DECOMPOSITIONS AND RESIDUE OF MEROMORPHIC FUNCTIONS WITH
LINEAR POLES
(BASED ON JOINT WORK WITH LI GUO AND BIN ZHANG)

ABsTRACT. Germs of meromorphic functions with linear poles at zero naturally arise in various
contexts in mathematics and physics. We provide a decomposition of the algebra of such germs
into the holomorphic part and a linear complement by means of an inner product using our results
on cones and associated fractions in an essential way. Using this decomposition, we generalize the
graded residue on germs of meromorphic functions in one variable to a graded residue on germs of
meromorphic fractions in several variables with linear poles at zero and prove that it is independent
of the chosen inner product. When this residue is applied to exponential discrete sums on lattice
cones, we obtain exponential integrals, giving a first relation between exponential sums and expo-
nential integrals on lattice cones. On the other hand, this decomposition of meromorphic germs
also provides a key ingredient in the Birkhoft-Hopf type factorization through which we revisited
Berline and Vergne’s Euler-Maclaurin formula on lattice cones, establishing another relation be-
tween exponential sums and integrals.

This is an abridged version of [15].

CONTENTS
1. Introduction 2
2. Germs of meromorphic functions 5
3. From cones to fractions 7
4. From polar germs to cones 8
5. A decomposition of the space of meromorphic germs at zero with linear poles 10
6. Residue for germs of meromorphic functions at zero with linear poles 14
References 19

Date: April 14, 2015.
1991 Mathematics Subject Classification. 32A20, 32A27, 52A20, 52C07, 65B15.
Key words and phrases. meromorphic functions, lattice cones, Birkhoff decomposition, residues, Euler-Maclaurin
formula.
1



2 DECOMPOSITIONS AND RESIDUE OF MEROMORPHIC FUNCTIONS

1. INTRODUCTION

Meromorphic functions play a fundamental role in complex geometry, where they relate to
divisors, bundles and sheaves. A special class of meromorphic functions, namely meromorphic
functions with linear poles, arise naturally in various contexts, in perturbative quantum field the-
ory when computing Feynman integrals by means of dimensional regularization (see e.g. [8])
or by means of analytic regularization' 2 la Speer [23, 24], in number theory with multiple zeta
functions [17, 26] (see also [16, 20, 21, 27], in the combinatorics on cones when evaluating ex-
ponential integrals or sums on cones following Berline and Vergne [2] (see also [11]).

We study these meromorphic functions locally, that is, we study germs of meromorphic func-
tions (or meromorphic germs in short) with linear poles, with the aim in mind to extend to this
context results which are known for meromorphic germs in one variable. Let us recall some basic
results in one variable of direct interest to us for future generalizations to meromorphic germs in
several variables. The space of germs of meromorphic functions at a point—say 0— which we de-
note by M,(C), coincides with the space of convergent Laurent series at 0 denoted by C{e™!, &}}.
A meromorphic germ in one variable has a unique Laurent expansion, so our first task is to es-
tablish a generalized Laurent expansion for meromorphic germs in several variables with linear
poles.

The space C{e~', &}} or its formal version C[&7!, £]], or its twisted version g[¢~!, &]] for a Lie
algebra g, play important roles in various mathematical fields, such as representation theory,
algebraic geometry, mathematical physics. Here are some of its key features:

o It is filtered by the order, say r, of the pole at zero;
e It has a projection: rr, : C{e™!, g}} — C{{&}} giving a decomposition

ey Cle™,e)) = & 'Cle”' 1@ C{e});
e The corresponding filtered algebra

F e Uy—'r, F, =& 'Cf{e}}

r=0
has a residue
Res(f) = iﬂ& (Z'f(z)) forall f €& "C{le}}

which is a graded residue in the sense that it induces a map on the corresponding graded
algebra Gr ¥ = & /¥,/¥,-1, which is compatible with the graded product.

The decomposition (1) commonly used in physics is called the minimal subtraction scheme
and follows from the fact that 7, is a Rota-Baxter operator [10, 12], one of the fundamental
algebraic concepts used for the algebraic Birkhoff factorization in the Connes-Kreimer approach
to renormalization [6]. Given the importance of the decomposition and residue of meromorphic
germs in one variable, it is interesting to find their generalizations in the case of several variables.

We provide a decomposition” (Theorem 5.3) of the algebra of germs of meromorphic functions
in several variables with linear poles at zero into the holomorphic part and its linear complement

Isee also recent work by N.V. Dang [9]

2This decomposition compares with a decomposition [3, Theorem 7.3] of the algebra R, of rational functions with
linear poles in a finite set A of (linear) hyperplanes. Their result can be compared with the decomposition derived in
in [7, Theorem 8.16] for affine hyperplanes.
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by means of an inner product using previous results on cones and associated fractions [13] in in
an essential way.
This decomposition leads to interesting applications:

e an algebraic Birkhoff factorization for characters with range in meromorphic functions in
several variables [14], which justifies calling renormalization map the projection map 7,
which assigns to a function its holomorphic part in the above decomposition

e the factorization property (9) of the projection map m,. which corresponds to locality in
the context of quantum field theory,

e a generalization of the residue (Definition 6.9) by means of which the exponential integral
on a cone can be viewed as the residue of the corresponding exponential sum on the
discrete points of the cone (Corollary 6.19).

