4 + 188 @ 1
A(zgg) = 1 ® g9 + 25 @ Tea + Tas ® TaTao + 4Ta5 @ T20T24 + Tas ® T24T20 + 345 @ Taa
+ 49 ® x40 + 2765 ® T4w20 + 3T65 @ T24 + 2769 ® 20 + Tgs @ T4 + 239 R 1
A(zg90) = 1 ® oo + 50 ® 40 + 2270 ® 20 + Too ® 1
A(zo1) = 1 ® xo1 + 2x15 ® x8xes + 3x15 ® T16Z60 + T15 @ T2Tas + 2215 ® T32T44 + 215 ® T36%40
+ 415 @ 52724 + T15 @ Tsex20 + 3T19 ® T8Te4 + 2219 ® T12T60 + 3T19 @ T28T44 + 2T19 ® T32T40
+ 3719 ® T48T24 + 2T19 ® T52T20 + T19 ® T72 + 23 ® Teg + 335 ® T83T48 + 2235 ® T16T40
+ T35 @ T32T24 + 435 Q@ T36T20 + 2239 ® T4T48 + 3239 ® T12T40 + 4739 @ T28T24 + T39 ® T32T20
+ 439 @ T52 + 3743 @ T4T44 + 2743 @ T8T40 + 3T43 @ T24T24 + 2743 @ T28T20 + 3743 ® T48
+4z47 @ T44 + 455 @ T12T24 + T55 @ T16T20 + 4T59 @ TeT24 + Ts9 @ T12T20 + Ts9 ® T32
+ T63 ® Taw24 + 4x63 ® T8T20 + 3T63 ® w28 + 4x67 ® TaT20 + 3T67 ® T24 + T71 ® T20
+ 275 @ T16 + 4279 @ T12 + T83 @ T8 + 4x87 ® T4 + T91 @ 1
A(z92) = 1 ® @92 + 2220 @ T8T64 + 3720 ® T12T60 + 220 @ T28Ta4 + 3T20 ® T32T40 + 220 @ TagT24
+ 3x20 ® T52220 + 4w20 ® T72 + 3724 @ Tes + 340 @ T4T48 + 2240 @ T12T40 + T40 ® T28T24
+ 4z40 @ 32720 + T40 Q@ T52 + 4T44 R T4T44 + Ta4 Q@ T8T40 + 4T44 @ T24T24 + T44 @ T28T20
+4x44 @ T48 + 3748 ® T44 + T60 @ T8T24 + 4T60 ® T12T20 + 4T60 @ T32 + 3T64 ® T4T24
+ 2264 @ T8T20 + 4764 @ T2g + 3T68 @ T4T20 + Tes @ T24 + T72 ® T20 + T80 ® T12
+ 3284 @ w8 + 3288 @ w4 + 292 ® 1



A(zg3)

A(z94)
A(zgs)
A(zg6)

A(zg7)

A(zgs)

A(zg9)
A(z100)
(

A(z101)

A(z102)

A(w103)
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=1Q® x93 + w25 @ Tes + 3745 @ T4T44 + 2745 Q@ T8T40 + 3T45 @ T24T24 + 2T45 Q@ T28T20

+ 3745 @ T48 + 2749 @ Ta4 + Te5 @ TaT24 + 465 @ T8T20 + 3T65 @ T2g + 2T69 ® T4T20
+4x69 ® T24 + T73 ® w20 + T85 @ Ty + 2789 @ T4 + 93 ® 1

=1Q® g4 + x50 @ Ta4 + 270 @ TaT20 + 2270 @ T24 + T74 @ T20 + T90 @ T4 + T9a R 1

=1Q®xg5 + @75 @ 20 + w95 @ 1

=1® x96 + T20 @ T12Te4 + 4T20 ® T16T60 + T20 @ T32T44 + 4T20 @ T36T40 + T20 @ T52T24

+ 420 @ T56T20 + 4T20 ® T76 + 4T24 ® T72 + T40 ® TYT48 + T40 @ T12%44 + 3T40 & T16T40

+ 3740 @ T32T24 + 2740 ® T36T20 + T40 & T56 + 3T44 @ T8T44 + 244 ® T12T40 + 3T44 @ T28T24
+ 2244 @ 32720 + 2744 ® T52 + T48 @ T8 + 3Teo @ T12T24 + 2760 ® T16w20 + 4T60 @ T36

+ x4 @ 8T24 + 4264 @ T12720 + 2T64 @ T32 + 3T68 ® T4T24 + 2T68 ® Tew20 + 2T68 @ T28
+4x72 @ 224 + 280 ® T16 + 4T84 @ T12 + Tgs @ T8 + 4T92 @ T4 + T96 ® 1

=1Q®z97 + 225 @ T72 + 2T45 @ T8T44 + 3T45 @ T12T40 + 2245 ® T2gT24 + 3T45 @ L3220

+ 3745 @ T52 + 3T49 @ T48 + 4Te5 Q@ T8T24 + Tes @ T12x20 + 3Te5 ® T32 + 4Te9 ® T4T24

+ 269 @ T8T20 + Teg ® T28 + 3T73 ® T24 + 85 ® T12 + 3789 ® T8 + 3x93 ® T4 + 197 @ 1
=1Q®xgs + x50 @ w48 + 3x70 @ TaT24 + 2270 ® w8T20 + 2770 @ T28 + 2w74 @ T24

+ 290 @ w8 + 2094 @ T4 + T9s ® 1

=1Q® x99 + 75 @ T24 + T95 ® T4 + T9g ® 1

=1®z100 + 100 ® 1

=1®x101 +T5 @ T4T92 + T5 @ TgT8s + T5 ® T12T84 + T5 ® T16T80 + T9 & T4T8s

+4x9 ® x8T84 + 279 ® T12%80 + T9 @ T20T72 + 2T9 ® T24T68 + 3T9 ® T28Te4a + 4T9 @ TI2T60

+ 4713 @ Tawga + 3713 ® TT0 + 2713 ® T20T68 + 13 ® T24T64 + 2713 @ T28T60 + T13 @ T40T48
+ 3213 @ 44744 + 213 ® T48T40 + 4717 @ T4T80 + T17 ® T20T64 + 4T17 @ T24T60 + T17 ® T40T44
+4x17 @ 44740 + 217 ® TeoT24 + 417 @ TeaT20 + T21 @ T + T25 @ T76 + 320 ® T4T6s

+ 2x29 ® T8T64 + T29 ® T12T60 + 4733 ® T4T64 + 3733 ® T8T60 + 4733 @ T20T48 + 2733 ® T24T44
+ 433 @ T28T40 + 37 @ T4T60 + 4T37 @ T20T44 + T37 ® T24T40 + 437 @ T40T24 + T37 ® T44T20
+4x41 @ T60 + Ta5 ® T12T44 + 4245 @ T16T40 + Ta5 @ T32T24 + 445 @ T36T20 + 3T45 @ Ts6
+4x49 @ T52 + 3753 ® T4T44 + T53 @ T8T40 + 4257 @ T4T40 + T57 @ T20T24 + 4T57 @ T24T20

+ 261 @ T40 + 265 @ T12224 + 3T65 @ T16x20 + 3T65 ® T36 + 3Te9 ® TgT24 + 2x69 ® T12T20

+ 3x69 @ T32 + T73 ® T2 + T77 @ TaT20 + 4T81 ® T20 + Tz @ T16 + 4Tsyg ® T12

+ T93 @ x8 + 4T97 @ T4 + 101 ® 1

=1®x102 + 4210 ® T4T88 + T10 @ TygTs4 + 310 @ T12280 + 4710 ® T20T72 + 3T10 @ T24T68

+ 2210 @ T28T64 + T10 ® T32T60 + 2214 @ T4T84 + 4714 @ w8T30 + T14 ® T20T68 + 3T14 @ T24T64
+ x14 ® 228760 + 3714 ® T40T48 + 414 @ T44T44 + 3T14 @ T48T40 + 3T18 ® T4T30 + 2718 ® T20T64
+ 3x18 ® 224760 + 2718 ® T40T44 + 3718 @ L4440 + 2718 @ TeoT24 + 3T18 ® TeaT20 + T22 ® T30
+ 2230 @ T4T6s + 3T30 @ T84 + 4T30 ® T12T60 + 2734 ® T4Te4 + 4734 ® T8TE0 + 2734 ® T20T48
+ T34 ® T24T44 + 2734 @ T28T40 + 2738 ® T4Te0 + 3T38 @ T20T44 + 2738 ® T24T40 + 3T38 ® T40T24
+ 2238 @ T44720 + 4T42 ® Teo + T50 @ Ts2 + 4T54 ® T4T44 + 3T54 Q@ T8T40 + 3T58 @ T4T40

+ 2x58 @ T20T24 + 3T58 ® T24T20 + Te2 @ T40 + 2270 @ TyT24 + 3T70 @ T12T20 + 2770 ® T32

+ 3x74 ® w28 + 2x78 ® Ta®20 + 482 ® T20 + T9o ® T12 + 3T94 ® T8 + 398 ® T4 + T102 ® 1
=1® 103 + 4715 @ 4T84 + 3715 ® T8T30 + 2215 ® T20T68 + T15 @ T24T64 + 2715 @ T28T60

