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Demi-shuffle duals of Magnus polynomials

in a free associative algebra

Hiroaki Nakamura

ABSTRACT We study two linear bases of the free associative algebra Z(X,Y'): one is formed by
the Magnus polynomials of type (ad’;(1 Y)--- (ad])c(dY)Xk and the other is its dual basis (formed
by what we call the “demi-shuffle” polynomials) with respect to the standard pairing on the
monomials of Z(X,Y). As an application, we derive a formula of Le-Murakami, Furusho type
that expresses arbitrary coeflicients of a group-like series J € C({(X,Y)) in terms of the “regular”
coefficients of J.

1. INTRODUCTION

Let R be a commutative integral domain of characteristic 0, and let R(X,Y’) be the
free associative algebra generated over R by two (non-commutative) letters X and Y.
For u,v € R(X,Y), we shall write [u,v] to denote the Lie bracket uv — vu. In [9],
W. Magnus introduced the associative subalgebra Sx C R(X,Y) generated by (what
are called) the elements arising by elimination of X:

(1) YO .=y, vED.—(xy®] (k=0,1,2,...),

and showed that Sx is freely generated by the Y(®) (k = 0,1,2,...). Moreover, he
derived that every element Z of R(X,Y’) can be written uniquely in the form

(2) 7 = OzoXm +81X77L—1 +"'+Sm7

where ag € R, $1,...,5m € Sx (see [9, Hilfssatz 2], [10, Lemma 5.6]). This observa-
tion is the first step in the construction of the basic Lie elements (an ordered basis of
the free Lie algebra), which are obtained via repeated elimination, and whose powered
products in decreasing orders give the Poincaré-Birkoff-Witt basis of the enveloping
algebra R(X,Y) ([10, Theorem 5.8]). Apparently, this theory was historically a start-
ing point toward subsequent developments of finer constructions of free Lie algebra
bases due to Lazard, Hall, Lyndon, Viennot and others (see, e.g., [15, Notes 4.5, 5.7]).

In this note, we however stay on the first step of elimination (2) and look at
combinatorial properties of a certain basis {M(k)}keNéoo) of R(X,Y) (to be called the

Magnus polynomials below) designed as follows:
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H. NAKAMURA

NoOTATION 1.1. Let Ny denote the set of non-negative integers, and let

00 d
NE)OO) = U H NO X NQ
d=0 \r=1

be the collection of finite sequences k = (ki,...,kq;ks) of non-negative integers
equipped with a special last entry ko, € No. Here, we consider (; k) also as elements

of Néoo) coming from d = 0. For k € Néoo), define k| :=>"7" ki =ki 4+ +ka+ ks
(resp. dep(k) := d), and call it the size (resp. depth) of k.

DEFINITION 1.2 (Magnus polynomial). For k = (kq, ..., kq; keo) € N(()OO), define
M) .= y (kD) oy (ka) L xke ¢ RIXY).

We also set MGY) = 1, and MG¥) = X* for k = 1,2,.... Note that M(¥0) = y(¥)
for k> 0.

ExaMPLE 1.3. M(102) = YY) X2 — (XY — Y X)Y X? = XYV2X? - Y XY X2

It is not difficult to see that the Magnus polynomial M¥) ¢ R(X,Y) is homoge-
neous of bidegree (|k|,dep(k)) in X and Y.
The above mentioned Magnus expression (2) can then be rephrased as

(3) Z= > aM®

keN{)

with uniquely determined coefficients ay € R for any given Z € R(X,Y). In other
words, the collection {M®) | k € Néoc)} forms an R-linear basis of R(X,Y).

Below in §2, we will construct another R-linear basis {S® | k € N(()OO)} (formed
by what we call the “demi-shuffle” polynomials) and show that {M®)}, and {S®)},
are dual to each other under the standard pairing with respect to the monomials
of R(X,Y) (Theorem 2.4). We then in §3 shortly generalize the duality to the case of
free associative algebras of more variables (Theorem 3.2). In §4, we apply the forma-
tion of dual basis to derive a formula of Le-Murakami, Furusho type that expresses
arbitrary coefficients of a group-like series J € R({(X,Y)) in terms of the “regular”
coefficients of J (Theorem 4.1).

