THE SHUFFLE RELATION OF FRACTIONS FROM MULTIPLE ZETA VALUES
LI GUO AND BINGYONG XIE

AsstrAcT. Partial fraction methods play an important rule in the study of multiple zeta values. One
class of such fractions is related to the integral representations of MZVs. We show that this class
of fractions has a natural structure of shuffle algebra. This finding conceptualizes the connections
among the various methods of stuffle, shuffle and partial fractions in the study of MZVs. This
approach also gives an explicit product formula of the fractions.

1. INTRODUCTION

Let k be a positive integer. For positive integers s; and variables u;, 1 < i < k, define
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In the spacial case when s; = 1, 1 <7 < k, such fractions appeared in connection with differential
geometry [3, 4] and polylogarithms [6] where their products were shown to satisfy the shuffle
relation. For example,
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In general, such fractions occur naturally from multiple zeta values which, since their introduction
in the early 1990s, have attracted much attention from a wide range of areas in mathematics and
mathematical physics [1, 2,5, 7,9, 10, 11, 12, 13, 16]. Multiple zeta values (MZVs) are special
values of the multi-variable complex functions

1

S1 Sk
n, ny

5(51,"' ,Sk) =

ny>-ng>0

at positive integers s;, | <i < kwith s; > 2. With the change of variable n; = u;+- - -+u, 1 <i <k,
we have the well-known rational fraction representation of multiple zeta values:

3) Lsieos)= 3 7).
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For this reason, we will call these fractions f( ~"" ) the MZV fractions. Thus any relation
Uy, Uk

among MZV fractions gives a corresponding relation among MZVs after summing over the in-
dices u;’s. Indeed, many relations among multiple zeta values are obtained by studying relations

among MZV fractions. The method can be traced back to Euler in the case when k = 2 and
1
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remains one of the most effective methods until today [5, 14]. For example [5], from the fraction
formula

) mii = > ((i)m " (:)(m +1n>rms)’

r+s=i+j

we obtain the well-known Euler’s decomposition formula

. . r—1 r—1 ..
(e =y (( ORI <& s)) G2
r+s=i+j
This formula of Euler has been generalized recently by the authors [8] to a product formula of
any two MZVs.

The study of these fractions are interesting on their own right because of their applications
outside of MZVs and that they make sense even if s; = 1 when {(sy,- - -, s¢) is no longer defined.
For example when s; = 1 for all 1 < i < k, these fractions are shown to multiply according to
the shuffle product rule [3, 6] as mentioned above. However, a product formula for two MZV
fractions is known only in this case and in the case of Eq. (4). In this paper we will provide a
product formula for any two MZV fractions making use of the general double shuffle framework
introduced in our previous work [8] which is obtained with motivation from the shuffle relation
and quasi-shuffle (stuffle) relation of MZVs. We are able to apply this general framework by
showing that the MZV fractions in Eq. (1) have canonical integral representations, in the spirit
of the integral representations of MZVs by Konsevich [12]. By the standard summation process
for MZVs, we recover the above mentioned generalization of Euler’s decomposition formula of
MZVs.

As an example of our product formula, we have

1 1 _ Z (;1_1) 1
u (Vi + )y n=1)(uy + vy + v2)1(vy + v2)2v3
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When r; = 51 = s, = 1, we get Eq. (2). See Theorem 3.2 for the general formula and see
Section 3.2 for other examples.

In Section 2, we recall our general framework of double shuffle algebras and show that it en-
codes the shuffle product of MZV fractions (Theorem 2.1) through their integral representations.
The explicit product formula of MZV fractions is given in Section 3 where we also give some
examples.

2. THE ALGEBRA OF MZV FRACTIONS

In this section, we recall the general double shuffle framework in [8] and apply it to give the
shuffle product of MZV fractions.
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2.1. Shuffle product of MZV fractions. Let U be a set. Define the set of symbols

—

U:={"]lreZs,uecU).

u

Let M (ﬁ) be the free monoid generated by U. Define the free abelian group
(6) H(U) = ZM(U).

