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Abstract

We exhibit the double g-shuffle structure for the gMZVs introduced by Ohno et al. [‘Cyclic ¢-MZSV
sum’, J. Number Theory 132 (2012), 144—-155].

2010 Mathematics subject classification: primary 11M32; secondary 11G55, 33D70.

Keywords and phrases: multiple zeta values, basic hypergeometric functions, g-analogue, shuffle relation,
double shuffle.

1. Introduction

In [17], Ohno et al. proposed for positive natural numbers ny, ny, ..., n; € N and for
any complex number g with |g| < 1 the following iterated infinite series:

3q(n1’ o) 1= (1= )" Z (1- qm1)n16.1. l (1 — gmeyn (1.1

my>-->m>0

of depth k > 1 and weight w :=n; + - - - + n; as a g-analogue of classical multiple zeta
values (MZVs). Indeed, in the limit ¢ — 1 the g-number [m], := (1 — ¢")(1 — g)™
becomes m € N and the above infinite series reduces to the corresponding classical
MZV of depth k and weight w, defined for positive natural numbers #ny,...,n; € N by

{(nl,...,nk) = Z m !

m 1 ... mnk :
my>->m>0 1 k

(1.2)

The extra condition n; > 1 is required in order that the right-hand side of (1.2)
converges. The seminal works of Hoffman [12] and Zagier [26] initiated a systematic

The first author gratefully acknowledges support by the ICMAT Severo Ochoa Excellence Program and
thanks ICMAT for warm hospitality during his visit. The second author is supported by a Ramén y Cajal
research grant from the Spanish government. The second and third authors are supported by CNRS (GDR
Renormalisation).

The second author is on leave from Université de Haute Alsace, Mulhouse, France.

© 2015 Australian Mathematical Publishing Association Inc. 0004-9727/2015 $16.00

368

https://doi.org/10.1017/S0004972715000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972715000167

2] Double shuffle structure of gMZVs 369

study of MZVs. These real numbers appear in several contexts, for example arithmetic
and algebraic geometry, algebra, combinatorics, mathematical physics, computer
sciences, quantum groups and knot theory (see [5, 24, 25] for introductory reviews).

Kontsevich noticed that the series (1.2) has a simple representation in terms of
iterated Riemann integrals [26]:

dtl tw
= 1.3
g(nl nk) f f Tl(tl) Tw(tw) ( )
0<t, << <1
where 7i(x) =1-x if i€ {h,hy, ..., )}, hj:=ni+ny+---+nj, and 7i(x) =x

otherwise. Multiplying MZVs represented in either form, that is (1.2) or (1.3), results
in Q-linear combinations of MZVs. Hence, the Q-vector space spanned by the real
numbers (1.2) forms an algebra. The weight of a product of MZVs is defined as the
sum of the weights. The product of MZVs arising from the sum representation (1.2)
is usually called the stuffle, or quasi-shuffle, product. It preserves the weight, but is
not homogeneous with respect to the depth. Euler’s famous decomposition formula
expresses the product of two single zeta values as

a-1
i+b—- j+a ) )
Z(@)(b) = ZO]( N );(b +ia—i)+ Z( );(a +ib=p. (14
It is proven using integration by parts. As a result, from the interplay between the
sum and the integral representations, products of MZVs can be written in two ways as
Q-linear combinations of MZVs. This leads to the so-called double shuffle relations

among MZVs. The first example is given for a = 2 = b:
20(2,2) +£(4) =44, 1) + 24(2,2),

which implies {(4) = 4£(3,1). Let us also mention the regularisation, or Hoffman’s,
relations [15]. The simplest one is

{2, 1)=403) (1.5)

and was already known to Euler. This is just the tip of an iceberg. The MZVs satisfy
many relations over Q and this gives rise to rich algebro-combinatorial structures. The
latter are described abstractly in terms of so-called shuffle and quasi-shuffle (Hopf)
algebras, which together encode the double shuffle relations for MZVs. We refer the
reader to [14, 28] for detailed reviews of the algebraic structures related to MZVs.

In [6], we found a g-generalisation of Euler’s decomposition formula [6,
Corollary 12] for so-called modified g-multiple zeta values:

iy

a0 = (L= s = Y st (16

my>-->m>0

of depth £ > 1 and weight w :=n; + - - - + n; [17], expressing a product of two single
modified g-zeta values of weights n and m in terms of double gMZVs. One can show
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by multiplying both sides of this product by (1 — ¢)"*" that this formula reduces to
Euler’s formula (1.4) in the limit ¢ 7 1.

Several g-analogues of MZVs have appeared in the literature. The one proposed
by Bradley [4], extending the definition of g-zeta function proposed by Kaneko ez al.
in [16] (see also [8]), has been studied in detail (see, for example, [17, 27, 28]) and
can be related to linear combinations of series (1.1) (see [6]). Another g-analogue
of MZVs, the algebra of multiple divisor functions, has been recently discovered
by Bachmann and Kiihn [2]. This version fits well with multiple Eisenstein series
and modularity issues. In another model proposed by Schlesinger [22], the modified
gMZN's 32 (ny,...,n;) are defined by (1.1) with g™ replaced by 1 in the numerator.
Finally, Okounkov [18] has proposed deep conjectures for yet another model in which
the numerators are based on palindromic polynomials.