+ 715 @ 40748 + 3715 @ T44T44 + T15 ® T48T40 + 2719 @ T4T50 + 3T19 @ T20T64 + 2719 ® T24T60
+ 3219 ® 4044 + 2719 ® T44T40 + 3719 @ T60T24 + 2719 @ TeaT20 + T23 @ T80 + 4735 @ T4Te4
+ 3x35 ® 8T60 + 4235 @ 20748 + 2T35 @ T24%44 + 435 @ T28T40 + 339 ® TaTeo + 2239 @ T20T44
+ 3x39 ® 224740 + 2239 ® T40T24 + 339 @ L4420 + 4243 ® Teo + 3T55 @ TaTaa + T5s ® TT40

+ 2x59 ® 440 + 3T59 @ w2024 + 2T59 @ T24T20 + T63 @ Ta0 + 75 @ T2g + 3T79 ® T4T20

+ 4xg3 ® T20 + Tgs ® T8 + 2x99 ® T4 + T103 ® 1
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A(z104) = 1 ® 2104 + 220 ® T4x80 + 4720 ® T20T64 + T20 ® T24T60 + 4220 @ T40T44 + T20 ® T44T40
+4x20 @ T60T24 + T20 ® T4T20 + T24 @ T80 + 4T40 ® T4T60 + T40 @ T20T44 + 4T40 ® T24T40
+ x40 @ T40T24 + 4740 ® T44T20 + 4T44 @ T60 + Te0 ® T4T40 + 4T60 @ T20Z24 + T60 @ T24T20
+ x4 @ T40 + 4T80 ® T4w20 + 4T84 @ T20 + T100 @ T4 + T104 ® 1
A(z105) =1 ® x105 + T25 ® T80 + 445 ® Te0 + Tes ® Tao + 4285 @ T20 + T105 @ 1
A(z106) =1 ® 106 + 3x10 ® T4Z92 + 10 @ T8xs8 + 410 @ 12284 + 2210 ® T16280 + T10 ® T24L72
+ 2210 ® 228%68 + 3710 @ T32T64 + 4710 ® T36T60 + T14 ® T4T88 + 3T14 ® T8T84 + T14 ® T12T80
+4z14 @ T24T68 + 2714 ® T2gTe4 + 4714 @ 32760 + 2714 @ T44T48 + T14 ® T48Ta4 + 214 @ T52T40
+ 3%18 @ 4T84 + 2718 @ 8T80 + 3T18 ® T24T64 + 2718 ® T28760 + 3T18 ® T44T44 + 218 @ T48T40
+ 3218 ® Te4T24 + 2718 ® TesT20 + 4722 @ w84 + 4T30 @ TaT72 + 3T30 @ T8T6s + 2730 ® T12T64
+ 230 ® T16T60 + 3T34 @ T4T68 + T34 @ T8T64 + 3734 @ T24T48 + 4T34 ® T28T44 + 3734 @ T32T40
+ 3238 @ T4T64 + 38 ® T20T48 + 4T38 ® T28T40 + 2238 ® T44T24 + 3738 @ T48T20 + 4T42 ® T4T60
+ T42 ® T20T44 + 4T42 @ T24T40 + Ta2 @ T40T24 + 4T42 ® T44T20 + Ta2 ® Tea + Tas @ Teo
+ 50 ® T56 + 2254 @ T4T48 + T54 ® T8T44 + 2254 ® T12T40 + 2758 @ TaT4a4 + 3T58 @ T24T24
+ 2x58 @ T28T20 + 2T62 ® T4T40 + 3T62 @ T20T24 + 2T62 ® T24w20 + 4T62 @ T4 + 3T66 ® T4a0
+ x70 @ T12724 + 470 ® T16T20 + 2270 @ T36 + 4T74 @ T32 + 2778 ® T4T24 + 3T78 ® TYT20
+ 2x82 @ T4T20 + 732 @ T24 + 3Tge @ T20 + T90 ® T16 + 4T94 ® T12 + T9g ® T8
+ 47102 ® T4 + T106 @ 1
A(z107) = 1 Q@ z107 + 4z15 @ Tawss + 2215 @ 8T8 + 415 @ 12780 + T15 ® T24T68 + 3T15 ® T28Te4
+ x15 @ 32260 + 3715 ® T44T48 + 4T15 @ T48T44 + 3T15 ® T52T40 + 4219 @ T4T84 + T19 ® T30
+ 419 ® T24T64 + T19 Q@ T28T60 + 4T19 ® T44T44 + T19 @ T48T40 + 4719 ® TaT24 + T19 ® Te8T20
+ 3723 @ T84 + 2235 @ T4T68 + 4w35 @ T8T64 + 2735 @ T24T48 + T35 @ T28Taa + 2235 ® T32T40
+ 4239 @ T4T64 + 3T39 @ T20T48 + 2739 @ T28T40 + T39 ® T44T24 + 4739 @ T48T20 + 3T43 ® T4T60
+ 2243 @ 20T44 + 3T43 @ T24T40 + 2743 @ T40T24 + 3T43 Q@ T44%20 + 2243 ® Tea + Ta7 ® T60
+ 3x55 @ T4Tas + 4755 @ T8T44 + 3T55 ® T12T40 + T59 @ TaTaq + 4T59 @ T24T24 + T59 @ T28T20
+ 4x63 @ T4T40 + T3 @ T20T24 + 4T63 @ T24T20 + 3T63 ® Taa + 3Te7 @ T40 + T75 Q@ T32
+ 79 @ TaT24 + 4279 @ T8T20 + 4T83 ® T4T20 + 2783 ® T24 + 3787 ® w20 + T9s @ T12
+ 3199 ® T8 + 37103 @ T4 + 107 ® 1
A(z108) =1 ® 2108 + 320 ® Ta®ga + 220 @ 8T8 + 3720 ® T24T64 + 220 @ T28T60 + 3T20 ® T44T44
+ 2220 ® 248740 + 3720 ® TeaT24 + 2220 @ T68T20 + 2T24 Q@ T4 + 3T40 @ T4T64 + T40 ® T20T48
+ 440 @ T28T40 + 2T40 ® T44T24 + 3T40 ® T48T20 + 2744 ® T4T60 + 3T44 Q T20T44 + 2T44 ® T24T40
+ 3%44 @ 40224 + 2244 @ T44T20 + 3T44 @ T64 + a8 @ Teo + 2260 ® TaT44 + 3T60 @ T24T24
+ 2260 @ T28T20 + T64 ® T4T40 + 4T64 @ T20T24 + T4 @ T24T20 + 2T64 @ Ta4 + 3T68 ® T40
+ 2280 ® 4724 + 3780 @ T8T20 + T84 ® T4x20 + 3784 ® T24 + 3788 ® T20 + T100 @ T8
+ 22104 @ T4 + T108 @ 1
A(z109) =1 ® 109 + T25 ® T84 + Tas ® Taxeo + 4Ta5 ® T20Ta4 + Tas @ T24T40 + 4Ta5 @ Ta0T24
+ Ta5 @ T44720 + 4745 ® Tea + Ta9 @ Teo + 3Tes @ Tawa0 + 2T65 @ T20T24 + 3T65 ® T24T20
+ T65 @ T44 + 3T69 @ T40 + 3785 @ T4T20 + 4T85 @ T24 + 3789 ® T20 + T105 ® T4 + T109 ® 1
A(z110) =1 ® z110 + Z50 ® T60 + 3270 ® Ta0 + 390 @ T20 + 110 ® 1
Az111) =1 @ z111 + 3z15 ® x3wss + 4x15 @ T12284 + 3T15 ® T16T80 + 2215 @ T28T68 + T15 & T32T64
+ 2215 ® 236760 + T15 ® T48%48 + 315 @ T52T44 + T15 ® TseT40 + 3T19 @ 8T8 + 2719 ® 12780
+ 3719 ® T28T64 + 2719 ® T32T60 + 3T19 & T48T44 + 2719 Q@ T52%40 + 3T19 ® TegT24 + 2719 ® T72T20
+ T23 ® T8 + T35 @ T4T72 + 2735 ® T12T64 + 2x35 @ T16T60 + 4T35 ® T28T48 + 2735 ® T32T44