We will define a product on HH( U) by transporting the shuffle product on another algebra.
Define the set of symbols

U = {xo} Ufx, |ue U}

and let M (U) be the free monoid on U. As usual [8, 15], define the shuffle algebra on U to be the
vector space

H™(U) := ZM(U)
equipped with the shuffle product w, namely
(@ @) u(7) = @ w ¥ +7(@@)uy), a.pieU,a.p e MQU),

with the initial condition l w@ = @ = @w 1.
Define the subalgebra
HYU) = Z & @uevH™ (U)x).

Define a linear bijection

(7) P j‘f‘ij(ﬁ) - j—((ﬁ)’ x(r)l—lxu1 . .x(r)k—lxuk — [ ;’|,---,rk ]

—_—
We then transport the shuffle product w on H™ (U) to a product m, ON H(U) via p, namely
(8) (07 mpﬁ = p(p_l(a/) mp_l(ﬁ)).

Let H™ (ﬁ) denote the resulting algebra (J{( ﬁ), iy, ).
Now let U be a set of variables and let Z(U) be the field of rational functions in U. In other
words, Z(U) is the field of fractions of Z[U]. Consider the Z-submodule

9) PFU) :=Z{f( "™ )| s; > Lu; e U1 <i<k k>0l
Uy, Uk

where f( """ ) is defined in Eq. (1). The main result of this section is the following
UY e U
Theorem 2.1. If U be a set of variables, then the Z-linear map

T HO) > ZW), I 51=F") F=1

| oWy

is a Z-algebra homomorphism. In particular, the Z-submodule PF(U) of Z(U), as the image of
F, is a Z-subalgebra of Z(U).

The proof of this theorem will be given in Section 2.2. We first give a consequence of the
theorem.
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Corollary 2.2. The multiplication of two MZN fractions in PF(U) satisfies the shuffle relation:

(10) OO =7 ) me ().
Here w, is as defined in Eq. (8).

2.2. Integral representations of MZV fractions. In Section 2.2.1 we give integral representa-
tions of MZV fractions. We then use this integral representation to prove Theorem 2.1.

2.2.1. Integral representation of MZV fractions. In preparation of our proof of Theorem 2.1, we
present an integral representation of MZV fractions which is essentially the same as the well-
known integral representation of MZVs by Konsevich [12]. For the sake of being self-contained
and for later reference, we provide the notations and some details.

Define

(11) A:=R{e" |b>0}, A" =R{"|b>0}
Then A and A* are closed under function multiplication and A = R @ A*". We define the operator

I: A" > A, f(t) - f F(t)dt.

For any 4 > 0 we define the operator

L:A—>A, f(He f f(t)edt,.

Then we have the equations:

1
(12) Ih(e™) = Eeb’, b >0,

1
(13) (") = me“’”)’, b>0,1>0.

So IH(A*) € A* and I,(A) € A* for A > 0. By a direct computation using Eq. (12) and (13) we
obtain

(14) Ly, (h)1, (o) = I, (hila, () + 1y, (1y, (hi)ho),

where A, A, € Ry, hy is in the domain of 1,, and A, is in the domain of I,

Proposition 2.3. For any f( ;1 ’Zk ) € R, we have the integral representation
1,750k

6.0 13<Sk—1> o Iy )(1),

1

(15) (e = (D o

where 1 : R — R is the constant function. In particular,

(16) f( Zi”:; ) = (]8(51—1) o Ibl 0+++0 [S(Sk—l) o Ibk)(1)|t:0'
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Proof. We only need to prove Eq. (15) for which we use the induction on |§] = s; + - -+ + s;. If
|51 = 1, then k = 1 and s; = 1. By Eq. (13) the right hand side of Eq. (15) is I,,(1) = %[, which
is equal to the left hand side. Let n be a positive integer > 2. Assume that Eq. (15) holds for any
§ with |5} < n. Now assume that |s] = n. If sy = 1, then kK > 2. In this case by the induction
hypothesis and Eq. (13) the right hand side of Eq. (15) is equal to

l f( 82,058k )e(b1+"'+bk)f

§257 55k by+--+by)t §257 58k by+-+by)t
Iy G, ety =50 7 ) (e U):Erfja'hmm

by,

which coincides with the left hand side. The argument for s; > 1 is similar by using Eq. (12)
instead of Eq. (13). O

2.2.2. The proof of Theorem 2.1. We now take U = R, in Section 2.1 and define the set R, and
the algebra JH(R,).

Proposition 2.4. The R-linear map

@ . R@Z g_(:(]f&-:) N A, [ Zl,:n,zk ] — f( ;i”:; )e(b]+~-.+bk)l’ 1 — 1

1,750k

is an R-algebra homomorphism.

