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Abstract

We define renormalised nested sums of symbols on R which satisfy stuffle relations.
For appropriate symbols these give rise to renormalised Euler-Zagier-Hoffman multiple
zeta (and Hurwitz zeta) functions which satisfy stuffle relations at all arguments.
We show the rationality of renormalised multiple zeta values at nonpositive integer
arguments. These results generalise to radial symbols on R™ giving rise to a higher-
dimensional analog of multiple zeta functions.
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Introduction

Multiple zeta functiond]

C(81y.ny8) = Z % 1 (1)

Sk
n
0<ng<---<ni 1 k

converge when 7" Res; > m for all m € {1,...,k} (see [G] Theorem 2.25, AN)E
and can be meromorphically extended to CF, with singularities located at:

s1 = 15
sitss = 2,1,0,-2,—4,—6,...,
si+--+s; € Zﬂ]_oo,j]’jzg,ﬁl,...,k

([AET], see also [Zh] and [G] Theorem 2.25). They satisfy quasi-shuffle (or “stuffle”)
relations on the convergence domairﬁ, an example of which reads:

C(s1) ¢(s2) = ((s1,52) + ((s2,81) + ((51 + 52). (2)
The aim of this article is threefold:

e to extend multiple zeta functions to all arguments s; using a renormalisation
procedure a la Connes and Kreimer, in such a way that the renormalised values
satisfy stuffle relations,

e to prove the rationality of multiple zeta values at nonpositive integer arguments
(s1,...,8k), and the very much related holomorphicity of the maps z — ((s1 —
€1%,..., 8 — cxz) for complex numbers ¢y, ..., ¢; with positive real part.

e to provide natural higher dimensional analogs of multiple zeta functions which
we renormalise in a similar manner.

In our approach, the requirement that multiple zeta functions should also obey stuffle
relations at all arguments boils down to requiring that certain maps define charac-
ters on Hopf algebras given by the tensor product algebras of classical symbols with
constant coefficients (see paragraph [[T.1] for the definition) equipped with the stuffle
productﬁ. Let x be a smooth cut-off function which vanishes around the origin and
such that [£] > 1 = x(£) = 1, and consider the functions o4(&) := x(&) || ~%, which are
elementary examples of classical symbols. It was shown in [MP] that, as N — o0,
for any (s1,...,s,) € CF the sum:

Z JSl(nl)"'USk(nk)

0<np<---<n1 <N

Talso known under the purely greek-rooted expression “polyzeta functions” (P. Cartier). We refer
the reader to e.g. [HI, [Z],[W], [ENR], [CEMP], [Mil, [Zu] among a long list of articles on algebraic
relations obeyed by multiple zeta functions.

2In our opinion, there is a misprint in both references concerning this convergence condition.

3We shall not consider shuffle relations and regularisation relations for multiple zeta values, which,
at least to our knowledge, only make sense at positive integer arguments.

4In [GZ], the authors have a similar approach using a Birkhoff factorisation to renormalise multiple
zeta functions. Our construction should relate to theirs via a Mellin transform.



admits an asymptotic expansion in powers of N and log N, as does the iterated inte-
gral:

/ o5, (x1) 05, () dwy - - day,
r<wp<--<zi SN

(for some r > 0) to which the above sum is related via an iterated use of the Euler-
MacLaurin formula. We define the cut-off nested sum and the cut-off nested integral
of the tensor product o5, ® - - - ® 05, as the respective constant terms in IV, which we
denote by

Chen Chen
ZUSI®"'®JSk and 7[ Osy @+ ® g,
< T

respectively, in honour of K.T. Chen [Ch]. When Re (s1 + -+ + 8») > m for all m
in {1,...,k}, then the above cut-off nested integral and sum both converge and coin-
cide with the ordinary nested integral and sum respectively, which obey shuffle, resp.
stuffle relations. The nested sum is nothing but ((si,...,s;) in this case. However
these shuffle and stuffle properties do not extend in a straightforward manner to cut-off
integrals and sums; nevertheless, a holomorphic regularisation of the symbols (which
perturbs their order) provides shuffle, resp. stuffle relations by analytic continuation
as identities of meromorphic maps. These constructions lead to algebra morphisms
®R (see Proposition [7) and ¥R, (see Proposition [2) defined on Hopf algebras H,
and H respectively, with values in meromorphic functions, where Hy (resp. H) is the
tensor algebra built on the space of classical symbols on R (or a suitable subalgebra
of it) equipped with the shuffle product (resp. a suitable stuffle product) and decon-
catenation coproduct.

Let us make this statement more precise: on the one hand, a holomorphic regulari-
sation R : 0 + o(2) (e.g. Riesz or dimensional regularisation, see section [LI]) extends
multiplicatively to a regularisation R on the tensor algebra of classical symbols defined
by

R(or @+ ®0p) = R(01) ® -+ @ R(0k),
leading to a meromorphic map

Chen
@?(ol®~'~®ak):ZH][ R(01®---®0ok) (2),

with poles of order < k. The regularisation R is compatible with the shuffle product:
R(ocm7) = R(c) mR(T).

On the other hand, one can extend a regularisation R on classical symbols to a regu-
larisation R* on the tensor algebra of classical symbols which is compatible with the
above mentioned stuffle product *, i.e. such that

R* (0% 7) = R*(0) x R*(7).
by “twisting” the regularisation R by the Hoffman Hopf algebra isomorphism from
Ho to H (see section Bl and [H2]). This leads to a meromorphic map

Chen
\IIR(01®---®0k):z»—>Z7%*(01®---®0k)(z). (3)



The meromorphicity property for cut-off iterated integrals and the upper bound on
the order of the poles follow from properties of cut-off integrals of holomorphic families
of log-polyhomogeneous symbols, a natural generalisation of classical symbols which
includes positive integer powers of logarithms (see paragraph [LT.1l and [LJ]). Similar
meromorphicity properties and a similar pole structure hold for cut-off Chen sums
(see section [B.2), which can be derived from the corresponding properties of cut-off
Chen integrals via the Euler-MacLaurin formula. We prove this way (Proposition [6)
that the maps

Chen
(21, 2) = > R(01) (21) @ - @ R (o) (21) (4)

are meromorphic with poles on a discrete set of hyperplanes

J J
¢y 2z €=y ai(0)+[j 00[NZ
i=1 i=1

in the case when «;(z) = «;(0) + ¢z is the holomorphic order of the symbol o;(z).
When ¢;(2)(&) = x(£)|¢]™7 (and hence a;(z) = —z), we recover (Corollary @) the pole
structure 23:1 zi €] — 00, j] N Z of multiple zeta functions recalled at the beginning
of the introduction, up to the specificities in depths one and two which are discussed
later in the paper (Theorem [0)).

The Birkhoff factorisation of these characters (see Theorems 2] [7) then provides
renormalised values at z = 0 for any tensor product o1 ® - - - ® oy, of classical symbols,
which obey the same shuffle, resp. stuffle relations. Applying this to o;(€) = |£]7% x(§)
and a regularisation procedure R, (0;)(z) = x(§) ¢|7si===#=* (4 € R), leads on the
one hand to renormalised continuous analogs of multiple zeta functions (see Corollary
) which obey the expected shuffle relations and on the other hand to renormalised
multiple zeta values (% (sy,...,sx) (depending on the regularisation procedure R) at
all arguments s;, which indeed verify the stuffle relations. Multiple zeta functions are
sometimes considered in their “weak inequality version”:

I e D 6
k

ny
0<ngE<---<m

which are simultaneously renormalised along the same lines.

We show that renormalised multiple zeta functions Z(sl, ooy 8k) and C(s1,. .., Sk)
at non-positive integer arguments are rational numbers which do not depend on the
regularisation chosen, so that we can drop the superscript R in this case (Theorem
[[Q). This is due to the holomorphicity of the maps z — ((s1 + c12,...,sk + cx2) at
these arguments which holds for any complex numbers ci,...,c;. Li Guo and Bin
Zhang |[GZ] have proposed another construction for stuffle-compatible multiple zeta
values. Their construction however makes sense only when all the arguments have the
same sign (positive or negative). They also use Birkhoff decomposition in an essential
way, but starting from a different Hopf algebra, and the values are rational numbers
at non-positive arguments as well.



Proposals for multiple zeta values at nonpositive arguments have already been for-
mulated (see e.g. [G], [AET]) but, ref. [GZ] excepted, without taking quasi-shuffle
relations into account. Let us also mention the work of Jean Ecalle [E] on multiple zeta
functions, in which a brief discussion of values at nonpositive arguments is outlined,
in the language of mould calculus.

We give an explicit formula (in terms of Bernoulli numbers) for double zeta values
(equation (77))). Our double zeta values at nonpositive arguments turn out to coincide
with those proposed by S. Akiyama, S. Egami and Y. Tanigawa at the end of their
paper as:

((=a1, —az) = lim ((—a1 + 2, —a2 + 2) (6)

([AET], Remark 2 therein), but this phenomenon does not survive in depth k > 3.
Our table does not coincide with the table given in [(GZ], except at the diagonal ar-
guments (—a, —a) (as a consequence of the stuffle relations) and at points where the
double zeta function is holomorphic in the two variables, i.e. (—a, —b) with odd a + b.

It turns out that the method outlined above can be applied to more general situ-
ations: the Hurwitz multiple zeta functiondd:

1 1
S1yevey Sk Ulyenn,Ug) i= R :
! ) 0<n;€<z---<n1 (n1 +vp)™ (ng + vg)s* * (7)

are renormalised exactly along the same lines, by considering symbols o, ,(§) =
x(€) (€] + v)~* for some non negative real number v. Here again, at depth 2 we
have

(—a1, —ag;v) = zlLI%C(—al + z,—az + z;v). (8)

Furthermore, the values of renormalised Hurwitz multiple zeta functions at non-
positive integer arguments:

C(=ay,...,—ap; v,...,0)

are rational numbers when v € QQ, but the rationality issue for non-identical rational
parameters v1, ... v is still an open question. Our proof for v; = --- = v = v relies
on the algebra structure on the set of functions {o_q(z) = (x+v)*, 2 >0, a€ N}.
We show that our renormalized Hurwitz multiple zeta values at nonpositive integer
arguments satisfy the two following identities:

C(=ay,...,—a;v+1)=C((—a1,...,—ap;v) — (v+ 1D)*(—a,...,—ar—1;v+ 1) (9)
and
d k
%C(fal,...,—ak;v):Zajg(fal,...,—aj,l,—aj+1,—aj+1,...,fak;v), (10)
j=1

which are well-known for arguments in the domain of convergence. Whereas the mul-
tiple zeta values (Mt (—ay, —as;v) = lir% ((—a1+z,—as+z,...,—ar+2z;v) considered
zZ—>

5The case k = 1 gives the Hurwitz zeta function with parameter ¢ = v+1 since ((s; v) = ((s,v+1).
This non-standard convention somewhat simplifies the notations when dealing with Hurwitz and
ordinary multiple zeta functions simultaneously.



in [AET] for non positive integers a; do not satisfy stuffle relations, they do satisfy
the relations (@) and (0Q) as a result of the corrseponding identities of meromorphic
functions (with respect to the variables s;):

(51, s siiv 1) = (o1, 5030) = (04 D7 C(sr, oy spepv+1) (1)

and:
d k
%g(slv SRR Sk;v) - Zsjg(slv sy 8j—15 55 + 17 Sj41y--s Sk,v) (12)
j=1
In the last part of the paper, we extend the renormalisation procedure described above
to higher-dimensional iterated sums on R™ of the following type:

Z 01 Q- Q ok.

1<|ng | < <|n1|

Here |.| stands for the supremum norm on R”, and the o;’s are radial functions f;o|.|
where f; is an ordinary symbol on R with support in ]0, +o00[. Such a nested sum can
be explicitly expressed as an ordinary (one-dimensional) iterated sum, namely:

Z O1® Qo = Z Anfi®-- @ Ay fr,

1<|ng| < <|n1| 1<ng<---<ny

where A,,(t) = (2¢t+1)™— (2¢—1)" is the natural interpolation of the number of points
in the intersection of the sphere of radius ¢ with Z™.

This yields a natural way to define higher-dimensional renormalized Hurwitz mul-
tiple zeta values (,(s1,...,8k;V1,...,0) in terms of renormalized nested sums of
one-dimensional symbols. When vy = --- = v, = v, these turn out to be linear com-
binations with coefficients given by polynomial expressions in v of renormalized one-
dimensional Hurwitz multiple zeta values, which converge for Re(sy + -« -+ sp,) > nm
for any m € {1,...,k}. An interesting but probably difficult problem is how to build
similar renormalised higher dimensional multiple zeta values with the supremum norm
replaced by the Euclidean norm, the main difficulty arising from the lack of an ex-
act formula for the number of integer points in the euclidean sphere of given radius,
centered at zero.
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1 NESTED INTEGRALS OF SYMBOLS

Throughout this part as well as parts 2 and 3, | - | stands for a continuous norm on
R™, smooth outside the origin.

1.1 Cut-off integrals of log-polyhomogeneous symbols
1.1.1 Log-polyhomogeneous symbols

We partly follow [LJ, Sections 2 and 3. For any complex number « and any non-
negative integer k let us denote by S**(R") the set of complex valued smooth func-
tions on R™ which can be written (&) = Zf:o f1(€)log' |¢| where the f;’s have the
following asymptotic behaviour as || — oo:

F&) ~ > fajuld). (13)
j=0

Here fo—;1(§) is positively homogeneous of degree a — j. The notation ~ stands for
the existence, for any positive integer N and any multi-index -y, of a positive constant
C, ~ such that

N
O F1(6) = Farsal) || < Coun(1+ )R @ N=1=h1,
7=0

with 97 = (6%1)"71 . (%)"”“7 with |[y| = v1 + -+ + v and where Re « stands for
the real part of a. We simplify notations setting S** := S**(R") when there is no
ambiguity on the dimension, which is one in most of the paper, except for Section 5

where it is n > 1. We set:
o0
SO* = U Soz,k,
k=0

and S*F stands for the linear span over C of all S** for o € C. We also define:

o
S = U S*,k
k=0

which is a filtered algebra (with respect to the logarithmic power k) for the ordinary
product of functions. If f € S** and if there is an [ € N such that f,; # 0 in (I3)
we call a the order of f. Note that the union |J,c_yUjeo S™F is a subalgebra of
S§**, and that {J,c_y SV is a subalgebra of S*0. The real order of f € S** will be
defined as:

of) =miA R, T |66 =0,
hence o(f) = Re a for f € §** of order a.