2. DEMI-SHUFFLE DUALS AND ARRAY BINOMIAL COEFFICIENTS

Let W be the subset of R(X,Y’) formed by the monomials in X,Y together with 1,
and call any element of W a word. It is clear that W forms a free monoid by the
concatenation product that restricts the multiplication of R(X,Y). Each element of
R(X,Y) is an R-linear combination of words in W. For two elements u,v € R(X,Y),
define the standard pairing (u, v) € R so as to extend R-linearly the Kronecker symbol
(w,w') == 6% € {0,1} for words w,w’ € W.

NOTATION 2.1. We use the notation wy := XFY ... X*aY X¥* and call it the word
associated to k = (ki1,...,kq; ko) € NE)DO). The mapping k — wy gives a bijection
from N(()OO) onto W. (Note that w() = 1.) The standard pairing (wy,wx) is equal
to 0 or 1 according to whether k # k" or k = k.

The purpose of this section is to describe the dual of the Magnus basis {M(k) }keN(m)
0

with respect to the standard pairing.
DEFINITION 2.2 (Demi-shuffle polynomial). For k = (k1,...,kq; kso) € Néoo), define
S = (o ((XMY)uXF2)Y )ue - uX k) Y )uXFe € R(X,Y),
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where w denotes the usual shuffle product. We also set SG°) = 1, and S6F) = XF* for
k=1,2,.... Note that S*¥° = X*Y for k > 0.

The construction of S can be interpreted as forming the linear sum of all words
obtained from the word wy, = X¥Y ... X*ay Xk~ by consecutively applying “left
shuffles” of the X letters and “concatenations” of the Y letters in wy.

EXAMPLE 2.3. Here are a few examples: S(0150) = (YuX)Y = YXY +XYY; SL10) =
(XY)uX)Y = XYXY +2XXYY; SBOL0) — ((XY)Y)uX)Y = XYYXY +
XY XY? +2X2Y3. Using the first identity, one can also compute

SOLD — ((YuX)Y)uX = (Y XY + XYY )X
= (YXYX +2YXXY + XYXY)+ (XYYX + XY XY +2XXYY)
=2XXYY 4 2XYXY + XYY X +2YXXY + Y XY X.

THEOREM 2.4 (Duality). For t,k € N(()oo), we have
(S® My = gk,

Here 6 is the Kronecker symbol, i.e., designating 0 or 1 according to whether t # k
or t = k respectively.

Before going to the proof of the above theorem, we introduce the following notation.

DEFINITION 2.5 (Array binomial coefficient). For t,k € N(()OO) with dep(t) = dep(k),
6] = [kI, define

(@) (lt{) _ (Z)(tlJr?Q—kl)"'<t1+mtd_2_m_kd_l)’

where t = (t1,...,td,too), Kk = (k1,..., ki, ko). We understand (lt{) =1lift=k=
(;N) for some N € No. We set (;) := 0 if either dep(t) # dep(k) or |t| # |k| holds.
N,0,...,0;0
k1,k2,....ka;koo
in combinatorics. Note also that (lt() 2% 0 implies to, < koo,

REMARK 2.6. The special case ( ) is the same as the usual multinomial

coefficient (k1 ko de k )
325000y svoo

as the last factor of (li) could survive only when (t; + - tqg— ki — - —kq_1) — ka =
koo — too > 0.

It turns out that the array binomial coefficients give the expansion of S® as a

linear sum of the monomials in W. Recall that, for t = (t1,...,tq,tx0) € N(()OO), Wy
denotes the word XY X%2Y ... Xty Xt c WW.

LEMMA 2.7 (Monomial expansion).
s = 3 (Y
k
teN(>)

Proof. Without loss of generality, it suffices to show (wyg,S®) = (ltc) in the case
(N :=)|t| = |k| and (d :=)dep(t) = dep(k). The assertion is trivial when d = 0, as
thenk =t = (;N), S® = XV = w; and (lt() = 1. For d > 0, we argue by induction
on d. Suppose d = 1, k = (k1; ko) and t = (¢1;ts0). Then

k k
S0 = (XM Y)uxte = 3 (XPux)y Xkl =Y :( L “) Xk1tiy Xk i
i=0 i=0 1
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Since N = k1 +koo = t1 +1c0, we have (wy, S(k)> = (k1+k,§j_t°°) = (,tqll) Suppose d > 1
with k = (k1,...,ka; ko) and t = (t1,...,t4;te0). Write kK = (k1,...,kq-1;0) €

Néoo). Then

S = (ST Y uxka)y ux ke

koo

= S(k/)Y(X’“de")YXk“J_i (associativity of w)
=0

- < >( d )“’t'X’“dﬂYX’“w%
o \k Fa

where t/ = (t},...,t/,_,;t)) € N((JOO) runs over those tuples with ¢} +--- + ¢/, = |k/| so
that S is expressed as Do (:,)wt/ by the induction hypothesis on dep(k’) = d— 1.