+ 4x35 @ T36T40 + 4T39 ® T4T68 + 4T39 @ TeTe4 + 2239 @ T12T60 + 2739 ® T24T48 + 3T39 @ T28T44
+ 2x39 @ T48T24 + 3739 ® T52T20 + 3743 ® TaTea + 2743 ® TT60 + 3T43 @ T24T44 + 2743 ® T28T40
+ 3743 @ T44T24 + 2743 @ T48T20 + 4743 ® Tes + 4Ta7 @ Tea + Tss ® T8Ta8 + 3T55 ® T12T44
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+ x55 @ 16240 + 59 ® T4T48 + Tsg @ TegTa4 + 3x59 @ T12240 + 3T59 ® T2gT24 + 2259 @ T3220
+ 2763 @ T4T44 + 2763 ® T8T40 + 4T63 ® T24T24 + T63 @ T28T20 + T63 Q Tag + 4T67 ® T4T4a0
+ 267 @ T20T24 + 4T67 @ T24T20 + 2267 ® T4 + T71 ® T40 + 75 ® 36 + 2279 ® TYT24
+ 3279 @ 12720 + 4783 ® T4T24 + Tg3 @ TyT20 + 4T83 @ T2g + w87 ® T4T20 + 2787 @ T24
+ 2191 ® T20 + T95 @ T16 + 4T99 @ T12 + T103 ® T8 + 4T107 ® T4 + 7111 ® 1
A(z112) = 1 ® 2112 + 2220 ® 283284 + 3220 ® T1280 + 2720 ® T28T64 + 3T20 ® T32%60 + 2720 ® T48T44
+ 3w20 @ T52%40 + 2720 @ TegT24 + 3720 ® T72720 + 3T24 ® Tgg + Ta0 @ TaTes + Tao ® T8Te4
+ 3z40 ® 12760 + 3740 ® T24T48 + 2740 @ T28T44 + 3T40 @ T48T24 + 2740 @ 52720 + 4T44 @ T4Te4
+ T4 @ 8T60 + 4744 @ T24T44 + Taa @ T28T40 + 4T44 @ T44T24 + Taa @ T48T20 + 2744 @ Tes
+ 3748 ® T64 + 4T60 @ T4T48 + 4T60 @ T8T44 + 2760 @ T12%40 + 2T60 ® T28T24 + 3T60 & T32T20
+ T64 @ T4T44 + Te4a @ TT40 + 2T64 ® T24T24 + 3T64 @ T28T20 + 3Te4 ® Tas + 3Te8 ® T4T40
+ 2x68 @ T20T24 + 3T68 @ T24T20 + 468 ® Taa + T72 ® T40 + 3T80 ® TeT24 + 2780 ® T12T20
+ 2284 @ T4T24 + 3784 Q@ T8T20 + 2784 @ T2g + T8g @ T4x20 + 4788 @ T24 + 2792 @ T20
+ 2100 ® z12 + 3x104 @ 8 + 3x108 @ T4 + 112 @ 1
Az113) =1 ®@ 113 + 25 ® 288 + 3745 ® T4T64 + 2245 ® T8Te0 + 3T45 @ T24T44 + 2745 ® T28T40
+ 3245 @ T44T24 + 2745 @ T4gT20 + 4Ta5 ® Tes + 2749 @ Tea + 2T65 ® TaTaa + 2765 @ TeT40
+ 4z65 @ T247T24 + Te5 ® T2gT20 + Tes @ Tag + 2Te9 @ Tawa0 + 3Te9 @ T20T24 + 2T69 ® T24T20
+ 69 @ Taa + 273 ® T40 + 4285 @ T4T24 + T85 ® TgT20 + 4wgs ® T2 + 4r89 ® T4T20
+ 289 ® T24 + 2293 @ T20 + T105 @ 8 + 27109 ® T4 + 7113 ® 1
A(z114) = 1 ®@ 2114 + 250 @ T4 + T70 @ T4Ta0 + 4270 ® T20T24 + T70 @ T2aT20 + 370 ® Tag
+ 274 @ 240 + 2290 ® T4w20 + 3T90 @ T24 + 2294 ® T20 + T110 ® T4 + 2114 ® 1
A(z115) = 1@ 2115 + 275 @ Ta0 + 2295 @ 220 + 2115 ® 1
A(z116) = 1 ® 116 + 220 ® 12284 + 4720 ® T16280 + T20 ® T32T64 + 4220 @ T36T60 + T20 ® T52T44
+ 420 ® T56T40 + T20 @ T72T24 + 4T20 ® T76T20 + 4T24 ® To2 + 2740 ® T8Tes + 3T40 & T16T60
+ x40 @ T28T48 + 2740 ® T32T44 + 2740 @ T36T40 + 4T40 ® T52T24 + T40 @ T56T20 + 3T44 @ TeTe4
+ 2244 @ 12760 + 3T44 ® T28Ta4 + 2744 @ T32T40 + 3T44 @ T4sT24 + 2T44 @ T52T20 + Taa @ T72
+ T48 @ T8 + 3T60 @ T8T48 + 2T60 @ T16T40 + Teo @ T32724 + 4T60 ® T36T20 + 2T64 @ T4T48
+ 3x64 @ T12740 + 4T64 ® T2sT24 + Tea @ T32720 + 4T64 ® Ts2 + 3768 @ T4Ta4 + 2T68 ® TeT40
+ 3x68 @ 124724 + 2768 ® T2gT20 + 3Tes @ Tag + 4T72 @ Taa + 4280 ® 12724 + Tgo @ T16T20
+ 4r84 @ T8T24 + T84 @ T12T20 + T84 ® T32 + T88 @ T4T24 + 4T88 @ T8T20 + 3T88 @ T28
+ 4z92 @ T4T20 + 3792 @ T24 + T96 @ T20 + T100 ® T16 + 47104 ® T12 + T108 B T8
+4z112 ® T4 + 2116 @ 1
A(z117) = 1 Q@ 117 + 225 ® To2 + 2245 @ 28Te4 + 3245 @ T12T60 + 2245 ® T28T44 + 3T45 ® T32T40
+ 2245 @ T48T24 + 3245 @ T52220 + 4245 @ T72 + 3T49 @ Tes + 3T65 @ T4x48 + 2T65 @ T12T40
+ 265 @ T28T24 + 4T65 @ T32x20 + Tes @ T2 + 4xe9 ® T4T44 + Teg @ T8T40 + 4Te9 @ T24T24
+ 9 @ T28720 + 4T69 ® Tas + 3773 @ Ta4 + Tgs @ TyT24 + 4T85 @ T12T20 + 4Tgs @ T32
+ 3x89 @ T4T24 + 2789 Q@ T8T20 + 4T89 ® Tag + 3T93 ® T4T20 + T93 ® T24 + Tg7 @ T20
+ z105 ® 12 + 3T109 ® T8 + 37113 @ T4 + 117 @ 1
A(z118) = 1 ® w118 + 50 ® T6s + 3T70 ® T4Zaq + 2770 ® TeT40 + 3T70 ® T24T24 + 2770 ® T2gT20
+ 3270 @ T48 + 2x74 @ Taa + T90 @ T4T24 + 4w90 ® TgT20 + 3T90 @ T2g + 2794 ® T4T20
+ 4x94 @ T24 + T98 @ T20 + T110 @ 8 + 27114 R T4 + 118 ® 1
A(z119) = 1@ 2119 + 75 @ Taa + T95 ® T4T20 + 2095 ® T24 + Tog ® T20 + T115 ® T4 + 119 ® 1
A(z120) = 1 ® 120 + T100 ® T20 + T120 ® 1
A(z121) = 1 Q@ x121 + 225 ® Tge + Ta5 ® T12T64 + 445 ® T16T60 + Tas5 ® 32244 + 4245 @ T36T40
+ T45 @ T52T24 + 4T45 @ T56T20 + 4T45 ® T76 + 4T49 ® T72 + Tes ® T8Ta8 + Tes @ T12T44
+ 3265 @ 16740 + 3T65 ® T32x24 + 2265 @ T36T20 + Tes5 @ Ts6 + 3Te9 @ T8T44 + 2769 @ T12T40
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A(z123)