The algebra S** (resp. the subalgebra S*°) coincides with the algebra of log-
polyhomogeneous (resp. classical) constant coefficient symbols on R™, which is often
denoted by C'S** (resp. CS) in the pseudodifferential literature. Typical examples
of classical symbols are the polynomials in n variables, and more generally complex



powers of polynomials, which can be defined for any polynomial provided it nowhere
vanishes on R™ and takes values outside an angular sector pointed at the origin of the
complex plane. Log-polyhomogeneous symbols naturally appear by taking iterated
primitives of suitable classical ones (L], Section 3).

We recall results which belong to folklore knowledge, namely that the definition of
S** is independent of the choice of the norm. This is due to the fact that all norms
are equivalent on a finite dimensional space: Let |- | and |- |; be two norms smooth
outside the origin. Let f € S®* which we write

k Ky

=YD faja(©log €] + finy(€) (14)

=0 57=0
with f,—; positively homogeneous of order a — j and f(y) of order < —N. Then

k Kn

FE& = D> fagu(©log €] + fa(€)
=0 j=0
k Kn

= S us (log|£|1+1og |'§|'1) T Fan(©)

=0 5=0
k Kn

= SN logt el + i (€)

=0 5=0

where we have set

lz|§|
0ot

It follows immediately that f}
proves the claim.

_j,i 1s positively homogeneous of order a — j, which

1.1.2 Cut-off integrals revisited

Cut-off integrals can be defined on the class S** of (constant coefficient) log-polyhomo-
geneous symbols [[]. The result depends on the choice of the norm. We recall however
the asymptotic behaviour of integrals on balls, which can be derived independently of
the specific norm chosen.

Proposition 1 Let ds& be the volume measure on the unit sphere induced by the
canonical Lebesque measure on R™. Let B(0, R) be the closed ball in R™ centered at 0
with radius R and for any 0 < r < R, let us set B(r,R) = B(0,R) — B(0,r). Then
for any fized v and for any f € S** displayed as in ([{[d), the integral fB(T,R) f&)d¢

has an asymptotic expansion as R — 400 of the type

00 k
/B( » f&)de ~pooo Cr(f)+ Z Zpl(fafj,z)(IOgR) RRea—j+n

j=0,a—j4+n#0 =0

k
+ > n(f)log" R (15)
1=0



where the r;(f) are positive constants depending on fi —n, Pi(fa—ji1)(X) is a poly-
nomial of degree | with coefficients depending on fo—j; and where the constant term
C-(f) corresponds to the finite part:

Cr) = [ foolds+ /B . 1)f(£) d
N k l+1l|

+ Z Z a—j+ n l+1 /E—l fafj,l(g)dsg

j=0,a—j+n#0 l:O

which is independent of N for N > a+n— 1.

Proof: A proof can be found e.g. in [[] (see also [MP]) and references therein for
the case r = 0. The case r > 0 then easily follows subtracting fB(O " (&) d¢ from the
constant term so that C;.(f) = Co(f) — [, f(£) dS. O

The cut-off integral of f outside the ball of radius r is defined as the finite part
Cr(f), and is denoted by:

f £(6) de. (16)
<[¢]

It coincides with the ordinary integral when the latter converges, but may depend on
the choice of the norm in the general case.

1.1.3 Holomorphic families

Let us first recall what we mean by a holomorphic family of elements of some topo-
logical vector space A. Let W C C be a complex domain. A family {f(2)}.ew C A
is holomorphic at zy € W if the corresponding function f : W — A admits a Taylor
expansion in a neighbourhood N, of zg

RSV G0
f2) =2 f®(20) ==~ (17)

k=0

which is convergent, uniformly on compact subsets of V.., with respect to the topology
on A. The vector spaces of functions we consider here are C(R™,C) and C*°(R",C)
equipped with their usual topologies, namely uniform convergence on compact subsets,
and uniform convergence of all derivatives on compact subsets respectively.

Definition 1 Let k be a non-negative integer, and let W be a domain in C. A simple
holomorphic family of log-polyhomogeneous symbols f(z) € S** parametrised by W
of order a. : W — C means a holomorphic family f(2)(&) := f(z,£) of smooth functions
on R™ for which:

1. £(2)(€) = Y)_g £i(€) log' [¢] with

z)(§) ~ Z f(z)a(z)fj,l(g)'

>0

Here o : W — C is a holomorphic map and f(2)a(z)—j,1 s positively homogeneous
of degree a(z) — j.

10



2. For any positive integer N there is some positive integer Ky such that the re-
mainder term

k Kn

Fon(2)(©) = FE)E) = DD F(2)a(m—ia(§)log" €] = o(l¢[ )

1=0 j=0

is holomorphic in z € W as a function of & and wverifies for any € > 0 the
following estimates:

0L 0% iy (2)(€) = o([g] N~ 1PIFe) (18)
for ke N and g € N™.

A holomorphic family of log-polyhomogeneous symbols is a finite linear combination
(over C) of simple holomorphic families.

Note that the notion of holomorphic order a(z) only makes sense for simple holomor-
phic families. Cut-off integrals of log-polyhomogeneous simple holomorphic families
behave as follows: [LJ:

Proposition 2 Given a non-negative integer k, let {f(2)} be a family in S** holo-
morphic on W C C and simple. Let us assume that the order a(z) of f(2) is of the
form a(z) = —qz + «(0) with ¢ # 0. Then the map

21 f(2)(6)
R’Vl
is meromorphic with poles of order < k + 1 in the discrete set:
0)+n—73 .

ot (=, +o0jnz) = (2O =d q" . jeny.
1.2 Nested integrals on classical symbols
Let us introduce the following nested integrals of symbols on compact sets:
Definition 2 Given R > r > 0,

Chen

/ 0'1 ® N ® Uk
B(r,R)

/ 4y - dp 01 (61) 03(E2) -~ (€8
r<[k|<|€k—1]|<--<|&1|<R

dry - dry fi(r1) - fe(re)

/TSWSTklﬁ'"STlSR

where we have set fi(r) == "1 €|=1 o;(ré) ds€.

These nested integrals correspond to ordinary nested (or iterated) integrals

/ w1 A - N\ Wi,
r<rp<--<ri<R

with w;(t) = fi(t)dt. As such they enjoy the usual properties of one-dimensional
nested integrals (see e.g [Ch], or Appendix XIX.11 in [Ka]):

11



Definition 3 The tensor algebra T (S**) := @y (S**)®* (over the base field C) is
equipped with a shuffle product:

(O—1®...®O'k>]_ﬂ(0'k+1® ®O’k+l Z o 71(1 '®O—T*1(k+l)
TGEkl
where T runs over the set Xy of (k,1)-shuffles, i.e. permutations T on {1,...,k+1}

satisfying (1) < --- < 7(k) and 7(k +1) < --- < 7(k +1).

The shuffle product and the deconcatenation coproduct:
k
A1 ® - @ o) Z01®"'®0j)®(0j+1®"'®0k)
=0

endow 7 (§**) with a structure of connected graded commutative Hopf algebra. This
algebraic construction holds if we replace S** by any vector space [H2]. As in the
case of ordinary nested integrals, we have the following shuffle relations:

Proposition 3 For any o,7 € T (8**)
Chen Chen Chen
/ ouT = / / T. (19)
B(r,R) (r,R) (r,R)
Proof: We may assume that ¢ and 7 are indecomposable elements. Setting o =

n - Gopadr = n - ©n, flr) = o, or)dst and g,(r)
e f\g\:l 7;(r€) ds& we have:

Chen Chen
/ ocmT = / (i@ @fi) W (1@ @gq)

B(r,R) [r,R]

Chen Chen
/ i@ @ fu / OBy
[r,R] [r,R]
/Chen /Chen
B(r,R) B(r,R)
where we have used the shuffle property for usual nested Chen integrals between the
bounds r and R. O

Finally, let us recall Chen’s lemma:

Proposition 4 Given o = ®@F_ 0, € @F_8** we have:
Chen Chen Chen
/ o = / o+ / o
B(r,R) B(r,A) B(A,R)
Chen Chen

G=1,.. k=17 B(A) B(AR)

To summarise these two facts, the three linear maps |, C(hT ei), S C(h :I})

characters of the Hopf algebra 7 (S**), and moreover satisfy the relation:
Chen Chen Chen
S Juon ™, )
B(r,R) B(r,A) B(A, R)

where * stands for the convolution product.

Chen
and fB(T,R) are

12



1.3 Cut-off nested integrals of symbols

In this paragraph we let R tend to infinity, which requires a regularisation since the
integrals do not a priori converge when R — oo. Let us first recall how nested
integrations can turn classical symbols into log-polyhomogeneous symbols.

Lemma 1 [MP] Let r > 0. The following operator on C>(R™):
BN= [ s 22)
r<|€1<n]

maps S*F~1 to S*F for any positive integer k.

Proof: It follows from setting 12 = || in equation ([3). The smoothness of the norm
outside the origin ensures that whenever f is a symbol, then the resulting map P, (f)
is also a symbol. O

As a result of Proposition Bl the map P, satisfies the following Rota-Baxter relation
(see [MP] Theorem 3):

P(NP9) =B (£ PA9)) + B (Pr(D)g). (23)
Tterating Lemma [[] we get:
Lemma 2 Given o; € S*° and o := ®@%_,0;, for any r > 0 and k > 2 the function
Chen
oShen £ gy (€) 02 ® -+ R ok (24)
B(r,[€])

lies in S**~1 as a linear combination of log-polyhomogeneous functions of order oy +
as+--Fa;j+(j—1)n, j=1,..., k. It has real order w1, where we successively define
wr = Re ai and wj = Re a; + max(0, wjy1 +n).

We can define the cut-off nested integral of ¢ as the cut-off integral of the symbol
oShen namely:

Definition 4 Given o; € S0 i =1,... k, setting o0 = ®%_,0;, for any r > 0 we set

Chen Chen
][ o= pr_,OO/ o. (25)
r B(r,R)

Remark 1 It follows from the above lemma that if 27:1 Re a5 < —nm for any

m € {1,...,k}, then the symbol O’Shen also has real order < —n so that the nested
integral converges and the cut-off integrals become ordinary integrals.

We now want to extend the shuffle relation (I9)) in the R — oo limit.
Theorem 1 Given o € ®f:1 8% and T € ®§:1 SPi:0 then,

1. if all the partial sums a1 + o+ -+ + 1+ o+ - -+ 0, withm € {1,...,k},
p € {1,...,1} are non-integer valued, the following shuffle relation holds:
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2. If one of the two conditions: Re (a1 + -+ ay,) < —nm for anym € {1,...,k},

or Re (B1+ -+ + Bm) < —nm for any m € {1,...,1} holds, the shuffle relation
also holds.

3. IfRe (a1 +- -+ ap) < —nm for anym € {1,...,k} and Re (81 + -+ 0m) <

—nm for any m € {1,...,1} both hold, the shuffle relation moreover becomes an
equality of ordinary nested integrals.

Proof: This follows from taking finite parts when R — oo in Proposition [Bl

a

1. Let us now assume that all the partial sums oy +ao+- -+ + 81+ B2+ -+ 5,

withm € 1,...,k, p € {1,...,1l} are non-integer valued. Under this assumption,
the finite part of the product of the integrals coincides with the product of the
finite parts of the integrals. Let us make this statement more precise: On the

right hand side of
Chen Chen Chen
/ ocumT = / o / T,
B(r,R) B(r,R) B(r,R)

one might expect cancellations of divergences when R — oo which could lead to
new contributions to the finite part. Since the asymptotic expansion of

Chen
[ L
B(r,R) r<[§|<R

when R — oo involves powers R +@2t+am+mn=j for non-negative integers j
combined with powers of log R (and similarly for | g (hr e;) 7 ), such cancellations

of divergences do not occur if a1 + g + -+ 4+ ay + B1 + B2 + - - - + B, do not lie
in [—n, oo[NZ.

. If one of the conditions of item 2 holds, then one of the expressions f g (}; e?%) o or
Chen ’

B(r,R)

either. As a result, the shuffle property also holds in the limit.

T converges in the limit R — oo so that such cancellations do not occur

. If both conditions of item 2 hold, all the integrals converge and the finite parts
are ordinary limits. Taking the limits when R — oo in Proposition Bl yields the
result.

1.4 A continuous analog of multiple zeta functions

We define a continuous analog of multiple zeta functions via nested integrals of sym-
bols. For € > 0, let x. be a smooth cut-off function on R” that vanishes in the ball

B(0, §) and is constant equal to 1 outside the ball B(0, §). The symbols
i(§) = xe(&)I€]™™
lie in $*°. For s := (s1,..., sx) € C* we set 0, := 04, ® -+~ @ 0, and define for r > §,

5:1(§) = ][ Os
r<[€x << |
k

- ]{slzklg dér---dge J ] &7

L€ i=1

14



If s1 > nand sy +- - -+, > nk then, by Remark[I] é,’; (s) converges and the regularised
integrals reduce to ordinary ones. In dimension one we write:

k
Fo= div-di T
r<tp<tp_1<---<t1 i=1

This corresponds to 2_’“5{ (s) the norm chosen being the usual absolute value. This
clearly does not extend to r = 0.

Remark 2 Note the analogy with the usual multiple zeta functions, an analogy which
was made precise in [MP|] via an Euler-MacLaurin formula.

The following proposition gives an analog of the “second shuffle relations” [ENRI,
also called stuffle relations for multiple zeta functions (but without “diagonal terms”,
which arise only in the discrete setting. As such they appear as “ordinary” shuffle
relations).