In order to generalize the fraction O(f ) containing the highest order residue Res;(f) to mero-

morphic germs with linear poles, we need a filtration. Using the decomposition of the algebra of
meromorphic germs at zero with linear poles of Theorem 5.3, we first filter the algebra of mero-
morphic germs with linear poles by what we call the p-order (p for polar), which would be r in
the above one variable example. Using again the decomposition of the algebra of meromorphic
germs, we then pick (see Definition 6.9) the highest polar order fractions in the decomposition

to build the highest polar order residue, or the p-residue in short, which boils down to So(f > in
the above example. The p-residue is uniquely defined and we show (Proposition 6.11) that it is
independent of the decomposition of f induced by the chosen splitting, and hence is an intrin-
sic invariant of f. Had we instead picked out for the residue the homogeneous part of p-order
1, it would have depended on the choice of splitting for germs with p-order larger than 1. The
p-residue, which is actually a graded residue, is compatible with the product on perpendicular
fractions (Proposition 6.13). Had we picked instead of the highest p-order term, the term of
p-order 1 as a residue, this compatibility would not have held true.

We then apply this p-residue to the exponential sums on lattice cones, which actually was our
original motivation to study the p-residue. Let us recall the one-dimensional Euler-Maclaurin
formula for exponential sums and the generalization to higher dimensional cones by Berline and
Vergne. On the (closed) cone [0, +00), the exponential sum on the lattice points of the cone (the
lattice given by the natural integer points) S (&) := Yo, e™ =
to the integral I(g) := fow e dx = —é by means of the Euler-Maclaurin formula,

S(e) =1I(e) + u(e).

Here u(e) = — 2, (njfl’), g" is holomorphic at € = 0, so the integral /(&) corresponds to the pole
part of the Laurent expansion of the sum S (¢) at zero.

Similarly, to a lattice cone in a linear space, namely a convex cone equipped with a lattice, one
can assign two meromorphic functions, the exponential integral / on the cone and the exponential
sum S on the lattice points of the cone, which Berline and Vergne could relate by a generalized
Euler-Maclaurin formula ([2, Theorem 19]). One of the motivations for the present paper is to
generalize to higher dimensions, the fact that in the one-dimensional case, I arises as the pole
part of S; we indeed show that the p-residue of the exponential sum S on a lattice cone is the
exponential integral /. The integrals being p-residues of the discrete sums, our result, like the
Euler-Maclaurin formula, relates discrete sums and the corresponding integrals.

To conclude, we introduce here a new type of residue on meromorphic functions in several vari-
ables with linear poles; those include the ones usually associated with a hyperplane arrangement.
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As previously mentioned, meromorphic functions with linear poles and their generalizations to
meromorphic functions with affine poles, play a role in

e number theory where they arise while regularizing multiple zeta functions; for given com-

plex numbers s;,i = 1,...,ksuch that s +---+s; = i for some i € {1,...,k}, the function
. —s1—& -g
(Elyeen &) > L(S1+ &1, ., Sk + &) = Z notheeen
O<ny<---<ny

extends to a meromorphic function with poles corresponding to the linear forms L; : & +—
e +---+eg,i=1,...,k(seee.g. [20)),

e quantum field theory, while regularizing Feynman integrals analytically [24], see The-
orem 3.1. In this context, the factorization property (9) of the projection map 7, over
orthogonal meromorphic functions corresponds to the locality of the underlying theory
[9],

e but also and maybe more surprisingly, in queuing networks [4].

Our residue does not extend the classical residue of a Laurent expansion and to our knowledge
therefore differs in nature from other generalizations of the classical residue such as Grothendieck’s
residue symbol (see e.g. [18]) (also referred to as the multidimensional residue) which, as the
classical residue does, has an integral realization [25] (see also [22]). Similarly to our residue,
the Grothendieck residue arises in the combinatorics on polytopes since it can be used to count
integer points on certain dilated polytopes [1], leading to a derivation of Erhardt’s polynomial. It
further arises together with its integral representation in the context of queuing networks [4].firs

Our residue uses a decomposition of the space of meromorphic functions with linear poles
induced by an inner product on the underlying space, into the space of holomorphic functions
and its (orthogonal) complement. It differs from the Jeffrey-Kirwan residue which applies to
rational functions with poles in a hyperplane arrangement. Our decomposition of meromorphic
germs with linear poles (see Theorem 5.3) and geometric criterion for non-holomorphicity (see
Theorem 4.9) lead to another proof [15] of the decomposition of the space of rational functions
with poles in a given hyperplane arrangement derived by Brion and Vergne [5].
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2. (GERMS OF MEROMORPHIC FUNCTIONS

In this section, we provide some terminology to describe the class of meromorphic functions
under consideration. Here F' denotes a subfield of R which will often be chosen to be R.

Definition 2.1. (a) A rational (vector) space is a pair (V, Ay) where V is a finite dimensional

real vector space and Ay is a lattice in V, that is, a finitely generated abelian subgroup of
V whose R-linear span is V;

(b) A filtered space is a real vector space V with a filtration V; ¢ V, C --- of real vector
subspaces such that V = U5 V;. Let ji : Vi — Vi, denote the inclusion;

(c) A filtered rational space is a filtered space V = U,V with lattices Ay := Ay, of V;
such that Ay, ily, = A,k > 1. Then we denote the filtered rational space by (V,Ay) =
Uk(Vk, Ay,) where Ay = UiAy,;

(d) An inner product Q on a filtered space V = U,V is a sequence of inner products

O )=Cn:VidVy >R, k21,

that is compatible with the inclusions ji, k > 1;

(e) An F-inner product on a filtered rational space (V, Ay) is an inner product {Q;}>; on the
filtered space V = Uy Vi such that the restriction of Oy to Ay, ® F and hence Ay, takes
values in F. A filtered rational space together with an F-inner product is called a filtered
rational F-Euclidean space.

