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HOPF ALGEBRAS AND ALTERNATING MULTIPLE ZETA
VALUES IN POSITIVE CHARACTERISTIC

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

ABSTRACT. In [32] we presented a systematic study of algebra structures of
multiple zeta values in positive characteristic introduced by Thakur as ana-
logues of classical multiple zeta values of Euler. In this paper we construct
algebra and Hopf algebra structures of alternating multiple zeta values intro-
duced by Harada, extending our previous work. Our results could be considered
as an analogue of those of Hoffman [28] and Racinet [42] in the classical set-
ting. The proof is based on two new ingredients: the first one is a direct and
explicit construction of the shuffle Hopf algebra structure, and the second one
is the notion of horizontal maps.
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1. INTRODUCTION

1.1. Classical setting.

Let N = {1,2,...} be the set of positive integers. The multiple zeta values
(MZV’s for short) are infinite sum defined by

1
Cna,emy) = Y T g
0<ki<--<k, L 72 00T

for n; € N with n,. > 2 for convergence. Here r and w :=ny + --- + n,. are said to
be the depth and weight of the presentation {(n1,...,n,), respectively. In the 18th
century, Euler [20] studied MZV’s for depth 1 and 2 cases. After two centuries, Za-
gier [54] studied the general MZV’s, initiating extensive works connected to various
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fields in mathematics and physics, including number theory, K-theory, knot theory,
and higher energy physics (see for example [9, 17, 18, 27, 35, 30, 38, 44]).

There exist more general objects called colored multiple zeta values. Letting
N € N be a positive integer and I' be the group of N-th roots of unity, we define
colored multiple zeta values by

€1 ... € elfl...efT
¢ (m nr) - Z W
0<ky <<k
for e; € Ty and n; € N with (n,,€,) # (1,1) for convergence. These objects were
first systematically studied by Arakawa-Kaneko, Deligne, Goncharov and Racinet
(see [5, 6, 15, 17, 22, 23, 42]). Since then they have been also studied by a lot of
mathematicians and physicists, including Broadhurst [7, 8], Hoffman [29], Kaneko-
Tsumura [34], and Zhao [55] in various fields of mathematics and physics. For N =1
we recover MZV’s. For N = 2 the colored multiple zeta values are also known as
alternating multiple zeta values (AMZV’s for short) or Euler sums.

The main goal of the theory of colored multiple zeta values is to find all linear
and algebraic relations among colored multiple zeta values over a suitable coefficient
field. It led to several important conjectures formulated by Thara-Kaneko-Zagier
[30], Zagier [54] and Hoffman [27]. We will explain below Ihara-Kaneko-Zagier’s
conjecture and refer the reader to the excellent book [11] for more details about
Zagier and Hoffman’s conjectures.

For MZV’s (the case N = 1) Ihara-Kaneko-Zagier [30] introduced the double
shuffle relations and regularization. Roughly speaking, they used Hoffman’s alge-
bra b (see [28]) and subalgebras h° C h* C b which are related to the MZV’s, and
presented two different algebra structures (h*,*) and (b, Ww). These structures can
be extended to Hopf algebra structures (see for example the work of Hoffman [28]).
By regularization one gets the double shuffle relations by ‘comparing’ two products
in the level of MZV’s. Double shuffle relations and regularization produce linear re-
lations among MZV’s, and Thara-Kaneko-Zagier conjectured that these relations are
enough to understand all of the linear relations among MZV’s (see [30, Conjecture
1]).

For colored multiple zeta values the previous works of Thara-Kanako-Zagier and
Hoffman were extended by Racinet in [42]. However, we warn the reader that as
mentioned in loc. cit., for general N the double shuffle relations and regularization
fail to exhaust all the linear relations among colored multiple zeta values.

1.2. Positive characteristic setting.

1.2.1. MZV’s and AMZV’s in positive characteristic.

Carlitz [12] and Thakur [45, 49] defined the zeta and multiple zeta values in
positive characteristic via the function fields analogy (see [33, 39, 52]). Let ¢ be a
power of prime p and I, be a finite field of order g. We use the following notations:

A =TF,[0] the ring of polynomials in the variable 8 over F,,
A, the set of monic polynomials in A,
K =T,(0) the field of fractions of A (with the rational point co),
K. =F,(1/0)) the completion of K at oo,

Vso the discrete valuation on K associated to the place oo,
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normalized as v (0) = —1,

| loo = q_”m(') the corresponding absolute value on K.

Carlitz [12] defined the Carlitz zeta values (4(n) for n € N as
1
= — € K.
Caln) == > o €

a€Ay

Note that this definition is an analogue of the classical zeta values ((n) = ", oy -
Extending this, Thakur [45] defined the multiple zeta value in positive characteristic
for tuples s = (s1,...,5,) € N as

1
Cale) =D

Here the sum is over all tuples of monic polynomials with decreasing degree, i.e.,
(a1,...,a,) € A7, with deg(ai) > --- > deg(a,). One can see the analogy between
the classical MZV’s and MZV’s in positive characteristic. We define the depth and
weight of (4(s) by r and w(s) := s1 + -+ - + s, respectively. Note that Carlitz zeta
values are MZV'’s of depth one. Thakur showed some of their properties including
non-vanishing [46], sum-shuffle relations [48], etc. For further references on the
MZV’s in positive characteristic, see [3, 4, 21, 24, 36, 37, 41, 45, 47, 48, 49, 50, 53].

In [25] Harada introduced the notion of alternating multiple zeta values in pos-
itive characteristic. Let 5 = (s1,...,s,) € N" and € = (e1,...,&,) € (F})", we
define

deg a,

€ glesar o
1 . LEn

CA 5 = § 1 Sr € K.
ai'...a;

Here, the sum is over all tuples of monic polynomials with decreasing degree as
MZV’s, ie., (a1,...,a,) € A, with deg(a1) > --- > deg(a,). We define the depth

and weight of (4 i in a similar manner, that is, r is the depth and w(s) =

s1+ -+ s, is the weight.

In loc. cit., Harada also showed some fundamental properties of AMZV’s which
hold for MZV’s including non-vanishing, sum-shuffle relations, period interpretation
and linear independence.

1.2.2. Zagier-Hoffman’s conjectures for AMZV’s in positive characteristic.

The primary objective of the theory of MZV’s and AMZV’s in positive charac-
teristic is to comprehend all of their K-linear relations as in the classical setting.
The positive characteristic version of Zagier-Hoffman’s conjectures for MZV’s is
suggested by Todd [51] and Thakur [49]. The algebraic part of these conjectures
was solved by the fourth author [40] using ingredients of Chen [14], Thakur [48, 49]
and Todd [51]. The transcendental part was solved for the small weight cases by
the fourth author in [40] by applying Anderson’s theory of motives [1, 10, 26], as
well as Anderson-Brownawell-Papanikolas criterion [2] as a tool for transcendence.

In [31], by discovering a deep link among AMZV’s and alternating Carlitz mul-
tiple polylogarithms, we solved both the MZV’s and AMZV’s version of the Zagier-
Hoffman’s conjectures in positive characteristic. We mention that the latter is much
harder than the former (see [31, §0.3] for a detailed discussion).
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More precisely, we show that
dimg AZ, = s(w)

where AZ,, is the vector space spanned by the AMZV’s in the positive characteristic
of weight w over K, and s(w) is a Fibonacci-like sequence defined by

if w =0,

q—1)q fl<w<qg-—1,
s(w) = ( . -
(=1 -1 if w=gq,

(- DX s(w—i)+s(w—q) ifw>q.

Further, we give an explicit basis over K of AZ,,. Unlike the MZV’s case, this
basis consists of linear combinations of AMZV’s, not AMZV’s. This crucial point
has been observed in the classical setting by Charlton [13] and Deligne [15].

1.2.3. Algebraic structures of MZV’s in positive characteristic.

In our recent paper [32] we addressed a question raised by a referee of a previous
paper [40] by the fourth author investigating the algebraic structure of MZV’s in
positive characteristic. It turns out! that in 2016, Shuji Yamamoto [49] gave a
construction of the word algebra for the shuffle product, and Shi [43] equipped
it with a conjectural Hopf algebra structure, but left some axioms for the Hopf
algebra open (see [43, Conjecture 3.2.2 and 3.2.11]). Following this, Thakur wrote
to Deligne, and he [16] responded with a helpful letter in 2017. In it, Deligne stated
that he had never seen such a construction before and advised on how to proceed
with proving and investigating it.

Conjecture 1.1. The set of MZV’s in positive characteristic can be equipped with
a shuffle Hopf algebra structure.

In [32] we proved Conjecture 1.1:
Theorem 1.2 ([32, Theorem B|). Conjecture 1.1 is true.

Further, based on the previous link among AMZV’s and alternating Carlitz mul-
tiple polylogarithms introduced in [31], we deduced a Hopf algebra of MZV’s for
the stuffle product (see [32, §9]).

1.3. Main results and key ingredients.

1.3.1. Main results.

In this paper we present a systematic study of algebraic structures of AMZV’s
in positive characteristic, and hence extend our previous work for MZV’s. It could
be considered as an analogue of Hoffman’s and Racinet’s results mentioned above
in the classical setting.