In this paper we shall complement the results in [6] by unfolding the double ¢-
shuffle structure for the modified gMZVs defined in (1.6). In contrast to the classical
q = 1 case, these g-multiple zeta values 34(n1, ..., nt) and 3,(n1, . . ., nx) make sense for
any ny, ..., n; € Z, regardless of the sign. Hence, no further regularisation issues arise
in this context. The g-quasi-shuffle structure is defined in terms of words with letters
in an alphabet indexed by Z, and the g-shuffie structure will be explained in terms
of a particular weight —1 differential Rota—Baxter algebra [11] with invertible Rota—
Baxter operator. We will use these double g-shuffle relations to derive an expression
for d-terms in terms of modified gMZVs, where § stands for the derivation g(d/dq).

A double shuffle picture for g-multiple zeta values with positive arguments
ni,...,n; has also been indicated recently in the Bradley model by Takeyama [23].
Both approaches to the g-shuffie relations use a representation of g-multiple zeta values
by a g-analogue of multiple polylogarithms with one variable. This representation is
less direct in the Bradley model than in the Ohno—Okuda—Zudilin model, and needs a
‘twisting” of the words (see [23, Lemma 2.10]), which is not needed in our approach.

The paper is organised as follows: after a quick review of the double shuffle
structure for classical MZVs in Section 2, we introduce in Section 3 the Jackson
integral J, the g-difference operator D defined by D[f](?) := f(¢) — f(gt) and the g-
summation operator P defined by P[f](¢) := f(t) + f(gt) + f(g*t) + ---. Operators
P and D are mutually inverse in a suitable space of formal series. For any a,b €
Z, explicit expressions for products P“[f]P’[g] are given in terms of P[P/[f]g],
P/[fP’[g]] and P'[fg] for some i, j € Z.

In Section 4, we show how the modified Ohno—Okuda—Zudilin gMZVs can be
expressed in terms of g-summation and g-difference operators, namely

3q(nis. .. m) = PUYPRLy - PH[y] - - - 11(g),

with ¥(¢) := 7/(1 — 1), and we give a complete picture of the double shuffle structure.
The g-quasi-shuffle algebra is built on the space of words on the alphabet Y :={z,,, n €
Z}. The g-quasi-shuffle product 1 is the ordinary quasi-shuffle product, twisted in
a certain sense by the operator T : z; = z; — z;-1. The g-shuffle algebra consists of

words with letters from the alphabet X := {d, y, p}, all ending with y, and subject to
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dp = pd = 1, so that one can also use the notation p~! = d. The g-shuffle product is
given recursively (with respect to the length of words) by

Ov)mwu =vi (yu) = y(v i u),
dvindu =viudu +dvinu —dviu),

pv il pu = p(vii pu) + p(pviiu) — p(v i u),
dviipu = putidv =d(vil pu) + dviiiu — viiiu

for any words v and u. We show that the product 1 is commutative and associative. It
would be nice to have a purely combinatorial description of this product. In Section 5,
the double shuffle relations are derived in the simple form

3q (D3, () =3, (viuw),

gll;'l (V’)ﬁ;ﬂ (M/) — g;ﬂ (V, H u/)

for any words v, u (respectively v, u’) of letters from the alphabet X (respectively Y),
with
gq(n'l, . 3nk) — g(LZ]_[ (pﬂ]y RN pnky) = g;ﬂ (an cee an).

Finally, we give an explicit expression of 63,(ny, ..., ny) for any ny, ..., n; € Z and state
a g-analogue of Hoffman’s regularisation relations. Note that we have not explored
possible Hopf algebra structures at this stage and that the limit for ¢ — 1 still needs to
be studied in detail. We plan to address these issues in a future work.

2. Regularised double shuffle relations for MZVs

Let us briefly recall the double shuffle algebra for MZVs (for details, see [14, 24,
28]). In the introduction we have seen that MZVs are represented either by iterated
sums (1.2) or in terms of iterated integrals (1.3). Thus, it is convenient to write them
in terms of words. In view of (1.2) and (1.3), this can be done by using two alphabets:

X:: {x()?xl}s Y= {yl’y2,)’3,~--}-

We denote by X*, respectively Y*, the set of words with letters in X, respectively Y.
The vector space Q(X), which is freely generated by X*, is a commutative algebra for
the shuffle product. The vector space Q(Y), freely generated by Y*, is a commutative
algebra for the quasi-shuffle product. In contrast to the shuffle product, the quasi-
shuffle product involves extra terms coming from the semigroup structure of the
alphabet Y and is not graded with respect to the length of words, but only filtered.