We now assume that V' = UV is a filtered rational F-Euclidean space. Let V; be the dual space
of Vi, then a vector v in V; can be viewed as a linear functional on V!

v: Vi >R, f fO).

In particular, for a basis {e;} of V; with dual basis {e;} of V;, we have the linear functionals

eV, =R, u:Zsie}"Hei.
i

Thus we also denote e; by ¢;, seen as a function on V.

Definition 2.2. Let U, (V, A;) be a filtered rational space.

(a) A germ of meromorphic functions at 0 or meromorphic germ in short on V; ® C is the
quotient of two holomorphic functions in a neighborhood of 0 inside V; ® C with respect
to the canonical complex structure on V; ® C. So a function on V; ® C is holomorphic if
it is holomorphic in the complex coordinates in any dual basis of V.

(b) A germ of meromorphic functions f(&) on V;®Cis said to have linear poles at zero with
coefficients in F if there exist vectors L;,---,L, € Ay, ® F (possibly with repetitions)
such that fIT' | L; is a holomorphic germ at zero whose Taylor expansion for coordinates
in the dual basis {e],--- ,e;} of a given (and hence every) basis {e;,-- , e} of Ay has
coefficients in F.

(c) A germ of meromorphic functions of the form ﬁ with linearly independent vectors

Li,---,L,in Ay ® F and sy,---, s, > 1 is called a simplicial fraction with coefficient in
F. Such a fraction is called simple if all s; = --- = 5, = 1 and multiple otherwise. The
linear space generated by simple simplicial fractions with coefficient in F is denoted by

S(F).
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Let Mg(V; ® C) be the set of germs of meromorphic functions on V; ® C with linear poles at
zero and with coefficients in F', which defines a linear space over F.
The F-inner product @y : V; ® Vi — R induces an isomorphism Q; : V; — V/.. This yields an

embedding V' < V; , induced from j; : Vi — Vi, . We refer to the direct limit Ve = U Vi=
li_n)l V; as the filtered dual space of V and set

Mi(V® @ C) = lim Mp(V; @ C) = | ] Mp(V; ®C).
k=1

Let Mg.(V; ® C) denote the space of germs of holomorphic functions at zero in V; ® C whose
Taylor expansions at zero have coefficients in F' under the dual basis of a basis of A;. We set
Mp(VE®C) := il Mp(V; ®C).

For V = R* equipped with the filtration V; := R¥ with its standard lattice Z* and standard inner
product, the dual rational space V; is identified with R* equipped with the standard lattice. Thus
the space Mr.(C*) := M, (V; ® C) corresponds to the space of germs of holomorphic functions
at zero in C* whose Taylor expansions at zero have coefficients in F with respect to the canonical
basis of R,

We next identify a class of polar germs (that is, non-holomorphic meromorphic germs) that
will be shown to give a linear complement of the subspace M. (V; ® C) (Theorem 5.3). Thus
they can be regarded as purely polar germs. For notational simplicity, we will call them polar
germs.

Definition 2.3. A polar germ with F-coefficients in V; ® C is a germ of meromorphic functions

at zero of the form
Wy, )
where
@ &y, ,ln, Ly, , L, liein Ay ® F, with Ly, - - - , L, linearly independent, such that

O, L)) =0 forall (i, j) € [m] X [n],

where for a positive integer p, we have set [p] = {1,---, p},
(b) hlies in Mg ,.(C™),
(¢) s1,---, s, are positive integers.
Remark 2.4. Without loss of generality we can assume that ¢y, - - - , {,, are linearly independent.

Definition 2.5. We let Mg_(VZ ® C) denote the F-span of polar germs in Mp(V; ® C) and set

ME_(v*eC):=| IMZ (Vi ®0).
k=1
Remark 2.6. Whereas the space Mg_(VZ ® C) depends on the choice of the inner product Q, the
space Mg, (V; ® C) does not.

Example 2.7. (a) For linearly independent vectors Ly, - ,L; € Ay ® F and s1,---, 5, > 0,
oI lies in M2_(V; ® C) for any inner product Q.
(b) Let Q := (-,-) be the canonical Euclidean inner product on R*. Then the functions

(&1 — &)

A 0 2\
et o) s>0,t>0,lie in MQ_((R ) ® C).

fleie] + &) =
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3. FROM CONES TO FRACTIONS

In this section we recall from [13] how, by means of Laplace type transforms, the geometry
of cones can be used for the decomposition of fractions. Propostion 3.7 provides a geometric
criterion for the linear independence of certain fractions arising from expopential integrals on
cones.

Consider a filtered rational space V = UV}, with a fixed ordered basis (ey, e;, - - - ) such that

(e, ex,--- )NV = (e, - ,e) is a basis of A;. A (closed convex polyhedral) cone in V is the
set
() Vi V) 1= Rygvy + -+ + Ryovy,

where v; € Vi, i =1,--- ,n. Itis called an F-cone if the v;’s in Eq. (2) are in Ay, @ F. If F = Q, then
it is called rational. The dimension is defined as the dimension of the linear subspace spanned
by the v;’s. A cone is called strongly convex if it does not contain any nonzero linear subspace.
A cone is simplicial if it is generated by R-linearly independent vectors, so a simplicial cone is
strongly convex. A rational cone is smooth if it is generated by part of a basis of Ay.