Proposition 5 Let s = (s1,...,5;) € RF.s" = (sp41,...,5611) € R such that s; +
oo 8y > nm for any m € {1,....k} and Sg41 + - + Sprm > nm for any m €
{1,...,k}. For anyr >0 ) } }

Gn(8) Gu(s)) = Gus ms').
where s 1115’ is defined as usual by:

(815 Sk) I (Sky1s - ooy Skpt) = Z (S7=1(1)s -+ s Sr=1(k1))- (26)

TEEk;L

Proof: It follows from applying the first item of Theorem [l to ¢ = o5 and 7 = oy
since
Os 0y = Ogur g/ -

a

When n =1, ¢ <r and | - | is the usual absolute value, this yields:

{"(s)¢"(s) = ("(swms). (27)

We also describe a continuous analog of polylogarithms in the Appendix.

1.5 Nested integrals of holomorphic families of symbols

Let us briefly recall the notion of holomorphic regularisation inspired by [KV].

Definition 5 A holomorphic reqularisation procedure on S** is a map

R:8"" — Holy (87

where W is an open subset of C containing 0, and Holy (S**) is the algebra of holo-
morphic families in S** as defined in Section 1, such that for any f € S**,

1. f(0) =7,

15



2. the holomorphic family f(z) can be written as a linear combination of simple
ones:

f(2)=)_ i),

the holomorphic order a;(z) of which verifying Re oj(2) < 0 for any z € W
and any j € {1,...,k}.

The holomorphic regularisation R is simple if for any log-polyhomogeneous symbol
f € S*F the holomorphic family R(f) is simple.

A similar definition holds with suitable subalgebras of S**, e.g. classical symbols S*°
instead of log-polyhomogeneous ones. Simple holomorphic regularisation procedures
naturally arise in physics:

Example 1 Let z — 7(z) € 8 be a holomorphic family of classical symbols such
that 7(0) = 1 and 7(z) has holomorphic order t(z) with Re t'(z) < 0. Then

R:ow—o0(z):=07(z)

yields a holomorphic reqularisation on S** as well as on S*°. Choosing 7(2)(€) =
x(&) + (1= x(€)) (H(2) |€|7%) where H is a scalar valued holomorphic map such that
H(0) =1, and where x is a cut-off function as defined in the introduction, we get

R(0)(2)(€) = x(&)a (&) + (1 — x(&)) (H(2) o [¢] ). (28)

Dimensional regularisation commonly used in physics is of this type, where H is ex-
pressed in terms of Gamma functions which account for a “complezified” volume of
the unit sphere. When H = 1, such a reqularisation R is called Riesz regularisation.

From a given simple holomorphic regularisation procedure R : o +— o(z) on §*° which
yields ordinary regularised integrals

R
f o?ﬁ%ﬂf‘ o(2)(€)de, Vr>0,
r r<[¢|

we wish to build regularised nested integrals

R,Chen R
][ 01&--- Qo ::][ o1(&1) - o (Eg) déy - - - dEg,

<[] < <6 |

with the following

1. For k = 1, the nested integral coincides with the ordinary regularised integral
JCR
o

2. It coincides with the ordinary Chen nested integral

Chen
JE T o1(61) -+ on(6) de - - d
r <€kl < < E |

on symbols o1, ..., 0 with respective orders a1, ..., oy such that Re (aq +---+
am) < —nm for any m € {1,...,k}.
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Given a simple holomorphic regularisation R : o — o(z) on S*°, we can assign to
0 =01 ® -+ ® op holomorphic maps

2 R(0)(2) = 01(2) @ - @ op(2). (29)

Clearly, for any tensor products 0 = 01 ® --- ® o and 7 = 71 ® --- ® 7, we have
R(c ® 7) = R(0) ® R(7), so that the regularisation is compatible with the shuffle
product:

R(omr)=R(c) mR(T). (30)

Proposition 6 Let R : 0 — {o(z)}.ew be a holomorphic regularisation procedure
defined on a neighbourhood W of 0 in the complex plane. Given any non negative real
number r, for any o; € S®0, i=1,... k, the map

Chen
z»—>][ 01(2) ® - @ op(z)

is meromorphic with poles of order at most k. If moreover the holomorphic reqular-
isation is simple and if for any i € {1,...,k} the symbol o;(z) has order a;(z) =
—qz + «;(0) affine in z with ¢ > 0, the poles lie in the discrete set of points W N Dy,

with: i _
T qu(0) + jn —
Dy = | I{ZHO‘(,)H” 7,7€N}.

J4q

Jj=1

Proof: This result extends Theorem 5 in [MP] in the case » = 0. The first assertion

follows from
Chen Chen
o=, ™ @
. HE

The second assertion comes from the fact that by Lemmal[2] (a(z))Chen lies in S*F~1 as
a linear combination of functions in $*7=1 of order o (2)+aa(2)+- - +a;(2)+(j—1)n,
j=1,..., k. Applying Proposition[2] we infer that the map z — JC\EPT (O‘(Z))Chen (&) d¢

W, v € N. A closer look shows that the symbols of

order a1 (z) + -+ -+ a(z) + (j — 1)n arise from the j-th outermost integration so that
poles at z;~ are of order j. O

has poles at z; ., :=

1.6 Shuflle relations for renormalised nested integrals of sym-
bols

Proposition 7 Given an open neighbourhood W of 0 in C and a holomorphic regu-
larisation R : 7 — {7(2)}.ew on S*°, for any non-negative real number r the map

R T (8% — MW)
Chen
o ][ R(0o)

defines a character from the commutative algebra (T (8*’0) ,Lu) to the algebra M(W)
of meromorphic functions on W.

17



Proof: By Proposition B ®F is M(W)-valued. Applying Theorem [ to R(0)(2)
and R(7)(z) for any two 0,7 € T (§*Y), which makes sense outside a discrete set of
complex numbers z, we have by (B0):

(I)F(O' mr) = ][Chen (Q(U jats 7)('2))
TChen
- {7 (R mREE)

<]{Chen7é(o—)(z)> <]{Chen7é(7)(z)>

= (o) DF(7)

as an equality of meromorphic functions, from which the above proposition follows. O

Theorem 2 Let W C C be an open neighbourhood of 0. Given a holomorphic regu-
larisation R : 0 — {o(2)}.ew on classical symbols, for any non-negative real number

r the regqularised integral f—TR extends to a character
o (T (8*°),m) —C

on the tensor algebra equipped with the shuffle product, given by ¢F := @Z?_,_ (0) from

the Birkhoff decomposition of the M(W)-valued character ®. It coincides with ﬁChen
on tensor products of symbols with non-integer partial sums of orders, i.e.:

Chen
¢F(01®---®ak)=][ 01® - @0y,
for any o; € 8%V i = 1,...,k whenever the (left) partial sums of the orders oy +

Qo+ -+ am, m=1,...,k are non-integer valued.

Proof: For convenience, we temporarily drop the subscript . The Birkhoff decom-
position [CK], [M] for the minimal subtraction scheme reads:

R = (PR« BF,

where * is the convolution defined from the deconcatenation coproduct by ¢ * (o) =
P(0)+¢(0)+ ) ¢(0’)-¥(0”) with Sweedler’s notations and where ®% (o) and @R (o)
are defined inductively on the degree of 0 € T (5*70). If m denotes the projection onto
the “pole part” 2~*C[z71] we have:

R = —m |OR 4+ R (o) aR(0")|, Of=(1—7) 2R+ R (o) dR(0")
(o) (o)
(31)
Since @f is also a character on (T (8*’0) ,LU), it obeys the shuffle relation:

O (o1m7) (2) = @F(0)(2) L (7)(2) (32)
which holds as an equality of meromorphic functions holomorphic at z = 0. Setting

o™ = @%(0),
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and applying the shuffle relation (32) at z = 0 yields
@R (o m 7) = ¢ (a) ¢ (7).

Now suppose that 0 = 01 ® -+ ® o is such that none of the (left) partial sums of
the orders ay + s + -+ + ay, m=1,...,k is an integer. Due to the particular form
of the deconcatenation coproduct, the component ¢’ shares the same property (with
k replaced by the degree of ¢’). In other words, the linear span K of such ¢’s is a
right co-ideal of the coalgebra 7 (S*°). For any o € K, the map z — ®%(0)(z2) is
holomorphic at 0 since poles only occur for values zy such that the partial orders lie
in Z. In particular 7(®%(0)) = 0, and it moreover shows for k = 1 that:

®% (o) = 0 and ®F (o) = ®%(0). (33)

On the grounds of the above recursive formulas for ®® and ®% we can then prove
inductively on k that (33) holds for any &, from which we infer that

Chen

Chen
¢R<o)=¢>R(o)(0)=][ 01(0)®"'®0k(0):][ 18- ® 0y
since 0;(0) = 0;. O

Motivated by this result we set the following definition.

Definition 6 Given a regularisation R : 7 +— {7(2)}.ew on S*°, we define for
any non-negative real number v and any o1, . ..,0x the renormalised Chen integral of

01 Q- Qo by Chen R
en,
f e=dto

We illustrate this on an example which offers a continuous n-dimensional analog of
regularised multiple zeta functions familiar to number theorists. For any s € R we set
for some non negative real number v

905,71(5) = X(é)(|§| + 1))75

where x is some smooth cut-off function around 0. For 4 € R let 7, : C — C be a
holomorphic function such that 7,,(2) = z+pz?+o0(2?%) for 2 — 0 (e.g. v, (2) = =)
Ry:o = (1=x)o +xolél (34)

in which case
R (05) ~ Pty (2)-

Applying the above construction with » = 0 yields for non negative real numbers
v1, ...,V renormalised quantities:

~ Chen, R,
C’ﬁ(sla . '78k;U13 e 7Uk) ::][ @517"11 ® o ® (lpskavk-

When vy = --- = v, = v we set

CH(s1y. vy sk30) = CH(S1y v, SE3 VL, - o, UR).
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Corollary 1 For any n € R, n € N and for any two words u,v with letters in C we
have:

Chi(u 'y v) = (s v) - G (u's v).
Proof: This is a straightforward consequence of Theorem [2] applied to R,, and o; =
Sosi,v- D
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2 DISCRETE SUMS OF SYMBOLS

We denote by |.| the usual absolute value on R. The notation P** stands for posi-
tively supported symbols, i.e. symbols in S**(R) with support included in ]0, +ool.
We keep mutatis mutandis the notations of subsection 1.1: in particular P*° is a
subalgebra of the filtered algebra P*:*.

We investigate in this second part a discrete counterpart of the results of part L.
We will mostly stick to dimension n = 1: the reason for this lies in the crucial use of
the Euler-MacLaurin formula. To the best of our knowledge a higher dimensional ana-
logue, the Khovanskii-Pukhlikov formula ([KSW2], [GSW]) exists only on polytopes,
i.e. on balls with respect to norms which are not smooth outside the origin. The suit-
able framework for dealing with nested sums is then not clear. We return however to
a higher dimensional situation at the end of the paper by considering radial functions
with respect to the supremum norm |.|o in R™, namely functions o = f o |.|oc with
fepr.

2.1 Discrete sums versus integrals of symbols

A Rota-Baxter operator on an algebra A (defined, say over a field k) is a linear operator
P : A — A such that the relation:

P(f)P(g) = P(P(f)g+ fP(9)) = OP(f)P(9) (35)

holds for any f,g € A. Here 0 is a scalar in the field k called the Wejghtﬁ. The operator
P . fp*,k N fp*,k-}-l:

P(f)(n) = / " 16 de

satisfies the weight zero Rota-Baxter relation. On the other hand the operator P
defined on sequences f : N — C by:

P(f)(N)=>_ f(k) (36)

=0

satisfies the Rota-Baxter relation of weight 1, whereas the operator Q = P —Id satisfies
the Rota-Baxter relation of weight —1. We now want to compare the behaviour in
the large of the continuous integrals P(f) with that of discrete sums P(f) when f is
a positively supported symbol (note that the sum actually begins with m = 1 in this
case). In order to compare P(f)(N) and P(f)(N) for large N we make use of the

Euler-MacLaurin formula ([Ha],[KSW1], see also [MP]). Formula (6) in [KSWI] for
f e P yields:

PUNN) =~ P(HWN) = 37N+ 32 26D (a)

1 N
N m/o Barci1(x) fED (2) da. (37)

6Some authors use the opposite sign convention for the weight.
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with By (z) = By (z — [z]). Here Bi(z) = Zf 0 ( ) Bi—; 2* are the Bernoulli poly-

nomials of degree k, the B; being the Bernoulli numbers, defined by the generating

series: " B
etflzz,ﬁt’
so that
B 1, B 1B 1B ! B 0for j>1
— S —— =—— ... i+1 =0 for :
0 , b1 5 P2 = 50 P 30’ ) 2j+1 )=z

Proposition 8 For any f € Pk and any j € N chosen large enough the function
P(f) defined by:

P(f)(n) = P(f)( +Z Jf(] 1)
- ﬁ/j Bar41(x) f 5D (2) da. (38)

lies in PotLk+l 4 POk 4nd the difference P(f) — P(f) lies in P*F.

Remark 3 Note that when n = N G N then P(f)(N) = P(f)(N). Hence P is an
interpolation of P. Of course Q := P —1d is an interpolation of Q in the same sense.

Proof: The sum 3 f(n )+Z2K ?J fU=1(n) lies in P**, whereas the integral P(f) lies

in patlh+l 4 pOk+l  The result then follows from splitting the integral remainder

term into +OO(...) - f:oo(...): the first term in the sum is a constant for large enough

K, and the second term is a symbol (with respect to the variable 1) with arbitrarily
small order a — (2K + 1) as K grows, which lies in P**. 0

We are now ready to introduce cut-off sums.

Corollary 2 Forany f € P** and any positive integer N, the discrete sum ErZX:O f(m)
has an asymptotic expansion when N — oo of the type (I3) so that we can define the
following cut-off sums as finite parts:

N
S>fi= > flm)
NHOOm:O

which coincides with > f := fp Zfi;é f(m) whenever the order of f does not belong
N —o00
t0 {0,1,2,...}.