Proof. Define

Po SR — HED, Poll )7 =

by,by, - b biby by
. = = 81,758k _ 1,81, .Sk _ 1
Py H®) = HRD. P D=, ] P =[]
and take their scalar extensions to R. We show that
(17) @OPb:Ib0®, b>0.

For b = 0 we have

S1,852° 58k _ s1+1,80,,8k _ s1+1,80,,8% L8+ 45t
®o PO([ A ]) = @([ by ]) = f( A )e( 5145k

= (U5 o Iy 00 [V 0 I,)(1)) = Ip(@( T ],

bi,by- bi

where we have used Eq. (15) in the last two equations. The argument for » > 0 is similar.
From [8, Proposition 4.3] we obtain

(18) Py(&1) my Pp(&2) = Pu(&1my Py(£2)) + Pp(Po(&1) my &2),

where £ is in the domain of P, and &, is in the domain of P,. Now we prove that

Q&1 my &) = BO(61)O(6)
for &1, & in the free monoid M (f&:) generated by f&: This is done by induction on |£;| + |£;|. Here
1 ifé& =1,
€1l =

ry+---+ryg, lff] = [ e ]

ay.-.ac
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If |£,] = 0 or |&] = 0, then there is nothing to prove. So we assume that |£;| > 1 and |&;| > 1. Then
we can write & = P,(¢£)) for some a € Ry and & € M(R,). Similarly we can write & = Py(&))
for some b € Ry and & € M(R,). Then

O(&1 1y &2) = OPu(&)) my Pi(£3))
= O(P,(&] my Pp(£5))) + OPy(Pu(§)) mp &) (by Eq. (18)

= 1,(0(&] wp Pp(§3))) + 1,(O(Pu(§)) mp 63)) - (by Eq. (17))
= 1(OENO(PL(7))) + I,(O(P.(£1))0(53))  (by induction assumption)

= L(O(E)1,(0(£)) + L,1(0(E))0(5)  (by Eq. (17))
= L(OEN(O())  (by Eq. (14))
= O(P.(£1))O(Py(&3)  (by Eq. (17)).
This completes the induction. O

Taking ¢ = 0 in Proposition 2.4, we obtain

Corollary 2.5. The R-linear map

©:HR) R[]0 ) 1]

1,50k

is an R-algebra homomorphism.

Based on this corollary we can now prove Theorem 2.1.

Proof of Theorem 2.1. Let | i ] € Urand [ i ] € U’. We have to prove the equation

(19) F( DI D=9 D.

=l N

]mp[

Both sides of this equation are rational functions in U. Since the zero set of a nonzero rational
function does not contain any non-empty open subset in R¥*¢ while, by Corollary 2.5, the above
equation holds when the variables i and V take values in R, the equation has been proved. O

S«
S vy

3. ProbucT FORMULA OF MZV FRACTIONS

We now apply Theorem 2.1 and the explicit shuffie product formula obtained in [8] to give an
explicit product formula of MZV fractions. We will also give some examples.

3.1. The product formula. We need to recall some notations to give this formula. For positive
integers k and ¢, denote [k] = {1,--- ,k}and [k + 1,k + ] ={k+ 1,--- ,k + {}. Define

(20) Jee = {((’0’ v) ‘ injective maps and im(¢) U im(y) = [k + {]

@ : k] = [k+ L], : [€] — [k + €] are order preserving }
Let i € UX, v € U’ and (¢, ¢) € i, We define il u (7 to be the vector whose ith component is

, ) ouy 1fi= (), :
(21) (@ (V)i = { v ifi = u()), I<i<k+<.