A subdivision of a cone C is a set {Cy,--- , C,} of cones such that
(i) € =ur,C,
(i) Cy,--- ,C, have the same dimension as C, and

(iii) Cy,---,C, intersect along their faces,

ie,forl <i,j<r, C;NCjisaface of both C;and C; .
A subdivision is called simplicial (resp. smooth, in the case when C is rational) if all C;’s are
simplicial (resp. smooth). An F-subdivision of an F-cone is a subdivision such that every C; is
an F-cone.
A proper subdivision of a family of cones {C;} is a set {D,-- -, D,} of cones such that

(a) Dy,---, D, intersect along their faces,
(b) for any i, there is I; C [r] such that { D}, 1s a subdivision of C;, and
(©) Uil; = [r].
A proper F-subdivision of a family of F-cones is a proper subdivision such that every D; is an
F-cone.
We now rephrase results in [13].

Lemma 3.1. [13, Lemma 2.3]
(a) Any finite family {C;} of cones in V; has a simplicial proper subdivision.
(b) Any finite family of rational cones in Vy has a smooth proper subdivision.

As a subfield of R, F contains Q, so A ® F is dense in V;. Adapting the proof of [13, Lemma
2.3(a)], we obtain

Lemma 3.2. Any finite family {C;}|" of F-cones has a simplicial proper F-subdivision.

We now assign to each cone a fraction by means of the Laplace transform of the characteristic
function of the cone.
Let C be a simplicial cone in V; with R-linearly independent generators vy, - - - v, expressed

k
in the fixed basis {e;,- - ,e} as v; = ) aje;, for 1 < i < n. Define linear functions L;(&) :=
j=1
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k
L,.(&) = /;1 aje;j, where & := Zf-‘zl gje; € Vi ®Cand {e], -, ¢} is the dual basis in V. Let
Ac = [a; j] denote the associated matrix in M;,,,(R) with v; as column vectors. Let w(vy,---,v,)
or w(C) denote the sum of absolute values of the determinants of all minors of Ac of rank n. As

in [13], define , using the symbol / (for "integral”)

W(Vl, R Vn)
3 1) = ——,
(3) €)==
which is in S (R) introduced in Definition 2.2 (c). For a simplicial F-cone C, I(C) is in S (F).
Further for any cone C, define I(C) := }}; I(C;) where {C;} is a simplicial subdivision of C. As
shown in [13], thanks to the following lemma, 7 is well-defined, independently of the choice of

the chosen simplicial subdivision.

Lemma 3.3. [13, Lemma 3.2] Let C be a simplicial cone and {C,--- , C,} be a simplicial subdi-
vision of C, then I(C) = ), I(C)).
i=1

Let € be the set of cones in V, and RC be the vector space with basis €. We obtain a linear map
I:RE - SR).

Definition 3.4. A family of cones is said to be properly positioned if the cones meet along faces
and the union does not contain any nonzero linear subspace.

Example 3.5. Any subdivision of a strongly convex cones yields a properly positioned family of
cones.

Adapting the proof of [13, Lemma 2.3 (a)] we get the following result.

Proposition 3.6. A family of F-cones whose union does not contain any nonzero linear subspace,
can be subdivided into a properly positioned set of simplicial F-cones.

We have the following geometric criterion for the linear independence of fractions which fol-
lows from a slight reformulation of Lemma 3.5 in [13].

Proposition 3.7. Let {C;} be a set of properly positioned simplicial cones each of whose elements
C; spans the same linear subspace. Then the set {1(C;)} of fractions is linearly independent.

4. FROM POLAR GERMS TO CONES

In this section, we start from fractions to which we assign (under certain technical condi-
tions) cones called supporting cones. Proposition 4.7 gives for a family of polar germs, sufficient
conditions on their supporting cones for the linear independence of the germs, thus providing a
geometric criterion for the linear independence. Theorem 4.9 gives sufficient conditions on the
supporting cones for the non holomorphicity of polar germs.

Partial differentiation on the space of fractions carries over to cones. For the fixed basis
{e1,ea,---}, let {e], €5, -} be the dual basis, and & = } e be an element in V® ® C. We
define the differential operators

(9,' = —% . MF(V® ®C) 4 MF(V® ®C)

The following proposition follows from straightforward computations.
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Proposition 4.1. ([13, Proposition 4.8]) For a fraction s, P let {L; = }.;cije’}i be dual to {L;};
in the sense that (L;, L*) = 0;j, 1 <1, j < k. Define 8L,- = ZJ c,ﬁ Then we have

1 _ 1 avl L as—l 1

4 Sk * - - .
@ LY LF*  (si—= Dl (se— DA L Ly

The following lemma is proved by induction on the total order s := s; + - - - + s,, of the poles.

h(fl ) g(f
P and

the conditions in Definition 2.3, then k = €, and % .-+, L; can be rearranged in such a way that
L; is a multiple of L” and s; = t; for 1 <i < k.

Lemma 4.2. If a polar germ can be written as both in a form satisfying

The following definition will be justified with the subsequent lemma.

Definition 4.3. (a) A vector v of V is called pseudo-positive (with respect to the chosen
basis) if the first nonzero coefficient of v under the ordered basis (e;, e5,---)is 1
(b) Let

h(ty, -, )
be a polar germ such that the vectors Li,---,L, are pseudo-positive. Then the cone
(Ly,- -+, L,)is called the supporting cone of the germ.

1
(€1 + &)X e —&1)

Example 4.5. Let C be a simplicial cone. The supporting cone of the germ /(C) clearly is the
cone C.