Proof: When f € P** the maps  +— P(f)(n) and 7 +— P(f)(n) — f(n) lie in P*k+1
and therefore have the expected asymptotic behaviour as n — oco. Setting n = N
and picking the constant term in the N — oo expansion yields the cut-off sums > f
and > f. They a priori differ by fp f(N) which vanishes whenever f has order

N—o0
ad{0,1,2,..}. O
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Proposition 9 Given a holomorphic regularisation R : h + h(z) on P**, for any

f e Pk, the map
e f 16 =X 1)

is holomorphic for any f € P**.

Consequently, the map z — 3 f(z) is meromorphic with the same poles (of order
< k+1) as the map z — {5 f(2), which lie in the discrete set a~' ({—1,0,1,2,...})
whenever f(z) is a simple holomorphic family of order a(z). Moreover, 3 f(z) and
> f(2) coincide as meromorphic functions.

Proof: Let f — f(z) be a holomorphic perturbation in P**. By Definition (B

in Proposition [§ the difference fpy_, . P(f(2))(N) — fpy_ oo P(f(2))(IN) is holomor-

phic. On the other hand, since the map z — ff(2) = fpy_ o P(f(2))(N) is mero-
morphic with poles of order < k 4+ 1, the same property therefore holds for z —
PN P(f(2))(N) =3 f(2) and hence for X f(z). When the regularisation is sim-
ple these poles lie in the discrete set ! ({—1,0,1,2,...}) where a(z) stands for the
order of f(z). Outside these poles, the sums > f(z) and 3, f(z) coincide so that they

coincide as meromorphic functions. 0O

On the grounds of this result we can set the following definition:

Definition 7 Given a holomorphic regularisation R : f +— {f(2)}.ew on P** we
define for any f € P*F the regularised sum

R
> fi=fp Y f)

where by finite part we mean the constant term in the Laurent series expansion.

2.2 The Riemann and Hurwitz zeta functions as regularised
sums of a symbol

Let v be a non-negative real number. Riesz regularisation R : f(z) — f(z)|z|™*
applied to the symbol fs., : @ +— (x+v)~*® for any s €]0, +00[ gives rise to the Hurwitz
(-function’]:

R S
((s;0) == fow = pOZ(n )R
=Y n=1

We recall the following elementary property of the Hurwitz zeta function on its domain
of convergence:

((sso+1)=((s;0) — (v+1)7"

In the following, we investigate its values together with the values of its derivatives

d
%g(s;v) =—s((s+ 1;v)

at non-positive integer points.

7see Introduction for the notation convention
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Let us first recall the Euler-MacLaurin formula ([Ha], see also [C2], [KSWT]). For
any f € C(RT) and for any integer K > 0,

> N 2K
Z f(n) = / f(z)dz + M + Z % (f(k—l)(N) B f(k_l)(l))
n=1 1 k!

’ m /1 B () [ (@) da, (30)

with By (z) = By (z — [2]) and where B, (z) = >_, (}) Bu—k 2" are the Bernoulli
polynomials, the B; being the Bernoulli numbers. For any ¢ € R and m € N— {0} we
use the notation:

[a]m :==ala—1)---(a—m+1) (40)

which should not lead to any confusion with the integer part [a] of a. The following
proposition yields back the known Hurwitz zeta values at non positive integers (see
e.g. [C2]) as well as their derivatives w.r. to the parameter.

Proposition 10 Let z — v(z) be a holomorphic function with v'(0) = 1. Let X €
C—{0}. The map z — > (n+v)**) is holomorphic at zero for any a # —1. For
n=1

A . Bai1(1
any a € N and any non negative real v the Hurwitz zeta value ((—a;v) = —%
can be obtained as:
o0
ya- M(2) — 1 a—Xy(z) 41
Ez:n—i—v Z%Z(n—i—v) . (41)
In particular it is a rational number when v is rational. When a = —1 the residue at

0 which reads %, is independent of v. Similar formulae hold for the derivatives at non
positive integers:

d .
%C(—a;v) = a((—a;v) if a 7é 0
= —1 if a=0.

Proof: Applied to f(z) = (z + v)® with a € C, the Euler-MacLaurin formula gives:

Z (n+v)a:(N+U)a+(1+U)a+/l (.T-‘r’())adl‘

2
0<n<N
o~ lali1 [a] N
a—k+1 a—k+1 2K+1 . a—2K—1
+ kZﬂBk ] ((N+ v) —(1+v) )+ m/l Bor1(x) (x +v) dx
N + p)etl 14 v)et! N +0)* 4+ (1 +v)®
- (14&“)%414%1)( PO AT OO gV + 0) — Tog(1 4 v)
N
N a—k+1 1 a—k+1 [al2k 11 / B a=2K—1 g.. (49
+v) —(1+w) )+7(2K+1)! ) 2k +1(2) (x +v) dz. (42)
Let us set
K
R (a) := 7£K2K+11 / Bax 1 (@) (a4v)* 2KV da; Sk (a) == QZBk [“]m (14v)*FF1,
(2K + =
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Replacing @ in [@2) by a — Ay(z) and taking finite parts as N — oo we have:

0 v a—Ay(z)+1 v a—Av(z)
S (i) - (LE0) T S (a-M(2) + B (-2 (2).

- a—My(z)+1 2
(43)
Hence Res._o>-(n + v)*~ () = §,,, +. Taking the finite part at 0 then yields:
1
= a—Ay(z) (1 + U)aJrl (1 + U)a
fpzzozl(n+v) = —(1—(()‘(1_;,_1)017“—6@4_1 10g(1+’l})+ 5 —SK(G)+RK(G),
which for a non negative integer a gives:
> L la+1 Bai1(1+v)
. a—Xy(z) _ a+1 _  Pa+l
lim 3 (n 4072 = Z( : )Bkuﬂ) = Benllty)
0 k=0
We now turn to derivatives. Since d%((s; v) = —s((s+1;v), at a non negative integer
a we have:
d . a=y(2)
plCwy) = b ((a=Xv(2) > (n+v)
= 1
= a f n+0)ME i g £0
i 50};( ) #
- _ a=Av(z) —
A E{:eoszl(n + ) if a=0
so that
d .
Lo(-aw) = ag(-av) i a0
1
= —/\X:— if a=0.
O
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3 NESTED SUMS OF SYMBOLS

3.1 The Hoffman isomorphism and stuffle relations for discrete
nested sums

We recall here the explicit construction by M. Hoffman ([H2]) of an isomorphism
between the stuffle Hopf algebra and the shuffle Hopf algebra.

Definition 8 Let k,l,r € N with k+1—1r > 0. A (k,1)-quasi-shuffle of type r is a
surjective map w from {1,... k+1} onto {1,...,k+1l—r} such that 7(1) < --- < 7(k)
and 7k +1) < --- < w(k +1). We shall denote by mix sh(k,l;r) the set of (k,1)-
quasi-shuffles of type r. The elements of mix sh(k,[;0) are the ordinary (k,1)-shuffles.
Quasi-shuffles are also called mixable shuffles or stuffles. We denote by mix sh(k,1)
the set of (k,1)-quasi-shuffles (of any type).

Let (A, e) be a commutative (not necessarily unital) algebra. Let A be the deconcate-
nation coproduct on 7 (A) = @, A%F, let 11 be the shuffle product, and let o the
product on 7 (A) defined by:

(V1 @+ @ VL) %o (Vkt1 ® - @ Upy1) = Z wi @ - QWi
memix sh(k,l)

wi= I =

1€{1,...,k+1},m(i)=7

with :

(the product above is the product e of A, and contains only one or two terms).

Theorem 3 (M. Hoffman, [H2] theorems 3.1 and 3.3)

° (T(A),*., A) is a commutative connected filtered Hopf algebra.

e There is an isomorphism of Hopf algebras :

exp : (T(A),1m1,A) =5 (T(A), %, A).

M. Hoffman in [H2] gives a detailed proof in a slightly more restricted context, which
can be easily adapted in full generality (see also [EG]). Hoffman’s isomorphism is built
explicitly as follows: let P(n) be the set of compositions of the integer n, i.e. the set
of sequences I = (i1,...,4x) of positive integers such that iy + --- + i = n. For any
u=v;® - Quvy € T(A) and any composition I = (iy,...,i) of n we set:

Iu] == (vy @ 00;;) @ (Viy 410 @ Vjy4iy) @+ @ (Vi 4oty 141 @7+ @ Up).

We then further define:

expu = Z %I[u]

1
I=(i1,..rix ) EP ()

Moreover ([H2], lemma 2.4), the inverse log of exp is given by :

_1\n—k
logu = Z (LI[U]

{2
[:(il,...,ik)ep(n)
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For example for vy, v9,v3 € A we have :
expvy =v1 , logv; =y,

exp(v1 ® v2) = vy ®02+§U1°U2 ) 10g(“l®1)2):121®02*§v1 ® Vg,
1 1
exp(v1 ® vz ®v3) =v1 QU2 ®v3  + 5(01002®03+U1®U2'03)+601002'1)37

1 1
log(v1 ® v ®v3) =11 QU2 Qg — 5(01.02®U3+01®U2.U3)+51)1.1)2.’1)3.

Let V be the space of sequences f : N — C such that f(0) = 0. It is a commutative
algebra for the ordinary product.

Theorem 4 1. Consider the commutative algebra (V,e) where o is the ordinary
product. For any N € N, the truncated discrete nested sums on T (V) defined

by:
N,Chen

Yo he®@f= > film) fu(ng)

0<nE<---<ni1 <N

forany f = f1®---® fr € VOF fulfill the following relations:

N,Chen N,Chen N,Chen
S ($)(5) w
< <

<

2. Whenever the nested sums converge as N — oo, we have in the limit:

Chen Chen Chen
me;(Zf) (Zg>- (45)

3. The same statements hold with the weak inequality version:

N,Chen

o he@f= > film) fulng)

0<ngp<--<n1 <N
provided o is now the opposite of the ordinary product, i.e. vi ® Vo9 = —V1V2.

Proof: It is enough to prove the theorem for f = f1 ® --- ® fr € V®F and
G= frs1 @ ® fry € VO Let us prove the theorem for the weak inequality case.
The domain:

PkJ ::{n1>--->nk>0}><{nk+1>--->nk+l>0}C(N—{0})k+l

P = H Pr,

memix sh(k,l)

is partitioned into:

where the domain P; is defined by:
Pr = {(n1,...,nk41) / N, > N, if m > p and 7, # 7y, and n,, = n, if 7, =}
As we must replace strict inequalities by large ones, let us consider the “closures”

Pr={(n1,...,np01) /N, > N, if m > p and n, = n, if 7, = m,}.
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which then overlap. By the inclusion-exclusion principle we have:

Po- I v II 7P (46)

0<r<min(k,l) memix sh(k,l;r)
where we have set:
Pepi={n1 > >np >0} x {ngy1 > > ngyy >0} C (N—{0})"

Each term in equation (46) must be added if r is even, and removed if r is odd. Con-
sidering the summation of f1 ®- - -® fi4+; over each Py, this decomposition immediately
yields the equality:

> fi(na) -+ fi(ng) > Srrr(igr) -+ frrr (i)

0<np<--<ni1<N 0<np41<-<np41 <N
N,Chen

= ; > M (47)

7€mix sh(k,l)

where ™= f[ ®---® fi,,_, is the tensor product defined by:

™

J ® ?
i€ {1, kY, m(i)=j

The stuffle relations ([@4]) are then a re-writing of equality (@) using the commutative
algebra (V,e). Taking the limit as N — oo provides the second statement of the
theorem. The proof is similar for the strict inequality case, using the domains Py
rather than the “closures” P,. As there are no overlaps the signs disappear in the
formula Q). O

3.2 Cut-off nested sums of symbols and multiple (Hurwitz)
zeta functions

In this section we iterate the interpolated summation operators P and Q defined on
P** by (B]) in a way to be made precise. As a consequence of Proposition[§ we derive
the following result.

Proposition 11 Given o; € P40, i = 1,...,k, setting 0 = 0, @ --- @ o}, the
function o defined by:

o= O’lﬁ(' . Uk,gﬁ(ok,lﬁ(ok))...) (48)

lies in P**~1 as a linear combination of (positively supported) symbols in P+ +am+tm=—1lm-1
m € {1,...,k}. It has real order wy as defined in Lemmald The same holds for the
function (o) defined the same way with QQ = P —1d instead of P.

Proof: Let us first observe that by Proposition B given two symbols 7, € PFA1:1
and 1, € PP2:72 the expression 71 P(72) lies in P*71172+1 a5 a linear combination of
symbols in P#191 and PAr+P2+1Lai+i24+1 In particular, setting 3; = o; and j; = jo = 0
shows the proposition holds when k = 2.

The statement for £ > 2 then follows from an induction procedure on k. Assuming
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that 7 := U2ﬁ(' - Uk—2ﬁ(0'k—1ﬁ(0'k)) ) lies in P**~2 as a linear combination of log-

polyhomogeneous symbols 7 ,,, in Ppozttantm=2m=2 4y varying in {2,..., ki, we
infer from our preliminary observation applied to 71 = o1 and each 73 ,, that oy P(72)
lies in P**~1 as a linear combination of log-polyhomogeneous symbols o1 P(72,,,) in
portarttamtm=lm=1 " c £1  kl,

a

We are now ready to define discrete nested sums of symbols. Combining Proposi-
tions [[1] and [§] shows that the cut-off sums of the symbols & and (¢)" are well defined
so that we can set the following definitions.

Definition 9 For oy,...,0, € P*? and 0 := 01 ® --- @ 01, we call
Chen
Z U::z&(TL): z o1(n1) -+ ox(ng),
< neN 0<ngE<--<ny
the cut-off nested sum of 0 = 01 ®---Qoy. The strict inequality version is defined by:
Chen
Z U::Z(G)’(n) = Z o1(ny) - ox(ng).
< neN 0<np<---<ny

Remark 4 This definition of cut-off nested sums (in its weak inequality version)
matches with the one given in [MP] paragraph 6.3. The restriction to positively sup-
ported symbols allows us to drop the absolute values here.