Let us stress that the extension from the setting of MZV’s to that of AMZV’s
is highly nontrivial. This fact is somewhat expected as in [31] we have encountered
a similar problem while extending the proof of Zagier-Hoffman’s conjectures for
MZV’s to that for AMZV’s.

Roughly speaking, in the case of MZV’s, if we consider the corresponding word
algebra denoted by € (see §3.2), then there is only one letter of fixed weight n

IWe are thankful to Thakur for his assistance with event orders.



HOPF ALGEBRAS AND AMZV’S 5

which is denoted by z,. Consequently, it follows that there is also a unique and
canonical way to define the coproducts A(x,) so that the compatibility for z; and
x,, is satisfied for all n € N (see §3.3). Unfortunately, when we work with AMZV’s,
the situation is much more complicated. Although it is not difficult to define the
word algebra ® of AMZV’s and to show that it is associative, the definition of a
coproduct is far from evident. The main issue is that in © there are ¢ — 1 letters
of fixed weight, and there are no canonical ways to define coproducts for letters by
using the compatibility for letters of weight 1 and other letters. To move forward
we would need some new ideas.

1.3.2. Key ingredients.

The solution that we give here differs from that for the MZV’s case at some
crucial points and requires two new ingredients.

The first new ingredient is giving direct and explicit formulas for the coproduct
A (see §6.1). We do not define it by the recursive induction on weight as it is the
case for MZV’s.

The second new ingredient is introducing so-called horizontal maps which allow
us to deal with letters of the same weight (see §5.2). In particular, if some property
is verified for a word beginning with a specific letter, says x, then by using horizontal
maps we are able to deduce this property for all words beginning with a letter of
the same weight as x.

With these tools we prove that the coproduct verifies all the desired properties
so that the word algebra ® of AMZV’s is indeed a connected graded Hopf algebra.

1.3.3. Generalization for colored MZV’s in positive characteristic.
We now give some comments about our results.

First, as mentioned above we have discovered a connection among AMZV’s and
the counterpart of Carlitz multiple polylogarithms in our previous work [31, §1].
Using this connection we could define another Hopf algebra structure on ® called
the stuffle Hopf algebra of AMZV’s which extends [32, §9]. As the extension can be
done without difficulty, we leave it to the reader as an exercise.

Second, our construction of the Hopf algebra structure for the word algebra ©
of AMZV’s can be extended in a straightforward manner to the word algebra © y
of colored MZV’s for all N € N. More precisely, the letters of ® consist of z,, .
where n € N and ¢ is an N-th root of unity in Fq. However, we warn the reader
that in general, colored MZV’s do not belong to K, but only to a finite extension
of K.

1.3.4. Plan of the manuscript.
The structure of this paper is as follows.

e In §2 we review some notions on the Hopf algebra. Our presentation is
identical to that given in [32].

e In §3, we recall the word algebra € of MZV’s (called the composition space
in [32]) and the shuffle Hopf algebra structure of €. Then we review main
results of loc. cit and state all necessary results that we will need in this
paper so that the reader could read it easily without referring to [32].

e In §4 we review the definitions and basic properties of the AMZV’s in
positive characteristic introduced by Harada [25].
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e In §5 we introduce the word algebra or composition space ® of AMZV’s
and equip it with the shuffle algebra structure. We then define horizontal
maps in §5.2. Finally, using these maps we prove that © is an algebra
(i.e., the associativity) and that there exists a shuffle map for AMZV’s (see
Theorem 5.9 and Theorem 5.11).

e In §6 we define the coproduct on ®. This definition differs from that on
¢ as it is direct, explicit and does not use any induction on weight. Using
horizontal maps we prove the compatibility and coassociativity results (see
Theorem 6.5 and Theorem 6.8, respectively), establishing the main theorem
of this paper (see Theorem 6.9 for a precise statement):

Theorem 1.3. The word algebra © of AMZV’s equipped with the shuffle product
and the above coproduct is a connected graded Hopf algebra of finite type over F,.

Acknowledgments. We would like to thank Dinesh Thakur for his interest and
guidance with literature and for helpful discussions. Bo-Hae Im was supported
by Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by grant funded by the Korea government (MSIT) (NRF-
2023R1A2C1002385). KN. Le and T. Ngo Dac were partially supported by the
Excellence Research Chair “L-functions in positive characteristic and applications”
financed by the Normandy Region. T. Ngo Dac and LH. Pham were partially sup-
ported by the Vietnam Academy of Science and Technology (VAST) under grant
no. CTTHO00.02/23-24 “Arithmetic and Geometry of schemes over function fields
and applications”.

2. REVIEW ON HOPF ALGEBRA

We give a brief review on basic notions of Hopf algebras, referring to our previous
paper [31, §2] on the Hopf algebra structure of MZV’s in positive characteristic.

2.1. Hopf algebra.

Let k be a field. From now on, tensor products are taken over k. Let H be
a k-vector space, and t: H ® H — H ® H be the transposition map, defined as
(xr ®y) =y ®x and to be linear.

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
u: k — H called the unit such that the following diagrams are commutative:

(1) associativity

HeoHoH ™Y HeH

asm| |

HoH —" s H

(2) unitary

Hok 9% geog &% rom

b

where the diagonal arrows are canonical isomorphisms.
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The algebra is said to be commutative if the following diagram is commutative:

HoH ——— s H®H

s

Coalgebra over k is dual to the algebra over k, obtained by reversing the arrows.

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

HeoHeo H &84 of

id®AT TA
HoH+2 @

(2) counitary

Hok <% geoH % reon

S

where the diagonal arrows are canonical 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 5-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
HoH —"—H —2—— HoH

A®Al Tm@m

HoHoHoH —99%Y poHeoHoH

(2) unit and coproduct

H-25HoH

i e

; canomical b ok
(3) counit and product

H+™ H®H

{ Jese

— k®Ek

canomcal
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(4) unit and counit

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

2
&
1d®S

H®H —— H®H

H < k “ H

We note that there exist a bialgebra which does not admit an antipode (see [11,
Exercise 3.83] for an example).

2.2. Graded Hopf algebras.
We recall the notions of connected graded bialgebras.

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-subspaces
i@,
n=0

such that for all integers r, s > 0, we have

m(H, ® Hy) C Hy4s and A(H,) C @ H; ® Hj.
i+j=r
A graded bialgebra is said to be connected if Hy = k.
(2) A graded Hopf algebra is a Hopf algebra H whose 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.

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

A)=1@z+201+ ) z1)® ),

where 237(1) ® x(9) € @ H; ® Hj. Moreover, the counit € vanishes on H,
i,j>0
i+Jj:n

for alln > 1.
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(2) We continue the notation as in (1) and define recursively a k-linear map S: H —
H given by

S(a) = T if x € Hy,
B —x—Zm(S(I(l))Q@x(g)) if v € H, withn > 1.

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

Proof. See [19, Lemma 2.1]. O

3. REVIEW OF SHUFFLE HOPF ALGEBRA OF MZV’s

We briefly review some results of our previous work [32] on algebra structures of
MZV’s in positive characteristic.

3.1. Alphabet.

Let I be a countable set and A = {z,,}necr be a set of variables indexed by I,
equipped with weights w(x,) € N. The set A will be called an alphabet and its
elements will be called letters. A word over the alphabet A 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 (A4)
denote the set of all words over A. We endow (A) with the concatenation product
defined by the following formula:

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

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

3.2. Alphabet and shuffle algebra associated to MZV’s.

We recall the alphabet associated to MZV’s as given in [32, §4.2]. The set I will
be N and we denote by ¥ = {x,, } nen with weight w(z,) = n the alphabet attached
to MZV’s. We put € = F,(X), i.e., the free F -vector space with basis (X).

For positive integers r, s and for all positive integers 7, j such that i +j = r + s,
we put

o o fEEb O e

Then we define recursively two products on € as F,-bilinear maps
0:Cfx€—C and W:EXC—C

by setting loa=acl=a,1Wa=awl=aand

aob=2a44p(a_ b))+ Z Ai’bxi(xj W (a_Wwb_)),
i+j=a-+b
awb=2x.(a_wb)+a(awb_)+ach
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for any nonempty words a,b € (I'). We call ¢ the diamond product and LU the
shuffie product. The unit v : F; — € is given by sending 1 to the empty word. One
of the main results of [32] reads as follows (see [32, Theorem Al]):

Theorem 3.1. The spaces (€,¢) and (€, W) are commutative F,-algebras.

3.3. Shuffle Hopf algebra associated to MZV’s.
We briefly recall the coproduct as in [32, §7.1]

A:C—=CRC.

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

A(].) Z:].®]., A($1)221®£L’1 +£L’1®1

Let w € N and we suppose that we have defined A(u) for all words u of weight
w(u) < 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,b with w(v) < w. Since z,, and v are
both of weight less than w, we have already defined

Ay =1®z,+ > ay @by,  A) = a, @by
Then we set
A) :=1@u+ Y (ay>ay) ® (by LLby).
Our last task is to define A(z,,). We know that

_ J
T1 W Tyl = Ty + T1Tp—1 + Tw—12T1 + E ALw_lzw_jxj
0<g<w

where all the words z,,—;x; have weight w and depth 2 and all Ajl',wfl defined as
in (3.1) belong to F,. Therefore, we set

A(zy) = A@) WA@Y 1) = Al@12w-1) = Alww_121) = > A, Alzwjz;).
0<j<w

By induction on weight, we can check that A preserves the grading.