Example 4.4. The supporting cone of the germ is the cone {e¢; + e, e; — e3).

The following lemma justifies the introduction of the notion of pseudo-positive vectors.

Lemma 4.6. If {L,---,L,} is a set of pseudo-positive vectors, then the cone (L,,--- ,Ly,) is
strongly convex.

With the concept of supporting cone at hand, we can now restate Proposition 3.7 in terms of a
geometric criterion for the linear independence of fractions the proof of which is similar to that
of Lemma 4.9 in [13].

Proposition 4.7. (a) Simple simplicial fractions not pairwise proportional whose supporting
cones are properly positioned and span the same linear subspace are linearly indepen-
dent.

(b) More generally any set of simplicial fractions not pairwise proportional whose supporting
cones are properly positioned and span the same linear subspace are linearly indepen-
dent.

N S

LN(Ly+Ly)"

are R-linearly independent for any (r;, 7») and (s, 5,) in N? since their supporting

Example 4.8. Given two R-linearly independent linear forms L;, L,, then the fractions

1
and (Li+Lp)"1 L}
cones (Ly, L, + L,) and (L,, L, + L,) span the same linear space and are properly positioned.

Based on this, we prove the following non-holomorphicity of polar germs.

Theorem 4.9. Let { = } be a set of polar germs with coefficients in F such that
1<i<p

l] in;
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. . . . in; S Sjn ; .
e forany 1 <i# j < p, the two functions L' --'Ll.sn_’ and L;’ll <L j;_’ are not proportional
i J
to each other,
hi

e the supporting cones for I 1 <i < p, are properly positioned.

il in;

If a linear combination

)4
h;
(5) Zai—, ae€F1<i<p,

Sin: ?
in;

sil
i= Lil Linl-

1
is holomorphic, then a; = 0 for 1 <i < p.

Proof. The proof is carried out ad absurdum. Suppose that the theorem does not hold. Then there
is a linear combination of the form described in Eq. (5) with nonzero real coefficients a;, 1 <i < p,
and a germ of holomorphic functions A, such that the germ

p
h;
(6) Z aim —hy=0

i=1 il in;

1<i<

vanishes in a neighborhood of zero. From there one extracts a family of fractions #,
il ing

t, that satisfies the conditions in Proposition b which implies that the coefficients a;, 1 <i < ¢, are

zero leading to a contradiction. O

The non-holomorphicity theorem 4.9 is used to prove the uniqueness of the decomposition.

5. A DECOMPOSITION OF THE SPACE OF MEROMORPHIC GERMS AT ZERO WITH LINEAR POLES

In this section, we establish our decomposition of the space of meromorphic germs. Again fix
a subfield F of R.
We begin with a reduction of a general fraction to a linear combination of simplicial fractions.

Lemma S.1. Let L,,--- , L, be vectors in Ay ® F and sy, -+ , sy be positive integers. Then the
fraction ﬁ can be rewritten as a linear combination
Ly
P v
11 tin;
P My Mini
with a; € F and a subset {M,--- , M;,,} of linearly independent subset of {L;,- - , Li}.

We leave out the proof which can be carried out by induction on the difference d := n —
dim(lin{L,, - - - , L,}) and instead choose to illustrate the lemma with an example.

. . . . . l _ 1
Exalmple 5.2. Given two linearly independent linear forms L, L,, since LLLL = LGine T

into simple simplicial fractions:

. . . 1
> we have the following decomposition of THEETS)

Ly(L1+Lo)
1 ~ Lo, R
DL+ L) \LiLi+L) Ly(Li+Ly)) Li+L
1 2 1
= + +
LUL + L)} Lilo(Ly + Ly)*  L3(Ly + Ly)?
1 2 2 1

2 3 + 4 + 4 + P .
Ll(Ll + Lz) Ll(Ll + Lz) Lz(Ll + Lz) LZ(LI + L2)3
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The following decomposition, which is our first main result, generalizes the Laurent expansion
of meromorphic functions in one variable and the Rota-Baxter decomposition M(C) = M_(C) &
M, (C) of the space of Laurent series at O given by the projection onto the holomorphic part of
the Laurent series.

Theorem 5.3. Let (V, Ay) be a filtered rational F-Euclidean space, we have

(a) For 1 < k < oo, we have the direct sum decomposition

Me(V; ®C) = Mp_(V; ®C) & Mp,(V; ®C).

In particular, an element f = h in Mp(V; ® C) can be written as a sum
h(l) oo
% f= Z( ="+ </>i(€i,Li)]
where for each i,
@) |53 > 0,
(i1) l_ji = (L1, -+, Lym,) where{L;;,- - - , Ly} is a linear independent subset of {Ly, - - - , Ly},

(i11) {?, = (Cigm+1y> - * - Cir) where {€ign,+1), - - - Cix} is a basis with F-coefficients of the orthog-
onal complement of the subspace spanned by L; with respect to the inner product
0,

@iv) h,-(f;) is holomorphic in the independent variables Z (reduced to constant when k = 1)

whose Taylor series expansion has coefficients in F, so that % lies in Mp_(V; ®C),

(V) @; is a germ of holomorphic function in the independent variables {7; and L,.
(b) Taking a direct limit yields

MF(V® ® C) = MF,_(V@B ® C) (&) MF,JF(V@ ® C)

(c) The projection map
(8) Y/ MF(V* ® C) - MF’_'.(V* ® C)

onto Mg, (V® ® C) along Mr_(V® @ C) factorizes on perpendicular functions. More
precisely, with the notation of Eq. (7), let

ki(m
©) f= Z[‘(’) M,,w) and g = Z{;J)MPM,M)J

J

be two germs of functions in Mp(V® ® C) with the property that the linear forms in {l:~, {7;}
are perpendicular to those in {]\Z j» 1} for any i, j. We have

(10) n.(f 8 = m(f)me(8).