A(z124)

A(z125)
A(z126)

A(z127)

A(z128)
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+ 3T69 ® T28T24 + 2T69 ® T32T20 + 2T69 @ T52 + T73 @ T48 + 3785 @ T12T24 + 2T85 R T16T20

+ 4xg5 @ T36 + Tsg ® TyT24 + 4Tgg ® T12T20 + 2789 ® T32 + 3T93 @ T4T24 + 2293 @ T8T20

+ 2293 @ T28 + 4T97 ® T24 + T105 ® T16 + 42109 ® T12 + 113 ® T8 + 47117 @ T4 + 121 ® 1
=1®z122 + w50 ® T72 + 2270 @ T8%44 + 3T70 ® T12Z40 + 2270 @ T28T24 + 3T70 ® T32T20

+ 3x70 @ T52 + 3w74 ® Tas + 4290 @ T8T24 + T90 ® T12T20 + 3T90 @ T32 + 4T94 ® T4T24

+ T94 @ T8T20 + To4 ® T28 + 3T98 ® T24 + T110 @ T12 + 37114 ® T8 + 37118 ® T4 + T122 ® 1

=1® 123 + T75 ® T4s + 3T95 @ T4T24 + 2795 ® TgT20 + 2795 ® Tasg + 2799 @ T24

+ x115 @ w8 + 27119 @ T4 + 123 ® 1

=1® w124 + 2100 @ T24 + T120 ® T4 + T124 @ 1

=1®125 + 7125 @ 1

=1® x126 + 4w2 @ T4720%100 + T6 ® T20T100 + 10 @ T4Z112 + T10 @ T8T108 + T10 @ T12T104

+ x10 ® 162100 + 4710 ® T20%96 + 4710 ® T24T92 + 4710 @ T28788 + 4w10 ® T32T84 + 4T10 @ T36T80
+ 3214 ® 4%108 + 2214 ® T8T104 + T14 @ T12T100 + 2214 @ T20T92 + 4T14 ® T24T88 + T14 @ T28T84
+ 3214 @ 32280 + 4214 ® T40T72 + 3T14 @ T44T68 + 2214 ® T48T64 + T14 ® T52T60 + 3T18 @ TaT104
+ 218 ® T8T100 + 2718 ® T20T8s + T18 @ T24Ts84 + 2718 ® T25T80 + 3T18 @ T40T68 + 4T18 @ T44T64
+ 3718 ® T48Te0 + 4718 ® Te0T48 + 2718 @ T64T44 + 4T18 @ TesT40 + T22 ® T4x100 + 4T22 @ T20T84
+ 22 @ T24780 + 4T22 ® T40T64 + T22 @ T44T60 + 4T22 @ Te0T44 + T22 @ TeaTa0 + 4T22 @ TS0T24

+ T22 @ T84T20 + 4T26 @ T100 + T30 ® T4T92 + T30 ® TyTes + T30 @ T12T84 + T30 ® T16T80

+ 734 @ Tawgs + 4734 ® TeT4 + 2T34 ® T12T80 + T34 ® T20T72 + 2734 @ T24T68 + 3T34 ® T28T64

+ 4x34 @ 132760 + 4738 ® T4w84 + 3T38 @ T3T80 + 238 @ T20T68 + T38 ® T24T64 + 2738 @ T28T60
+ 238 @ 40748 + 3738 ® T44T44 + T38 @ T48T40 + 4Ta2 @ T4T80 + Ta2 ® T20T64 + 4T42 ® T24T60

+ 42 @ 40T44 + 4T42 ® T44T40 + T2 @ T60T24 + 4Ta2 @ TeaT20 + Ta6 @ T80 + Tso @ T76

+ 3754 @ T4T68 + 2254 @ T8T64 + T4 ® T12T60 + 4758 ® TaT64 + 3758 @ T8T60 + 4T58 @ T20T48

+ 2258 @ T24T44 + 4T58 ® T28T40 + Te2 @ T4Te0o + 4T62 @ T20T44 + Te2 @ T24T40 + 4T62 ® T40T24
+ X2 @ T44720 + 4T66 ® Teo + T70 @ T12T44 + 4T70 ® T16T40 + T70 @ T32T24 + 4T70 @ T36T20

+ 3x70 @ T56 + 4T74 @ T52 + 3778 @ T4T44 + T78 ® TgT40 + 4Tg2 @ T4T40 + T2 @ T20T24

+ 4x82 @ T24720 + T86 ® Tao + 2790 @ 12724 + 3T90 @ T16720 + 3T90 ® T36 + 3T94 @ T8T24

+ 2x94 @ T12720 + 3794 ® T32 + T9g @ T28 + T102 @ TaT20 + 4T106 ® T20 + T110 ® T16

+ 47114 ® T12 + 7118 @ T8 +4T122 @ T4 + T126 @ 1

=1® z127 + 323 @ T4720%100 + T7 ® T20T100 + 2215 ® T4T108 + 315 @ T8T104 + 4715 ® T12T100
+ 3x15 @ 220292 + T15 ® T24%8s + 4215 @ T28T84 + 2715 @ T32x80 + T15 @ T40T72 + 2T15 @ T44T68
+ 3715 ® T48T64 + 4T15 Q@ T52T60 + 4719 @ T4T104 + 3T19 @ T8T100 + T19 ® T20Z88 + 3T19 @ T24T84
+ 219 ® 228780 + 4719 @ T40T68 + 219 ® T44T64 + 4T19 @ T48T60 + 2219 ® Te0T48 + T19 ® Te4T44
+ 2719 @ TesT40 + 2723 ® T4T100 + 3T23 ® T20T84 + 2723 @ T24T80 + 3723 ® T40T64 + 2723 ® T44T60
+ 3x23 @ T60T44 + 2723 ® TeaTao + 3723 @ T0T24 + 2723 ® TgaT20 + 4T27 ® T100 + 4735 ® T4Ts8
+ x35 @ T8T84 + 3735 @ T12T80 + 4T35 @ T20T72 + 3T35 @ T24T6s + 2735 @ T28T64 + T35 ® T32T60
+ 2239 Q@ Tawga + 4x39 ® T80 + T39 ® T20T68 + 3T39 ® T24T64 + T39 ® T28T60 + 3739 @ T40T48

+ 4x39 @ T44T44 + 3739 ® T48T40 + 3T43 @ T4T0 + 2743 ® T20T64 + 3T43 @ T24T60 + 2743 ® T40T44
+ 3243 @ 44740 + 2743 ® TeoT24 + 3T43 @ T64T20 + Ta7 ® T + 2755 @ T4Tes + 3T55 ® TeTea
+4x55 @ 12260 + 2259 ® T4Tea + 4T59 @ T8T60 + 2T59 @ T20T48 + 59 ® T24T44 + 2259 @ T28T40
+ 2263 @ T4T60 + 3763 @ T20T44 + 2T63 Q T24T40 + 3T63 @ T40T24 + 2763 @ T44T20 + 4T67 ® T60

+ 275 @ T52 + 4T79 @ T4T44 + 3T79 @ T8T40 + 3T83 @ T4X40 + 2283 ® T20T24 + 3T83 @ T24T20

+ 287 ® T40 + 2795 @ T8T24 + 3T95 @ T12w20 + 2T95 ® T32 + 3T99 ® T2 + 2x103 @ T4T20

+ 4107 ® T20 + 2115 ® T12 + 37119 @ T8 + 37123 @ T4 + T127 @ 1

=1Q® z128 + 274 ® 47207100 + T8 ® T20T100 + 3T20 ® T4T104 + T20 ® TT100 + 2720 @ T20Tss