Next, the counit € : € — F is defined by putting e(1) = 1 and e(u) = 0 otherwise.
We proved (see [32, Theorem BJ):

Theorem 3.2. The connected graded bialgebra (€, 1L, u, A €) is a connected graded
Hopf algebra over F,.

3.4. Some properties of the coproduct.

In this section we collect some properties of the coproduct that will be useful in
the sequel.

Lemma 3.3. For all words u € &€, we have

Au) = 1®u+zau®bu, where a, # 1.

Proof. See [32, Lemma 7.1]. O



HOPF ALGEBRAS AND AMZV’S 11

Lemma 3.4. Let u and v be two nonempty words in (X). Suppose that
A)=1®u+ Y un) @uz)y, and Al) =100+ 01 @),

Then
Aluon)=1® (uov)+ Z(u(l) o 0(1)) ® (u(g) LU 0(2)).

Proof. See [32, Lemma 8.5]. O

Finally, there is a useful formula for A(z,) for x,, € ¥ that we briefly explain
below.

Lemma 3.5. Let n € N. Then we have
(1) forallj <mn,

0 otherwise.

A :{1 if(q=1) 13
(2) A7, =0.

Proof. The result is straightforward from the definition of Ajln See [32, Lemma 8.1].
([l

Next, we introduce the bracket operator by the following formula: for any a =
Tiy ... T, € <Z>,

(3.2) [a] == (—1)™AY

L@y A

i"” . ... .
1,w(u)+1z11 L wx; .

As a matter of convention, we also agree that [1] = 1. Then we showed (see [32,
Theorem CJ):

Proposition 3.6. We keep the above notation. Then for all n € N, we have

B r + depth(a) — 2
Alzy) =1Q z, + Z ( depth(a) z, @ [a].
reN,ae(X)

r+w(a)=n

4. ALTERNATING MULTIPLE ZETA VALUES

We recall some notions on MZV’s and AMZV’s in positive characteristic, refer-
ring to [25, 31, 32].
Letting 5 = (s1,...,8,) € N" and € = (e1,...,&,) € (F;)", we set s_ :=

(s2,...,8n) and e_ := (e9,...,&,). A positive array (:) is an array of the form

O)-C o)

We recall the power sums studied by Thakur [48]. For d € Z and for s =
(81,...,8n) € N" we introduce

Su(s) = 3 K

s1
a, ...a
a1,...,an€AL 1 "
d=dega;>:-->dega, >0
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and

1
S<d(§) - E 70151 as" S K
at1,y...,an €AL 1oeeemn
d>degay>--->dega,>0

We also recall the following analogues of the power sums after Harada [25]. For a

. € €1 ... € .
positive array = "], we introduce
S S1 ... Sn

IS
Saly) = >
d 5
ai,..., an€A4
d=degay>-->dega,>0

degay dega
€1 e EpTT c K

ajit...ap

and
d;
e cdegor dega,
Sal€) = S I

5 S1 Sn

a;”...0an
al,...,aﬂ,€A+
d>degay>--->dega, >0

One verifies easily the following formulas:

0(3) =<tsito
Sd(l 1) = Su(s1,. ),

81 ... Sp
1 ... 1
S<d (81 sn) *S<d(81,...7sn),

fs) = ()5 ()

In [25] Harada introduced the alternating multiple zeta value (AMZV) in positive
characteristic by setting

degay deg an,
AN e\ €1 c
af)=xs()- ¥ e
d>0 a1,...,an €A
dega;>--->dega,>0
Then he proved several fundamental properties of these values. In particular, it is
shown that the product of two AMZV’s can be expressed as a linear combination
with coefficients in F, of AMZV’s. To do so, we first recall Chen’s formula in [14].
For integers a, b with b > 0, we recall the binomial number defined by

(Z) afa— 1)..{.)!(a— b+1)

It should be remarked that (Z) = 0if b > a > 0. Then refining the work of
Thakur [48], Chen [14, Theorem 3.1] showed that for positive integers r, s and for
all d € N,
Sa(r)Sa(s) = Sa(r+s)+ > Al Sa(i,j),
i+j=r+s
where the coefficients A/ ; are defined as in (3.1).

As a direct consequence of Chen’s formula, we obtain
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Lemma 4.1. Let o, 8 be two elements in Fy, and let r,s be two positive integers.
Then for all d € N, we have

« AN af ; af 1
()5 (0) =5 (V) = 2 s (V)

where the indices i, are positive integers.

Proof. See for example [25, Lemma 2.3]. O

5. SHUFFLE ALGEBRA OF AMZV’s

In the following sections §5 and §6 we construct the Hopf shuffle algebra of
AMZV’s and note that the extension from the setting of MZV’s to that of AMZV’s
is not straightforward as we have explained in the introduction. The key ingredient
of our construction is the notion of so-called horizontal maps that we introduce
in this section. These maps will allow us to deal with letters of the same weight
(see §5.2). In the following section, we will give direct and explicit formulas for the
coproduct and then prove that such formulas verify all desired properties.

5.1. Alphabet and shuffle algebra associated to AMZV’s.

We put I = {(n,e) : n € Ne € Fy}. Let I' = {xn,g}neN@EF; be the alphabet
associated to AMZV’s indexed by I (see §3.1 for notation). We define the weights
by w(xn,.) = n. We define ® := F(I') to be the free Fy-vector space with basis (I').

Inspired by §3 we define recursively two products on © as F,-bilinear maps
0: D XD —® and W:DXD—D

by setting loca=a¢ol=a,lWa=alll =aand

00b = Zatpap(a- Wb_)+ > ALz as(zs1 W (am Wh-)),

i+j=a+b

awb=2zq40(a_Wwb)+zpa(ab_)+ach
for any nonempty words a,b € (I') with a = z,,0_,b = x;,36_. We call ¢ the
diamond product and LU the shuffle product.

Proposition 5.1. The diamond product and the shuffle product on ® are commu-
tative.

Proof. Let a,b € (I') be two arbitrary words. It suffices to show that
acb=boa and awb=>bwa.

We proceed the proof by induction on depth(a) + depth(b). If one of a or b is the
empty word, then (5.1) holds trivially. We assume that (5.1) holds when depth(a)+
depth(b) < n with n € N and n > 2. We need to show that (5.1) holds when
depth(a) + depth(b) = n.
Indeed, assume that a = z4,0_,b = gb_, we have
aob = xa+b7a5(a_ LLl b_) + Z Ai,bx@aﬁ(‘x]}l L1 (CL_ L1 b_)),
i+j=a+b

boa= Tptqpa(b_Wa_)+ Z AZ’ani’ﬂa(fﬁj,l w(b_wa_)).
i+j=b+a
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It follows from the induction hypothesis that a_Lwb_ = b_1ua_, hence acb = boa.
On the other hand, we have

awb=uz,q(a_ Wb)+xpa(awb_)+aohb,
bwa=app(b_Wwa)+z,q(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

5.2. Horizontal maps.

In this section, we introduce horizontal maps which are crucial in the sequel. For
each element a € Fy, we consider the F,-linear map

Pt € — D,

which maps the empty word 1 € () to the empty word 1 € (I') and maps a
nonempty word x;, &, . .. ;, t0 Tj, oTiy 1 ... %, 1. For all nonempty words a € (X)
with a = x,a_, we get

va(a) = @a(ra)p1(a-) = T4 ap1(a-).

As w(pa(a)) = w(a) for all @ € F; and a € €, we call these maps horizontal maps.
We note that they are all injective.

Lemma 5.2. Let a,b be two words in (X). Then we have
pi(aob) =i(a)opi(b) and @1(allib) =i(a)w ¢1(b).

Proof. The proof can be done by induction on depth(a) + depth(b). We omit the
details. ]

As a direct consequence, 7 is a homomorphism of algebras from (&, ¢) to (D, )
(resp. from (€, L) to (D, W)).
Notation 5.3. Since ¢ is injective, from now on for a € € we write a € © instead
of p1(a) € D.

Further, we extend the horizontal map as follows:

Ca:®D—=; 1=1, U= 2y a0l

for nonempty words u € (I') with u = x,, cu_. This is a natural extension under the
identification of a € € and ¢;(a) € ©. We note that if u € (I') is a nonempty word
written as u =z, cu_, then for all o € F7,

Pa () = 0o (Tue)u-.

Under this extension, the above lemma holds for a,b € (I').

Lemma 5.4. Let a, 8 be elements of Fy, and let a,b be nonempty words in ().
We have

Pa(a) o @s(b) = pap(acb).
Further, for nonempty words a,b € (I'),

Pa(a) 0 pp(b) = pap(acb).
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Proof. Consider the horizontal maps defined on (X). We write a = z,a_,b = xpb_
with 2., 2, € ¥ and a_,b_ € (¥). From Lemma 5.2, we have

<pa,3(a<> b) = Qap <za+b(a_ LLI b_) + Z Ai)bxi(l‘j L (CL_ LLI b_))>
i+j=a+b

= Tagpopla_ Wb )+ Y Az ap(z;w(awb_))
i+j=a+b
= Zq,a0— <>Ib”35_

Pa(a) o @s(b).