Corollary 3 The discrete nested sums above converge whenever Re (aq++ -+ au,) <

—m for any m € {1,...,k} in which case they are ordinary discrete nested sums:
Chen
Z o = Z o1(n1) ® - @ op(ng)
< 0<ngp<---<ny
Chen
and Z o = Z o1(n) @ -+ @ op(nk)
< 0<ng<---<ny

Proof: By Proposition[8, the orders of o = olﬁ(~ . ok,gﬁ(ok,lﬁ(ok))...) and o/ =
016( . ~ok,2@(0k,1§(ok))...) coincide with that of gChen = le( . ~ok,215(0k,1p(0k)) )

Since the latter is smaller than —1 under the assumptions of the corollary, the con-
vergence follows from the definition of the nested sums. 0O

€

In the latter case, we drop the bar across the summation sign and write Zgh "o and

ghen o. Let us now apply the above results to 0;(§) 1= 0, 4, (§) 1= (§ +v;) ™% x(x),

where s1, ..., s; are complex numbers and v1, ..., v non negative real numbers. Here
X is a cut-off function which vanishes on | — 0o, e[ with € > 0 and such that x(§) =1
for |£] > 1. This will give back the multiple zeta functions familiar to number theorists
as well as multiple Hurwitz zeta functions which provide a multiple analog of ordinary
Hurwitz zeta functions (see e.g.ﬂ@ﬂﬁ.

8The case k = 1 gives back the Hurwitz zeta function ¢(s,v + 1). We choose these conventions in
order to deal with multiple zeta and multiple Hurwitz zeta functions simultaneously.
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Theorem 5 If Re (s1 + -+ ;) > m for any m € {1,...,k} the discrete nested
sums:

Chen
C(S1yvey Sk} V1yene, ) = Z Osy,0, @05, ), = Z (n+vg) %% - - (ny4v1) ™%
< 1<np<np_1<---<ni
for mon negative vy, ...,v, converge and extend meromorphically to all s; € C by the

cut-off nested sum:

Chen
C(Sla' asky Ul;- .. 7Uk) = E 081,U1 ® o ®08kavk‘
<

Setting v1 = - -+ = v, = 0 gives similar statements for multiple zeta functions

Chen

C(Sla-"vsk) ::Z 05, @+ ®0g,.
<

A similar statement holds for the weak inequality version

Chen
C(S1yvey Sk} V1yen., ) = Z Osy,0, @ @05, ), = Z (n+vg) "% -+ (ny+vy) "5
< 1<np<ng_1<---<ny

Proof: The existence of the extension follows immediately from applying the
results of Corollary B to o; = oy, ,, of order —s;. We postpone the proof of meromor-
phicity to the next section (Corollary E). O

We have the following relations between both versions (see [H]):

C(ay,...,ap; v1,...,0p) = Z Cvl, vl v, ),
I=(i1,....ir)€P(k)
Clar, ... ap; v1,...,05) = Z (=1)F=rCbl, . bE v, ) (49)
I=(i1,...,i,)EP (k)
with bl := a; v yi. 41+ + @iy 4...vq,. For any multi-index o = (aq,...,ax) we
have the following identity between meromorphic functions of (si, ..., sx):
6311 N -83: (81, ey Sky UL, .. ,’Uk) = (—1)'048(111 e sz"“C(sl—i—al, ey sk—i—ak;vl, e ,Uk).
(50)

Higher-dimensional analogues of multiple zeta functions are discussed in Section
Let us also mention the following vanishing result:

Lemma 3 For any non-negative integers aq, . . ., ap and any rational numbers vy, ... vy,
the expression

> (n1 +wv1)™ - (e + vg) ™

0<np<---<n1 <N

is a polynomial expression in N with rational coefficients. The following corresponding
cut-off sum vanishes:

PN oo > (n1 +v1)™ - (ng +vg)** = 0.
0<np<---<n1 <N

30



Proof: First observe that once we know that the expression:

f(N) = S (it v)® e (o)™ (51)

0<n<--<ni <N

is a polynomial expression in IV, then its finite part as N — +oo corresponds to its
value at N = 0. Next, for any rational v the polynomials D% : N +— (N 4+ v)™ —
(N4+v—1)"m > 1 form a basis of the vector space Q[NN]. This means that for
any polynomial P € Q[N] there is a polynomial @ € Q[N] (defined up to an additive
constant) such that P(N) = Q(N +v) — Q(N + v — 1). We obviously get for N > 1:

N
> P(n)=Q(N +v) - Qv),

hence a polynomial expression in N with rational coefficients, which vanishes at N = 0.
The lemma follows then by induction on the depth k, by writing:

FIN) =Y (na+ o)™ ( > (n2+v)“2'--(nk+v)“’“>,

ny=1 0<ng<---<ng<ni

since the expression between parentheses is in Q[n1] by the induction assumption. O

3.3 Renormalised nested sums of symbols

In this section we mimic the construction of renormalised nested integrals of symbols
carried out previously under the requirement that they obeyed shuffle relations. Via
the Euler-MacLaurin formula, which provides a bridge to nested sums, we can similarly
build meromorphic families of nested sums of symbols on R.

Theorem 6 Let W C C be an open neighbourhood of 0. Let o1,...,00 € P*°, and
simple holomorphic perturbations Ri(o1)(2),...,Ri(o1)(z) € P*° with holomorphic
orders ai1(z),...,o(z), z € W, such that Re (o4(z) + -+ + al,(2)) < 0 for any
m € {l,...,m} and for any z € W. Let o := 01®---Q0; and 0(z) 1= 01(2)®- - -Q0y(2)
where we have set 0;(z) := Ri(0;)(z). Then

1. The maps
Chen

(Z1,...,Zk) = Z Ul(Zl)@"'@U[(Zk)

<
are meromorphic with poles on a countable number of hypersurfaces
J
Y ai(z) € —j+N,
i=1
of multiplicity j varying in {1,...,k}.

Chen Chen
2. the maps z — > o(z) and z— > o(z) are meromorphic on W with poles of
< <

order < k.
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3. IfRe (a1 +---+ ) < —j forany j € {1,...,k}, the nested sums converge and
boil down to ordinary nested sums (independently of the perturbation):

Chen,R Chen Chen
z o = lim o(z) = E o,
z—0
< < <
Chen,R Chen Chen
Z o = lim o(z) = E o.
z—0
< < <
These convergent nested sums moreover obey stuffie relations:
Chen Chen Chen
g O ke T = g o - g T, (52)
< < <
Chen Chen Chen
E O *e T = E o - E T, (53)
< < <

where o stands for the ordinary product in the first case, and stands for the
opposite of the ordinary product in the second case.

Proof: We give the proof in the weak inequality case since the strict inequality case
is similar.

1. With the notations of Proposition [Tl and setting o(z;,) 1= 01(21) @ - - - @ o (2x)

we have
> olz) => o) = T P(oz)) (V).
< N—o0

By Proposition [T} the map o(z) lies in P**=1 as a linear combination of
symbols 7;(z1, . . ., z;) in PXi=1 @)+ =Li=1 " j varying from 1 to k.

By Proposition[d the maps (21, ..., 2;) — > 7;(21, ..., 2;) are meromorphic with
poles of order < j on a countable set of hypersurfaces > 7_; a;(z;) € [—J, co[NZ.

Chen
Consequently, the map (z1,...,2;) — > o(z;) is meromorphic with poles of
<

order < j on the countable set of hypersurfaces Zgzl ai(z) € [—j,00[NZ, j
varying in {1,...,k}.
2. Setting z; = z yields the second item of the proposition.
3. By Corollary Bl we know that under the assumptions of the theorem the nested
Chen

sums converge. Consequently, the meromorphic map » o(z) is holomorphic
<

at zero and the value at z = 0 coincides with the ordiﬁary nested sum. The
stuffle relations then hold as a result of ([45)).

O

Applying this theorem to 0i(2;)(§) = x(§) £ (resp. 0i(2i)(§) = (£ +vi) "™, v; > 0)
leads to the following properties of multiple zeta functions.
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Corollary 4 The extensions of multiple (resp. Hurwitz) zeta functions ((z1,. .., 2k)
(resp. ((z1,...,2K; V1,...,0k)) given by Theorem [J satisfy stuffle relations and are
meromorphic in all variables with poles on a countable family of hyperplanes z1 + - - -+
zj €] — 00, j|NZ, j varying from 1 to k.

Remark 5 More can be said about the pole structure for multiple zeta functions of
depth 2 as recalled in the introduction and as we shall see in Theorem [9

When the nested sums do not converge, one does not expect the stuffle relations to
hold in general neither for cut-off nested sums, nor for finite parts of meromorphic
perturbations of these sums, because of extra terms which occur when taking finite
parts that might spoil the stuffle relations. However, just as for nested integrals, one
can use instead a renormalisation procedure which takes care of these extra terms and
thereby build renormalised nested sums which do obey the required stuffle relations.
For this purpose, we first extend a holomorphic regularisation R on P* to one on the
tensor algebra 7 (P*?) which is compatible with the stuffle product (with respect to
a product e which will be F the ordinary product of functions). This can be carried
out by twisting by the Hoffman isomorphism the previously extended regularisation
R compatible with the shuffle product. Applying this isomorphism to any subalgebra
A of P*0 provides a regularisation R* on 7 (.A) compatible with the stuffle product
*e, just as R was with the shuffle product m (see (B0)):

Lemma 4 A regularisation R on any subalgebra A of P*V extends to one on T (A)
defined by ~ ~
R* :=expoRolog

which is compatible with xe:

R*(0 e T) = R*(0) %e R*(1) Vo,7 €T (P*°). (54)
Proof: This is an immediate consequence of Theorem Bl O

Proposition 12 : Let W be an open neighbourhood of 0 in C, let A be a subalgebra
of P*Y, and let R : 7 +— {7(2)}.ew be a holomorphic regularisation on A such that
the perturbed symbol o(z) of any symbol o has order a(z) with Re o/(z) < 0 for any
z € W. We suppose that for any real t there is a z € W such that for any symbol o
of real order t, the symbol o(z) has real order < —1. Then the map

A — MW)
o Z o(z)
extends to multiplicative maps

TR( resp. \II’R) (T (A), %) — MW)

Chen Chen
o — Z R*(0)(2) ( resp. Z 7%*(0)(2))

where o stands for the ordinary product - in the first case, and stands for the opposite
of the ordinary product in the second case. In other words, U™ and 2 satisfy the
stuffie relations:

VR (oxi.7) = UR(o) - UR(7),
VR r) = V0) V(r)
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which hold as equalities of meromorphic functions.

Proof: The proof is carried out along the same lines as for continuous integrals. By
construction, R* (01 ® -+ ® 0y) (z) is a finite linear combination of bullet-products
and tensor products of the R(c;)(z)’s. For example:

R* (01 ® 02)(2) = 01(2) ® 02(2) — %(01 e 09)(2) + %0‘1(2) ® 0a(2). (55)

It therefore follows from Theorem [ that the cut-off nested sums ¥7R(s)(z) and

U (0)(z) define meromorphic functions. Moreover, the compatibility of R* with
the stuffle product x, implies that

Chen

> R0 xe7)(2)

Chen ~ ~

= > R0)(2) % R*(7)(2)
Chen Chen

> R 0)(2)- > RA7)(2),
= UR(0)(2) % TR(7)(2),

\I/R(O' *¢ T)(2)

holds on a common domain of convergence of these sums as a result of the usual stuffle
relations for convergent nested sums (see (52))). This identity of holomorphic func-
tions on some common domain (which is non-empty due to the hypothesis on W and
the regularisation procedure) then extends by analytic continuation to an identity of
meromorphic functions. O

Birkhoff factorisation provides a way to extract finite parts which still obey stuffle
relations:

Theorem 7 Given a subalgebra A C P*Y and a holomorphic regularisation R : o +—
{o(2)}2ew on A which satisfies the same assumption as in Proposition [[2 the map

A — C
—
7 zI:)OZ U(Z)

extends to a character:

Y= ( resp. ’L/JIR) (T (A),*), — C
o — UR(0)(0) ( resp. \I/’f(a)(O))

defined from the Birkhoff decomposition of U™ (resp. \I/’R). It coincides with the
ordinary nested sums Zghen (resp. Zghen) on elements 0 = 01 ® --- ® o}, with
o; € P*Y when Re (a1 + -+ ap,) < —m for any m € {1,...,k}. Here e stands for
the product +- as in Proposition [I2.

Proof: Let us prove the strict inequality case: the Birkhoff decomposition [CK], [M]
for the minimal subtraction scheme reads:

R = (UR) T pR
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with = - (see Theorem [). Since ¥ is multiplicative on (7 (A), %), it obeys the
stuffle relation:
U (0% 7) (2) = U (0)(2) WE(7)(2) (56)

which holds as an equality of meromorphic functions holomorphic at z = 0. Setting
W™= UE(0),
and applying the stuffle relations (B6) at z = 0 yields
U (0 e T) = " (0) Y7 (7).

The tensor products o = 01 ®- - -® oy, with o € P20 where Re (a4 -+ ap,) < —m
for any m € {1,...,k} span a right co-ideal J of 7 (A), namely A(J) C J @ T (A).
The restriction of U™ to this right co-ideal takes values into functions which are
holomorphic at z = 0. By construction we then have:

Chen
YR (0) = ¥ (0)(0) = ¥R (0)(0) = Y o

by a similar argument as in the proof of Theorem [l The weak inequality case can be
derived similarly setting e = —-. O

On the grounds of this result we set the following definition:

Definition 10 For any o € 7 (A), the renormalised nested sums of o (in both weak
and strict inequality versions) are defined by:

Chen,R Chen,R
> o= ¢R(0), > o=y (0).
< <

Remark 6 There are other multiplicative maps from (T(A),*.) to C defined by ¢X o
log with the notations of Theorem[d. Those maps are not related to nested sums.
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4 RENORMALISED MULTIPLE ZETA FUNCTIONS

Recall that multiple Hurwitz zeta functions ¢(s1, ..., sk;v1,...,v%) and ((s1, ..., 85 V1, ..., Uk)
converge whenever Re (s1+ -+ s,,) > m for any m € {1,...,k}, in which case they

obey stuffle relations. In this section, we implement the renormalisation procedure
described in section 10 to extend them to other complex values of s; while preserving

the stuffle relations. We then specialise to nonnegative integer arguments for which

we prove rationality of the renormalised multiple zeta values.