We denote by Y[, the submonoid of words u = u; - - - u, with u; # y, and we set
Xionv = X0X"x1. An injective monoid morphism is given by changing the letter y,
into the word x{~'x;, namely

s: Y — X*

n -1 n—1
ym"'ynr'_)x()] XXy X1-
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It restricts to a monoid isomorphism from Y;,,, onto X7,.. As the notation suggests,
Yiony and X7, are two convenient ways to symbolise convergent MZVs through

representations (1.2) and (1.3), respectively. Indeed, we can define

St Oy v Yn) =L, ony) = L (5, -+ Vn,))

and extend to finite linear combinations of convergent words by linearity. Clearly,
{iw = {w 5. The map ¢\ defines an algebra homomorphism, giving the quasi-shuffle
relations

S (') = Lo (01w (u) 2.1)

for any u,u’ € Y},

vonv- The map ¢, defines another algebra homomorphism, giving the
shuffle relations

S (1Y) = Ly (D (V) (2.2)

for any v,V € X/, . By fixing an arbitrary value 6 to {(1) and setting {n (y1) =
L (x1) = 0, itis possible to extend ¢,y , respectively y;, to all words in Y™, respectively
X*x1, such that (2.1), respectively (2.2), still hold. It is easy to show that for any words
v e X* or u € Y, the expressions ¢y, (v) and ¢y (1) are polynomials with respect to 6.
It is no longer true that the extended {\;; coincides with the extended ¢, o s, but the

defect can be described explicitly.

Tueorem 2.1 (L. Boutet de Monvel [26]). There exists an infinite-order invertible
differential operator p : R[0] — R[6] such that

fuwos=poly.
The operator p is explicitly given by the series
_ (—1)”§(n)( d )”)
p= exp(; n del )

In particular, p(1) = 1, p(8) = 6 and, more generally, p(L) — L is a polynomial of
degree smaller than d — 2 if L is of degree d; hence, p is invertible. A proof of
Theorem 2.1 can be found, for example, in [5, 15, 19].

Any word u € Y;, gives rise to Hoffman’s regularisation relation

Qs (xy 11 5(u) — s(yy 1)) = 0, (2.3)

which is a direct consequence of Theorem 2.1. This linear combination of words is
convergent; hence, (2.3) is a relation between convergent MZVs, although divergent
ones have been used to establish it. The simplest regularisation relation, £(2, 1) = £(3),
is obtained by applying (2.3) to the word u = y;.

https://doi.org/10.1017/S0004972715000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972715000167

[6] Double shuffle structure of gMZVs 373

3. The Jackson integral

The results in [6] are essentially based on replacing the classical indefinite Riemann
integral R[ f](?) := fot f(y) dy in (1.3) by its g-analogue, known as Jackson’s integral:

JIfI0 =1 -q) ). f(d"Dq". (3.1)

n>0

Rota [20, 21] gave an elementary algebraic description of the map J in terms of
the g-dilation operator E[f](¢) := f(qt), together with the multiplication operator
My[g](®) := (f&)(®) = f(1)g(1), such that

JII0 =1 -9q) Z EG[Mia[ f11(0) =: (1 = @) PMia[ f1(0). (3.2)

n>0

One can recover the ordinary Riemann integral as the limit of the Jackson integral for
q /" 1. Note however that the Jackson integral makes sense purely algebraically if ¢
is considered as an indeterminate: more precisely, let A = tQ[[¢, g]] be the space of
formal series in two variables with strictly positive valuation in . We can see A as the
space of series in ¢ without constant term and with coefficients in Q[[¢g]]. Then (3.1)
defines the Jackson integral as a Q[[g]]-linear endomorphism of A. The Q[[¢]]-linear
map P : A — A, defined by

PIFI) = ) E"[f] = () + flgh + F(@D + F(@D +-- ,
n>0

satisfies the Rota—Baxter identity of weight —1:

Pf1P[g] = P[P[f1g] + P[fP[g]] - P[fg]. (3.3)

We refer the reader to [6] and [10, 20, 21] for more details regarding Rota—Baxter
algebras and related topics (note that the map P is denoted by Pq in [6]). From this, it
follows that Jackson’s integral (3.2) satisfies the relation

JIf11gl = JUIIf1g + fJlgl = (1 - q) idfg].

Or, equivalently,
JUVIgl = JIfJTgll + qJIJLELf11g],

which is commonly considered to be the g-analogue for the classical integration by
parts rule:

R(f)R(g) = R(fR(g) + R(f)g),

which can be seen as dual to Leibniz’ rule for derivations. The inverse of the map P is
defined in terms of the finite g-difference operator:

D:=1-E,

where [ is the identity map, I[f] := f. It is easy to see that D satisfies the generalised
Leibniz rule for finite differences:

Difgl = DIflg + fDIg] - DIf1DIgl. (3.4)
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This makes A a weight —1 differential Rota—Baxter algebra [11], with the crucial
additional property that P and D are mutually inverse.' Interestingly, (3.4) can be
reordered:

D[f1D[g] = DIflg + fDlgl - D[f¢gl, (3.5)

thus showing a striking similarity with (3.3). This will play a crucial role in the
remainder of this paper. For positive a, b € N, the generalised Leibniz rule (3.5) leads
to the recursion

D[f1D"[g] = D*'[f1D"[g] + D*[f1D""'[g] - DID“'[f1D""[g]].
From this, we deduce the following theorem.
Tueorem 3.1. Let 1 <a < b eN. Then
R < S Ay S R 2 W
D[f1D"[g] = ; ;(—l)f(j, 1 ibeis j)Df[fDq[gn

bei

~

+

'Ma
_ =
Q

( a+b=1-i—j \ .
1(—1>f(j e ipeis j)Df[fDq[g]]

1

J
b—

~.