The coefficient of wy in S® can be found in the above summand where ko, — i = too,
t)+kq+i=tgandt, =t; (s=1,...,d—1), hence

t ti4 -ty —ky— e — kg kg + koo —t
(k) _ 1 1 d—1 1 d—2 . d 0o 0o
st = ()L ()

Since N = |k| = |t|, we have kg + koo — too = t1 + - tqg — k1 — -+ — kq—1. This
establishes the formula (wg, S®) = (). O

REMARK 2.8. It would be worth noting that Lemma 2.7 can be derived from count-
ing (w¢, S™) as the number of certain shufflings of letters in wy = X*1Y ... Xkay Xkeo
to produce wy = XY ... XY Xt~ Assume |t| = |k| and dep(t) = dep(k), and
consider letters Y as partitions between groups of letters X in wy and in wg.
Then (wg,S™®)) is the number of ways of moving some letters X in wy to the
left (beyond any number of Y’s) to form the word wy without changing orders
between X'’s from the same group in wg. We count this number by enumerating
branches of possibilities for choosing places of X’s in wy for those moved from wy
group by group. The first binomial factor (le) of (4) is the number of ways to
choose k1 places for X’s (coming from the first group in wy) in the first group XY
of wg. The second binomial factor (tﬁ'ﬁ_kl) of (4) represents the number of ways to
choose ko places for X’s (coming from the second group Y X*2Y in wy) in the first
two groups XY X2Y of wy where the already occupied k; places in the previous
step are prohibited from being chosen. We continue the process in the same way.
For each given i € {2,...,d}, suppose that destinations of X’s in XY ... Xt
from X*Y ... Y XF-1Y have already been chosen. Then, the i-th binomial factor
(t1+"'ti_kk1i_"'_ki‘1) of (4) represents the number of ways to choose k; places for
X’s (coming from the i-th group Y X*Y in wy) in X®Y .- YX%Y (the first i
groups of wy): there are t; + -+ + t; places for X in X“1Y ... Y X%Y but already
ki1 + --- + k;—1 places are occupied by earlier choices. Performing the process until
i = d verifies the desired identity (w¢, S®) = (}).

Proof of Theorem 2.4. From the formula Y ®) = S°% (1) (") X*=y X7 ([9, (4)]), it
is not difficult to see that the expansion of the Magnus polynomial in monomials is
given by

(5) Ml = " {IZ}wt

teN>)
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with
(6)

{k} — (—1)Zz"=1<d—i+1><ki—m< ki ) ( k2 ) ( ka )
tf ki —t1 ) \ky + ko —t; —to S (ki — )

for t := (t1,...,ta;tee) and k := (k1,...,kq;koo). Since we have (S® M®) =
DN ©®) (S® w, ) (M®) ap,), it suffices to show
0

SR

Noting that a non-zero pairing (S®, M®) occurs only when |t| = |k| and dep(t) =
dep(k), we may assume without loss of generality that u in the above summation also
runs over those with the fixed size N := |t| = |k| and depth d := dep(t) = dep(k).
Then, the summation ) with u = (u1,...,uq; us) has d independent parameters
U1, ..., uq that determine uso = N — Z?Zl u;. We may also regard each u; as running
over 7Z, as the coeflicients {E}, (ltl) vanish when their combinatorial meaning is lost.
Then, in the summation Z(ul,...,ud)EZd in (7), the partial factor of summation involved
with the last parameter uy can be factored out in the form:

2 -y (ud + Z?ﬁ(ui - kz‘)) <Ud ' Z%_vlll(m 7 ti))

UqEL
d—
— (—) D k)~ >y (ki — ti)
tq — ka )
(Use [5, (5.24)].) Repeating this process inductively on d, we eventually find

(S M)y = 0 ky =t [k + ko =t — 2| Zg;ll(k‘i—ti)
’ t1 — ki) \ta — ko ts — ks ta — kg

which is equal to Jf as desired. U

COROLLARY 2.9. Each element u € R(X,Y) can be written as
u = Z (1) )y MI) = Z (M3 ) U,
keN{>) keN(™)

Note that only a finite number of summands are nonzero in either summation
above.