+ 20 @ T24784 + 220 ® T23T80 + 3720 @ T40T68 + 4T20 @ T44Te4a + 3T20 ® Ta8Te0 + 4T20 @ T60T48
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+ 2220 ® Te4Ta4 + 4x20 ® T840 + 3T24 @ T4X100 + 2724 @ T20x84 + 3224 ® T24T80 + 2724 f @ Ta0T64
+ 3724 ® T44T60 + 2724 ® Te0T44 + 3724 @ Te4T40 + 2724 ® w0T24 + 3T24 ® TR4T20 + 428 @ T100
+ 440 @ T4T84 + 3T40 @ T8T80 + 2740 @ T20T68 + T40 @ T24T64 + 2240 ® T28T60 + T40 @ T40T48
+ 3%40 @ T44T44 + T40 @ T48T40 + 2744 ® T4T30 + 3T44 @ T20T64 + 2T44 ® T24T60 + 3T44 ® T40T44
+ 2744 @ 44740 + 3744 ® Te0T24 + 2T44 @ TE4T20 + Tag @ T80 + 4T60 @ TaT64 + 3Te0 @ T8T60
+ 4160 @ T20T48 + 2760 @ T24T44 + 4260 & T28T40 + 3T64 @ TaT60 + 2T64 @ T20T44 + 3Te4 ® T24T40
+ 2x64 @ T40T24 + 3T64 ® T44T20 + 468 @ T60 + 3T80 @ TaTa4 + T30 @ T8T40 + 2784 ® T4T40
+ 3784 ® T20T24 + 2784 ® T24T20 + T8 ® T40 + T100 @ T28 + 3T104 ® T4T20 + 47108 & T20
+ 120 ® T8 + 27124 @ T4 + T128 @ 1
A(z129) = 1 ® w129 + T5 ® T4T20T100 + T9 @ T20T100 + 425 @ T4T100 + T25 @ T20T84 + 4T25 @ T24T80
+ T25 ® T40T64 + 4T25 @ T44T60 + T25 @ Te0T4a4 + 4T25 ® TeaT40 + T25 ® T0T24 + 4T25 ® T84T20
+ 429 ® T100 + a5 @ T4T80 + 4T45 @ T20T64 + Tas ® T24260 + 4T45 @ T40T44 + Ta5 @ Ta4Ta0
4+ 4x45 @ TeoT24 + Tas @ TeaT20 + T49 @ T80 + 465 ® TaTeo + Tes @ T20T44 + 4T65 @ T24T40
+ T65 @ T40T24 + 4T65 @ T44720 + 4269 ® Teo + Tgs ® T4T40 + 4T85 @ T20T24 + T8 & T24T20
+ 789 @ T40 + 47105 ® T4T20 + 47109 @ T20 + T125 @ T4 + T129 V1
A(z130) = 1 ® 2130 + 710 ® T20%100 + 4730 @ T100 + T50 ® T80 + 470 ® Teo + Too @ T40 + 4T110 ® T20 + T130 @ 1
A(z131) = 1 ®@ 2131 + 323 ® T4224T100 + 223 ® T8T20T100 + 3T7 ® T4T20Z100 + 427 @ T24T100 + 2211 @ T20T100
+4z15 @ 37108 + 3715 ® T12T104 + 2715 ® T16T100 + 4715 ® T20T96 + T15 @ T24T92 + 3T15 ® T2gTss
+ 2715 ® 36780 + 4%15 ® T44T72 + 3T15 @ T48Tes + 2715 @ T52T64 + T15 ® T56T60 + 3T19 @ TT104
+ 3719 @ T12T100 + 2719 ® T20T92 + 3T19 @ T24T8s + 3T19 ® T28Tg4 + 2719 ® T32T80 + 4719 @ T40T72
+4x19 @ T44T68 + 2719 ® T52T60 + 3T19 ® T64T48 + 4719 @ TesTaa + 3T19 ® T72T40 + 4T23 ® T8T100
+ 2223 @ T20T88 + 3T23 ® T24T84 + 3723 @ T40T68 + T23 @ T44T64 + T23 @ T48T60 + 4T23 @ TE0T48
+ 423 @ Te4T44 + 2723 ® TesT40 + 2723 @ T84T24 + 3T23 @ TsT20 + T27 ® T4T100 + 4T27 @ T20T84
+ T27 @ T24780 + 4T27 @ T40T64 + T27 ® T44T60 + 4T27 @ T60T44 + T27 @ Te4aTa0 + 4T27 ® TY0T24
+ T27 @ T84T20 + T27 @ T104 + 4231 ® T100 + 3T35 @ T4T92 + T35 @ T8T8s + 4T35 @ T12T84
+ 2x35 @ 16780 + T35 ® T24T72 + 2735 @ T28T68 + 3T35 @ T32T64 + 4735 @ T36T60 + T39 @ T4Tss
+ 3739 @ T8T84 + T39 @ T12780 + 4739 @ T24T68 + 2739 ® T28T64 + 4T39 ® T32T60 + 239 ® T44T48
+ 739 @ T48T44 + 2739 @ T52%40 + 3T43 ® T4T84 + 2T43 ® TYT80 + 3T43 ® T24T64 + 2743 & T28T60
+ 3%43 @ T44T44 + 2743 @ T48T40 + 3T43 ® T64T24 + 2743 @ TesT20 + 4T47 @ Tga + 4x55 @ T4T72
+ 3x55 @ T8Tes + 2755 @ T12T64 + Ts5 @ T16T60 + 3T59 @ T4Te8 + T59 ® T8Te4 + 3T59 @ T24T48
+ 459 @ T2gTa4 + 3259 ® T32240 + 3T63 @ T4Ta + T63 ® T20T48 + 4T63 @ T2gTa0 + 2263 ® T44T24
+ 3263 @ T48T20 + 4267 ® T4T60 + Te7 @ T20T44 + 4267 ® T24T40 + T67 @ T40T24 + 4T67 @ T44T20
+ 267 @ Tea + 271 ® Te0 + T75 ® Ts6 + 2279 ® T4T48 + T79 ® TeT44 + 2x79 ® T12T40
+ 2783 @ T4T44 + 3783 @ T24T24 + 2783 ® T25T20 + 2287 ® T4T40 + 387 ® T20T24 + 2787 @ T24T20
+ 4187 @ T44 + 3T91 @ T40 + To5 @ T12T24 + 4T95 Q@ T16T20 + 2795 ® T36 + 4T99 & T32
+ 27103 ® T4T24 + 37103 @ T8T20 + 27107 @ T4T20 + T107 ® T24 + 3T111 @ T20 + T115 ® T16
+4x119 ® 12 + 7123 @ T8 +4T127 @ T4 + 7131 @ 1
A(z132) = 1 ® 2133 + 325 ® T4T24T100 + 225 ® T8L20T100 + 429 ® Tax20T100 + 229 @ T24T100 + 2213 ® T20Z100
+ 4x25 @ T8T100 + 2725 ® T20T88 + 3T25 ® T24T84 + 3725 @ T40T68 + T25 @ T44T64 + T25 @ T48T60
+ 4x25 @ Te0T48 + 4T25 ® Te4T44 + 2T25 ® T68T40 + 2725 @ T4T24 + 3T25 ® Tg8T20 + 3T29 ® T4T100
+ 2x29 @ 20784 + 3T29 ® T24T80 + 2729 ® T40T64 + 3T29 @ T44T60 + 2729 ® Te0T44 + 3T29 ® TE4T40
+ 2229 @ T50T24 + 3T29 ® T4T20 + 3T29 @ T104 + 4233 @ T100 + 3T45 @ TaTg4 + 2745 @ TTS0
+ 3745 @ T24%64 + 2745 ® T28T60 + 3T45 ® T44T44 + 2745 @ T48T40 + 3T45 @ Te4T24 + 2745 ® T8 T20
+ 2749 @ T84 + 3T65 @ T4T64 + Tes5 @ T20T48 + 4T65 @ T28T40 + 2265 © T44T24 + 3Te5 @ T4gT20
+ 2x69 @ T4T60 + 3T69 Q@ T20T44 + 2T69 @ T24T40 + 3T69 ® T40T24 + 269 @ T44T20 + 3Te9 & Tea
+ 273 @ T60 + 2785 @ T4T44 + 3T85 @ T24T24 + 2785 @ T28T20 + Ty9 ® T4T40 + 4T89 ® T20T24
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A(z133)

A(z134)
A(z135)
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+ x89 ® T24T20 + 2x89 @ Taq + 3T93 ® T40 + 27105 @ TaT24 + 3T105 @ TT20 + T109 @ T4T20

+ 3x1090 ® T24 + 37113 ® T20 + T125 ® T8 + 27129 ® T4 + T133 ® 1

=1Q® z134 + 2210 ® 42207100 + 10 ® T242100 + 2214 Q@ 202100 + 4230 @ TaT100 + T30 ® T20284

+ 430 @ T24780 + T30 Q@ T40T64 + 4230 ® T44T60 + T30 @ T60T44 + 4230 @ TeaT40 + T30 ® T0T24

+ 4x30 ® T84%20 + 4730 @ T104 + 4T34 ® T100 + T50 @ T4 + T70 ® TaTe0 + 4T70 @ T20T44

+ 270 @ T24T40 + 4770 @ T40T24 + T70 ® T44T20 + 4T70 @ T64 + T74 @ T60 + 3T90 @ T4T40

+ 2290 @ T20T24 + 3790 ® T24T20 + T90 & Ta4 + 3294 ® T40 + 3T110 @ T4T20 + 47110 ® T24

+ 37114 ® T20 + 7130 @ T4 + 7134 @ 1

=1® w135 + 2715 ® T20T100 + 4235 ® T100 + T75 @ T60 + 3T95 @ T40 + 37115 ® T20 + 135 @ 1
=1Q® w136 + 374 @ T8T24%100 + 274 ® T12T20T100 + T8 ® T4T24T100 + 3T8 @ T4T124 + 48 @ TT20T100
+ 28 ® T8gw120 + T8 ® T28%100 + 2712 @ T4T20T100 + 3T12 @ T24T100 + 3T16 ® T20T100 + T20 @ T12T104
+ 3720 ® 167100 + 4720 @ T20T96 + T20 @ T24T92 + T20 @ T32x84 + 420 ® T36T80 + 4720 ® T44T72
+ 220 ® T48T68 + T20 @ T52x64 + 4220 ® T56T60 + 4T20 @ Te8Tas + 2220 @ T72x44 + 4220 ® T76T40
+ 224 @ 127100 + 2224 ® 220T92 + 3T24 @ T24x8s + 4x24 ® T40T72 + 4T24 @ T44T6s + 2724 @ T48T64
+ 3724 @ Te4Tag + T24 @ Te8Taa + T24 @ T72T40 + 2724 @ T8 T24 + 3T24 ® T92T20 + 4T28 @ T8T100
+ 2x98 @ T20Ts8 + 3T28 ® T24T84 + 3T28 @ T40T68 + T2 ® T44Te4 + T28 @ T48T60 + 4T28 @ TE0T48

+ 4128 @ T64T44 + 2728 @ TesT40 + 2728 @ T8aT24 + 3T28 @ T88T20 + 4T28 ® T108 + T32 @ T4T100

+ 4x32 @ T20T84 + T32 @ T24T80 + 4T32 ® T40T64 + T32 @ T44T60 + 4732 ® TeoT44 + T32 ® Te4T40

+ 4r32 @ T80T24 + T32 ® T4T20 + T32 ® T104 + 4736 @ T100 + 3T40 ® TeTss + 4T40 ® T12T84

+ 3740 ® T16T80 + 2740 ® T28T68 + T40 & T32T64 + 2740 @ T36T60 + T40 @ T48T48 + 3T40 & T52T44
+ 240 ® T56T40 + 3Ta4 @ TT-4 + 2744 ® T12T80 + 3T44 @ T28T64 + 2T44 ® T32T60 + 3T44 ® T48T44
+ 2244 ® 52740 + 3T44 ® TegT24 + 2744 @ T72T20 + Tag @ T8 + T60 @ T4T72 + 2T60 @ T12T64