{avb-1—i—j \ .
i (—l)f(j, b fain j)Df[Dq[f]g]

i=1

a
~

M= 1

{atb-1—i—j \ . .
(—l)f(j b ja—is j)Df[Dq[f]g]

1 i=1

~.

IS}

. b-1-7 .
¥ (—I)J(j elin] j)D’[fg]- (3.6)
j: 9 b

—_

Proor. The proof of (3.6) follows the same lines as in [9]; see also [6]. We briefly
recall the basic idea [9]. Identity (3.5) can be represented pictorially:

A= K AA

where the bullets represent the operator D. The branching indicates multiplication—
we skipped the decoration of the left and right leaves by f and g, respectively. Observe
that each of the trees on the right-hand side has one dot less than the tree on the left-
hand side.

We define I'(a, b, c; f, g) := Dy (Dy(f )Dg(g)), which would be represented by a tree
with a dots on the left-hand branch, b dots on the right-hand branch and ¢ dots on the
upper branch. Using (3.5), we try to eliminate the dots on the lower branches, that is,
to write ['(a, b, c; f, g) as a sum of the three terms I'(0,i, ¢ + j; f, ), ['(;,0,c + j; f, 8)
and I'(0,0, ¢ + j; f, &)-

'In a differential Rota—Baxter algebra with differential D and Rota—Baxter operator P, the equality
D o P =1d holds but P o D = 1d does not hold in general.
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Hence, starting with a dots on the left-hand branch, b dots on the right-hand
branch and ¢ dots on the upper branch, Diaz and Pdez [9] described the counting of
possibilities of reducing the number of dots on either of the lower branches in terms
of ‘moving’ dots successively upwards. Identity (3.5) implies essentially three moves,
two of which eliminate a dot on either of the lower branches. The last move merges
a dot from each branch into a new dot, which is then lifted upwards. The coefficients
in (3.6) result from carefully counting the moves needed to get to either of the three

terms I'(0, i, ¢ + J; £, 8), T, 0, ¢ + j; f, 8) and (0,0, ¢ + j: f, ). o
Note that the above expression can be simplified to the following more convenient
relation.

ProposiTion 3.2. Let 1 <a <beN. Then

a

b—j . .
‘ b—1—i— o
DIfIDYIgl = Z(—l)l(‘” ’ J)(j‘.)Df[fD;[g]]

=0 =1 a-1

a+b-1—i-j\(b\ ;.
SR

b max(l,a—j)
( J

+Z(; PG
J=

i=1

a2 { a+b-1—j .
+ (—1)’(. . .)D’[ I
jz_; j-ta-jo-j)” 1

Proor. The proof of this follows the same arguments as in [6]. By exchanging the
order of summation in each of the terms in (3.6), we can combine the first and second
terms and the third and fourth terms. Then some basic binomial identities are used. O

A natural question to ask is, whether we can resolve products, like D[ f]P[g]. From
(3.4), we conclude quickly that

D[f]1P[g] = DLfPlgll + DIf1g - f¢- (3.7)
Equations (3.3), (3.4) and (3.7) are equivalent. The recursion for a general product of
this form is given by

D°[f1P"[g] = DID'[f1P"[g]] + D[f1P*"'[g] = D' [f1P""[g],
which leads to a closed expression.

ProrosiTion 3.3. Let 1 <a<beN. Then
a b-a+j

(b—-1-1 1 . .
- $, S {1 o
=0 i=I

o b—1—i+k\ b -y
£y Z(—l)“—k( . )(a_k)Dk—’[D;[f]g]

)Dj Lfel- (3.8)
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Proor. Again this follows the same argument given in the proof of (3.6). See
[6, 9]. o

We will see below that these identities provide g-generalisations of Euler’s
decomposition formula for the modified g-analogue (1.6) at values ny,n,, ..., n; € Z.

4. g-Analogues of multiple zeta values

Following [6], we define the functions x, y and y by

1 1
X0=2 = J0= T

Recall the common notation for g-numbers, [m], := (1 - ¢™)/(1 - g).

4.1. Iterated Jackson integrals and g¢-multiple zeta values. Replacing the
Riemann integrals in (1.3) by Jackson integrals (3.2), we arrive at a g-analogue of
MZVs, which was considered by Ohno ef al. in [17]. It is defined for positive
natural numbers n; € N, n; > 1, w :=ny + - - - + ng, in terms of iterated Jackson integrals
evaluated at ¢:

3¢, ... m) i= Jlp1Jlp2 - - - Jlpwl - - 11(9),

where p;i(1) = y() if i€{h, hy, ..., 4}, hj:=n +ny+---+mn;, and p;(t) = x(?)
otherwise. Writing this out in detail yields

3¢ty ...,m) =0 =q)" P[P[---P[y---P[P[--P[yIII]---1l(q)
[ S—— ———
n 103
ny
- S (S (4.1)
>0 [ml]q T [mk]q
In the introduction, we mentioned the modified gMZV:
(I =341, ..., m) = 34(n1, ..., 1p). 4.2)

In the following, we will mainly work with these modified gMZVs. From (4.1), it is
clear that

3g, .. ) = PUy - PYY] - 1(g).