3. GENERALIZATION TO THE CASE R(X,Y7,Ya, )

It is not difficult to generalize the above duality in R(X,Y") (Theorem 2.4) to similar
duality in R(X,Y)\)xea for A a nonempty index set, viz. in the associative algebra
freely generated by the symbols X, Y, (A € A) over R. In fact, introducing

(8) v :=vy, YU .=x,v\¥] AeAk=01,2...),

which are called the elements arising by elimination of X, Magnus ([9, Hilfssatz 2],
[10, Lemma 5.6]) showed that every element Z of R(X,Y))xea has the unique expres-

sion (2) with Sx the subalgebra freely generated by the Y/\(k) (k € Ng, A € A).

DEFINITION 3.1 (Depth-varied Magnus/demi-shuffle polynomials and monomials).

Let d be a positive integer. For k = (k1,...,ka;koo) € Néoo) and a finite sequence
A= (A1,...,\a) € A, define

M(k,)\) = Y)ffl) . Y)\(fd) . ka;
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S(k)\) = ( o ((XleA1)ka2)Y)\2 )LU' o M)Xkd)y)\d)kam;
wiex = XMY)y, - X Py X e,

s

For d =0 withk = (;k), XA = (), we simply set wi, o = M0 = §(GR.0) = X,

Note that the monomials wix x (k € Néoo), A€ Adep(k)) form an R-linear basis of
R(X,Y\)xea- Let us write ( , ) for the standard pairing defined by the Kronecker
symbol with respect to these monomials.

THEOREM 3.2 (Duality). For t,k € Néoo) and X € AdP®) -y e AP e have

A k,p)y _ s(kp)
<5(t ) M u)> = 5(t’>f\‘).
Here 5" is the Kronecker symbol, i.e., designating 1 or 0 according to whether the
(t,2
pairs (t,N) and (k, p) coincide or not respectively.

Proof. Given a fixed A = (A,...,A\q) € A9 let Vi be the R-linear subspace
of R(X,Y)\)aea generated by the monomials {wx x | k € Néoo),dep(k) = d}. It is
obvious that if A # p then Vy and V|, are mutually orthogonal under the stan-
dard pairing ( , ). Since M¥#) ¢ Vi, SEXN ¢ Vy, we only need to look at the
case 4 = A € A% Consider the R-linear subspace Vy of R(X,Y) generated by
{wg | k € Néoo), dep(k) = d}. Then, the mapping wy — wk, x defines an isometry, i.e.,
an R-linear isomorphism ¢y : V= V preserving ( , ). The assertion then follows at
once from Theorem 2.4 after observing ¢x(S®)) = SN and ¢y (MK) = MEA) O

4. APPLICATION TO A FORMULA OF LE-MURAKAMI AND FURUSHO TYPE

In this section, we assume that R is a field and consider R(X,Y) as a subalgebra of
the ring of non-commutative formal power series R{(X,Y)), where a standard comul-
tiplication A is defined by setting A(a) =1®a+a® 1 for a € {X,Y}. An element
J € R{(X,Y)) is called group-like if it has constant term 1 and satisfies A(J) = J®J.
There are many group-like elements: for example, the subgroup multiplicatively gen-
erated by exp(X) and exp(Y) in R{(X,Y))* consists of group-like elements and forms
a free group of rank 2.

THEOREM 4.1 (Le-Murakami, Furusho type formula). Let J € R{(X,Y)) be a group-
like element in the form

and write cx for the coefficient c(;1y of X in J. Then,

Jlex)' k1 + s1 kq+ sq
Clhor,kaikos) = Z (=1) r Z K ky Clky 451, ka+5a;0)-

s,t20 814.04,8420
st+t=koo §=81+-+8q

We first prove an elementary identity that will be used for the proof of the above
formula.