Remark 5.4. This factorization property applied to analytically regularized Feynman integrals
[23] says that integrals corresponding to a concatenation of Feynman diagrams factorize so that
independent events can be observed independently (see also the recent work by N.V. Dang [9]).

Before giving the proof, let us illustrate the statement with an example.
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. . 1 _ 1 1
Example 5.5. Take the standard inner product. Since —7—7= = Lainr T GLine for any
real number ¢ we have

_ (L1 + L2 + C)3 _ (L1 + L2)3 + 3¢ (L1 + L2)2 + 3C2 (Ll + Lz) + C3

Jo 1= LiLy(Li + L) LiLy(Ly + Ly)
L, 3c 3¢? cl
= 24+ —+—+ + >
Ly L Li(Li+Ly) Li(L+Ly)
L, 3c 3c? A
+

—+—+ + 5
L, L, LyLi+Ly) LyL+Ly)
Hence . (f.) = 2.

Remark 5.6. The holomorphic functions 4; and ¢; in the decomposition (7) depend on the choice
of inner product Q.

Proof. (a) We prove the statement for 1 < k < co. Then taking the direct limit gives the result for
any filtered space.
Let 1 < k < oo be given. We first verify the decomposition

Me(VE®C) = Mp_(Vi ® C) + My, (V: & C).

Thanks to Lemma 5.1, without loss of generality we can reduce the proof to germs of functions
of the type
h
L Ly
with h € Mg, (V; ® C), linearly independent linear forms Ly, - ,L, € Ay ® F and sy, , sy,

positive integers. Then we extend {L;,--- ,L,}toabasis{Ly,---,L,, {1, -+, €—pn} of At ®F with
the additional property that

f=

OLi,t) =0, 1<i<ml1<j<k-m.

Note that for & = 1, this decomposition corresponds to the minimal subtraction scheme decom-
position }%') = }%)) + %:MO). To prove the general case we proceed by induction on the sum
s=s81+--+s8, Ifs=1,thenm =1, and s; = 1. We write

h(Ly, €, Ga) - WO,y Ger) N h(Ly, €y, G) = 1O, Gy - -+ G)

The first term lies in M _(C*) as a consequence of the orthogonality of L; with the ¢;’s. The
second term

h(Ly, €y, -+ b)) = (0, 6y, -+, Giy)
L
h(Ly, €y, bo)(Elly + &by + -+ ey ) — h(Ly, by, oD@l + - + &l )

€1

is holomorphic at 0. This yields the required decomposition.
Assume that the decomposition exists for all element with s < ¢ where r > 1 and consider
f= ﬁwiths: s1+---+s, =t+ 1. We note that
1 m

fi=g+gi+ - +8gm
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where we have set
h(o’ tet ’O’gl’ tee 7£k_m)

S1 N ’ _0’
) Ll...LW’l"
8i = fi )
c—1 ) 1Sl§m,
Ly L L
with
hL"”’Li507'."0’€"“,€—m _hL7”'7Li—707."70753""€—m .
fi::(] I k)L(l I 1 k), l<i<m.

Then g lies in Mp_(V; ® C). Further, fori = 1,--- ,m, f; is holomorphic at 0. Thus it follows
from the induction hypothesis that g; lies in Mg_(V; ® C) + Mg, (V; ® C). Hence f lies in
Mp (Vi ®C)+ Mg (V;®C). This completes the proof for the sum decomposition Mz(V;®C) =
Mp_(Vi®C) + Mg (V; ®C).

We next show that Mg_(V; ® C) N Mg.(V; ® C) = {0}. Suppose that there is 0 # f €
Mp_ (Vi ® C) N Mp.(V; ® C). Then f is holomorphic. On the other hand, by Lemma ??, the
element f € Mpg_(V; ® C) can be written as a linear combination };; a;S; of polar germs S;
with supporting cones satisfying the condition in Theorem 4.9. Then applying Theorem 4.9 to
>.iaiS; = f,we geta; =0 for all i. This is a contradiction.

(b) The statement follows from the compatibility of the decomposition with the filtration.

(c) Let f and g be as in Eq. (9). We have

h(, 7 ki) | i
fo= Z ( ) ]( J> + 0. L) f(ff) Eﬁ)l//,( i, M) + ¢iC, L i, M) |.
M

l

The first three terms in each sum lie in My_(V® ® C) and the last term lies in Mg, (V® ® C).
Hence

r.(fg) = ) ¢l Lw (i, Mj) = (Z $i(C, Lﬂ)] (Z G M,-)] = 1 (me(g).
LJ i J

O

Combining the previous results leads to the following existence and uniqueness result. The
existence is a direct consequence of Theorem 5.3.

Corollary 5.7. Any element [ of Mr(V® ® C)) can be written as
f=>.8+h

where h is holomorphic and the S ;’s are polar germs satisfying the following requirements

e their supporting cones are properly positioned,
e their denominators are pairwise not proportional,
e the linear forms in their denominators are pseudo-positive.