The proof for the horizontal maps on (I') is parallel. Let a = x4 c,a_, b = xp ., b_
with z4,,2pe, € I and a_,b_ € (T'). From Lemma 5.2 and its following remark,
we have

Pap(aob) = pap <$a+b,5152 (a—wb_)+ Z Ai,bxi,5152 (2; W (a_ LW b)))
i+j=a+b

= La+b,aBeies (le L b*) + Z A{z,bxi,f’éﬁflfz (xj L (le L b*))
i+j=a+b

= Za,0e, 08— © Tp Be, b_

= pa(a) o pa(b).

This proves the lemma. O

We end this section by noting that horizontal maps are associative. More pre-
cisely, we prove

Lemma 5.5. Let o, 8 € F;. For any word a € (I'), we have
Pap(a) = valpp(a)).
Proof. The proof is straightforward from the definition of horizontal maps. ]

5.3. Associativity.

In this subsection, we first show that the diamond product is associative over I'
(see Proposition 5.6), and then prove the associativity of the diamond product and
the shuffle product on ® (see Proposition 5.8).

Proposition 5.6. Let 24 q,%p,8, Tc be letters in I'. Then we have
(Ta,a ©Tp,8) © Tery = Ta,0 O (T0,5 O Tery)-
Proof. From Lemma 5.4, we have
(Ta,a © T5,8) © Tepy = (PalTa) © 0p(T1)) © 0 (C)
= pap(Tq o xp) © Oy (xc)
= Qapy((@a 0 xp) © TC),
Ta,a © (Tb,6 0 Tey) = Pa(Ta) © (95(T6) © 0y ()
= Pa(Ta) © ppy (@6 © TC)

= Papy(Ta 0 (60 2()).
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From the associativity of the diamond product on € (see Theorem 3.1), we have
(x40 @p) © X = T4 © (xp © ). This proves the proposition. O
Next, we define recursively a product on ® as a F4-bilinear map
P:OXD —D
by setting 1>a=ar>1=aand
arb=z4q(a_ D)

for any nonempty words a, b € (I') with a = z, a_. We call > the triangle product.
The triangle product is neither commutative nor associative, as one verifies at once.

Lemma 5.7. For all words a,b € (I') with a = x4 ,0_,b = 2 gb_, we have
(1) aob=(zgaozpp)>(a_wb_).

(2) awb=arb+bra+ach.

Proof. We have

acb = xa_H,,aﬁ(a_ L b_) + Z Ai,bxi,ab’(mj L1 (Cl_ L1 b_))
i+j=a-+b

= Zatbap® (A- Wb )+ > Al (@iapr;) > (a L)
i+j=a+b

Tatb,ap + Z Aibxi,aﬂxj > (Cl, LU b,)
i+j=a+b
= (Ta,a 0 Tp8) > (a_ LLIb_).
This proves part (1). Part (2) is straightforward from the commutativity of the
shuffle product (see Proposition 5.1). This completes the proof. O

We now ready to prove the main result of this subsection.

Proposition 5.8. The diamond product and the shuffle product on ® are associa-
tive.

Proof. Let a,b,c € (I') be arbitrary words. It suffices to show that
(aob)oc=ao(boc) and (awb)wec=aw (bwec).

We proceed the proof by induction on depth(a) 4+ depth(b) + depth(c). If one of a, b
or ¢ is the empty word, then (5.3) holds trivially. We assume that (5.3) holds when
depth(a) + depth(b) 4 depth(c) < n with n € N and n > 3. We need to show that
(5.3) holds when depth(a) + depth(b) + depth(c) = n.

We first show that (aob)oc=ao(boc). Assume that a = x4 00_,b =z, gb_ =
¢ = x¢yc—. From Lemma 5.7, we have

(aob)oc

= xa+b7a5(a_ LL b_) + Z A‘Z’bxi@/g(xj LU (Cl_ LLI b_)) oc
i+j=a+b

= Zatpap(a_ Wb )oct+ > Al a0z (as wb_))oc
i+j=a+b
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= (Ta+b,08 0 Tey) > ((a- Wb ) LWc)
+ > A (@iap 0 Teny) > (W (am b)) we).
i+j=a+b
For all 4,5 € N with i + j = a + b, it follows from the induction hypothesis that
(1.0 © ey) > (@ W (a_ Wb_)) we_)
= (Ti,a8 ©Tey) > (x; W ((a- Wb_)Wic_))

= | Zivcapy + D, Alliagy | > (W (e wbo)we))
i1+j1=i+c

= Titeasy > (27 W ((a- Wb_) we_))
+ > Al ey, > (@ w (e W) we))
i1+j1=i+tc
= Tiyeapy (25 W ((a_ Wb_) e ))
+ ) Al s (2, wWay) w((a wb_) we))
i1+j1=i+c
= (Tite,apy;) > ((a- Wb_)Wc)

+ Y Al aps(rj, Way) e ((aswb_)wc)
i1+j1=i+c

= | Tircamai + Y Allwiapy (@, W) | > ((a- wbo)we)
11t+j1=1i+c

— (@ap5) © ) ((a- Wh_) We ).
Thus

(aob)oc

= (xa—l-b,ozﬁ <>‘TC,’Y) > ((a— L b—) L C_)

+ Y AL (@iapms) 0 Ten) b ((am Wb_)wic_)
i+j=a+b

= | @arvapozen) + D AL y(@iaprjozes) | > ((a- Wb )we)
itj=a+b

= ((zq,a0xpp) 0 Tey) > ((am Wb_) wc_).
On the other hand, from Proposition 5.1 and the above arguments, we deduce that
aco(boc)=(boc)oua
= ((p80Teny) O Ta,a) > (b We) W a_)
= (Ta,0 0 (2,80 Tey)) > (a— W (b Wc_)).

It follows from Proposition 5.6 that (24,0 0% 8)0%cy = Tq,a0(Xy,30%c,y). Moreover,
it follows from the induction hypothesis that (a_ LW b_) W e_ = a_ W (b_ Wec_).
We thus conclude that (aob)oc=ao(boc).

Next, we show that (alUb) ¢ =aw (bwc). From Lemma 5.7, we have

(awb)we= (apb+brat+aob)c
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= (arb)wWe+ (bra)we+ (aob)we
= ((apb)>c+ce>(adb)+ (an>b)oc)
+((b>a)pc+ce>(bra)+(bra)oc)
+ ((aob)pc+cr(ach)+ (aoh)oc)
=(arb)pc+ (apb)oc+ (bra)pc+ (bra)oc+ (acb)>c
+(ecr(apb)+c>(bra)+c>(aob))+ (acb)oc
=(avb)pc+ (adb)oc+ (bra)pc+ (bra)oc+ (aob)>c
+e>(awb)+(acb)oc
and
aw(bwec) = (brc+crb+boc)
(brc)+aw(copb)+aw(boc)
av(b>c)+(brc)pa+ao (b))
+(a>(cpb)+ (crb)ra+aoc(c>b))
+(av(boc)+ (boc)pa+aoc(borc))
=(bvc)pataoc(brc)+(cob)pataoc(cob)+(boc)>a
+(a>(brc)+av(copb)+ar(boc))+ao(boc)
=(b>c)patac(bre)+(cob)rat+ac(cxb)+ (boc)>a
+ap(bwe)+ao(borc).

L
L

a
a
(

We now compare the above expansions. We have showed that (acb)oc = ac(boc).
On the other hand, we have
c>(ab) = zo 4 (c—w(awb)) and (c>b)>a =z, (c—Wb)>a =z, ((c_Wb)Wa).
From the induction hypothesis and commutativity of shuffle product, one deduces
that ¢> (a W b) = (¢> b) > a. Similarly, one deduces that (a>b)>c=a> (bLuc).
We have
(apb)oc=x40(a_ Wb)oc= (Tq,q 0 Tcr) > ((am D) Wc_),
ao(crb) =aox.q(co WD) = (Zg,a©Tey) > (a LW (c— LW b)).
From the induction hypothesis and commutativity of shuffie product, one deduces
that (apb)oc=ao (c>b).
We have
(bra)pec=z5(b_Wa)>c (bre)pa=xzpa(b_Wc)>a
and
= xp,6((b- Wa)Wrc) = a3 5((b_ W) Wa).
From the induction hypothesis and commutativity of shuffle product, one deduces
that (bra)>ec= (b>c)>a.
It follows from the induction hypothesis and that

(aob)>pec= | zgypapla_ b))+ Z Ai}bxi,aﬂ(aj‘j Wa_wb_))|>c
i+j=a+b

= Tatpapla_ Wb_)>c+ Z Aibxi,ag(xj W(a_whb_))>c
i+j=a+b
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= Tatpap((a- Wb )Weo)+ Y Al as((@; W (a-wbo))we)

i+j=a+b
= Tatpap((a- Wb )W)+ Y Al ey w((a- wb-)we))
i+j=a+b
= Tagbopt (@ Wb )we)+ > AL 2apw;>((as Wb_)we)
i+j=a+b

= | Tatb,a8 + Z Aivai,ang >((a_ Wb_) W)
i+j=a-+b
— (a0 53)b (- Wb_) We)

and
ao(brc)=aox,g(b_ W) = (Tgaoxpp)> (a_ LW (b Wec)).

From the induction hypothesis, one deduces that (a ¢ b)>c¢ = ao (b c). Similarly,
one deduces that (b>a)oc= (boc)>a.