LEMMA 4.2. Let & = (ky, ..., kq) € NG and s = (s1,...,5q4) € Z¢ satisfy s = s;+- -+
sqa=20andk;+s; 20 (i=1,...,d). Then, we have

3 (ST iy - (MTD ) = (—1)° kitsi\ o (katsa)
, 7 kl k‘d

’TENg
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Proof. We shall compute the left-hand side explicitly as the sum over 7 € Ng satisfying
YLt = (ki + ;) with

s = (L 57) = () (PO ) ()

by Lemma 2.7 and with

T50) 4, _J@OL e ek (0 ta-1 ta
M = { ()} = (o) (et ) (2)

by (5) and s = Z?:1(ti_ki)- Note that, since (('Z:%;)O)) {EZS;} # 0 only when all entries

of 7 = (t1,...,tq) are nonnegative and t1 +-- - +t4 = Zle(ki +s;) (a constant), the
above sum can be taken over the tuples (t,...,t5 1) € Z%! with entries running
as independent integers. Then, the partial summation involved with the last variable
tq—1 may be factored out as

tq—1 Z;:ll (ki + si) — Z::lz t; ta—1 ta
Z(*l) ( ta—1 ) <Zd1(ti _ kz)) (S>

tg_1 i=1
d—1 d—2 d—1 d d—1
_ Z(_l)td_l (Zi_l (ki + si) — Zi:l ti) < Zi:l Si ) (Zz‘_1(ki + i) — Zi:l ti)
= d—1 d—2 d—1 d
tas Y k=Xt Dimr (i — ki) dier Si

_ (Bt o) =T S ey (Rat s

Z;i;ll S Sd ’
where [5, (5.21)] is applied for the first equality and [5, (5.24)] for the second. After
factoring out the constant (kdjsd) and repeating the similar process with the other
variables t4_o,...,t; consecutively, we eventually obtain the asserted formula. Below

in Note 4.3, we also provide an alternative proof of the lemma free from intricate use
of [5, (5.21),(5.24)]. O

Proof of Theorem 4.1. We argue in the beautiful framework exploited in Reutenauer’s
book [15, 1.5] using the complete tensor product

o = R{(X,Y)@R(X,Y))

equipped with a product induced from the shuffle product (resp. the concatenation
product) on the left (resp. right) of ®. Recall that the ring of R-linear endomorphisms
EndrR{(X,Y’)) can be embedded into & by f +— > - w ® f(w), and that the
product of &7 restricts to the convolution product of EndgR{(X,Y")) defined by fxg :=
conco(f®g)oA (where “conc” means concatenation of left and right sides of ®). Note
that, for f € EndrR(X,Y)) and J € R(X,Y)), we have f(J) = > oy (w,J)f(w).
Since, by Corollary 2.9, every word w can be written as ZteNgM) (S® w)M®) | the

element of &7 corresponding to the identity id € EndgR{(X,Y") is:

Z wWR W= Zw ® Z(S(t),wﬂ\/l(t) = Z(Z(S(t),w)w) @ M®

weWw w t w

t

= i Z S(T:0) @ M(T:0) | . (i Xt @)ﬁ) ,
=0

d=0 reNg
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where we have used S® = S(7t) = S(TOuXt and M® = Mt = MT:0) . Xt
Observing that both factors of the last expression above correspond to specific R-
linear endomorphisms, we can apply id to J as the convolution product of them and
find from A(J) = J ® J that

(9) J=id(J) = iz<s<f%0),J>M<f%0> (i (C;)txt)

d=0 reNd t=0

Note here that the pairing of J with Xt = X"“/t! is equal to (cx)!/t!, as easily
seen from the fact that the specialization J(X,0) € R{X) at Y = 0 is a group
like element exp(cx - X). To complete the proof of Theorem 4.1, given a fixed k =
(Kikoo) = (k1,... kai ko) € N(Oo and 0 < s < ks, we compute the coefficient
of W(.;s) = Xky ... XkaY X* in the expansion of the first factor of the above right-
hand side as follows:

Z Z S(TO) J M(TO) <Z Z S(‘rO) J M(TO) ( )>

d=0 TENd d=0 -,-eNd
= < (s O)a Z (Ja wu)wu>M(T;0)a w(n;s)>
d= OTGNd ueNéx)
= (Jowa) Z D AST wa ) (MTO ).
u d=0 reN¢