+ 2260 @ T16T60 + 4260 @ T28248 + 2260 @ T32T44 + 4Te0 @ T36T40 + 4264 ® T4Tes + T4 @ TYTE4
+ 2x64 @ T12T60 + 2764 ® T24T48 + 3T64 ® T28T44 + 2T64 @ T48T24 + 3T64 ® T52T20 + 3T6s ® T4T64
+ 2268 @ T8T60 + 3T68 @ T24T44 + 2768 @ T28T40 + 3T68 & T44T24 + 2768 @ T48T20 + 4268 ® Tes
+4x72 @ Te4 + T80 @ T8T48 + 3T80 @ T12T44 + T80 @ T16740 + T4 @ T4T48 + T84 @ T8T44

+ 3784 @ T12740 + 3784 ® T28T24 + 2784 & T32T20 + 2788 @ T4T44 + 2788 ® T8T40 + 4788 @ T24T24
+ 788 @ T28T20 + T88 @ T48 + 4T92 ® T4T40 + To2 @ T20T24 + 4T92 ® T24T20 + 2792 & T44

+ T96 ® T40 + T100 ® T36 + 27104 ® T8T24 + 3T104 @ T12T20 + 4T108 @ T4T24 + T108 @ TT20

+ 4x108 ® T28 + 37112 ® T4T20 + 27112 @ T24 + 27116 @ T20 + T120 @ T16 + 4T124 @ T12

+ 2128 @ T8 +4T132 @ T4 + 136 ® 1

=1® 7137 + 225 ® T8T247100 + 3T5 @ T12720T100 + 3T9 @ T4T24T100 + 4T9 ® T4T124 + 2T9 ® TYT20T100
+ 3r9 ® x8T120 + 3T9 ® T28T100 + 4713 ® T4T202100 + T13 @ T24T100 + 3T17 @ T20T100 + 4225 ® T12T100
+ 3x25 @ T20T92 + 2725 ® T24T88 + T25 ® T40T72 + T25 @ T44Tes + 3T25 @ T48Tea + 2T25 @ Te4T48
+ 425 @ Te8Ta4 + 4T25 @ T72T40 + 3T25 @ T88T24 + 2T25 @ T92x20 + 2229 ® TET100 + T29 @ T20T88
+ 4x29 @ T24T84 + 4T29 ® T40T68 + 3T29 ® T44T64 + 3T29 @ T48T60 + 2729 @ TeoT4a8 + 2T29 ® TE4T44
+ T29 @ T68T40 + T29 @ T84T24 + 4T29 ® T8 T20 + 2729 & T108 + 2733 ® T4T100 + 3733 & T20T84

+ 2233 ® 24780 + 3733 ® T40T64 + 2733 @ T44T60 + 3733 @ Te0T44 + 2233 & Te4T40 + 3733 @ TOT24
+ 2233 @ T84T20 + 2733 ® 104 + 4237 @ T100 + 2T45 Q@ TeTga + 3T45 @ T12T80 + 2T45 & T28T64

+ 3745 @ T32T60 + 2T45 ® T48T44 + 3T45 @ T52T40 + 2745 @ TesT24 + 3T45 @ T72T20 + 3T49 @ Tss

+ Te5 ® T4Tes + Tes @ TeTe4 + 3xe5 @ T12T60 + 3T65 @ T24T48 + 2T65 ® T28T44 + 3Te5 @ T48T24

+ 2265 @ T52720 + 4269 ® T4Te4 + Teo @ T8Te0 + 4T69 @ T24T44 + Teg ® T28T40 + 4T69 @ T44T24

+ T69 @ T48T20 + 2769 @ Tes + 3T73 @ Tea + 4xgs @ T4T48 + 4T85 Q@ T8T44 + 2785 @ T12T40

+ 2185 @ T2gT24 + 3T85 @ T32T20 + T89 @ T4T44 + Ty ® TgT40 + 2789 ® T24T24 + 3T89 @ T28T20

+ 3x89 @ T48 + 3w93 ® TaT40 + 2793 @ T20T24 + 3T93 ® T24T20 + 4T93 ® Taa + T97 ® T4a0