If two such decompositions have the same properly positioned supporting cones, then they are the
same decomposition.
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6. RESIDUE FOR GERMS OF MEROMORPHIC FUNCTIONS AT ZERO WITH LINEAR POLES

Based on the decomposition in Section 5, we now introduce a filtered structure on Mp(V®®C),
define p-orders and p-residues for germs of meromorphic functions at zero with linear poles. We
only deal with real coefficients since the results for coefficients in a subfield ' immediately follow
from the case F' = R.

Let us first define the p-order of germs of meromorphic functions with linear poles.

h(l, - bm)
L']cl L’Vln

Definition 6.1. The polar order, or p-order in short, of the germ is defined to be

h(ty,--- ) Zn
= d— = ie
p or Lil e L;;n P §

Definition 6.2. Let f € M(V® ® C). By Corollary 5.7 f decomposes as

(11) f=)Si+h
i=1

In particular, 4 is a holomorphic germ and S;,i = 1,--- , n, are polar germs whose denominators
are not proportional to each other and whose supporting cones are properly positioned. We define
the polar order, or p-order in short, of f to be

p-ord(f) := Max(p-ord(S,)).
Example 6.3. The p-order of f. in Example 5.5 is 1 if ¢ = 0 and 3 otherwise.

Lemma 6.4. Any two sets of cones with pseudo-positive generators have a common subdivision
that is properly positioned.

Proof. Since the generators of any cone in the family are pseudo-positive, the union of any set
of faces can not contain a nonzero linear subspace. Thus the proof is the same as that of Lemma
3.1. m|

Lemma 6.4 is one of the ingredients used to prove that the p-order is well-defined.

Proposition 6.5. The p-order of a germ of meromorphic function with linear poles does not
depend on any choice of a decomposition of the germ in Eq. (11).

We next establish the independence of the p-order on the choice of inner product.

Proposition 6.6. The p-order of a meromorphic germ with linear poles does not depend on the
choice of an inner product in the decomposition of M(V® ® C) in Theorem 5.3.

Proof. For an inner product Q in V, and f € M(V® ® C) with p-ord(f) = p, let

F=218i+ > Si+h
i=1 i=r+1

be a decomposition of f into polar germs §; and a holomorphic function 4 as in Definition 6.4,
with polar germs with the highest order in the first sum and those with lesser order in the second
sum.

Now consider a different inner product R on V. For this inner product, an §; might not be a
polar germ. Set

hii, - -+ Lim)

LS ...

il mn;

Si
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with Q(¢;,, Liy) = 0. For j =1,--- ,m;, we have
v : k
fij = fl'j - Z a,‘jLik,
k=1
where R(flfj, Ly)=0fork=1,---,n; Then

i€y, L)
§; = —1

i — + terms of lower denominator degrees.

Ly
Thus
~ hi(Cy, - 4D :
(12) f= Z —————.— + terms of lower denominator degrees.
= Lj--L,

This gives a decomposition of f into a linear combination of polar germs for the inner product R.
Note the supporting cones in the above sum are faces of the supporting cones in the decomposi-

tion of f under the inner product Q. So they remain properly positioned. Since h;(€iy, - -, Ciy,) #
0, we also have h;(¢},,- - -, f;ml_) # 0. Therefore under the inner product R, the p-order of f is again
p- O

Using the p-order, we define a filtration in M(V® ® C).
Definition 6.7. For n > 0, define
M, :={f e M(V®®C) | p-ord(f) < n}.
Clearly, we have N
M= M. and MM, c M,

i=0
for the usual product of functions. Therefore,

Proposition 6.8. M, := M, (V®¥QC) c M, c M, C --- equips M(V® ® C) with the structure of
a filtered algebra.

Thanks to this filtration, we can now define a residue on M(V® ® C).

Definition 6.9. Let f € M(V® ® C) with the decomposition
f=) Si+h

as in Definition 6.4 and with p-ord(f) = r. Let §¢,--- , S, the polar germs with p-ord(S;) = r and
letS; = Llh— We define the highest polar order residue, or the p-residue in short, of f to be

Sin
in;
il in;

t
hi(0)
p—res(f) = Z W

i=1 il in;

Example 6.10. The function f, as in Example 5.5 has p-residue given by p-res(f,) = é—? + é—; if

3 3 .
¢ =0 and p-res(f,) = Laine T Gone if c #0.
Proposition 6.11. The p-residue of a germ of meromorphic function with linear poles is well-
defined in so far as it does not depend on a choice of the decomposition in Eq. (11) or the inner

product used in the decomposition of M(V® @ C) in Theorem 5.3.
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Proof. We first prove that the p-residue does not depend on a particular choice of the decomposi-
tion of f; as in the the proof of Proposition 6.5, we only need to prove that the p-residue does not
change under subdivision.

For f € M(V® ® C) with a given decomposition as in Eq. (11), let

h(ty, - ¢,
5= M)
L Ly
be one of the polar germ in the decomposition with p-ord(S) = p-ord(f). Then the supporting
coneis(Ly,--- ,L,). For a fixed subdivision of the set of supporting cones, let the subdivision for

(Li,---,Ly,)be{D; :=(Lji,---,Lj,)}. Then

Ly
Ly---L, - le...Ljn’

where b;’s are constants. Assume
! si=l | gl 1 - Crjt=rin
L* L - T ri 9
(51— Dl (s — DK C Ly Ly 2. T

Fjiteet =Sy teets, Tl > in

where ¢, ,..,,,’s are constants. Then

Crjirin
S:h(£1,~~-,€m);bj > TR

rjptetrp=sptets, gl jn

is the new decomposition of § with supporting cones {D;}.
The contribution of the polar fraction S to the p-residue of f is —2

TR The contribution from
1 hn

the new decomposition of S is

Crars
A(0) Z b, I L
j rittetrp=sptets, Tl > jn
which agrees with the first contribution. Therefore the p-residue does not depend on the decom-
position.
For a different choice of inner product, Eq. (12) tells us how the polar germs of p-order p-ord(f)
change. In particular, the constant terms of the numerators remain the same. This exactly means

that the p-residue does not depend on the choice of inner products. O
To simplify the notation, we set
h(0
SO =g
VL
for a polar germ § = Milm),
Ly Ly

Proposition 6.12. Let f = >, S+, T;+h, with S;, T polar germs, h holomorphic, and p-ord(S;)’s
all equalto 'k, 3, S; # 0, p-ord(T';) < k. Then p-ord(f) = k and

p-res(f) = ) Si(0).