But since (S0, wy }(MT) . )) survives only when dep(r;0) = dep(k;s) =
dep(u) and |(7;0)| = |(k;s)| = |u|, the summation ) in the last expression above
occurs only for those u of the form (k + s;0) € N(()OO) with s = (s1,...,84) € Z9,
s=81+--+sq =0 (cf. also Remark 2.6). Then, it follows from Lemma 4.2 that the
last expression above is equal to

> s k1 + s1 kg + sq
Z Z <Ja w(n+s;0)>(_1) .
k1 kq
d=0 scnd
I(s;0)|=s

(Note: the prescribed condition s € Z? has been replaced with s € N& because
of the a posteriori survivals of binomial factors.) From this and (9) together with
(J, Wiet:0)) = Clky+s1,....ka+sa:0)> We conclude the assertion. O

NotTE 4.3 (Alternative proof of Lemma 4.2). In the right-hand side of Lemma 4.2,
the quantity (klljlsl) e (kdl;tls“")
(Wiky .. kas0)2X 5, Wy 451, katsa;0))- Lherefore, the assertion of this lemma is equiv-
alent to the identity

(10) > (ST Wi is0)) - (MO wpei0) X®) = (—1)* (W(ie0)2X *, W50

TeNd

appearing there can also be interpreted as the pairing

for k = (k1,...,ka) € Nd, s = (s1,...,58q4) € Z% satisfying s = 1 + -+ + 54 = 0
and k +s € N¢. We now give an alternative proof for it using the Magnus/demi-
shuffle duality. First, by Corollary 2.9, we have w(,;0) = Zr<M(r),w(,€;0)>S(’) and
Wikts:0) = 2 6(S®, Wiets,0))M® s0 that the right-hand side of (10) can be written
as

(11) (_1)S<w(n;0)sta w(l<,+s;0)>
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= (-1)* Z (SWuxe, M(t)><|\/|(r),w(n;0)><5(t)’w(n+s;0)>
r,teN{>
=(-1)° Z <|\/|(p;0)7w(n;0)><5(p;5)’w(n+s;0)>.
peNg
Here in the second equality, we use the fact that (M(r),w(n;oﬁ survives only if
r = (p;0) € Néoo) for some p € N¢ and then apply the duality (Theorem 2.4) to
(SMuxXs M®) with SPOwXs = S(Ps) (cf. Definitions 1.2 and 2.2).

On the other hand, in the left-hand side of (10), one observes that nontrivial
terms of the summation arise only from those T = (7, ...,7q4) € N¢ with Z?Zl Ti =
s+ Zle ki (a constant). But the last binomial factor in (6) for (M0 w o) -X*) =
{ ((2;32))} equals (7¢), which is non-zero only if 74 > s. Therefore, the summa-
tion » _ may be replaced by 3, with p = 7 —(0,s) in N¢ (where 0 € N~ is the
zero vector). Thus, the left-hand side of (10) can be written as

(12) Z <S(T;O)? w(n+s;0)> : <M(T;0)a W(k;0) Xg)
TENg
— Z <5(p+(o,s);0)7w(n+s;0)> . <M(p+(0,s);0),w(n;s)>'
pENE

Comparing summands of the above (11) and (12) for individual p € N¢ in view of

coefficients of monomial expansions of demi-shuffle/Magnus polynomials (Lemma 2.7

and (5)), we reduce the formula (10) to the following elementary identity for k = (k;),

p = (r;) € Nd and s = (s;) € Z% satisfying Zle ki = Zle ri, s+ Kk € N¢ and
d

s= 15 =0

o () e S )

This is an immediate consequence of definitions of these symbols {%}, (¥). (Observe
that only difference between the corresponding symbols occurs from the last binomial
coefficient in (4) and (6).) O

EXAMPLE 4.4. The following shows an output of a group-like element J = > - cpw
of R{(X,Y)) with the shuffle relation (which is necessary and sufficient for group-
likeness due to Ree [14]). It was computed using the software [11], and shows terms
up to total degree 4.