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

As for €, we define the unit u: F; — ©, sending 1 € F, to an empty word 1 € ®.
Then, as a direct consequence of Proposition 5.1 and Proposition 5.8, we obtain
the following result.

Theorem 5.9. The spaces (D,0) and (D, W) are commutative F4-algebras.

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

Proposition 5.10. For all nonempty words a,b, ¢ € ('), we have
(1) (apb)>c=ap>(bLc),
(2) (apb)oc=ao(c>b)=(acc)>b.
5.4. Shuffle map for AMZV’s in positive characteristic.
For each d € Z, we define the following two IFy-linear maps
Sca:® = Ky and (4: 9 — K,
both of which map the empty word 1 € ® to 1 € K, and the word x5, ¢, ... Ts, ¢,

€ e £ £ e £ . . o
to S<d( ! ") and Ca ( ! ") respectively, identifying presenta-
S1 e Sn S1 e Sn
tions
61 e 5
S<d<x51,51 "'$S7';€'r') = S<d ( n) 5
Sl DRI Sn

£ £
CA('TSI,El .. "rSr,Er) = CA < ! n) .

81 ... STL
Theorem 5.11. For a,b € ® and d € Z we have
Sca(awb) = Scq(a)S<a(b).
CA(CI [WH] b) = CA(CI)CA(EJ).



20 B.-H. IM, H. KIM, K. N. LE, T. NGO DAC, AND L. H. PHAM

Proof. The W product is defined to satisfy this equation. We can check that the LU
follows the inductive steps for product of power sums and (4 as follows.

When any of a and b is the empty word, the theorem holds trivially. Let a =
Za,a0— and b = x gb_ be nonempty words. We proceed the proof by induction
on depth(a) + depth(b). Following the proof of [25, Lemma 2.5 and applying
Lemma 4.1,

S<d(a)s<d(b) = Z Sm(za,(x)s<m(a—)s<m(b) + Z Sm(xb,ﬁ)s<m(a)s<m(b—)

m<d m<d
+ Z Sm(Ta,a)Sm(@,8)S<m(8-)S<m(b-)
m<d
= Z Sm(za,a)s<m(a—)s<m(b) + Z Sm(xb,ﬁ)s<m(a)s<m(b—)
m<d m<d
+ Z Sm(Tatb,ap)S<m(a=)S<m(b-)
m<d

+Y AL ST Su(@iapz;)Sem(as)Scm(bo).

m<d i+j=a+b

This is parallel to the recursive definition of L. Proof is the same for (4. (]

6. SHUFFLE HOPF ALGEBRA OF AMZV’s

In §5 we have defined the shuffle algebra structure of AMZV’s. This section is
devoted to the construction of the Hopf algebra structure of AMZV’s. In §6.1 we
present the coproduct for the word algebra ®. In §6.2 we prove the compatibility
of the coproduct in Theorem 6.5. Unlike the MZV’s case, the proof of this theorem
uses the induction on depth instead of that on weight. Then in §6.3 we prove the
coassociativity of the coproduct in Theorem 6.8. Putting all together we get the
main result of this paper (see Theorem 6.9).

6.1. Coproduct.

This section is inspired by our previous work [32, §8]. We will introduce the
coproduct

A:D->DR9.
First, we define the coproduct of depth one. We put
A(l):=1®1, A1) =10x e +T1®1

for all € € IF;.
Further, we define the coproduct of depth one as follows.

Definition 6.1. For all n € N and ¢ € [}, we set

r + depth(a) — 2
N R LT RD DI (ot EEY
reN,ae()

r+w(a)=n

Here we recall that [a] is given as in (3.2) and we identify a € ¥ with ¢;(a) € T
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Next, we define the coproduct for words of depth greater than one. Let n € N with
n > 1 and we suppose that we have defined A(u) for all words u of depth(u) < n.
We now give a formula for A(u) for all words u with depth(u) = n. For such a
word u, we put u = x,, 0 with depth(v) =n — 1 < n. Since z, . and v are both of
depth strictly less than n, we have already defined

A(@ye) =1 xye + Zau)s ®bye, and  A(b) = Zan ® by,
with a, . € I and by ¢, @y, by € (I'). Then we set
AW) =1 u+ Y (ay,e > ay) @ (by,e W by)
=1@u+ Y (Auecan) @ (bue Wby).

Here the last equality holds as a, . € I
We end this section by proving the following result:

Proposition 6.2. For any nonempty word u € (I'), we have

A (pe(u) = (pe @ 1d) (A(w) + (Id @p: — p @ Id)(1 @ u).

Proof. Note that for a = z,a_ € (T'), b € (') and ¢ € I,
pe(a)pb=2x4(a_Wb) =g (arb).

‘We mention that this does not hold when a = 1.

We first consider the case where depth(u) = 1, i.e., u belongs to I'. We put
U=z, withn € Nand a € F;. Thus ¢.(4) = Znca = Peal®n)
Recall that (see Proposition 3.6)

Alz,) =1z, + Z

reNjae
r+w(a)=n

r + depth(a) — 2
=) ( depth(a) )x ®ld

Therefore, Definition 6.1 can be written as
A ) = A(gale,))
= (‘P(x by Id) (A(zn) -1® xn) + (Id ®90a) (1 oY xn)
= (pa ®1d) (A(2n)) + (Id @pa — po @1d) (1@ 24) .
Similarly,
A (pe(1)) = A (pea(Tn))
= (pea @1d) (A(zy) — 1@ 2,) + (Id@peq) (1@ 25)
= (pea @ 1d) (A(2,)) + (Id @pea — Pea @ 1d) (1 @ 1) .

By Lemma 5.5, we conclude that for u = z,, 4,
A(pe(w) = (pe @ 1d) (A(w)) + (Id @pe — e @ Id)(1 @ u).

Next, suppose that u = z, 40 € (I') with depth(u) > 2. Let A(z,) = 1® x, +
> ay ® by, and A(v) = > ay, ® by. We have a,, € X, b, € (X) with a,, # 1 by
Lemma 3.3, and ay, b, € (I'). We have seen that

A(‘Tu,a) =1® Ty, + Zau’a ® by.
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By definition,
AW) =1@u+ Y (Gyabay) @ (by Why)
=1®u+ Z(au,aan) @ (by W by).

The last equality follows from the fact that depth(a,,q) = 1.
Since @ (U) = Ty ead and A (@ (Ty,a)) =1 ® e(Tu,a) + D Peltu,a) @ by,

A (pe(u)) = A(pe(Tu,a)v)
=1® () + Y (pe(@ua)an) @ (by LW by)
=1® () + Y Pc (Auabn) @ (by W by).
Thus we get
A (pe(u) = (p @ 1d) (A(w) + (Id ®@¢: — - @ 1d)(1 @ u).

6.2. Compatibility.
6.2.1. Compatibility for letters.
We want to prove the following result (for MZV’s, see [32, Proposition 7.5]):
Proposition 6.3. Let u,v € N and o, 3 € F;. Then
A(zyo Wxy g) = A@y,a) WA(Ty ).
Proof. Let
A, =10z, + Y ay @by, Alz,) =1®zy + Y _a, @b,
By Proposition 6.2, we have
A@ya) =10 Tua+ D Gua @by, Altyg) =1@Tpg+ Y aup® by,

where ay,o = @a(a,) and ay 3 = pg(a,). Here we recall that a, and a, are of
depth 1.

Since Zy,q W Ty g = Ty,alv,8 + Tu,fTu,a + Pas(@y © Ty) (by Lemma 5.4),
A (Tua Wos) =1 @ Ty + I Gua @ (bu WT0g) + Y (Guates) @ (by L by)

+1Q Ty Ty + Zavﬁ ® (by W X4y 0) + Z(%,B@u,a) ® (by LW by,)
T Algas(@a o).
On the other hand,

A(@u) WALy 5) =1® (Tua WTup) + Y Gua @ (by W Ty 5)

+ s ® (b WTua) + Y (Gua W ayp) @ (by LW by).

By expanding L in each tensorand and canceling, the proposition holds when
A(pap(Tu ©0)) =1 @ Qap(Tu o T0) + Z(au,a O y,3) @ (by W by)

=1® pap(Ty o xy) + (Pap @ Id) (Z(au ©ay) ® (by LW bv)) .
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By Proposition 6.2, the proposition is reduced into
Ay omy) =1® (x4 02y) + (a0 ay) @ (by Wby),

which is a special case of Lemma 3.4. O

6.2.2. Compatibility for words of arbitrary depth.

Lemma 6.4. Let u,0 € (I'). Then ul v can be presented as the sum of words
whose depths are all less than or equal to depth(u) 4+ depth(v).

Proof. We proceed with the induction on the total depth depth(u) + depth(v).