Proof. Taking a subdivision of the set of supporting cones of the germs §;’s and T;’s, we have

S,’ = ZSil and Tj:Zij' Then
f:ZSil-l-Zij-l-h.
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Combining terms that are proportional to one another, we can assume that this decomposition
satisfies the conditions in Definition 6.4. In the decomposition

ZSﬂ:ZSHﬁO,
B ;

there is some non zero polar germ of p-order &, and this is the maximal of p-orders of polar germs,

so p-ord(f) =k
Therefore

p-res(f) = ) Su(0) = ) S0).

By construction, this p-residue has a weak multiplicative property.
Proposition 6.13. Let f = f(Ly,---Ly) and g = g(L',--- , L) € M(V® ® C), with Q(L,-,L;.) =0
then
p-res(fg) = p-res(f) p-res(g).

As in [14], we can reinterpret the constructions of [2, 11, 19] in terms of lattice cones, so to
a lattice cone (C, A¢) we can assign two meromorphic functions, the exponential discrete sum
S (C, A¢) (corresponding to S “(C, A¢) in [14]) and the map I(C, A¢) . A direct computation of the
p-residue of the discrete sum on a smooth lattice cones yields the corresponding integral given by
I(C, A¢).

Lemma 6.14. For a smooth lattice cone (C, A¢), we have
p-res(S(C, Ac)) = I(C, Ao).

In fact, we have
S(C,Ac) = I(C, A¢) + (terms of p — order < dim(C)).

Proof. Letvy,--- ,v4(C) (where d = dim C) be a basis of A¢ that generates C as a cone. Then
d

1 1
S(C,AC)E) = ]_[ B ﬂ(< ﬁ>+h(<v,,§>))

! ) which is I(C, A¢).

(vi.&)

O

where / is holomorphic. So the highest p-order term is []% (—

Lemma 6.15. For a cone C, I(C) # 0 if and only if C is strongly convex.

Proof. We already know that I(C, A¢) = 0 if C is not strongly convex. So we only need to prove
that if C is strongly convex, then I(C, A¢) # 0. Taking a smooth subdivision {C;} of C, then since
C is strongly convex, {C;} is properly positioned. So I(C;, A¢,)’s are linearly independent. Then
their sum can not be 0. O

Lemma 6.16. For a lattice cone (C, A¢), S(C, Ac) # 0 if and only if (C, A¢) is strongly convex.

Proof. Again we only need to prove that if (C, Ac¢) is strongly convex, then S(C, A¢) # 0. Tak-
ing a smooth subdivision {(C;, A¢)} of (C, A¢), then since C is strongly convex, {C;} is properly
positioned, so I(C;)’s are linearly independent.
We know
S(C,Ac) = Z S(Ci, A¢) + (terms with p-order < dim(C)),
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and
S(Cyi, Ac) = I(C;, A¢) + (terms with p-order < dim(C)).
By Proposition 6.12, p-ord(S (C, A¢)) < dim(C) implies

D 1€ A =0,

which is a contradiction. So p-ord(S (C, A¢)) = dim(C), and S (C, A¢) # 0. O
At the same time, we have proved that
Lemma 6.17. For a strongly convex lattice cone (C, Ac¢),
p-ord(S (C, A¢)) = dim(C).
Theorem 6.18. For a lattice cone (C, Ac) and its subdivision {(C;, Ac)}, we have

p-res(S(C, A¢)) = Z p-res(S(Ci, Ac)).

So the map p-res o S is compatible with subdivisions.
Proof. For this subdivision, we have

S(C,Ac) = Z S(C;, Ac) + (terms of p-order < dim(C)),

and
S(Ci,Ac) = Z T;; + (terms of p-order < dim(C)),
J

where T;; are polar germs, p-ord(7;;) = dim(C). So
S(C,Ac) = Z T;; + (terms of p-order < dim(C)).
ij

If C is strongly convex, then p-ord(S (C, A¢)) = dim(C), and
p-res(S (C, Ac)) = ) Tij(0) = > prres(S(Ci, Ac))
i,j i

by Proposition 6.12.

If C is not strongly convex, then S(C, A¢c) = 0; on the other hand by Proposition 6.12, this
means Y, ; T;; = 0, that is }; p-res(S(Cy, Ac)) = 0.

So in any case, we have the conclusion. O

As a corollary, we obtain our second main result.
Corollary 6.19. For a lattice cone (C, A¢), we have
p-1es(S (C, Ac)) = I(C, Ac).

Example 6.20. Take A = Z> c R? and C = (e, e; +¢,) with (e, e,) the canonical orthonormal ba-

1 1
sisin R%. Then S°(C, A¢) = e —e) has p-order 2 and p-residue I(C, A¢) = m
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