A XX AYY XXX
+exy XY + (exey —exy) YX + + 5

1
+exxy XXY + (exexy — 2exxy) XYX +exyy XYY + (50§(0Y —cxexy + CXXY) YXX

J=14cxX+cyY +

1, A YYY
+ (nycy — 2Cny) YXY + (icxcy — CXYCYy + nyy) YYX =+
A XXXX
+ i + exxxy XXXY + (exexxy — 3exxxy) XXYX + cxxyy XXYY

1 3
+ (5C§(CXY - 2cxcxxy + 3CXXXY) XYXX + <);Y - ZCXxyy> XYXY

2

¢ 1 1
+ (Cxcxyy — );Y>XYYX + nyyyXYYY + (gcg(Cy - 5C§(CXY +cxexxy — Cxxxy) YXXX

2
C 1
+ (CxxyCy — );/) YXXY + (CchyCy —2cxcexyy — 2cxxycy + Eciy + 2CXxyy) YXYX

Algebraic Combinatorics, Vol. 6 #4 (2023) 937



H. NAKAMURA

1
+ (exyyey — 3exyyy) YXYY + (ZC%(C%/ —cxexycy +excxyy +cxxycy — CXXYY) YYXX
1 1 1

=+ <5CXyC%/ — QnyyCy + 3Cnyy> YYXY =+ (ECXC% — 50xy0§/ + CXyyCy — nyyy) YYYX

& YYYY

24

In the above computation, one observes that the coefficient cxy xy is expressed
by lower, simpler coefficients of J. This does not follow from Theorem 4.1; however,
it does reflect the fact that XY XY is not a Lyndon word. Discussions on the most
economical expression using only the coefficients of Lyndon words can be found in [12].

+  (terms of degree > 5).

NoOTE 4.5. In the modern theory of multiple zeta values, a certain standard solution
G§(X,Y) € C{(X,Y)) to the KZ-equation on z € C — {0,1} is known as the gener-
ating function for the multiple polylogarithms (MPL). It is also used to define the
Drinfeld associator ®(X,Y) € C{(X,Y)). The coefficients of w, ... x.0) in ®(X,Y)
(resp. in G§(X,Y)) are regular multiple zeta values (resp. regular MPL) of multi-
index (k1,...,kq), but the other coefficients are in general not. Le-Murakami [7] and
Furusho [4] derived formulas that express all coefficients of ®(X,Y) and GE(X,Y)
by those “regular” coefficients explicitly. In [13, Remark 2], the author posed a
question if something similar could be the case for the “f-adic Galois associator
FA(X)Y) € Q(X,Y)”, in which context the analytic theory of KZ-equation is un-
available as of yet. Since fZ(X,Y) is by definition a group-like element, the above
Theorem 4.1 answers the question affirmatively.

NOTE 4.6. A noteworthy notion closely related to our S&, S®A) g the free Zinbiel
(or, dual Leibniz) algebra studied by J.-L. Loday [8], I. Dokas [2], F. Chapoton [1]
and others. Let V be a vector space with a basis B = {Xy, X1,...} and T(V) be
the tensor algebra (free associative algebra) generated by the letters in 9B. Loday
introduced the “half-shuffle” product < in T (V') as the linear extension of the binary
product on words given by:

(Tom1 -+ xp) < (Tpy1-+ Tpig) = To - ((T1- )9 (Tps1 - Tpiq)),

where z; are letters in B (i = 0,...,p + ¢). It is worth noting that, while the usual
shuffle product www’ = w < w' + w’ < w is associative (and commutative), the
half-shuffle product < is not even associative; however, it does satisfy (w; < ws) <
w3y = wy < (w2 < w3) +wy < (w3 < wz). We may relate the “Zinbiel monomials”
with our demi-shuffle polynomials S&*) in Definition 3.1 as follows. Write % — ¥ for
the anti-automorphism of R(X,Y)\)xca reversing the order of letters in each word,
eg., XXY, =Y, XX. Then,

(14) SO = XFoeu(L (Yo, XF < (Yo, XFr < (o < (Y, X P2 <Yy XML

for k = (ki1,...,ka; ko) € N(()OO), A= (A,..., M) € A% These polynomials also
appeared in [6, Proposition 5.10] to illustrate the coefficients (of the main factor) of
a solution of the KZ-equation expanded in (ad*,Y)---(ad* V). We also learned
from a paper by L. Foissy and F. Patras [3] that already in M.-P. Schiitzenberger’s
work [16] there is an axiomatic treatment of half-shuffle combinatorics on words called
the “algebre de shuffle”.

Calling S®, S&A) “demi-shuffles” as in Definitions 2.2, 3.1, and reserving “semi-
shuffle” for the name of anything else, might keep a moderate distance from the
already overloaded term “half-shuffle” of the operation < in the literature.
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