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Abstract Let X be a (d x N)-matrix. We consider the variable polytope Iy (u) =
{w>0:Xw = u}. It is known that the function T that assigns to a parameter u € RY
the volume of the polytope ITx (u) is piecewise polynomial. The Brion—Vergne for-
mula implies that the number of lattice points in ITy (#) can be obtained by applying
a certain differential operator to the function Tx. In this article we slightly improve
the Brion—Vergne formula and we study two spaces of differential operators that arise
in this context: the space of relevant differential operators (i. e. operators that do not
annihilate Tx) and the space of nice differential operators (i. e. operators that leave Tx
continuous). These two spaces are finite-dimensional homogeneous vector spaces and
their Hilbert series are evaluations of the Tutte polynomial of the arithmetic matroid
defined by the matrix X. They are closely related to the &?-spaces studied by Ardila—
Postnikov and Holtz—Ron in the context of zonotopal algebra and power ideals.
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1 Introduction

The problem of determining the number of integer points in a convex polytope ap-
pears in many areas of mathematics including commutative algebra, combinatorics,
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representation theory, statistics, and combinatorial optimisation (see [26] for a sur-
vey). The number of integer points in a polytope can be seen as a discrete version of
its volume. In this article we will study the relationship between these two quantities
using the language of vector partition functions and multivariate splines. We will also
study related combinatorial and algebraic structures.

Let X C Z< be a finite list of vectors that all lie on the same side of some hyper-
plane. For u € R, we consider the variable polytope ITy (u) = {w € Rgo : Xw=u}.

The multivariate spline (or truncated power) Ty : RY — R measures the volume of
these polytopes, whereas the vector partition function iy : Z¢ — 7 counts the number
of integral points they contain. These two functions have been studied by many au-
thors. The combinatorial and algebraic aspects are stressed in the book by De Concini
and Procesi [21]. A standard reference from the approximation theory point of view
is the book by de Boor, Hollig, and Riemenschneider [20]. Another good reference is
Vergne’s survey article on integral points in polytopes [44].

Khovanskii and Pukhlikov proved a remarkable formula that relates the volume
and the number of integer points in the polytope Iy () in the case where the list X is
unimodular, i. e. every basis for R4 that can be selected from X has determinant +1
[33]. The connection is made via Todd operators, i. e. differential operators of type
132&' The formula is closely related to the Hirzebruch-Riemann—Roch Theorem
for smooth projective toric varieties (see [[13, Chapter 13]). Brion and Vergne have
extended the Khovaniskii—Pukhlikov formula to arbitrary rational polytopes [9].

Starting with the work of de Boor—-Hollig [19] and Dahmen—Micchelli [164/17] in
the 1980s, various authors have studied Z-spaces, i. e. vector spaces of multivariate
polynomials spanned by the local pieces of these splines and various other related
spaces. This includes spaces of differential operators that act on the splines, the so-
called &-spaces. Recently, Holtz and Ron have developed a theory of zonotopal al-
gebra that describes the relationship between some of these spaces and various com-
binatorial structures including the matroid and the zonotope defined by the list X [30].
Ardila—Postnikov have studied &?-spaces in the context of power ideals [2]]. Related
work has also appeared in the literature on hyperplane arrangements, see e. g. [6}
40]]. Recent work of De Concini—Procesi—Vergne [22/23/)25] and Cavazzani—Moci
[L1] shows that some of these spaces can be “geometrically realised” as equivariant
cohomology or K-theory of certain differentiable manifolds.

In a previous article, the author has identified the space of differential operat-
ors with constant coefficients that leave the spline Ty continuous in the case where
the list X is unimodular and used this to slightly improve the Khovanskii—Pukhlikov
formula [38]].

The goal of this paper is twofold. Firstly, we will generalise the results in [38]]
to the case where the list X is no longer required to be unimodular. We will obtain
a slight generalisation of the Brion—Vergne formula and we will identify two types
of periodic &2-spaces, i. e. spaces of differential operators with periodic coefficients
that appear naturally in this context.

Secondly, we will study combinatorial properties of these spaces in the spirit of
zonotopal algebra. It will turn out that these spaces are strongly related to arithmetic
matroids that were recently discovered by D’ Adderio—Moci [[15]].
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An extended abstract of this paper has appeared in the proceedings of the confer-
ence FPSAC 2014 [37].

Organisation of the article

In the following paragraphs, some known results will be labelled by an r and a natural
number. The generalisations of these statements that will be proven in this paper will
be labelled by an R and the same natural number. The remainder of this article is
organised as follows:

- in Section 2] we will introduce our notation and review some facts about splines
and vector partition functions. This includes the definition of the Dahmen—Micchelli
spaces Z(X) and DM(X) that are spanned by the local pieces of splines and vec-
tor partition functions, respectively. We will also recall the definitions of the spaces
P(X) and Z_(X) that act on the splines as partial differential operators with con-
stant coefficients and we will recall that their Hilbert series are evaluations of the
Tutte polynomial of the matroid defined by X (r1). We will also recall the definition
of a pairing under which 2(X) and Z(X) are dual vector spaces (12).

— In Section |3| we will review some results from [36L[38]], where the author has
studied the relationship between the Khovanskii—Pukhlikov formula and the spaces
P_(X) and Z(X) in the case where the list X is unimodular. In this case, one can
replace the (complicated) Todd operator that appears in the Khovanskii—Pukhlikov
formula by a (simpler) element of &?(X) (r3). The space &”_(X) can be characterised
as the space of differential operators that leave the spline continuous (r4). The section
ends with an outlook on how we will generalise these results in this paper.