The lemma is trivial when u or v is trivial. If u = z,, o, and v = z, g, then the
lemma is also immediate from the expression

UL D = Tyip,a8 + Tu,aly,8 + Ty fTua + Z Aﬂmxi’ang.
i+j=utv
So we assume that depth(u), depth(v) > 1 with at least one of u and v has depth > 1.
Now assume the lemma holds for all a,b € (I') such that depth(a) + depth(b) <
depth(u) 4 depth(v). Let u =z, qu_, 0 = 2, go_. Then

Ty,oUe W Ty g0 = Tyqy (o WHO_) + Ty o(U_ LW 0) + 2y g(u Ll 0_)
£ Y Ao W wo.)
i+j=u+v
From the induction hypothesis, the first three terms can be presented as a sum
of words with depths less than or equal to depth(u) + depth(v). For each j, z;
u_ = u_ W x; can be presented as a sum of words whose depths are less than
or equal to depth(u) from the induction hypothesis. Therefore, x;(z; LW u_ LW b_)
can be presented as sum of words with depth depth(u) + depth(v). This proves the
lemma. O

The proof of the compatibility of A and W for (T') is parallel to that for ().

Theorem 6.5. Let u,v € (T'). Then A and LU are compatible for u,v, that means
Au o) = Au) W A(p).
Note that the theorem is immediate when u or v is trivial. Also, depth(u) =

depth(v) = 1 case is shown in Proposition 6.3. Before proving this theorem, we
need some preparatory results.

Lemma 6.6. Let u = x, oU_, 0 = 2, g0_ be two words in (I'), whose depths are
> 1. Assume that A and LW are compatible for all words a,b € (I') with depth(a) +
depth(b) < depth(u) + depth(v). Further, we suppose that A(z,u_ W z,0_) =
Azyu_) W Ax,b_).
Then we have
Au o) = A(u) W A(v).
Proof. Let
A(xu) = 1®xu+zau®bu7 A(zv) = 1®I1, +Zav®bm

A(u—) = Zau_ ® by_, A(U—) = Zal’— ®by_,
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With Ty, Ty, Gy, @y € X, by, by € (X) and ay_,by_,ay_,by_ € (T'). We have
A@un) =1® Tua+ Y Gua @by,
Ay s) =1®@ Ty 5+ Y aup @by,
where @y 0 = @o(y), av,3 = @s(ay). Note that
A(xyot—) =1 Q@ zy qu_ + Z Ay 0y @ (by Wby ),
A2y g0 ) =1®@ Ty 0 + Y aypay_ @ (by Wb, ).
Therefore, we have
(6.1)
Au) W A(0) = A(zyou—) WA(zy g0_)
= (1 ® Ty al— + Zauvaau— ® (b, W bu_)) L (1 ® Ty p0_ + Zavﬂan_ ® (by LW bn_))
=1Q® (@y,qu— Wy go_) + Z Ay B0y @ (Ty,qU_ LWL b, LLIb, )
+ Z Uyo Oy @ (X4, g0 Wby Why )+ Z(au@auf L Gy gy ) @ (by Wby Wby LDy ).
On the other hand, from Lemma 5.4 and Lemma 5.7
ULLD =uUD 0+ 0D U+ ©ua(Tyt O Tyb_),

thus we have

(6.2) A(u L U) =51+ 55+ 53
where
S1=Aup o) = A(zy,q(u_ WD)),

So = A(o>u) = Az, g(o_ L)),
S3 = A(pas(zyui_ 0 x,0_))
= (pap @ IA)A(zu_ o zyo_) + (Id @pas — pas @ Id)(1 @ (zyu_ 0 z,0_)).

We calculate S; and Ss. Since depth(u_) + depth(v) < depth(u) + depth(v), the
induction hypothesis yields

Alu_wo) = Au_) W A(z, g0_)
= (Z ay_ ® bu,) L (1 ® Ty,p0_ + Zay,@an, ® (by W th))
= Zau_ ® (by_ Wy, pb_) + Z(au_ W Gy gy ) @ (by Wby LD, ),
S0
S1 =18 (Tua(u_ WD) + Y Gy oty @ (by Wby Lz, g0_)
+ Zau,a(auf W Gy gy ) @ (by Wby Wby, LIb, ).
A similar calculation yields
So=1® (zyp(ullo_))+ Zavﬂan_ ® (by Wby W@y qu_)

+ Zavﬁ(av— W Gy Gy ) @ (by Wby LD, WDy, ).
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What we want to show is that two equations (6.1) and (6.2) coincide, that is,
X =A(uwo) — A(u) WwA(v) =0.

First, we collect the terms of the form 1®U]. The equation for the right tensorands
of such terms in X is

Ty a(U— WO) + 2 g(ULLO_) + ©ap(Tyt— O Zyb_) — (THU— O Zy0_) —ullD
=Zya(U_ W)+ 2, g(ULL0_) + ©ag(Tul— O Tyb_) — (TuU— O TH0_)
—UuUbp—b>U—UOD
= —(uu_oxy0_)
by Lemma 5.4, that is, the terms of the form 1 ® O in X are collected as
—1® (zuu_ o xzyv_).

Next we collect the terms of the form > O ® (b, W b, Wb, Wby, ). For fixed
indices, the equation for the left tensorands of such terms in X is

Ao (Qy_ W Ay Gs_ ) + Gy g(Gn_ W Gy a0y ) — (Gu,alu_ W Gy gay_)
= —@ap(Auay_ © ayay_),

by expanding the shuffle product of the third term and reducing it. That is, the
terms of such a form in X are collected as

~(ap @1d) Y (auau_ ©ayao_) @ (by Wby Wby Wby ).
Some of the remaining terms cancel each other. One can check that

X =(vap @Id)A(zu_ o zy0_) — 1 ® (Zyu_ 0 T,0_)
— (pap @ 1d) Z(auauf O Aypy_) @ (by Wby Wby, Wby ),

which vanishes when
(6.3)
Az u_ox,0_) = 1@ (xu_oxyb_) + Z(auauf ©Ayy_ ) @ (by L by LI by LLID, ).

Recall the assumption of the lemma, A(z,u_ Wx,0_) = A(z,u_) W A(x,b_).
Expanding this by using definitions of LU, ¢ and calculating, we can conclude the
desired Equation (6.3). Thus the lemma holds. O

Proposition 6.7. Let z,u, x,b be two words in (I'), whose first letters are with
trivial character 1 € Fy. If A and W are compatible for all words a,b € (I') with
depth(a) + depth(b) < depth(z,u) + depth(z,v), then

Az ull z,0) = A(z,u) W A(z,0).
The proof closely follows that of [32, Proposition 7.4], with the only difference

being that the induction step is now based on depth rather than weight induction.
For the sake of clarity, we include a complete proof.

Note that the proof is valid for u = 1 or v = 1 cases. In those cases, some sum
presentation is vacuous, i.e., if u = 1, the indexed set {(ay, b,)} is the empty set in
the sum presentation of A(u) =1 Q@ u+ > ay ® by.

Proof of Proposition 6.7. By the definition of the L and Lemma 5.7, we have
(6.4)

LU LU o0
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= (zu) > (zy0) + (z0) > (1) + (1) © (z40)
= Zp(zu U L 0) 4+ 2y (UL (2,0)) + (24, © 2y > (u L o)

= Ty (@u 1) + 2y (4 L (240)) + Ty (1 + > A iy wWuw).
1+j=u+v

Therefore, we get
(6.5) Az u W z,0) — A(zu) W A(zyb)
=A(zy(2u 1)) + Az, (W 2,0)) + A(Tyqo (UL D))

+ Z Al A2 (z; Wuw o)) — Alz,u) W A(z,b).
i+j=u+v

We calculate each term on the right hand side to conclude that this vanishes.
We put

Au) = 1®u+2au®bu, and A(b) = 1®U+Zab®bb.
Also for all j € N, we put
Alzj)=1@x;+ Y a;®b;.
In particular,
A(zy) = 1®xu+2au®bu, and A(z,) = 1®xv+2av®bv.

The first term A(x,(z,u LW 0)).
From the definition of A,

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

As depth(z,u) +depth(v) < depth(z,u) 4+ depth(z,v), by the induction hypothesis
we obtain

Azullv) =A(x,u) W A()
=1® ((z,u) W) —i—Zau (by W o) + > ay @ ((zy10) W by)
+) (au>ay) @ (by Wby Wo) + Y (ay W ay) @ (by Liu Ll by)
+) ((au> ay) Way) @ (by Wby Wby).
Thus
(6.7) Axy(zu 1)) =1 & x4 (T 0 W ) —l—ZaU ® (by W (zu) W o)
Gy > qy) ® (by LI by LU U LLI D)

Gy > (A > Ay)) ® (byy LI by LU by LU D)

The second term A(z,(uLl (z,0)).
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Similarly, we get

(6.8)  Azy(ul(z,9) =1 @2, (U z,0) + Y ay ® (by Wl (z,9))
((ay > ay) ® (by, Wb, WuLLv)

+ ) (au® (ay > ay)) ® (by Wby L by)

+ 3 (@b ay) @ (by W by W (z,))

+Z(aul>(auu_|av))®(bu|_ubuu_|bv|_un)

+ ) (ay

The third term A(x,4,(uLlb)).
We put

> (ay W (ay > ay)) @ (by L by LU by L by).