SHUFFLE RELATION OF FRACTIONS 7

Let 7 = (ri,---,n) € Z>], 5= (s1,---,80) € Zil and 7= (t1,-+ o) € Zl;+1t’ with |f1 + |ﬂ = |ZT[
Here |/ = r+- - -+r, and similarly for |5] and |f]. Denote R; = ry+---+r;fori € [k],S; = s;+- -+,
forie[fland T; =t +---+t;fori € [k + £]. Fori € [k + £], define

ri ifi=¢())

(22) h i =h N / cps w =T 1Sy

()i = Mpw). 7.9 s; ifi=yg() ~eosno
with the convention that rp = sp = 1.

With these notations, we define
—1 e p .. e ..
( ; ) ifi=1lorifi—1,ieim(p)orifi—1,i € im(y),

hipy.i=1

23) LW ( )
) =
(23) s () Ti=R 1 iy =S =1y .
-1 otherwise.
- ( ZIJ ’.f—i hww)
Jj=1 Jj=1

The following theorem is proved in [8].
Theorem 3.1. ([8, Theorem 2.1] Let U be a countably infinite set and let H™ (U) = (H(U), w,)
be as defined by Eq. (8). Then for | r: | € Urand | j: 1 € Ut in K™ (U), we have

u

k+¢

24) [ Ju [ §] = Z (HCZW)( ))[ gt

(o, ¥) € Jie i=1
FeZ& | = 1A+ 19

where Cf‘f i) is given in Eq. (23) and @i (¥ is given in Eq. (21).
Then by Corollary 2.2, we have

Theorem 3.2. With notations as in Theorem 3.1, we have

k+€
(25) o iy= Y ([ ak, )
(. ¥) € Ie i=1 @)

PeZ50 1= 7 +14

Assume ry, s > 2. Taking the sum  }] >, on both sides of Eq. (25), we obtain the

Uy, Uzl vy vezl
generalization of Euler’s decomposition formula of two MZVs in [8, Corollary 2.5].

3.2. Special cases. We sketch the computations for some low dimensional cases of Theorem 3.2
and refer the reader to [8, Section 2.4] for further details on the notations.

3.2.1. The case when k = € = 1. Then 7 = r; and § = s are positive integers, and # = u; and
¥ = v, are variables. Let ' = (f,,1,) € Zil witht)+1, = ri +57. If (¢, ) € J1 1, then either (1) = 1
and (1) =2,or (1) =1 and (1) = 2. If (1) = 1 and (1) = 2, then as in [8, Section 2.4], we
obtain

() X)) L(ey)
crlﬁl”” —c,l‘ﬂ]“’ (l)crl“;l”” 2) = ( 1).
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By Eq. (21), we have
im (90,,!,)\7 = (l/ll, Vl).
If y(1) = 1 and ¢(1) = 2, then we similarly obtain

2o _ @) (1 A (A fl—l)
c =c 1)c 2) = )
e = ("

1,81 1,81 r1,81

By Eq. (21), we have il u (, 4V = (v1, uy). Therefore,

1 , -1 ,
( r )( 51 )_ Z (il_l)f( utl :}2 )-I- Z (:l_l)f( :1 ;2 )
t1,h=1,t +tr=ri+s] ' o t1,0=21,t +t=r1+51 ' P

That is,

1 1 131 1 1 n 1 1
PR ri—1 t ’2+ Z s1—1 nyl2
uy vy = (g + v)vy =1 (g + vy

.21t +h=r1+s1 1,21 +h=r1+s1
This agrees with the well-known partial fraction formula [5, Eq. (19)] recalled in Eq. (4).

-

3.2.2. Thecaseof r=1,s=2. Inthiscase[ _ |=[ " Jand[ ' ]=[ """ ]. Letf= (11,1, 15) €
w wi 21,22

Ny oy

Z3 with t; + 1, + t3 = r; + 51 + 5. There are 3 pairs (¢, ) in J; ; and corresponding coefficients