4.2. Convergence issues and extension to integer arguments of any sign.

Observe that
q

W(0) = Pl = ) 4" =5@) = 1.

—q

m>0

which makes sense as a formal series in g, the specialisation of which is well defined
for any complex g with |g| < 1. More generally, (4.1) and (4.2) make sense as an
element of gQ[[q]], that is, as a formal series in g without constant term, for any
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ni,...,n; € Z, and the series converges for a complex number g with |g| < 1. This
follows from

] g™
|3q(l’l1,...,nk)| < Z (1 _ |q|m1)n1 (1 — |q|mk)nk

™
< 2 T

my>-->my>0

<A=lgh™ > g

my>-->m>0

with w = Zf.‘zl |n;| and hence [3,(ny, ..., m)| < lgl*(1 = |g])™"*. Also, for nonmodified
gMZVs,
Bg(n1s ..o mo)l < gl (1 = lg) ™" |1 = gI”".

Proposition 4.1. Forny > 2 and ny,...,n > 1, as g — 1 with |g| < 1 and Arg(1 — g) €
[—n/2 + &, /2 — €] for some & > 0, the k-fold iterated sum (4.1) converges to the
corresponding classical MZV of depth k and weight w.

Proor. This is an immediate application of Abel’s limit theorem for power series with
radius of convergence 1 [1, pages 41-42]. O

The g-parameter may then be considered a regularisation of MZVs for arguments
in Z. From the definition,

wwo= F = Tmonr =) eno=(L)

my>my>0 m>0

k times
Using D = P, we see that for a < 0,
3(@) = DMG)(g) = ) ¢"(1 - g™
m>0

and, fora > 0,

- q" (m—1)q"

34(a,0) = = :

! m1>Zm2>0 (1 - qml)a m>0 (1 N qm)a

Finally, it will be convenient to express our gMZVs in terms of g~! whenever possible.

Proposition 4.2. The g-multiple zeta values 3,(ny, . . .,ni) and 3,(ny, . .., n) make sense
as a series in Q[[g~'1] for any (n1, ..., ny) with nj>1andn; >2.
Proor. This comes from a straightforward computation:

(qfl )7m1 (qfl )(mlfl)n1+--~+(mk71)nk
3q(nr, .o ) = ; : o
! 2. T8 AR 7% et

my>->my>0
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4.3. The g-shuffle structure. Let W be the set of words on the alphabet X := {d, y, p}
ending with y, subject to dp = pd = 1 (where 1 stands for the empty word). We shall
also use the notation p~! = d. Any nonempty word v in W can be written uniquely as
v=ply---p"y

with k > 0 and ny,...,n; € Z. The length of the word v is given by £(v) = k + |n;| +
- -+ + |ng|. For later use, we introduce the notation

30 Py py) =3y ),

3g Py pMy) = 3g(nn, . ).

The g-shuffle product is given on Q.W recursively (with respect to the length of words)
by 1mv =vil = v for any word v and

Ov)mu =vu(yu) = y(viu), 4.3)

pvii pu = p(vil pu) + p(pviiu) — p(v i u), 4.4)
dvindu =viidu +dvinu —dvuu), 4.5)
dviipu = putidv =d(viu pu) + dviiu — viiu 4.6)

for any words v and u in W. Equations (4.4), (4.5) and (4.6) come from an abstraction
of (3.3), (3.4) and (3.7), respectively.

TueorEM 4.3. The g-shuffle product is commutative and associative. Moreover, for any
v,uew,

VI W) = 3 (v w).

Proor. Commutativity follows easily from uiiv = viiu and induction on the sum
{(u) + €(v) of the lengths of the two words u and v. We sketch the proof of the
associativity relation (¢ mrv) mz = w1 (v z) by induction on the sum £(u) + £(v) + £(2)
of the lengths of the three words u, v and z.

If one of the words is empty, there is nothing to prove. Otherwise we write u = aa,
v = b and z = yc, where a, 8 or y can be the letters p, d or y. This yields theoretically
27 different cases, which however will reduce substantially.

e First case: one of the letters is a y. Using (4.3) repeatedly as well as the induction
hypothesis,

(yamv)mz = (y(amv))mz = y((amwv)mz) = y(am (viiz)) = ya (v z).

There are a number of similar cases which reduce to this one by using
commutativity.

e Second case: @« = =7y =d. We use (4.5) repeatedly as well as commutativity,
and we freely omit parentheses when using the induction hypothesis. On one
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hand,

(damdb)uidc = (amidb + damib — d(am b)) mde
=amdbmdc+bmdamdc —d(amb)mde
=am(bmdc+dbumic—dbuic))+bm(amide +damc

—d(auic))—ambmdc—damb)mic+d(ambiuc)

=awmdbmic—amdbuic)+bmamidc+bimidac

—_— T — ]
2 3 4
—buwid(auic)—d(@amb)mic+dambuic).

5 6 7

On the other hand,

dam(dbmdc) =dami(bmide +dbuic—d(bic))
=damdcmib + damdbmc —damd(biuc)
=amdciib+damicmb—-damc)mb+amdbiuic
+dambuic —dawmb)uic —awmd(buc)
—dawbuic +d(awbuic).