A(u o) = 1®(U|—|—|U)+Zauu_m®buu_m~

As depth(u)+depth(v) < depth(z,u)+depth(z,v), the induction hypothesis implies
that

Auw o) = A(u) WA(p) = (1®u+2au®bu) L (1®U+Zau®bn)-

Thus

1®(u|_un)+2aum ® by = (1®u+Zau®bu) L (1®U+Zau®bn)

=1® (uwvo) +Zau® by W v)
+) ap ® (uiby) + Y (ay Way) @ (by W by),

which implies

(6.9) Y Aun®bue = »_ au@(bullid)+ Y ay®(uiliby)+ Y (ayWay) @ (bulliby ).
Thus we have

(6.10) A2yt (W0) =1 & (u (L)) + > aupy @ (buty LIuLLD)

+ Z(au—i-v > Guinn) @ (bugo W byie)-

The fourth terms A(z;(z; Wullv)) for all 0 < i, j <u+v with i +j =u+wv.
As depth(u) + depth(z;) < depth(z,u) + depth(z,v), we have A(z; Wu) =
A(uwz;) = A(u) W A(z;) by induction hypothesis. Further by Lemma 6.4, z; LLu
can be represented as the sum of words with depth less than or equal to depth(z;u).
Thus A(z;wule) = Az, wWu)WA(v) = Az, ) WWA(u)WA(s) = A(z;) WA (uLlv)
by the induction hypothesis again.
Therefore,

Az; wuwv) =A(z;) W A(uw )
:(1®$j+zaj®b')|_U(1®(ULL|U)+ZQU.UJU®buUJU>
=1® (z; Wuo)+ Y a; ® (b WuLo)

+ Zaumn & (xj L buu_m JF Z(aj L auu_m) & (bj L buu_m)~
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This leads to

(6.11)  A(zi(zjwuwv)) =1® (z;(z; WuLwv)) +Zal (b Waz; WuLlp)
+Zal>a] (b Wbj Wullo)
+Z a; > Qyiip) @ (b W W byyo)
+ ) (@it (aj W ayw)) @ (b Wby W byu).

The last term A(z,u) W A(x,0).
Note that A(z,u) is given by (6.6). A parallel calculation gives

A(xy,0 )—1®va+2av ® (by W0 —I—Z Ay > Gyp) @ (by L by).

Thus
(6.12)

A(z,u) W A(zyb)
= (1@t au @ by wu) + > (au>a0) @ (b, Wh))
" <1®wun+2av®(bvLun)+2(av>au)®(bvu_|bu))
=1 Q® (z,u Ll z,0)
+Zav ((zu) Wb, W o) +Zavl>au)®((xuu)u_|bvl_ubn)
+ )y ® (by Wt (z,0)) + Y (ay W ay) @ (by Wby WuLL )
+Z (ay W (ay > ay)) ® (by Wu b, LU by)
+Z (@ > ay) @ (by LW by LW (x4,0) )+Z((au>au)u_|av)®(bu|_ubuLubv|_un)
+Z ((ay > ay) W (ay > ay)) @ (by W by LU by, LU by ).
Plugging the equations (6.7), (6.8), (6.10), (6.11), (6.12) into (6.5) yields
Az u z,0) — A(z,u) W A(x,0) = Sp — S1 — S2 — Sy — Sp + S5+ S
Here the sums Sy, S1, S, S3, S4, Sy and S, are given as follows:
So =1 ® 4y (Tu 1) + 1@ x4 (UL (240)) + 1 @ Tyyqp (U LU 1)

+ Z Al I @ ai(z; wWuwv) — 1@ ((zeu) W (2,0)).
i+j=u+v

81:Z(au|_uav)®(b Lubvu_luu_ln)—Z(auDav)@)(buLuvauuLun)
—Zavbau (by Wb, Wu ).

Sp = ((ay Dau) L (ap > @p)) @ (by L by LU by LU by)
—Z (ay > W (ay > ay))) & (by LW by L by, LU by)
_Za” ((ay > ay) Way) & (by, LW by Wb, LW by).

S3=3 autrey ® (bupp Wuwv)+ > AL > "a; ® (b Wa; W)

i+j=u+v
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Z A, Z(ai >aj)® (b Wbj LWuLlb).

i+j=u+v
Sy = Z(au+v D Guwn) @ (bugo LW byuin) + Z Afw Z(az D Ay ) @ (b W ;W buie)
1+j=u+v
Y AL (s> (a5 W aywe)) @ (bi Wby W byu),
i+j=u+v

and
Su =Y (au W (ay>ay)) @ (by Wby Wutiby) = Y (ay > (ay > ay)) @ (by L by L L by)
=Y (ay > (au Way)) @ (by Wby Wu Ll by),
So :Z((au D ay) W ay) @ (by LW by WDy WD) — Z(aub (ay W ay)) @ (by LW by, L by LW b)
—Z Ay > (ay > ay)) @ (by L by LD, LU D).
We claim that

(1) So =0.
(2) S —S3=0.
(3) So+ Sy + Sy, — S, =0.
If these claims are true, the proposition is also true.

We prove three claims below. The claim (1), Sy = 0, is immediate from (6.4).
We show the claim (2). We will show that

S1=85= (ayoa,)® (by Wby LiuLL).
With Lemma 5.7, we have
Sl:Z(auLLIaU)@(buLLIbULLIuLLJD)72(aul>aq,)®(buLleULLluLLIU)
fZaUDau (by Wb, Wuwb)
:Z Gy W Gy — Ay D Gy — Ay > Ay ) @ (by, LW by, LI UL D)

_Zauoav (by Wby Wu LW v).

Now we calculate Ss. Recall z,, ¢ xy = Tyyy + Zi+j:u+v Ai7vxixj. Lemma 3.4
gives that

Ay 02y) =1® (T4 0 30) + Y _ (a4 0 ay) @ (bu LI by),

SO
1® Tytv T Z Aytp & bu+v
+ Z Afw(1®mx1+2al (b; W zy) —i—ZalDa] (biLLij)>
i+j=u+v
=1® (zy o my) + Z(au 0 ay) @ (by LW by),
therefore
(6.13)

Zau+v®bu+v+ Z AJ Zal (biwz;)+ Z Aﬂ,vZ(aibaj)@)(biLubj)

i+j=u+tv i+j=u+tv
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= Z Ay, © Ay) @ (by W Dy).
We conclude that
S3 = Zauﬂ ® (bygrp LI UL D)

+ 0> ALY a@biwawuwe)+ Y ALY (aiay) @ (b Wby Wu o)

i+j=u+v i+j=ut+v
_Zauoa” ® (by Wb, W uLLv)

and thus S; = S5 as desired.
We now show the claim (3). Precisely, we show that

So+ Sy + Sp =84 = Z((au O y) B Ayuin) @ (by W by LW by
We have
Sy = (@ > ay) W (ay > ay)) @ (by L by LI by L1 by)
= (au > (ay W (ay > ay))) @ (by L by LI by LU by)
= (ay > (@ > ay) W ay) @ (by W by L by LU by)

= Z((au D Gy ) L (@ > @y) — @y > (ay W (ay D ay)) — Gy > ((ay > ay) LW ay))
@ (by W by L by, LW by)
= ((au®ay) © (ay > ay)) @ (by L by L by L by).
Here the last equality is from Lemma 5.7 and Proposition 5.10 as
(ay > ay) W (a, > 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 5.7 and Proposition 5.10 again,
Su:Z(aul—l—'(%Dau))®(buLlevLLluLleu)—Z(aub(avbau))(@(buLLIvaLIuLLIbn)
_Zav (y W ay)) @ (by LW by LI LL by)
—Z Uy W (ay D> @p) — Gy D (A B Gy) — Gy > (ay LW Gy )) @ (by, LW by, LU UL by)
—Z Uy © (A D Gy)) & (by L by LU LL by ),
and
Sn:Z((aubau)LUaU)®(buLLIbULLIbuLLItJ)—Z(aub(auu_lav))@(buLI_Ibvu_lbuu_ln)
—Zau (ay > ay)) & (by L by LU by LI D)
:Z ((ay > ay) o ay) ® (by Wb, L by LT D).

With the equations for Sy, Sy, S, and (6.9), again we can apply Lemma 5.7 and
Proposition 5.10 to have

So+ S+ S, = Z((au Oaw)) > auu_lu) & (bu LU by LU buu_m)~
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‘We now consider the term S;. We have
Sy = Z(au—l-v > auLuU) & (bu+v L bumn) + Z Azm, Z(ai > auLLID) (24 (bi Wz, W buu_m)
1+j=u+tv
+ Z Ai,UZ(aib(aJ— maumu)) ®(bz Llej U_lbum,;,)
1+j=u+v
= Z(au—l-v > auUJU) & (bu+v L bumn) + Z AZL,U Z(ai > auLLID) (24 (bi Wz, W buLI_IU)
i+j=u+tv
+ D0 ALY ((aie ag) > awwe) ® (b Wby L by
i+j=u+tv
= (a4 0 ay) > auw) @ (by L by L by ).
Here the second equality follows from Proposition 5.10. The third one is a direct
consequence of (6.13). This proves Ss + Sy + S, = Sy as claimed.
Now Proposition 6.7 is proven with the claims (1), (2), and (3), as
A(:z:uu L1 171,0) — A(qu) L1 A({EUU) =8S9—851—85—85,— 85, +53+ 5,
=80 — (81— S3) — (S2 + Su+ So — S4)
=0.
O

Proof of Theorem 6.5. By combining Lemma 6.6 and Proposition 6.7 we conclude
that, if Theorem 6.5 holds for all words (a, b) € (I') x (I') with depth(a)+depth(b) <
n for some n € N then the theorem holds for all words (z,u,z,b) such that
depth(z,u) 4 depth(z,0) = n, and thus for (z,,ql, z, s0) such that depth(z, i)+
depth(x, gv) = n, for all u,v € N and a, 8 € F;. Since the theorem holds for the
initial cases (1,b) and (a, 1) for all a, b € (') with the arbitrary depths, the theorem
holds for all u,v € (T'). O

6.3. Coassociativity.
Next we want to prove:
Theorem 6.8. Let u € (I'). Then we have
(Id@A)A(u) = (A @Id)A(u).

Proof. The proof is formed into two parts as follows:

e Part (1): if the coassociativity holds for u = x,b, then coassociativity holds
for u = x, v, for v € (I') with depth(v) > 0, and

e Part (2): if the coassociativity holds for all u with depth(u) < n, then the
coassociativity holds for u = z,0 for © € N and depthv = n.