(“’ ¥) are computed in [8].
When e(1) =1,y¥(1) =2 and ¥(2) = 3, by Eq. (23), we have

e g ! ey -1 e 3 1
“n.s = (”1_1), ns @ = (ll+t2—r1—51)’ ns S (Sz 1

When the second and the third terms are nonzero, we have t; + t, > r; + s, and #3 > s,. Then the
inequalities must be equalities and we have c’r’l("i;w)(Z) = ci’](“‘;;w)@) = 1. By Eq. (21) we have

im (¢,¢)\7 = (U1, v, v2).
When ¢(1) = 2, ¥(1) = 1 and ¥(2) = 3, we have
Cfl((?w) = (tl_ll)( ol )a I/—t)LH(%l/,)\j): (Vl,M],VQ),
> 51— Sy—13
and when (1) = 3, (1) = 1 and ¥(2) = 2, we have
Ci(?w) = (t1_11 )( t2_11 )’ il m (w,w)‘_’) = (v1, v, Uy).
’ S1— sy—
Thus from Theorem 3.2 we have
ry 51,82 _ t1—1 11,012,852
f[ ui ]f[ Vi,V ] - Z (rl—l)f[ ui,vi,v ]
t,h,t3 21
Hh+th=r+s

H-1\[ n-1 11,02,13
D YN () G [

s1—1 )\ s2—13 V1,U1,v2
t,h,t3 > 1

Hh+n+t3
=r +s1+5

-1 -1 11,12,13
(o)
s1—1/\s—1 V1,V2,U]



SHUFFLE RELATION OF FRACTIONS

This is Eq. (5).

3.2.3. The case of r = ] =1

s = 2. In this case |

o

r,r2

wi,w2

] and |

Ny oy

I =1

51,52 ]

21,22

Let 7 =

. 4 .
(t1, 0, 13,14) € Z; withty + b + 3 +t4 = r + r» + 51 + 5. Then there are (2) = 6 choices

of (QD, lﬁ) (S 32,2.

If (1) = 1, p(2) = 2, y(1) = 3 and ¥(2) = 4, by Eq. (23), we have [8]

tpd) _

5
7S

c

H-1 -1 .
ri—1J\rn-1

0, otherwise.

By Eq. (21), we have
i (<p,w)‘7 = (u1, ug, vi, v2).
Similarly, if ¢(1) = 3, ¢(2) = 4, ¥(1) = 1 and ¥(2) = 2, then

Hew) _

=22
r,s

c

n-1\[n-1 .
( : )( g ), if Iy =1y
s1—1/\s—1

0, otherwise

and
— -
U (WP)V - (Vl, Vo, Uy, MZ)-

Ifo(1) =1, p(2) = 3, ¥(1) = 2 and Y(2) = 4, then

CZO'D’w) — (1‘1—1 )( -1 )( 3—1 )
7y ri—1 J\ti+tr—ri—s1 J\ so—14 ’

If o(1) = 2, ¢(2) = 4, ¥(1) = 1 and ¢(2) = 3, then

Cf:(%w) — n-1 -1 -1
?’3 s1—1 H+th—r1—s1 ro—ty4 ’

If (1) = 1, 9(2) = 4, ¥(1) = 2 and ¥(2) = 3, then

Hewy _ (1)t (e
?"? s1—1 n+n—ri—s; sp—1 ’

If o(1) = 2, ¢(2) = 3, (1) = 1 and ¥(2) = 4, then

Hew _ (0=1)( ool )13-1
?’f s1—1 H+th—r1—s] rn—1 ’

Then from Theorem 3.2, we obtain

ry,r 51,52

uj,up Vi,V2
: : -1 -1 T[ 11,02,13,52 : : -1
ri—1/\mn-1 Uur,u2,vi,v2 s1—1

Hh=2n>1
Hh+h+t3=r+rn+s

)
t =2,0,53,14 21

n+n+i3+i14 =
ri+rn+s+s

Hh=22nt5>1
Hh+h+t3=r+s1+s2

[ N Gy

1,02,13,14

Uup,vi,u2,v2

(o

11,02,13,12

Ui oV = (1, Vi, Uz, V2).

- 5
U m (‘Psl//)v - (V], up,va, MZ)-

— 2 _
UtV = (U1, v1,v2, up).

- =2
Um o)V = (vi, Uy, Uz, v2).

V1,V2,U1,U2
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-1 n—1 -1 11,02,13,l4
Y (WP (Y (B
si—1J\ti+tp—r1—s1 J\r2—14 VILUL,V2,U2

-1 -1 -1 t,02,13,t4 -1 -1 -1 t,02,13,14
r—1 t1+tHh—r1—s] sp—1 ui,vy,va,un s1—1 t1+tHh—r1—s] rn—1 V1,U1,U2,V2
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