=awmdcuib—dauc)mb+amidbumic+dambiuc
—_— T
3 5 1 4
—da@mb)mic—amdbuic)+d@umbiic).

6 2 7

Hence, the two expressions coincide.

There are three more cases to consider and they are treated by similar computations
(see [7]).

e Third case: one letter p and two letters d.
e Fourth case: two letters p and one letter d.
o Fifthcase: a=p=vy=p.

Now let us call a differential Rota—Baxter algebra invertible if the Rota—Baxter
operator P and the differential D are mutually inverse. Then (Q.W, 1) is the free
invertible differential Rota—Baxter algebra of weight —1 with one generator. Indeed,
the generator is y, the Rota—Baxter operator (respectively the differential) is left
concatenation by the letter p (respectively d) and identities (4.3)—(4.6) guarantee the
weight —1 differential Rota—Baxter identities. This object is rather different from
(and much smaller than) the free differential Rota—Baxter algebra with one generator
constructed in [11]. The map

Z:Q-W— A
Py pty e PUPR [y PYY - 1)
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is the unique map of invertible differential Rota—Baxter algebras of weight —1 such that
Z(y) =y (recall that y(¢, q) = y(t) := t/(1 — t)). The second assertion of Theorem 4.3
immediately comes from the fact that for any word v,

39 ) = ZO)E, Pli=g- o

Remark 4.4. Considering what happens with ordinary shuffle or quasi-shuffle
products, it would be nice to have a purely combinatorial interpretation of the product
1. Theorem 4.3 would obviously have an immediate proof if the map Z were injective,
but we have not been able to prove this.

4.4. Euler decomposition formulas. Recall the identities (3.7) and (3.8) in
Propositions 3.2 and 3.3, respectively, from which we derive a g-generalisation of
Euler’s decomposition formulas for gMZVs to complement [6, Corollary 12]. For

l<a<b,
S~ (—b) = ; lZ( 1)](”’”’@_1 i_j)(j)aq(—j, -i)
Y 1)/(" whe )(b.)gq(—j, -0
=
+]a( (Jf’l”c’l_ )aq< j0)
and

a ba+]
1
3q<—a>3q(b>—z Z( 1" ,( a_;”)( )q( 5
wifb-1-i+k\( b \ ,
+ZZ(_1) k( b-1 )(a—k)s‘f(_kﬂ’_’)

k=1 i=1
min(a—1,b—a+1) .
; b—1+j
+ é -1)*/ 34(—J,0).
j=0 ( ) (jva_l_jab_a_j)sq( / )

In [6], we have explained how the ¢ := g(d/dgq) derivation terms appear in the g-
generalisation of Euler’s decomposition formula. Below, in subsection 4.6, we will
show how for j > 0 one can rewrite the third summands on the right-hand side of
each of the above identities in terms of linear combinations of modified gMZVs and
derivation terms 034.

4.5. The g-quasi-shuffle structure. In [6], we used the sum representation (4.1) of
the product of two modified gMZVs of weight a, b > 1 to obtain the following identity:

gq(a)gq(b) = ?)q(a, b) + 3(](179 a) + gq(a + b) - gq(a, b— 1) - gq(b’a - 1) - gq(a +b - 1)
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It is easily seen that the same computation holds for any a, b € Z. We can formulate
the above g-quasi-shuffles in terms of a quasi-shuflle-like algebra.

Let Y be the alphabet {z,,, n € Z}. We denote by Y* the set of words with letters
in Y, and by Q(Y ) the free associative algebra on Y, which is freely generated as a
Q-vector space by Y*. We equip Y with the internal commutative associative product
[ziz;] := zi+;. For later use, we introduce the notation

g;ﬂ (an o .an) = gq(n], o ’nk)s
3 @ny oo 2wy 1= 3g(n0, . mp).

On Q(Y), we consider the ordinary quasi-shuffle product *, recursively defined by
av by :=a(v = bv') + blav = V') + [ab](v = V).

This product is known to be commutative and associative [13]. Now we consider the
linear operator 7 on Q(Y) defined by

T(z,v) := 2,V — Zy—1V.
It is obviously injective. For any m, n € Z and for any u,v € Y*, we compute

T (zmu) * T(znv) = (Zm — Zm-1)U * (Zn = Zp-1)V
= (Zm = Zm-1)U * (2 = 20-1)V) + (Zn = 20-1)V * (2 = Zm-1)U)
+ (@m+n = Zmen-1) = @mn-1 = Zmrn-2))(U * V)
= T(@m(u * T(zyv)) + 20(T (i) * V) + T (Zppan(u % ).