4.1 Stuffle relations for renormalised multiple zeta functions

Let A be the subalgebra of P*© generated by the continuous functions with support
inside the interval ]0, 1] and the set

{feP’, eRy,3Is€C, f(§) = (£+v)”° when £ > 1},

Consider the ideal A of A of continuous functions with support included in the interval
10,1[. The quotient algebra A = A/N is then generated by the elements o, where

s

o is the class of any f € A such that f(&) = (§+v)* for £ > 1. Notice that for

S

any v € R, the subspace A, of A generated by {c?, s € C} is a subalgebra of 4. We

ERl

choose the product e as the opposite of the ordinary product, so that we have:
ceo =—o0' V(o,0')€A* resp. oleol =—0l ., V(o ol)€E AL

Let W be the C-vector space freely spanned by sequences (u1, . .., ux) of real numbers.
Let us define the stuffle product on W by:

T T G B e I N € D SN (7 U/ N (-1

0<r<min(k,l) mE€mix sh(k,l;r)

u;r = g w;

G {1, kA L} () =5

with:

the sum above contains only one or two terms). Define a map u — o from W to
u
T (A,) by:
Oﬂ(Jul,...,uk) : O—Zl ®®0-Zk

Then

Oy ke o = Tpryus -
The same holds with e = - provided we drop the signs (—1)" in equation (&7) defining

the stuffle product on W.

Definition 11 Let W be an open neighbourhood of 0 in C. Let R : o — {0(2)}.ew be
a holomorphic reqularisation procedure on A such that the order condition of Proposi-
tion[IQ is satisfied, and which respects the ideal N', hence giving rise to a reqularisation

procedure on the quotient A. The renormalised multiple Hurwitz zeta functions (with
respect to R) are defined by:

CR(sl,...,sk;vl,...,vk) = 7,/}72(0311@'"@0?:),
R R
C(s1y-- Sk V1, 0p) = YT (0@ @ o).
For vy = -+ = v, = v we simply set
=R R
sty eysiv) =908 o) C (st skv) =9 (0l )
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By Theorem [1 applied to A defined at the beginning of the section, combined with
the fact that the nested sums and the regularisation are well-defined on the quotient
A, we know that 1™ is compatible with the stuffle product:

v
n ’1®®0’5

wR ((Ugll ®...®O-Uk)*(0-:1 k/’)) :wR (0.:11 ®"'®0’::) ’L/JR (U:1 ®...®O.Z/k/)

A 1 o
and similarly for ¢’ R When setting the v;’s equal to some fixed v, Theorem [{ applied
to A, leads to the following stuffle properties of families of Hurwitz multiple zeta
functions which contain the ordinary multiple zeta functions obtained by setting v = 0.

Theorem 8 1. Renormalised Hurwitz multiple zeta values have the following prop-
erties:

Cllunu's 0) =T (ws0) T ('s0) (58)
when the stuffle product * is defined by (57), and:

Fluxu'sv) = ¢ (u0) R (u's0) (59)
when the stuffle product = is defined by [57) with signs (—1)" removed.

2. for any positive integer k, and for (s1,...,sx) € CF such that Re (s1+---+sm,) >
m for anym € {1,...,k}, the renormalised values are independent of R and can
be written as ordinary nested sums:

_R _ e —_

¢ (s1,.-,850) = Do (Ao) (o) = (s, 855 0),
0<s1 < <ny,

CR(sl,...,sk;v) = Z (ny +v)"° - (ng +v)7% =((s1,..., 8k V).

0<s1 < - <ng

This provides the uniqueness of the extension of Riemann multiple zeta functions
to regularised multiple zeta functions satisfying stuffle relations, once the value 6 at

—R
the argument 1 is imposed; see [H], [W], [Z]. Indeed, the expressions ¢ (si,...,Sk)

and (®(s1,...,s;) converge whenever s; > 1 since by assumption, all the s; are no
smaller than 1. When they converge, they obey the stuffle relations (B8] and (B9)
respectively. The uniqueness of the extension to the case s; = 1 then follows by

induction on the length %k from the stuffle relations (B8) which “push” the leading
term s; = 1 whenever it arises, away from the first position and therefore expresses
divergent expressions in terms of convergent expressions. Given a real number u, we
can consider the holomorphic regularisation (cfr. (B34)))

€= Ru(r)(€) = 7(¢) g7+ (60)
which is well defined on A. For example we can consider v, (z) = z+ pz?. In this case

the parameter p plays the role of the constant 6.

4.2 Rationality of (Hurwitz) multiple zeta values at nonposi-
tive arguments

The following theorem provides refined meromorphicity and holomorphicity results for
multiple zeta functions which go beyond the meromorphicity results of Corollary [4l
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Theorem 9 Let v be a holomorphic function in an open neighbourhood W on 0 in
C such that v(0) = 0 and 7'(0) = 1. Letl € N —{0}. Let (f1,...,0) be functions
Bj(z) =bj — c;v(z) such that Re ¢; >0 for j=1,...1.

1. For any v1 > 0,...,v; > 0 the maps

(21,00, 21) — Z (n1 +U1)51(21)...(m +Ul)ﬁz(21)

1I<n;<---<ny

are meromorphic with poles on hyperplanes Y ;v ¢;zi € — Y v b —m+ N, m

varying in {1,...,1} so that poles at (z1,...,2) = (0,...,0) can arise whenever
Yoitibi € [-m;+oo[NZ. Whenl =2 and vy = -+ = vy = v for some non
negative real number v, poles actually only arise when by = —1 or by + by €

{-2,-1,0,2,4,6,...}.
2. Let us assume that by,...,b;_1 € N and b; € Z.

e Ifb; € N, for any non negative real number v, the map

2z — Z (n1 +v)P &) (g - 0)A 3

1<n; <---<ny

is holomorphic around z = 0. Its value at z = 0 is a polynomial expression
in v with coefficients given by rational functions in the c;’s that do not
depend on the choice of ~y.

o Ifb; < —1, the above map is meromorphic with a possible pole of order at
most 1 at z = 0. The restdue at z = 0 is a polynomial expression in v with
coefficients given by rational functions in the c;’s that do not depend on the
choice of .

Remark 7 Our proof, which relies on the algebra structure of the set {£ — (£ +
v)%, & > 0,a € N} does not a priori extend to show holomorphicity and rationality
for all non negative values vy, ..., v which therefore remains an open question.

Proof: By Theorem [l applied to o;(£) = (§ +v;) % x(x) where y is a smooth cut-off
function which vanishes at zero and is identically one outside the unit interval, the
maps
(z1,...,21) — Z (nq +vl)ﬁ1(zl)...(nl+vl)ﬁl(zl)
1<n; < <ny

are meromorphic with poles on hyperplanes Y ;" ¢;z; € —> v b; —m + N with m
varying in {1,...,l} from which we infer the first part of the proposition concerning
the pole structure for a general [ and general b;’s which generalise the results of
Corollary @ In the case [ = 2, more can be said on the structure of the poles; we

postpone the proof, leaving this case for later. Since Re(c¢;) < 0 for any ¢ € {1,...,}
we can set z; = z, from which the meromorphicity of the map z — > (n1 +
1<n;<---<ny

vy)13) . (n; + v)?2) follows. We actually recover the meromorphicity of this map
by the inductive proof below. To prove Part 2 of the theorem, we indeed proceed by
induction on the depth [ and set in order to lighten the notations:

0;(2)(€) == (£ +v)¥ ), with B;(2) = b; — ¢;v(2), (61)
for £ > 1.
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N

niy=

N—

ny=

1. In the case I = 1 we have > (n; +v)?(*) = ((—31(2); v) where, for any v > 0,

1

1

z_: (nl + v)ﬂl(z) ( Z (n2 + v)ﬁZ(Z) Ce (nl + v)ﬂl@))

1

0

lgnl
we have set ((s; v) = >, (n +v)~* which relates to the usual Hurwitz zeta

function (s, v) := >, " o(n+v)"* by ((s; v) = ((s,v +1). The first step of the
induction follows from Proposition [I( which gives

1 ~ Bryi(1+v)

Res C(=01(2)) = Opu1 5 C(=hiv) = E 1 if b eN. (62)

. Now suppose [ > 2. It is useful to observe that each summation raises the order

of the corresponding interpolated symbols by 1, so that to pick out the finite part
as N — oo, which amounts to extracting the homogeneous part of the symbol of
degree 0, we need to take into consideration homogeneous parts of the symbol
of negative degree as we go into the depths of the nested sums, i.e. of degree
> —J after J summations. For a symbol o of order a and for any real w we call
0>, the (finite) sum of terms of real order > w in the asymptotic expansion of
the symbol o. We have for any z in a small neighbourhood of 0:

( Z (ny 4 v)"& o (ny + v)[h(z))

0<n < <n1 <N >0

0<n<---<ny

ni1—1 nj—1—1
> by —by_ge by~ 141

77,221 nlzl

3. We extend the notation [a]; to j = 0 and j = —1 by setting:

lalo = 1, la]_y = ail' (64)

Let us use ([@2) to expand the interpolating symbol @(al (z)) for the deepest sum
Qou(2))(N) = > 0<m <n 01(2) (), writing:

2J;

An)© = Y5 A= (e pprmi_y)
j=0 ’
1
ks [ ) 4 0y, (69)
choosing J; > [% (22:1 b + l)} we have by —2J;, —1 < —by — -+ —bj_1 —1+1

so that we do not miss any terms in (G3)).

The I = 2 case is instructive and worth being treated separately since it presents
some specificities; in that case Jo > [% (b1 + bg)} + 1 so that if by + by is even,

we take Jo = % (b1 + b2) + 1 and if by + b is odd, we take Jo = % (b1 + b2) + %
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Chen

By (65), we have

Z 01(21) ® 02(22) 201 21) @ 02 22))

<

2Js [e'e]
= Y B A [62 z2 <Z n 4 v) ) (n 4 0)REITI Y (g )Pz

0 0

)

_[ﬁz(za)]zbﬂi ((n+v)51(z1)/ B (v) (y+v)ﬁ2<m>—2b-1dy).
1

(2J2+1)! 5
2.J5
= > 5 P (i) - aten) - 15 0) — (-1 )
7=0

n 52(22)]2J2+1Z <(n+v)ﬁ1(zl)/ Boroa(y) (y + v)PG2)-2721 dy>
0 1

(2J2 + 1)!

Since Jy > % (b1 + ba) + 1, it follows that by + by — 2J2 < —1 so that the last
term is absolutely convergent and hence holomorphic. Moreover, we observe
that [ba]aj,+1 = 0 whenever b is an integer since by — 2J5 < —b; — 2 < 0, so

that the last term actually vanishes at (z1,22) = (0,0) in that case. The map
Chen
(21,22) — > 01(21) ® 02(22) is therefore meromorphic with poles on a finite
<

number of hyperplanes by —c1 21 = —landcyz1 +ca29=b1+ba—j5+2, j€E
{0,1,2,4,...,2J5} since Bernoulli numbers B; vanish for odd j larger than 2
and the only pole of the zeta function is 1. Poles at zero therefore only arise
if by = =1 or by + b € {—2,-1,0,2,4,6,...}, thus confirming known results
[AET], see also [Zh] and [G] Theorem 2.25.

The map is actually holomorphic at zero for any value of (b1, bs) along any
hyperplane z; = Azy with A > 0. Indeed, setting z; = A2y in the above
expression gives rise to (simple) poles in z which are compensated by terms
[B2(#)]—1 since these involve a factor z as a consquence of the inequality by —j+
2 = —b; < O resulting from b1 +b2+2 = j. Combining the above results moreover
shows that the evaluation at z = 0 gives rise to a rational number whenever b,
and by are integers as a result of the rationality of Bernoulli numbers.

. Let us now assume [ > 2, thus including the case [ = 2 even though it was

treated separately. We write:

Chen
Z o1(2) @ ®oi(z Zol @ 01a(z1-2) @ o1-1(2-1)Q(01) (21)
<
Chen
which is a finite linear combination of nested sums 3 01(2) ® - ® 07-2(2) ®
<

o1-1(2)oy,;(z) of depth I — 1: with the above choice of J;, by —2J; < — Zi:l b
41 < 0 so that by similar argument as in the [ = 2 case, one checks that the
remainder term 01(2) ® -+ ® 07_2(2) ® 01-1(2)pgs, (z) with:

Z1)12041 ¢ o7
P (2)(€) %/1 Bagi41(y) (y +v)Az)=20=1 gy
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contributes by a holomorphic term which vanishes at z = 0. Applying (65]) we

have:
Z (n1 + v)ﬁl(z) (g + v)ﬁz(z)
1I<n;<---<my
2J; ) .
= Z Hi] (Zl) Z (nl + /U)ﬁl(zl) S (nl_2 + U)ﬁl*Z(z) (nl—l + U)K{—l(zl*hzl)
j=0 1<n; 1 <--<m
+ Kz Y (o)) (g )Py (66)
1< 1 < <ny
with ‘
K1 (z1=1,21) = Bi—1(z1-1) + Bi(z) +1— 4, (67)
j B
Hi(z1) = 7[51(21)13‘—1, (68)
2J; B,
Ki(z) = *Z#[ﬂl(zl)]jfl + Pgi(z) (69)
j=0
The function z — Kj(z) is holomorphic at z = 0 unless b; = —1. The functions

Z Hlj(z) are holomorphic in z =0 unless j = 0 and b; = —1. If b = —1, the
functions 2z — Hp(z) and z — K;(z) have a simple pole in z = 0 with residue
1

1 .
-2 and = respectively.