+ 37105 ® T8T24 + 2%105 @ T12T20 + 27109 @ T4T24 + 3T109 @ T8T20 + 27109 ® T28 + T113 @ T4T20
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+ 42113 ® T24 + 2x117 @ T20 + T125 @ T12 + 3T129 @ T8 + 37133 @ T4 + 7137 @ 1
A(z137) = 1@ 2138 + 210 ® T4T24%100 + 3%10 ® Tax124 + 4210 ® T8T20T100 + 10 ® T8T120 + T10 ® T28T100
+ 214 ® T4T207100 + 4T14 ® T24T100 + 3T18 ® T20T100 + 4730 ® T8T100 + 230 @ T20Ts8 + 3T30 ® T24T84
+ 3230 ® T40T68 + T30 @ T44T64 + T30 ® T48T60 + 4730 @ T60Tas + 4230 @ TeaTaa + 2230 ® T68T40
+ 2230 @ T84T24 + 3730 ® Tgsx20 + 4730 @ T108 + 3734 ® T4T100 + 2234 ® T20T84 + 3T34 @ T24T80
+ 2734 @ T40T64 + 3734 ® T44T60 + 2734 @ T60T44 + 3T34 @ TaT40 + 2234 ® T80T24 + 3T34 @ T84T20
+ 3x34 @ T104 + 4738 @ T100 + T50 @ T8 + 3T70 ® T4T64 + 2770 @ TyT60 + 3T70 @ T24T44
+ 2270 @ T28%40 + 3T70 @ T44T24 + 2770 & T48T20 + 4770 @ Tes + 2774 @ Tea + 2790 @ T4T44
+ 2x90 @ T8T40 + 4790 @ T24T24 + T9o @ T28T20 + T9o @ Tas + 2T94 ® T4T40 + 3T94 @ T20T24
+ 2294 @ T24T20 + T94 @ T4 + T9g ® T40 + 47110 ® T4T24 + T110 ® T8T20 + 47110 ® T2g
+ 47114 ® T4T20 + T114 @ T24 + 27118 @ T20 + T130 ® T8 + 27134 ® T4 + 7138 @ 1
A(z138) = 1 ® 2139 + 3215 ® 24220100 + 2215 ® 242100 + 3219 ® T202100 + 4235 ® T4T100 + T35 ® T20T84
+ 435 @ 24780 + T35 Q@ T40T64 + 4235 ® T44T60 + T35 @ T60Ta4 + 4235 @ Teaxa0 + T35 ® TY0T24
+ 4x35 @ T84%20 + 435 @ T104 + 4T39 ® T100 + T75 @ Tea + Tgs ® TaTa0 + 4T95 @ T20T24
+ 95 ® T24%20 + 3T95 @ Taqa + Tog @ T40 + 27115 ® T4T20 + 37115 ® T24 + 27119 @ T20
+ 7135 ® T4 + 139 ® 1
A(r139) = 1 ® w140 + 3720 ® T207100 + 4740 ® T100 + T100 ® T40 + 27120 @ T20 + T140 ® 1
A(x140) = 1 ® 141 + T5 @ T12024%100 + 425 @ T162207100 + To @ T8T24T100 + 3T9 ® TeT124 + 4T9 ® T12T20%100
+ 3z9 ® T127120 + 4T9 @ 327100 + 4713 @ T4T24%100 + 13 ® TaT124 + T13 @ T8T20Z100 + 2713 & TyT120
+ 2213 ® 287100 + T17 ® T42207100 + 2717 ® T24T100 + 4721 @ T20T100 + 4725 @ T16T100 + 4T25 @ T20T96
+ T25 @ 24792 + 4725 Q@ T44T72 + T25 ® T48T68 + 4T25 @ Te8Tas + T25 ® T72T44 + 4T25 ® T92T24
+ T25 ® T96T20 + T29 ® T12T100 + 2T29 ® T20T92 + 3T29 @ T24T88 + 4729 ® T40T72 + 4T29 ® T44T68
+ 2x29 @ T48T64 + 3T29 ® Te4T48 + T29 ® TegT44 + T29 ® T72T40 + 2T29 ® T8gT24 + 3T29 & T92T20
+ T29 ® T112 + 4233 @ T8T100 + 2233 ® T20T88 + 3733 @ T24784 + 3733 ® T40T68 + T33 & T44T64
+ 733 @ T48T60 + 4733 @ TeoT4s + 4233 @ Te4T44 + 2733 @ TesT40 + 2233 ® Tg4T24 + 3T33 @ T88T20
+ 433 @ T108 + 37 ® T4T100 + 4737 @ T20T84 + T37 @ T24780 + 4T37 ® T40T64 + T37 @ T44T60
+ 4x37 @ T60T44 + T37 ® TeaTa0 + 437 @ T80T24 + T37 ® TgaT20 + T37 @ T104 + 4741 @ T100
+ T45 @ T12784 + 4745 @ T16T80 + Ta5 ® T32T64 + 4T45 @ T36T60 + Ta5 @ Ts2T44 + 4T45 ® T56T40
+ T45 @ T72T24 + 4745 @ T76T20 + 4T49 ® T2 + 2765 ® TeTes + 3Te5 ® T16T60 + T65 @ T28T48
+ 2265 @ T32T44 + 2765 @ T36T40 + 4Te5 ® T52T24 + Tes ® Ts6T20 + 3Teg @ T8Te4 + 2T69 ® T12T60
+ 3269 ® T28T44 + 2x69 ® T32T40 + 3T69 @ T48T24 + 2T69 @ T52x20 + Teg ® T72 + T73 ® Tes
+ 3x85 @ T8T48 + 2T85 @ T16T40 + Tes ® T32T24 + 4T85 @ T36T20 + 2789 ® T4T48 + 3T89 ® T12T40
+ 4x39 @ T28T24 + T89 @ 32720 + 4789 @ T52 + 3T93 @ T4T44 + 2793 ® T8T40 + 3T93 ® T24T24
+ 2293 ® T28T20 + 3793 ® Tas + 4x97 ® T4 + 4T105 @ T12T24 + T105 @ T16T20 + 4T109 ® TgT24
+ 109 @ T12T20 + T1090 @ T32 + 113 ® TaT24 + 47113 @ T8w20 + 37113 ® T2g + 4x117 ® T4T20
+3x117 ® 24 + 7121 ® T20 + T125 @ T16 + 47129 ® T12 + 7133 @ g + 47137 @ T4 + T141 @ 1
A(z141) = 1 ® 142 + 4210 ® 8T24T100 + 210 ® T8T124 + T10 @ 122202100 + 2T10 @ T12&120 + T10 & T32L100
+ 2714 ® T47247100 + 3714 ® T4T124 + 3T14 ® TT20T100 + T14 ® T8T120 + T14 @ T28T100 + 2718 @ T4T20T100
+ 418 ® 247100 + 4722 @ T20T100 + 4230 ® T12T100 + 3T30 ® T20T92 + 2230 @ T24w88 + T30 @ T40T72
+ T30 ® T44T68 + 3T30 @ T48T64 + 2730 ® Te4aT48 + 4730 ® TesTaa + 4x30 @ T72T40 + 3T30 ® T88T24
+ 2230 @ T92T20 + 4730 ® T112 + 2734 ® T8T100 + T34 ® T20T88 + 4T34 ® T24T84 + 4T34 @ T40T68
+ 3234 ® T44T64 + 3x34 ® T48T60 + 2734 @ T60T48 + 2734 @ T64Ta4 + T34 ® TegT40 + T34 ® Tg4T24
+ 434 @ T88T20 + 2734 ® 108 + 2738 @ T4T100 + 3738 @ T20T84 + 2238 ® T24T80 + 3T38 @ T40T64
+ 2238 @ T44T60 + 3738 ® Te0T44 + 2738 @ T64T40 + 3T38 @ ToT24 + 2238 ® Tg4T20 + 2738 @ T104
+ 442 @ T100 + 50 ® T92 + 2x70 ® T8Te4 + 3T70 ® T12T60 + 2T70 @ T28T44 + 3T70 ® TI2T40
+ 2270 @ T48T24 + 3T70 @ T52T20 + 470 ® T72 + 3T74 @ T8 + 3T90 @ TaT48 + 2T90 ® T12T40
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+ z90 ® T28T24 + 4T90 @ T32T20 + T9o @ T52 + 4T9q ® T4T44 + T94 @ T8T40 + 4794 @ T24T24
+ 294 ® T28T20 + 4T94 @ T48 + 3T98 @ T44 + T110 ® T8T24 + 4T110 @ T12T20 + 4T110 @ T32
+ 32114 ® T4T24 + 27114 @ T8T20 + 47114 ® T2g + 37118 ® T4T20 + T118 @ T24 + T122 @ T20
+ 2130 ® T12 + 37134 ® T8 + 37138 @ T4 + T142 ® 1
Az142) = 1 ®@ 2143 + 4z15 @ T4T24T100 + T15 @ TaT124 + T15 @ T8T20L100 + 2T15 @ T8T120 + 2215 @ T28T100
+ 3219 @ T4T20T100 + T19 ® T24T100 + 4T23 ® T20T100 + 4735 ® T8T100 + 2235 @ T20Ts8 + 3T35 & T24T84
+ 3x35 @ T40T68 + T35 ® T44T64 + T35 @ TagTeo + 4735 @ TeoTas + 4735 @ Te4T44 + 2735 @ Te8T40
+ 2235 @ T84T24 + 3735 ® TesT20 + 4735 @ T108 + 3739 ® T4T100 + 2739 & T20T84 + 3T39 @ T24T80
+ 2239 ® T40T64 + 3739 ® T44T60 + 2739 @ T60T44 + 3T39 @ T4T40 + 2239 ® T80T24 + 3T39 ® T84T20
+ 3739 ® T104 + 4%43 ® T100 + T75 @ T8 + 3T95 @ T4T44 + 2795 @ T8T40 + 3T95 @ T24T24
+ 2x95 @ T28T20 + 3T95 ® T48 + 2T99 @ Ta4 + T115 @ TaT24 + 4T115 @ T8T20 + 37115 ® T28
4+ 22119 ® 4720 + 42119 @ T24 + 123 ® T20 + 135 @ 8 + 27139 @ x4 + 2143 ® 1
A(z143) = 1 @ 2144 + 4220 ® 24220100 + 3220 ® T24%100 + 4224 ® T202100 + 4240 ® T4T100 + T40 ® T20Z84
+ 440 @ T24780 + T40 @ T40T64 + 440 ® T44T60 + T40 @ T60T44 + 4T40 @ TeaT40 + Ta0 ® T0T24
+ 4x40 @ 84720 + 4T40 ® T104 + 4T44 ® T100 + T100 @ Ta4 + T120 ® T4T20 + 27120 @ T24
+ T124 ® T20 + T140 @ T4 + T144 ® 1
A(w144) = 1 ® w145 + 4w25 @ T20T100 + 4745 @ T100 + T125 @ T20 + T145 ® 1
A(w145) = 1 ® w146 + 2710 @ 127247100 + T10 ® T12T124 + 3T10 ® T16T207100 + 310 @ T16T120 + T10 @ T367100
+ 4714 @ T8T24T100 + T14 ® T8T124 + T14 @ T12T207100 + T14 @ T127120 + 3T14 ® T32T100 + 2718 ® T4T24T100
+ 4718 ® T4T124 + 3718 ® T8T20T100 + 3718 ® T8T120 + 3T18 ® T28T100 + T22 @ T24%100 + 4730 @ T16%100
+ 4x30 @ T20T96 + T30 Q@ T24T92 + 430 ® T44T72 + T30 @ T48Tes + 4T30 @ TesT48 + T30 ® T72T44
+ 4x30 @ T92T24 + T30 @ T96T20 + 4T30 ® T116 + T34 ® T12T100 + 2734 @ T20T92 + 3T34 ® T24T88
+4x34 @ T40T72 + 4734 ® T44T68 + 2234 @ T48T64 + 3T34 @ Te4Tas + T34 @ Tes8T44 + T34 @ T72T40
+ 2234 @ T88T24 + 3734 ® T92220 + T34 ® T112 + 438 @ T8T100 + 2738 ® T20288 + 3T38 @ T24T84
+ 3738 @ T40T68 + T3s @ T44T64 + T38 ® T48T60 + 4738 @ T60T4s + 4738 @ TeaTaa + 2238 ® T68T40
+ 2738 @ T84T24 + 3x38 ® T8 T20 + 4T38 @ T108 + T2 @ T4T100 + 4T42 ® T20T84 + Ta2 @ T24T80
+ 4142 @ T40T64 + T2 @ T44T60 + 4T42 & T60T44 + T42 @ T64T40 + 4T42 @ TOT24 + T2 ® TY4T20
+ T42 @ T104 + 4T46 ® T100 + T50 @ T96 + T70 & T12T64 + 4T70 @ T16T60 + T70 @ T32T44
+ 4x70 @ T36T40 + T70 @ T52T24 + 470 ® T56T20 + 4T70 @ T76 + 4T74 @ 72 + T9o @ TT48
+ 290 ® T12T44 + 3T90 @ T16T40 + 3T90 ® T32T24 + 2790 @ T36T20 + T90 @ T56 + 3T94 R TT44
+ 2294 ® 12740 + 3T94 ® T28T24 + 2794 @ T32T20 + 2794 R T52 + T9s ® was + 3T110 ® T12T24
+ 2110 ® 16220 + 47110 @ 36 + T114 ® TeT24 + 42114 Q@ T12720 + 22114 @ T32 + 37118 ® T4T24
+ 22118 ® x8T20 + 27118 @ Tag + 4122 ® 24 + T130 @ 16 + 47134 @ T12 + T138 @ T8
+ 4142 ® T4 + T146 @ 1
A(z146) = 1 ® T147 + T15 ® 8x242100 + 4215 ® X8T124 + 4215 ® T12Z20%100 + 4T15 @ T12X120 + 2215 ® T32Z100
+ 719 @ 42247100 + 2219 ® T4T124 + 4719 @ T8T20T100 + 4219 ® T8T120 + 4T19 @ T28T100 + 2723 @ T24T100
+ 435 @ T12%100 + 3735 Q@ T20T92 + 2735 @ T24T8s + T35 @ Ta0T72 + T35 ® T44T68 + 3T35 ® TagTea
+ 2735 @ T64T48 + 4735 @ TesTaa + 435 @ T72T40 + 3735 @ T88T24 + 2x35 ® T92T20 + 4735 @ T112
+ 2239 ® T8T100 + T39 @ T20x88 + 4139 ® T24T84 + 4739 @ T40T6s + 3T39 ® T44T64 + 3T39 @ T48T60
+ 2239 @ Te0T48 + 2739 ® Te4T44 + T39 ® TegT40 + T39 ® TgaT24 + 4T39 ® T88T20 + 2739 @ T108
+ 2743 @ T4T100 + 3T43 ® T20T84 + 2743 ® T24T80 + 3743 @ T40T64 + 2743 ® T44T60 + 3T43 ® T60T44
+ 2243 @ 64740 + 3T43 ® ToT24 + 2743 @ T84T20 + 2743 ® T104 + 4T47 @ T100 + T75 @ T72
+ 2x95 @ T8T44 + 3T95 ® T12T40 + 2T95 @ T28T24 + 3T95 ® T32T20 + 3T95 ® T52 + 3T99 ® T48
+4x115 @ T8T24 + T115 @ T12720 + 37115 @ T32 + 4T119 @ T4T24 + T119 @ T8T20 + T119 & T2s
+ 32123 ® T24 + 2135 ® T12 + 37139 ® T8 + 37143 @ T4 +T147 ® 1