We then define our g-quasi-shuffle product by T'(u 11 v) = Tu * Tv for any words u, v.
In view of the computation above,

Zntt 1 2,V = Zyy (U % T (2,V)) + 20 (T (2intt) * V) + (Zintn = Zman—1) (@ * V).
In particular,

Zn W 2y = 2(Tz0) + 20(T20) + TZipin

= ZmZn + Znim + Zm+n — Zmin—-1 — Znlm-1 — Tm+n—1-

Prorosition 4.5. The gq-quasi-shuffle product 1 is commutative and associative.
Moreover, for any u,v € Y,

R ) = 3 (),

Proor. Commutativity and associativity of i1 come from the injectivity of 7 and
from the fact that the ordinary quasi-shuffle product * is commutative and associative.
The second assertion has been already shown when u and v are two letters. The

https://doi.org/10.1017/S0004972715000167 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972715000167

382 J. Castillo-Medina, K. Ebrahimi-Fard and D. Manchon

computation for two words is entirely similar:

3:‘ (an o 'Zn,)géﬂ (Zn,H e Zn,.+\.)
qkl+kr+l

klz;ky (1 — qkl)nl coe (1 —_ qkr+s)nr+y

Ky > >kres

qk 1+krs1

Ty (1 — qkl )”1 N (1 — qkr+.v)nr+s

k1>kpy1s
kyy1>>krts
. qkl ki
(1 — qkl )"1 cee (1 — qkr+s)nr+x
ky<kyyq.ky>->kr
kyg1>>krts
2k
q
+

bt ST (] — qkl )nl e (1 —_ qkr+s)nr+y

kygp1>>kres
qkl _ qkl(l _ qkm)
Kok T (1 — qkl )Vl] N (1 — qkr+.s )Vlr+s

kyy1>>krts

qkr+1 + qkr+l(1 — qkl)
by <k ook (1 — qkl )nl cee (1 — qkr+s)nr+x

kyg1>>krts

+

g - ¢ (1 -g"
ky=kyy1.ky>>kr (1 - qkl )nl e (1 - qkrﬂ)nrH .

kygp1>>kres

= 3411[ (an @y * = Zn, * T @y 20 ) 20,y (T @y 2 Z0,) * 2y =2 Zmye,)

+ @nytney = Zngane =1 @y oy * Zngy 7 )
_ sH
- 3q (an T an H an+l T Z”rﬂ‘)’
which proves the claim.

O

4.6. The differential algebra structure. We introduce the derivation ¢ := g(d/dgq).

ProrosiTioN 4.6. For any ay, . ..,a; € Zk,
k

Fiaar, @) = (k= D alk=r+ Dy,

r=1

k
+ D alk—r+ Digar,....a,+1,....a)

A

rkl
+ Z(l -
s=1

r=

+ Z a3qlar,...,ar+1,...,a:0,a51,...,a0).

1<r<s<k
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Proor. By a straightforward computation,

. _ q"
03g(ar, ..., ai) = Z 6(1 —gmM)a - (1 — gm)a

my>-->m>0
my

Z miq
(1 — qml)al e (1 — qu)ak

my>-->m>0

my+m,

k
armyq
+
Z Z (1 =gm)a - (1 —gm)a+l... (1 — gm)n

my>-->m>0 r=1

mi

Z myq
(1 — qml)al .. (1 — qu)ak

my>-->my>0

: arm,q" — a,m,q" (1 —q")
* Z Z (1 —gm)ya ... (1 —gmyatl .. (1 — gm)ax’

my>-->m>0 r=1

Decomposing the integers m, as

my=(k—=r+1)+0m —mpu =D+ + oy —myg — 1) + (my — 1)
then gives the desired result. O
Proposition 4.6 in depth one then gives the following result.

CoroLLARY 4.7. For any a € Z,

634(a) = (I = a)B34(a, 0) +34(a)) + aBBq(a + 1,0) + 34(a + 1)).

5. Double g-shuffle relations

5.1. Double g-shuffle relations for modified qMZVs. We can define a bijective
map that changes the letter z, into the word p”y:

Y S W
an ...an —> pnly...pnky'

We have seen above that 3,(n1, ..., m) =3, (p"y -+ p"™y) =3;" (2y, - - - 2y,)- From this,
we obtain 3;‘ = 331 o r and the double g-shuffle relations

3 W3, (v) =3, (wmv), 37 @3 () =3 @ wmv) (5.1

for any words u,v € W, respectively, u’,v' € Y*. From (5.1), we immediately deduce
that
36‘;1 @ H)mr(V) — @ mv')) =0 5.2)

for any u’,Vv" € Y* or, alternatively,
e @m0 - wmy) =0

for any u,ve W.
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5.2. Double g-shuffle relations for nonmodified qMZVs. We introduce a natural
notion of weight for words' in both Y* and W, which takes integer values of any sign:

W(an .. .an) - W(pnly . .pnky) =m + .- 4 ny.

Let us denote by Y (respectively W) the Q-vector space spanned by Y (respectively
W) endowed with the product 1 (respectively 11 ). Both products are filtered, but not
graded, with respect to the weight: if Y™ (respectively ‘W®) stands for the linear
span of words in Y* (respectively W) of weight <n,

YO Y™ cy™™ and W wm W™ W,

A graded version can be introduced as follows: introduce the Laurent polynomials in
the indeterminate /& with coefficients in Y (respectively ‘W) and give weight 1 to .
The swap 1 is linearly extended to a linear isomorphism from Y onto ‘W and then
from Y[h~', h] onto W[h™', h] by extension of scalars. The products 1 and 1 are
extended A-bilinearly to Y and ‘W, respectively. The letter g will stand here for 1 — A,
for reasons which will become clear in the sequel. Consider the linear transformation
Hy: Y[ bl — Y[k
M’ — hw(u’) ur
and consider the analogous map on “W/[h~!, k], which will also be called H,. Letus
now introduce two products 1, and 1, on Y [A~', h] and ‘W[h~', h], respectively, by
W mgv = H\(Hp' w Hpy') and  ww,v:=H, (Hyuw Hp).
11

We h-bilinearly extend the maps 3, and 3,' to the Laurent polynomials by sending h
to 1 — g. We can now display the double g-shuffle relations for nonmodified gMZVs.