Note that the initial case (i.e., when u = z,, ) is established by the coassociativity
in € and Part (1).

For Part (1), we assume that (Id ®A)A(z,0) = (A @ Id)A(z,b). Let
Ay =1®z,+ > ay @by,  AD) = a, @by
Here a,, € 3, b, € (¥), and ay, b, € (I'). Thus
Alz,0) = 1@ 2,0+ Y ayay ® (by Why),
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and
(Id@A)A(z,0) = 1@ 1@ 20 + > 1® ayay @ (by Why) + Y ayay @ A(by L by),
(ARTD)A(r®) =1@ 1@ 2,0+ Y Alayan) ® (b, Wby).
Then the induction hypothesis that is the coassociativity for z,b is equivalent to
(6.14)
D 1@ auae ® (by Why) + Y aute ® Alby Wby) =Y A(ayay) @ (by Wby).
Now let u = z,, .v. We have
A@ye) =1@ue+ Y Gy ®by
where a, . = ¢:(a,). By definition, we have
A) =1@u+ Y aucy @ (by LLiby).
One can calculate
(Id@A)A(W) =1 @ A(w) + Y auety @ Ay L by)
=1®1@u+ Y 1®auea, @ (by Why) + Y Gyt ® Alby Wby),
(ARIDAW) =1@1@u+ > A(ay:ay) ® (by Wby)
=1@10u+ Y (¢ @ 1d)A(a,a0) @ (by LW by)
+ D 1@ ayeay ® (by Wbhy) — Y 1@ ayay @ (by Wby).
Thus the coassociativity holds for z, cv if
D (e @Td)A(auay) @ (by Liby) = > ayeto ® Alby Wby) + > 1@ ayay @ (by L by),

which is obtained by applying ¢. ® Id ®Id on Equation (6.14). This proves that
the coassociativity for x,b implies the coassociativity for z, ..

We now prove Part (2). Let n > 1. We assume that the coassociativity holds for
all words with depth < n. Let u = x; .t with depth < n. We write

A(mta)—l(@xm—&—Zam@bt, and A(t Zat®bt
where a; . € I and b, ¢, a¢, by € (I'). Then
Az t) =1®@ a4 + Z apeay @ (by W by),
and the coassociativity for z; .t is reduced into
(6.15) > (Alarear) — 1@ aread) ® (b by = Y arcae® (A(by) W A(by)).
As a special case, let t = 1. Then A(t) =1® 1, and
Y (Alare) —1@a) @b =Y a. @ Alby).
Now assume u = x,x, gv with depth n 4 1. Say
A(ry) =1@ @y + Y ay @by,
Alzy) =1®x, + Zav ®by, 80 A(zpp)=1Qxyp+ Za“ﬁ ® by,

U):Zan@)bn,
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where ay,a, € X, by, b, € (), ay, by € (I'), and ay, g = @g(ay). Then,

A(xy,0) = 1@ 4,50 + Zav’ﬁan @ (by LW by).
It follows that

A2y 2y 60) =1 Q T2y gd + Zau ® (by Wz, 50) + Zauavﬁﬁan ® (by LI by LI by),
thus

(Id @A) A (2424 gb)
=101@ 220+ Y 100, @ (by W ayp0) + Y 1® ayay sy @ (by Wby W by)

+ Zau ® A(by, Wz, g0) + Zauav,ﬁau ® A(by LW by, L Dy),
(A @Id)A(zyzy,50)

=1®1® zyx,y g0 + ZA(au) ® (by Wz g0) + ZA(auav’ﬁan) ® (by LW by, LI by),

so what we want to show is that
(6.16) D 1@ ay @ (by Wy g0) + 1@ ayay gay @ (by LW by W by)
) 00 @ Alby Wy 50) + Y auay gy @ A(by L by L by),
—ZAau (by W x4 p0) +ZAauav5aU) (by LW by LWL by ).
Note that, by Equation (6.15) we have
Zl@au ® (by LW T4 80) +Zau®A(b L @, g0) — ZAau (by, Wy p0)
=Y a4, ® Al W, pv) - (Z(A(au) —1®a)® bu> W (1®1®z,40)
—Zau®A(buLleU7gn (Zau@)A ) W(1®1®x,ab)

:Zau® (A(by,) W A(xy gv)) Zau by) W (1 ® z, 0))
ZZ(LUQ@ A b LLI(A(.%‘UHQU) —1®.Z'U)5U))
—Zau LW (ay,gan @ (by LW by)))

so Equation (6.16) is equivalent to
(6.17) Z A(ayay,3ay) @ (by LWL by, LW by)
= Z 1® ayay,gap @ (by L b, LW by) + Zauamgan ® A(by LW by, LU by)
) au ® (A(bu) W (ay 500 @ (by W by))) .

From now on, tracing the indices is important. When needed, we use the notation
2., Which stands for the sum over the pairs (ay, by), and similarly > -, 5, 3=, etc

We now fix ay, by. The last two terms of (6.17) become
> auay gay ® (A(by) W A(b, )+ 3" a0 ® (Ab) W (a,,5a0 @ (b, Why)))
=(1®A(b,))wWw (Z Ay iy gay @ (A(by) W A(by)) + Zau ® Gy, pay @ (by LI bn)>

= (0 @10 1) - (1@ Ab)) W (3 ans00 @ (A(b) WAb)) + 3 1@ ay,s00 @ (by Why)))
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_ (au R11)- ((1 ® A(bu)) L (Z A(av,gan) oY (bv L bu)>> .

Recall that - is the concatenation. The last equality is from the induction hypothesis,
Equation (6.15). Equation (6.17) becomes

(6.18)
> A(auau,pas) @ (by L by L by)

= 1® autusae ® (by Wb, Why) + S (a, ©1@ 1) ((1 ® A(by)) W (Z Alay 5an) @ (by LI bb))) .

Next we fix a,, ay,8, ay. So the corresponding b’s are also fixed. Let

A(au) =1®a, + 26(1) & d(l), A(avﬁan) = Z C(2) ® d(2).
1) (2)
Then, we have
A(auavﬁan) =1® Ay Oy, 30y + Z C(1)C(2) ® (d(l) LL d(g))
(1),(2)

The summand of )" A(ayay gas) @ (by, Wb, LW by) for fixed ay, ay g, ay is

1® Ay Oy, By + Z C(1)C(2) ® (d(l) L1 d(g)) X (bu L b, LU bn).
(1),(2)

Plugging this and the sum representation of A(a, ga,) into the equation (6.18)
yields

Z Z c)C2) ® (d(l) L d(g)) ® (by, W by L Dy)
u,(v,B),n (1)7(2)

= aucz) ® (A(by) W (d2) @ by L by)).
Finally, we fix ay, ay g, av, ¢(2). The corresponding summands are
26(1)0(2) X (d(l) L d(g)) X (bu L b, LU bn) — Ay C(2) ® (A(bu) L (d(g) ® by, L bu)).
1)
By direct calculations, we get

D cyee) @ (day W d(a) @ (bu Wby W by) — auc(z) @ (A(by) L (dzy @ by L by))
(1)

= 26(1) ®d(1) ® by, 7GU®A(bu) L1 (1®d(2) ® by LI_Ibn) . (6(2) ®1® 1),
1)
whose inner sum is reduced to
D ey ®day @by —a, @18 Aby) = (Alay) = 1@ ay) ® by — ay © 1@ A(by).
1)
Now we can apply Equation (6.15) for the sum of the summand over a, to have
D (Alaw) @by — 1@ ay @by — ay ® 1® A(by)) =0,
u

that is, Equation (6.18) is true. Thus the induction step is proved.
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From the coassociativity of €, we have the coassociativity for u € 3, and then for
u € I' by Part (1). By applying Parts (2) and (1) repeatedly, we can cover arbitrary
depth of u € (I'"). Hence this completes the proof. O

6.4. Hopf algebra structure on ®.
Let the counit e: ® — F, defined as ¢(1) = 1; e(u) = 0 otherwise.

We already checked that (D, LU, u, A €) is a bialgebra by Theorem 5.9, Theo-
rem 6.5, and Theorem 6.8. By induction it is easily verified that LI and A preserve
the weight, and the weight zero subset is isomorphic to F,. Therefore, (D, L, u, A, €)
is a connected graded bialgebra. By Theorem 2.6, we have the following theorem.

Theorem 6.9. (9,0, u,A €) is a connected graded Hopf algebra of finite type
over F,.
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