A(w1a7) = 1 ® w148 + 2720 @ 47247100 + 4T20 @ T4T124 + 3T20 @ T8T20T100 + 3T20 ® T8T120 + 320 @ T28T100
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+ 3724 @ 247100 + 4740 @ T8T100 + 2740 @ T20T8s + 3T40 ® T24T84 + 3T40 ® T40T68 + T40 & T44T64
+ x40 ® T48T60 + 4740 @ Te0T4s + 4T40 ® TE4T44 + 2740 ® T68T40 + 2T40 @ T4T24 + 3T40 ® T8T20
+ 4240 @ 108 + 3744 Q@ T4x100 + 2T44 ® T20%84 + 3T44 @ T24780 + 2744 @ T40T64 + 3T44 ® T44T60
+ 2244 @ T60T44 + 344 ® Te4T40 + 2T44 @ T80T24 + 3T44 @ T4T20 + 3244 ® T104 + 4T48 @ T100
+ 7100 ® T48 + 37120 @ TaT24 + 27120 @ T8T20 + 27120 ® T28 + 27124 @ T24 + T140 ® T3
+ 27144 ® T4 + 7148 @ 1
A(zr148) = 1 @ x149 + 4x25 ® 247100 + 445 ® T4T100 + T45 @ T20284 + 4%45 ® T24280 + Ta5 & T40T64
+ 4145 @ T44T60 + Ta5 @ Te0Ta4 + 4T45 @ Te4T40 + Tas @ T80T24 + 4745 @ T84T20 + 4T45 ® T104
+ 4149 ® T100 + T125 @ T24 + T145 @ T4 + T149 R 1
A(z149) = 1 ® z150 + 450 ® T100 + 150 @ 1
A(z150) = 1 @ z151 + 323 ® T4x20T124 + 323 ® T4T24T120 + 423 ® £4T44%100 + 223 ® T8T20T120 + 3T3 ® TYL40L100
+ 327 ® 42207120 + 227 @ T4T40T100 + 3T7 ® T20T24T100 + 427 @ T20T124 + 227 @ T24T20T100 + T7 @ T24T120
+2x11 @ T20T120 + 3711 ® T40T100 + 3T15 @ T12T24T100 + 2715 @ T12T124 + 2215 @ T16T20T100 + T15 ® T16T120
+ 415 @ T20T116 + 4715 @ T24T112 + 4215 ® 2287108 + 4215 ® T32T104 + 15 @ T362100 + T15 @ T40T96
+ 15 ® T44%92 + T15 ® T48788 + T15 @ T52284 + T15 @ T56T80 + 2719 @ T8T24T100 + 4219 @ TYT124
+ 3719 ® 127202100 + 4719 @ T12%120 + T19 @ T20T112 + 2219 ® T24T108 + 3T19 ® T28T104 + T19 @ T32%100
+ 3719 ® T40T92 + T19 @ T44%88 + 4719 & T48T84 + 2719 @ T52T80 + T19 ® TeoT72 + 2719 & TE4T68
+ 3719 ® Tes8Te4a + 4719 ® T72T60 + 2723 @ T4T124 + 4T23 @ T8T120 + 4T23 ® T20T108 + 2T23 ® T24T104
+ 3723 ® T28%100 + 3723 @ T40T8s + 4723 @ T44T84 + 3723 ® T48T80 + 2723 ® Te0T6s + T23 ® Te4T64
+ 2123 ® T68T60 + T23 @ T0T48 + 3723 ® T84T44 + T23 @ T88T40 + 3T27 ® T4T20T100 + 4T27 @ T4T120
+ T27 ® 207104 + 4T27 ® T24T100 + T27 @ T40T84 + 4T27 ® T44T80 + T27 ® TE0TE4 + 4T27 & T64T60
+ T27 ® T0T44 + 4T27 @ T4T40 + T27 @ T100T24 + 4727 @ T104T20 + 2731 ® T20T100 + T31 ® T120
+ 35 @ T42112 + T35 @ T8T108 + T35 @ T122104 + 3T35 @ T20T96 + 4235 ® T2sTss + 4T35 @ T32T84
+ 435 @ 36780 + 4735 ® T44272 + T35 ® T48T68 + 4T35 @ TesTas + T35 Q@ Tr2x44 + 4235 & To2T24
+ T35 @ ToeT20 + 4T35 @ T116 + 3T39 @ T4T108 + 2739 @ T8T104 + 2239 ® T12T100 + 4239 ® T20T92
+ 2239 @ T24788 + T39 ® T2agTga + 3T39 @ T32780 + 3T39 ® T40T72 + 2739 @ T44T68 + 4T39 @ TasTe4
+ 239 ® T52760 + 3T39 ® TeaTas + T39 @ Te8Taa + T39 @ T72T40 + 2739 ® wesw24 + 339 ® T92720
+ 239 @ 112 + 3%43 ® T4T104 + 4743 @ T20T88 + 4743 @ T24T84 + 2743 @ T28T80 + T43 @ T40T68
+ 4743 @ T48T60 + 3T43 ® Te0T48 + T43 ® Te4T44 + T43 @ T68T40 + 2743 @ TaT24 + 3T43 & T88T20
+ 4x43 @ 108 + 247 @ T4T100 + 3T47 ® T20T84 + 2747 @ T24T80 + 3T47 @ T40T64 + 2T47 ® T44T60
+ 3247 ® T60T44 + 2T47 @ Te4T40 + 3T47 @ T0T24 + 2T47 @ T4T20 + Ta7 ® T104 + 3T51 @ T100
+ T55 ® T4T92 + T55 @ TeTg + Ts5 ® T12T84 + Ts5 ® T16T80 + Ts9 ® T4Tgs + 4T59 ® T8Ts4
+ 2259 @ 12280 + T59 @ T20T72 + 2259 @ T24T68 + 3T59 @ T2gTea + 4T59 ® T32T60 + 4T63 @ T4Ts4
+ 3163 @ T8T80 + 2763 @ T20T68 + T63 @ T24T64 + 2263 & T28T60 + T63 @ T40T48 + 3T63 @ T44T44
+ T63 @ T48T40 + 4T67 @ T4T80 + T67 @ T20T64 + 4Te7 ® T24T60 + T67 & T40T44 + 4T67 @ T44T40
+ x67 @ 60724 + 4T67 ® TeaT20 + T71 @ T80 + T75 @ T76 + 3T79 ® TaTes + 2779 ® TeTe4
+ x79 ® T12T60 + 4783 @ T4Teq + 3783 ® T8Te0 + 4T83 ® T20T48 + 2783 @ T24T44 + 4783 @ T28T40
+ 287 @ 4760 + 4787 @ T20T44 + T87 @ T24T40 + 4T87 ® T40T24 + T87 ® T44T20 + 4T91 & T60
+ 295 ® T12744 + 4T95 @ T16T40 + T95 ® T32T24 + 4295 @ T36T20 + 3T95 ® Tse + 4T99 ® T52
+ 32103 ® T4T44 + T103 ® T8T40 + 42107 @ TaT40 + T107 @ T20Z24 + 4107 @ T24T20 + T111 & T40
+ 27115 ® T12724 + 37115 ® T16T20 + 37115 ® T36 + 37119 ® T8T24 + 27119 @ T12720 + 3T119 ® T32
+ 123 @ wag + T127 @ T4x20 + 47131 ® T20 + T135 @ T16 + 47139 ® T12 + 143 @ T8
+4r147 @ x4 + 2151 @ 1
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