ProposiTION 5.1.
39 =35 ot 3¢ W' (V) =35 (wigv) and 37 W)z (V) = 35" (g V).

Proor. This is immediate from (4.2), (5.1) and the definitions of the two new
products. O

Note that the two new products are now graded (with respect to the weight) and
Ov) i, u = v, (yu) = y(v 1, u),
pv iy pu = p(vii, pu) + p(pv iy u) — hp(v 1, u),
hdv i, du = v, du + dvigu — d(v i, u),

dvi, pu = pu, dv = d(vi, pu) — v, u + hdv i, u,

as well as
Wy =T, (T = Tyv'), (5.3)

This should not cause confusion with the notion of weight for a Rota—Baxter operator introduced
before.
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where the operator T is defined by
Tq(ZnVI) = (2p — th_l)V/

for any n € Z and for any v’ € Y*. Strictly speaking, the operator Tq‘1 is defined on the
space Y[h~!, h]] of Laurent series with coefficients in Y by the series

T, @) = ) W,
k=0
but it does not show up in the expression of the product i1, in terms of the ordinary
quasi-shuffle product *. Indeed, (5.3) yields

Tt By 2V = 2 (U % Ty(2aV") + 20(Ty(zmtt) % V') + To(@men(u’ % V).

Finally, any Laurent polynomial in % can be seen as a formal series in g. All results in
this paragraph, except the grading, still hold over the ring Q[[¢g]] withh =1 —gq.

5.3. Digression on Schlesinger ¢g-MZVs. The Schlesinger MZVs are defined as
follows:

350ms....m) =1 =) P[P[---P[y---P[P[--- P[§]I]]---1](1)
~————— ————

1

(il - [mi ]yt

my>-->my>0

They are defined for |g| > 1 for n; > 1 and n; > 2, and converge to the corresponding
classical MZVs as ¢ — 1 (by the monotone convergence theorem). A straightforward
computation yields

32(”1""9”1{): Z (q

-1 )(ml —Dny+--+(mp—1)ng

my>->m>0 [ml]zl-l e [mk]glil
In other words, 35 (ni,...,m) = 35,1 (ny,...,n), where the superscript B stands for the
Bradley model (see [4] and [6]). Hence, 32 (n1,...,n) also makes sense as a formal

series in ¢~! for n; > 0 and n; > 1. Now let us introduce the following notation:

Y; = {zn - 2m €Y, mj 2 1,

Yy = {2y - 2n €Y', nj > 1and ny > 2},
Y := Q-linear span of Yf,

Y, := Q-linear span of ?; ,

N . S
30 @yt zn) =3y (s mR), Zay Ty €T
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Prorosition 5.2. The following diagram commutes:

Yillg™'

SHH
3,
] . \

g ' Yallg™' 1] N Qllg™'N

Proor. This is a straightforward formal computation using the equality 1 — (1 —
Plmilg = g™. o
5.4. g-Analogue of regularised double g-shuffle relations. In the following, we

restrict to nonnegative indices. Thanks to the g-regularisation, we observe that the
double g-shuffle relation yields

3q(1)34(2) = 34(1,2) +34(2, 1) +3,(3) = 34(1, 1) = 34(2,0) = 34(2)
= 3(](1’ 2) + 23(](29 1) - 3(](2’ O) - (;)q(l’ 1)9

from which we obtain the relation

3¢(3) = 34(2) =342, D). (5.4)
For the proper gMZVs defined in (4.1), this gives

3¢(3) = (1 = 9)34(2) = 34(2, 1),

which, in the limit ¢ — 1, reduces to the classical relation £(2, 1) = £(3) (see (1.5)
above). Equation (5.4) is equivalent to an algebraic identity established by E. T. Bell
in the 1930s (see [3], page 158).'

__ We denote by Q.Y(,,, the free associative algebra generated by the set of words
Yony»> the submonoid of words z,, - - - z,, with letters in Y, :={z,, n € N} and n; > 1.
We arrive at a g-analogue of Hoffman’s regularisation relations. By virtue of the g-
regularisation, this is a particular case of (5.2).

~*
ProposiTion 5.3. For any v € Q.Y

3y (pyme(v) — x(zy mv)) = 0,

respectively,
3y (pymr(v) —r(zy mv)) = 0. (5.5)

Since terms of depth smaller than [v| + 1 disappear in the limit ¢ — 1, identity (5.5)
reduces to Hoffman’s regularisation relations (2.3) for MZVs.

As there are no regularisation issues involved, no correction analogous to p (in the
notation of Section 2) is needed to go from the g-quasi-shuffle picture to the g-shuffle
picture or vice versa. It would be interesting to understand in detail how the correction
map p surfaces when g — 1.

"'We thank W. Zudilin for kindly drawing our attention to reference [3].
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