6. We are now ready to carry out the proof of the second item in the proposition
by induction on the depth I. Suppose that the proposition is verified up to
depth [ — 1. The left-hand side of (G6]) is then meromorphic at z = 0. For any
meromorphic function f let us call I{Zefg (f) the coefficient of 277 in the Laurent

expansion of f at z = 0. In particular Resg (f) stands for the finite part,
z=

Res01 (f) stands for the ordinary residue and Resfo1 (f) stands for the coefficient

z= 2=

of z in the Laurent expansion of f(z). Picking out the coefficient of z=™ in (G
(for some m € Z) we get:

Z (n1 +v)2 @) . (ny 4 0)5 )
1I<n;<---<ni
%2801 HY(2) Regzo—l Z (ny + v)ﬁl(Z) (g + v)ﬁzfz(z) (ni—, + v)ﬁl—l(z)+ﬁl(z)+1(70)
1<n; 1<--<m
RESOI Kl(z) Reswg—l Z (nl + ,U)Bl(Z) . (nl—l + ,U)Bl—l(z) (71)
N - 1<n;_1<--<n

oW (o
s (0) Res™ 3 (1 + )79 (g + 1)) gy + )= D (72)
pl e

p=0 1<n 1 <<y

K, 0
> = v( ! Res™t % (m+0)" @ (g 4 0)Hm ) (73)
>0 P = e i <<m
27, Hlj(P)(O)

Z Z 21V Reg™tP Z (ny + U)ﬂl(z) (o + U)ﬂl—z(z) (ng_1 + U)Kifl(z). (74)

- p! z=0
j=1p>0 1<n;_1<---<nq
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e Suppose first b € N and m > 1 in the equation above. The terms (0] and
() vanish. The terms (72)) and (73)) also vanish according to the induction
hypothesis. According to the induction assumption, all the terms in the sum
((74)) vanish as well, except possibly when p = 0 and m = 1, and when j is big
enough to ensure x]_;(0) < —1. But in that case j > bj_1 + b +2 > b+ 2,
which implies H lj (0) = 0. The left-hand side vanishes then for any m > 1,

hence the function z — 3 (g + )23 (g +0)%3) is holomorphic
1<n;<--<ma
at z = 0.

Now set m = 0 in the equation above. The terms (70) and (1)) still vanish,
and only p = 0 and p = 1 give nonzero contribution in the terms (72),
([@3) and ([4) according to the induction hypothesis. For p = 1, these three
terms are rational expressions in ¢y, ...,¢; and in the first derivative of ~
at z = 0 (which is 1 by hypothesis). For p = 0 this is still the case for
(72) and (73)) as well as for the terms in the sum (74]) corresponding to
J < b+ b1+ 1, again due to the induction hypothesis. The other terms
in the sum (Z4) do not contribute as Hj (0) = 0 for j > b; + 1.

e Now suppose b; < —1 and suppose m > 2 in the equation above. The terms
([@2), [@3) and (4] vanish according to the induction hypothesis. The terms
(70) and (7)) also vanish unless possibly when b, = —1. But in that case
we have b;_1 +b; +1 = b;_1 > 0, and these two terms also vanish in view
of the induction hypothesis. Hence the pole is of order at most one.

Finally set m = 1 in the equation above. Only p = 0 gives a nonzero

contribution in the terms (72)), (73) and (74) according to the induction

hypothesis. The residue Res! is then a rational expression in ci,...,¢q
pi

independent of v according to the induction hypothesis and the explicit

expression of the residues of HY and K; at z =0. O

Theorem 10 Let v € Rt and let Ro : 7 +— (£ 7(2)(&) = 7(£)(€ +v)"%) be the
ordinary Riesz regqularisation shifted by v, and let Ry (7)(2) 1= Ro.»(7)(v(z)) where
is a holomorphic function of z with v'(0) = 1. Let us set 0¥ (£) = x(&) (§ +v) ™% and
o' =0, @ @0, . At non-positive integer arguments s1 = —ai, ..., Sk = —a,
the map

Chen

2 Y Ri(0")(2)
<
18 holomorphic at z = 0 and the renormalised multiple zeta values

Chen ~
(s —ap 0) = lim 3 RA(0)(2) (75)

z—0

is a polynomial of degree k in v with rational coefficients independent of the regqulari-
sation function 7.

Chen _
Proof: Wehave (% (~a,..., —ax) = U5 (0")(2),__ where W%+ (2)(0") = % Rj(0")(z)
= <
is a finite linear combination with rational coefficients of terms of the type:
Chen
Z T —br+ery(z)w @ @ 0 ptey(2),0
<
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where [ € {1,...,k}, where b1,...,b; € N and where the ¢;’s are positive integers.
This comes from the explicit expression:

(~1)hr

Z #O’U ®- - '®UU
Cl! s Cl! —bitery(2) —bi+ciy(z)

Ri(@)(z) = >
I=(i1,...,ir)EP(K)
(76)
where b; stands for the sum of the a’s for s inside the ;' packet of the product com-
position JoI. The result then follows from Theorem [ according to which these maps
are holomorphic at z = 0 and their values at z = 0 rational numbers independent of
the choice of 7. Thus, the restriction of ¥ to the Hopf subalgebra 7 (A, n) of 7 (A,),
spanned by {a”, : £ — x(&) (§+v)?, a € N}, takes its values in holomorphic functions

at z = 0. This implies that ¥ = QR

T |7 (A0

Following these steps and using (B3]), one obtains the following explicit formula for
multiple zeta values (i.e. v = 0) at two nonpositive arguments:

((—a,—=b) = fp > nfTnh

#=0 1<na<ng
b+1
1 b+1 atl ald!
N b+1;< s )BSQ( a—b+s—1)+((=a)(=b) + (-1) 2(a+b+2)!Ba+b+2-(77)

Formula (77) yields the following table of values ((—a, —b) for a,b € {0,...,6}:

((—a,=b)|a=0] a=1 a=2 a=3 a=4 a=5 a==6
b—0 3 L T L L L L
N 8 12 720 120 2520 252 224
p—1 | L | L BN B L B B
n 24 288 240 10080 504 20160 480
_— 7 1 . 1 113 1 307
B 720 240 504 151200 480 166 320
ey || L | | |
n 240 840 504 28 800 480 332640 264
b—4 11 1 113 1 0 1 117977
B 2520 504 151200 480 264 75675600
b5 i B 103 7L 1 i 1 - 691
N 504 60 480 480 1232 264 127008 65520
b—6 7L 7L 307 L B 117977 B 691 0
n 224 480 166 320 264 75675600 65520
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Remark 8 Ifa+bis odd and b # 0, all terms in equation (77) vanish except the one
with s = 1. This yields:

((~a,~b) = —5¢(~a ) (78)

a fact also established by L. Guo and B. Zhang by different means [GZ]. We also have
for odd a :

((=a,0) = =((—a). (79)
This is due to the fact that both wversions of the renormalised value coincide with
the analytic continuation of the double zeta function, which is holomorphic at those
points. As a consequence of the quasi-shuffle relations, the table of values in [GZ] also
matches with ours on the diagonal points (—a,—a). It however diverges from ours at
other singular points.

4.3 An alternative renormalization method

An alternative proposal for multiple zeta values at non-positive arguments can be
found in [AET] (Remark 2 therein) and easily extended to Hurwitz multiple zeta
values at non-positive arguments defining as followdd:

M (—ay,...,—ap;v) = 1imO§(—a1 +z,...,—ag + z;0).

This uses the R regularisation instead of our twisted R* regularisation, so that the
stuffle relations are not expected to hold. Multiple Hurwitz zeta functions at non-
positive integer arguments —ay, ..., —ag are a priori sensitive to the twisting of the
regularisation by the Hoffman isomorphism because of the dependence on the coeffi-
cients ¢; > 0,...,¢; > 0 of the limit lim,_,0((—a1 +¢1 2,. .., —ay + ¢ z;v) studied in
Theorem [@l They nevertheless coincide for depths 1 and 2:

Proposition 13 For any non positive integers a1 and as and any non negative real
number v, we have:

((—ay;v) = Calt(*al;v) and  ((—a1, —az;v) = Calt(*al, —az 1 v).

Proof: This follows from the holomorphicity of the ordinary Hurwitz zeta function
at non-positive integers. O

However, the two methods are expected to differ for depth k > 2; this is confirmed
in the depth 3 case investigated in the following example:

Example 2 For v =0 and any three symbols o1, 02,03 corresponding to non-positive
integer arguments s = —ai, So = —as, S3 = —as, one infers from the explicit formulae
for Hoffrman’s log and exp given in Section [31] that:

7?,*(0'1 ® o2 ®03)(2) = R (01 @ 02 ® 03) (2)

- %(m(z)oz(z) ® 03(2) + 01(2) @ 02(2)03(2) — (0102)(2) ® 03(2) — 01(2) @ (0203)(2))

+ %01(2)02(z)03(z) - 2(0’102)(2:)0’3(2’) - 301(2)(0’203)(2) + % (010203) (2),

9modulo the reverse convention in the order of the arguments
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:111% (C( ar —az +2z,—az + z) + ¢(— a1+z,—a27a3+22)*C(7a1fa2+z,—a3+z)*C(fa1+z,—a27a3+2’))

= lim —(C(—al —a2+2z,—az+z)+((—a1 + z,—az —az + 2z) — {(—a1 —az + z,—az + z) — {(—a1 + z, —az — as —l—z))

so that, using the holomorphicity of the zeta function at non-positive integer argu-
ments, we get

A(—ay, —az, —az) = ((—a1, —as, —az) — (" (—ay, —as, —a3)

In particular, we have

A0, =1, =1;0) = ¢(0, =1, = 1;0) — ¢*'(0, =1, —1;v)

N ni—1 N n3—1
= —fp (Zan—i—UlQZn +v1z+22n1+v n2+v)272z

Z*}ONHOO ni 1n2 1 ny= 17’7,2 1

z—0 N—>oo

1 1 1 1
[EQ(—al —az —az+3z) — ZQ(—al —az—a—3+42z) — ZC(_GI —az —az+2z)+ 5((—a1 —az —az+ z)}

)

N ni—1 N ni—1
—— fp <ZZm+vlzn2+v Zan—i—v #(ng + v)? Z)

ni=1nz=1 ni=1ns=1
By

2-8—3+6)#0.

Remarkably enough, the result does not depend on v.

4.4 Two identities preserved at nonpositive arguments

Hurwitz multiple zeta functions verify the following two identities on the domain of
convergence, namely for any (sq,...,sz) € C*¥ with Re(s; + - + 8,,) > m for all
me{l,... . k}:

g(slv" Sy SE3U A+ 1) = g(sla' ..,Sk;’U) - (’l}+ 1)7516((515' ces SE—13V + 1) (80)

and
k

d
—C(Sl,...,Sk;’l}): *SjC(Sl,...,ijl,Sj+1,S]‘+1,...,Sk;’v). (81)
dv =

The proof is straightforward and left to the reader. We show here that both identities
are preserved at nonpositive integer arguments, for both renormalisations ¢ and ¢?'f.

Proposition 14 For any a1,...,ar € N we have:
C(=ay,...,—ap;v+1) = M (—ay, ..., —ar;v) — (0 +1)* M (—ay,. .., —ap_1;v+1)
(82)
and moreover if ay,...,ar > 1:
d
%Calt(—al, ceey —Ak; ’U) = — Z ajg“alt(—al, ceey —aj_l, —aj + 1, —aj+1, ceey —ak;v).
(83)
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Proof: This follows from the two identities of meromorphic functions (with respect
to the variables s;):

C(s1yeey s+ 1) =C(51,- oy 8k50) — (0+ 1) 7 (81,0, Sk—130 + 1) (84)

and:
d k
%g(slv"'ask;v)zi § Sjg(Sl,...,ijl,Sj+1,Sj+1,...,5k;’0). (85)

j=1

which in turn yield the following identities of holomorphic functions:

((—ar+z,...,—ap+z;v+1) = ((—ar1+z, ..., —ap+z;0)—(v+ 1) T2 (—a1+2, ..., —ap_1+2z;v+1)
(86)
and:
d k
%Q(—al + 2, —ap + 20) = Zajg(—al, cey—Gj—1,—a F 1, =y, — Ak ).
Jj=1
(87)
O
Theorem 11 For any aq,...,a; € N we have:
C(=ay,...,—ap;v+1) =C((=a1,...,—ap;v) — (v+1)*((—ay,...,—ag_1;v+1) (83)
and moreover when ay,...,a; > 1:
d k
%C(—al, Ce,—ag V) = — Zajg(—al, s —Gj—1,—aj+ 1, —ajp, .., —ak;v). (89)
j=1

Proof: Equation (B8) is equivalent to:

k
((=a1,. ., —av+1) =Y (=1 (v + )T Foriif(—ay, . —ag_v),  (90)
r=0
where the term corresponding to » = 0 (resp. r = k) is ((—aq,...,—ag;v) (resp.

(=1)F(v + 1)@ +Fa1) We prove ([@) by induction on the depth k. We denote by &,
any positively supported symbol such that §;(1) = 1 and §;(£) = 0 for £ > 2. We set
0¥ (§) := o(§ + v) for any symbol o, as well as (0 ® 7)” := 0¥ ® 7¥ and so on. Using
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the notations of Theorem [I0] we compute:

C(=ay,...,—ap;v) —C(—ay,...,—ag;v+1)
Chen
= lim > R0l @ ®0},)(x) ~ Ry (o @ @alH)(2)
Chen _ N
= lim > (Rifon, ©©0,,)(2)" = Ri(on, @+ @ 0,,)(2)" )
Chen
= zhi% R*( ®---Qo,,_, ®og 01)(2)
Chen Chen
= ilir(l) R*((aé’l®---®a;’k71)*a;’k51)( )—512% R*(( Q- ®oy ) ®oy  ou01)(2)
k Chen
= > (=17 i > Ri(( ®oy, )x (s, ., 080))(2)
Tkl Chen
= Y ()T e lin 30 R0, ©-- @0k, )(2)
r;1
= D (1) Mo )T (—ay, L —ag ).
r=1

Here we have used Theorem [I0 and the expression (7)) implicitly. Equation (89) is
proved as follows, still applying Theorem Here ai,...,ax are positive integers
(i.e.> 1) with s; = —a;, j = 1,...,k, and the operator d% will also be denoted by a
dot:

d Chen
(a1, —a;v) <Z RE( ng)(z)|z_0>
Chen
— <dv Z R* ol @ a:k)(z)> o (by holomorphy at z = 0)
Chen
(Edv ®%X0bo
Chen d
= <Z %expoR o log(o ®al )( )) o

Chen . k
= (Z (expoRU olog(oy, ®---®ay )(2) + ZeXpORU olog(oy, ® - ®d, @+ ® a;’k)(z)) |
§=0

k Chen
= = (2+s)) <Z expoR, olog(oy, ®--- @0y 11 ®--® 0@%)(2:)) o

= ZajC(—al,...,—aj_l,—aj + 1,—aj+1,...,ak;v).
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5 A HIGHER DIMENSIONAL ANALOG OF MUL-
TIPLE ZETA FUNCTIONS

Using radial symbols we extend the constructions carried out previously in the one-
dimensional case to a higher dimensional setup using nested cubes. Proposition 77
and Theorem relate the higher dimensional multiple zeta functions to the one-
dimensional ones, thus enabling us to carry out to this higher dimensional setting the
techniques implemented in the one dimensional case.

5.1 An algebra of radial symbols

Let |- | be any norm on R™. Let e be the product on complex valued functions on Z"
vanishing at the origin, defined by

1 n
o1 e09(x) = A7) Z o1(z1) - o2(x2) Va € Z", (91)

|71 |=|za|=|x|

where for a non-negative number ¢t = |z| for some x € Z", the number of points with
integer coordinates in the sphere centered at zero of radius ¢ is denoted by A, (t). We
have A,(0) = 1 and, when | - | is the supremum norm |x| = sup? ,|z;| on R", then
A (t) = (2t+1)" — (2t — 1)™ for any positive integer ¢. The product e is commutative
and associative as a result of the commutativity and associativity of the ordinary
product.

Definition 12 For any complex valued function o on Z™ and any x € Z™ let us set:

R (0)(x) := > oy (92)

0<|y|<|z|,yeZ"

This construction can be immediately extended to complex valued functions on R"
provided the function A,, is suitably interpolated to all positive real numbers by a
nowhere vanishing function. We now specialise to radial functions ¢ = fo|-| on R"
in which case the product e reads:

o1 e 03(x) = An(|z])or (x)oa(z). (93)
The radial part p,, of the operator R,,, defined by:

Ro(fol-1)=pa(f)ol-] (94)

reads as follows:

pu(f)(N) == Z An(p) f(p), (95)

0<p<N

where the sum runs over all positive real numbers p such that the sphere of radius p has
non-empty intersection with Z". Let P; = P*° be the algebra of positively supported
classical symbols, let A be a subalgebra of Py, and let M the linear operator on A
with values into radial functions given by:

M(f) = —5=o]-|. (96)
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Let A, be the image of A by the operator M; by ([@3) we have M(f1 fa) = M(f1) @
M (f2) so that M yields an algebra isomorphism from (A, .) onto (A,,, ). This induces
a Hopf algebra isomorphism

M : (Hoo, %) = (Hy, %)

between the two corresponding quasi-shuffle Hopf algebras.

5.2 Higher-dimensional renormalised multiple zeta values

We now specialise to the supremum norm |x| = sup?_; |;| on R™. The reason for this
is that the image of Z" by this norm is equal to N, so that sums over Z™ boil down to
sums over the integers. The methods developped previously in the one-dimensional
situation can then be transposed to the n-dimensional one by means of the Hopf alge-
bra isomorphism M defined in the previous paragraph. We do not know at this stage
how to build meromorphic extensions of multiple zeta functions for radial symbols
when | - | is the Euclidean norm since we do not know how to count the integer points
inside the unit sphere.

We interpolate the number of points with integer coordinates on spheres by setting:
A, () =(2t+1)" — (2t —1)" (97)

for any ¢ > 0. The vanishing of this interpolated A, at ¢t = 0 is harmless as we deal
with symbols which vanish at the origin.

Definition 13 Let A be a subalgebra of Py and let R be a holomorphic reqularisation
Chen,R
on A. Let >  be the renormalised nested sum character of Definition [I0 (in the
<
strict inequality version) on Hy = T (A). The higher-dimensional renormalised nested

sum character on radial symbols is defined by :

Chen,R,n Chen, R
Y o= Y M) (98)
< <

for any o € H,.

The fact that this defines a character for the x, quasi-shuffle product on H,, follows

from
Chen,R

> M o)=¢RoM (o)

where ® : (Hy,%*) — C is the Birkhoff-Hopf character introduced in Theorem [7l A
Chen,R,n
similar definition holds for the weak inequality version Y= : details are left to the
<

reader. We now apply the above constructions to symbol; ol ~(-|+v)~* s €C,
v € Ry i.e. to the algebra of radial classical symbols:

Awi={fol-l, feA}

where A was defined in Paragraph 1l We set the following definition:
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Definition 14 Let R be a holomorphic regularisation on A. Given any s; € C,v; €

Ry and o = (|- | +v;)™% for some non negative real number v, we define the
renormalised multiple Hurwitz zeta values at (s1,...,sk) by
Chen,R,n
CR (51,885 V150 0p) = Z ol R ®ogk (99)
<
where the renormalised nested sum is taken as in Definition [[3 As in the one-
dimensional case, we denote by (X (s1,...,sk; v) the Hurwitz multiple zeta value with
parameters v1 = --- = v = v and define renormalised higher-dimensional multiple
zeta values by setting the parameters v; to zero:
CR(s1yeney81) = CR(s1,...,81;0,...,0). (100)

5.3 Explicit formulae for higher-dimensional multiple zeta val-
ues

The linear map

N:A — A,
fo= N(f)=feol-]
where as before | - | stands for the supremum norm, induces an isomorphism of tensor

algebras N : T(A) — T (.Zn) On the other hand, the composition M o N=1 :

(jn, ) — (A, ®) yields an isomorphism of algebras. Let us observe that

Chen,R
gz;(sla"'ask;vlv"'vvk) = Z MﬁloN(f;}ll@"'@ ::)
<
Chen,R
= Z Ap fr @ @ Ay, f (101)
<
where we have set fJi(t) := (t + v;)7* and where A, was defined in Paragraph

BEI Equation (I0I) yields the following explicit expression for higher-dimensional
renormalised multiple zeta values (here v = 0):

Theorem 12

n n
CR(s1y...,s1) = § 2”k2=’1( _ )( _ )CR(sl—n+2j1+1,...,sk—n+2jk+1).
2j1 +1 2 1
T=(1s sk )s =0y, [ 2] 1t e+
(102)

Examples of particular instances of (I02) are:

((s) = 20%(s)

G(s) = 8% (s—1)
(F(s) = 24CR(s—2)+2¢%(s)
= 4§R(51552)

64¢™ (51 — 1,89 — 1)

)
)
(s1,852)
)
) = BT6CR(sy — 2,50 —2) +48C (51 — 2, 52) + 48¢R (51 — 2, 59) + 4C (51, 52)

c
(X (s1, 82
¥
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5.4 Higher-dimensional Hurwitz multiple zeta values renor-
malized at non positive integers

Since A, (t) is polynomial in ¢ with integer coefficients:

(3]

. n .
An(t) = 2"2J< , )t"QJl, (103)
= 27 +1

wl3

it can be written as a polynomial in the variable ¢ + v with coefficients given by
polynomials in v with integer coefficients. Thus, when vy = --- = vy = v the tensor
product A, fil ®@ -+ ® A, fJ* can be written as a finite linear combination of tensor
products fJ'_, @@ f "y, with coefficients given by polynomials in v with integer

coefficients and for some non negative integers by, ...,bg. By Theorem [0, setting
v; = v and s; = —a; for any i € {1,--- , k}, for non negative integers a; the expression
Chen,R

g foly, @~ @ fF ., is a polynomial expression in v with rational coefficients,

hence following result.

Proposition 15 Multiple zeta values (X (—ay1, ..., —ay; v) at non positive integers are
polynomials with rational coefficients in v. In particular, higher-dimensional multiple
zeta values are rational at nonpositive arguments.
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Appendix: A continuous analog of polylogarithms

We describe a continuous analog of polylogarithms similar to their discrete counter-
parts in number theory. In contrast to the latter, the shuffle relations obtained here
are of the same type as the original ones but they hold on a different Hopf algebra.
We define a continuous analog of polylogarithms setting for 1 > >0, 2] <1, s1 > 1
and s; > 1 for 1 <i <k:

k
Li,(2) = / dty -ty 2 ] 7 (104)
- r<tp<-<t i

Note that .
Li

r ~
S

(1) = "(s)-

Proposition 16 Let s € R¥. For any 0 < z < 1,

1. if s1 =1 then

d - 1 pr

— Li, = — Li

dz Zf(z) zlog z Lsoyysi (Z)
2. Otherwise

d ~r Ler

ELlé(z) - LZ(51,1 825000 Sk)(z)

Proof:

1. Let us first assume that s; = 1.

k
d -r d G ’
—Li(z) = — dty -+ dty — t
dz % dz r<tp<-<t2<ti t z:H2 '
d [e'e] Ztl k o
_ & dto - - - diy, 7[ —dt; H t; %
dz Jr<ti<o<ts<ts o

St1—17% kK
= / dto -+ - dty, |: :| ti—si
r<tp<---<tz<ts log 2 to j—9

1 -~

- _ZIOgZL,L(SZ’.“’Sk)(Z)-

2. Let us now assume that s; # 1.

diry - 4 R
dz" % dz Jr<ty<i<ty =1
k
1 i
_ - dtl dtk t,_él
2 Jr<tp <<ty il 11':]:[2 '
1 ~r
= ;Ll(slfl,SQ ..... Sk)(z)
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O

Following number theorists (see e.g. [CI], [ENR], [W], [Z]), we now restrict our-
selves to positive integer values of the indices s;, in which case ((s) converges if s; > 1
since all indices s; > 1. To keep track of the condition s; > 1 it is useful to introduce

a coding of multi-indices s by words over the alphabet X = {x(, 21} by the rule:

-1 1 ose—1

e R A St SRR O A
This means that an z; arises every time we have s; = 1 for some i. In contrast,
s; > 1 gives rise to xS"*lxl. Condition s; > 1 therefore translates to the requirement
that the word starts with xg. Since the last letter is ;1 whether s = 1 or not, the
words arising from a multiindex (s1,...,$x) must end with z;. Following number
theorists, we call admissible all words starting with zy and ending with z; and set for
any admissible word w = x4
Clearly, restricting to admissible words amounts to considering only convergent cases.
Let us introduce the Q-algebra of polynomials Q(X) = Q(zg, x1) in two non-commutative
variables xg and x; graded by the degree, with z; of degree 1. Q(X) is identified with
the graded Q-vector space H spanned by the monomials in the variables xg and z1. We
equip H with the same shuffle product as in the bulk of the paper, defined inductively
by:

lmw=wml =w;, zjumayw =xz;(ullzrgv)+ cp(z;uo).

For any word w = x4 ending with z; we set [9:

Then the above result translates to:

L () = (=) il (2), (105)

for any non-empty word u and where
1. wj(z) = ——2— if 2; = 71 which corresponds to s; = 1,

T Zzlogz

2. and wj(z) = 1 if z; = xy which corresponds to s; > 1.

Note that
d ~r d o Zt o
—Li = — [ —dt= Tt
dz i, (2) dz J, t /T :
Sl o0 Pt
B [1ogzL_T T logz

These results motivate the following alternative description of generalised polyloga-
rithms extended to all words: let us set Liy(z) = 1 where the subscript 1 denotes the
empty word. On the grounds of equation (I05) we can inductively extend the poly-
logarithms from words ending with x; to all words defining them as primitives that

0Here, as long as |z| < 1, the restriction on the first letter needed for the convergence of the
multiple zeta functions is not necessary anymore.
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vanish at z = 0 (as does the original expression ([05])) for words w = z;u containing
the letter xq:

~ T

i (2) = /O Vwi(v), and Ei)(2) = /0 s (o) Ei ()

if u # 1. For words of the form z{ we set:

~r log® z
Liys(2) = o

These extended polylogarithms still satisfy equations (I05) and therefore coincide with
the original polylogarithms for words ending with z;.

Theorem 13 The map w +— Ez;(z) is a homomorphism of the algebra (H,m1) into
continuous functions on |0, 1[. Equivalently,

T ~ .7

Eiwﬂ.ﬂ wo (Z) = Liwl (Z) Elng (Z)

Proof: The proof goes as for usual generalised polylogarithms by a straightforward
derivation using (I05) (see e.g. Lemma 2 in [Zu]). One shows by induction on the
total degree |wy| 4 |wa| that

di (Ez;l (Z)f/lz,z (z)) = dii (Ez;l —_— (z)) .

z

Hence R R ~
Liy, 11140,(2) = Liy, (2) Ly, (2) + C.

The substitution z = 0 gives C' = 0 for words containing x; and the substitution z = 1
gives C' = 0 for words built from 2y only. O

By (I03) we obtain the following nested integral representation for the words w =
Ti, -+ - x;, ending by z; in the domain 0 < z < 1:

fli;(z):/(K o wiy (21) - wiy_, (2p—1) zpwiy, (21) dzy - - - dzg.
R

If @;, # x1 then this expression is also defined for z = 1 and provides an alternative
nested integral representation for the continuous analog of the multiple zeta functions:

& (w) = / wir(21) -+ iy (2he1) 2fwiy (21) doa -z,
0<z,<---<2z<1

which therefore obey the following shuffle relations:

¢"(wr mws) = ¢ (wr) " (w2). (106)
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