— In Section 4| we will recall the definitions of generalised toric arrangements,
arithmetic matroids, and their Tutte polynomials.

— In Section[5|we will prove a refined Brion—Vergne formula (R3).
- In Sectionlglwe will introduce the internal periodic &?-space &?_(X) and the

central periodic #-space Z?(X) and prove some results about these spaces. We will
construct various bases for these spaces and state that their Hilbert series is an evalu-
ation of the arithmetic Tutte polynomial defined by the list X (R1).

— In Section [7| we will define a pairing between the spaces 2| (X) and DM(X)
under which they are dual vector spaces (R2).

— In Section[8|we will discuss a wall-crossing formula for splines due to Boysal—
Vergne [[7]] and use it to prove that the space &?_ (X) can be characterised as the space
of differential operators with periodic coefficients that leave the spline continuous
(R4).

— In Section 9| we will define deletion and contraction for the periodic &-spaces
and we will use this technique to prove that the Hilbert series of the internal space is
an evaluation of the arithmetic Tutte polynomial (part of R1).

— Section [10] contains some more complicated examples. Shorter examples are
interspersed throughout the text.
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2 Preliminaries

In this section we will introduce our notation and review some facts about splines,
vector partition functions, and related algebraic structures. The notation is similar to
the one used in [21]. We fix a d-dimensional real vector space U and a lattice A C U.
Let X = (x1,...,xy) C A be a finite list of vectors that spans U. The list X is called
unimodular with respect to A if and only if every basis for U that can be selected
from X is also a lattice basis for A. Note that X can be identified with a linear map
X :RY — U. Let u € U. We define the variable polytopes

Iy (u) :={weRY : Xw=u} and II{(u):=Ix(u)N[0,1]". (1)
Note that every convex polytope can be written in the form ITx () for suitable X and

u. The dimension of these two polytopes is at most N —d. Now we define functions
ix : A = Z>o and By, Ty : U — R>0, namely the

vector partition function ix (u) := ’HX (u)nZN|, )
the box spline Bx (u) := det(XXT) /2 voly_q IT} (u), 3)
and the multivariate spline Tx (u) := det(XXT) ™2 voly_4 Ix (u). 4)

Note that we have to assume that O is not contained in the convex hull of X in order
for Tx and ix to be well-defined. Otherwise, Ilx(u) may be unbounded. It makes
sense to define ix only on A as ITx(u)NZN =0 foru ¢ A.

The zonotope Z(X) and the cone cone(X) are defined as

N N
Z(X)::{Z)Lixizog/ligl} and cone(X)::{Z)Lixi:liEO}. 5)

i=1 i=1

We denote the set of interior lattice points of Z(X) by Z_(X) :=int(Z(X))NA. Here
are the first three examples.

Example 2.1. Let X = (1,1). Then Tx(u) = u for u > 0, ix(u) = u+1 for u € Z>g
and By is the piecewise linear function with maximum By (1) = 1 whose support is
the zonotope Z(X) = [0,2] and that is smooth on R\ {0, 1,2}.

Example 2.2. Let X = (1,2). Then Ty(u) = % for u >0, ix(u) = & +3 + (—1)"1
for u € Z> and By is the piecewise linear function with Bx (1) = Bx(2) = % whose
support is the zonotope Z(X) = [0,3] and that is smooth on R\ {0, 1,2,3}.
. . 101 —1

Example 2.3 (Zwart—Powell). We consider the matrix X = o111 ) The cor-
responding box spline is known in the literature as the Zwart—Powell element. Its
support is the zonotope Z(X). The functions Tx and ix agree with certain non-zero
(quasi-)polynomials on three different polyhedral cones. The three cones and the cor-
responding (quasi)-polynomials are depicted in Figure [T
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Figure 1 The multivariate spline (black) and the vector partition function (cyan) corresponding to the
Zwart-Powell element (cf. Example[2.3). They have three different non-zero local pieces each. The zono-
tope Z(X) is shown as well.

2.1 Commutative algebra

The symmetric algebra over U is denoted by Sym(U ). We fix a basis sy, ..., sy for the
lattice A. This makes it possible to identify A with Z4, U with R?, Sym(U) with the
polynomial ring R[sy, ..., s4], and X with a (d X N)-matrix. Then X is unimodular if
and only if every non-singular (d x d)-submatrix of this matrix has determinant 1 or
—1. The base-free setup is more convenient when working with quotients of vector
spaces.

We denote the dual vector space by V = U* and we fix a basis 11,...,#; that is
dual to the basis for U. An element of Sym(U) can be seen as a differential oper-
ator on Sym(V), i. e. Sym(U) = R[sy,...,54] = R[a%v e a%]]. For p € Sym(U) and
f € Sym(V) we write p(D)f to denote the polynomial in Sym(V) that is obtained
when p acts on f as a differential operator. It is known that the two spline functions
are piecewise polynomial and that their local pieces are contained in Sym(V). We
will mostly use elements of Sym(U) as differential operators on these local pieces.
Sometimes we will consider the complexified spaces Ug :=U ® C, V¢ :=V ®C,
Sym(U¢) 2 Clsy,...,s4], and Sym(Ve) := Clty,. .., 24].

Note that the group ring of A over a ring R is isomorphic to the ring of Laurent
polynomials in d variables over R. In particular Z[A] = Z[a;",. .. ,ajl] and C[A] =
Claf,...,a;"']. We will write €%[A] to denote the set of all functions f: A — R. In
particular, we will use the sets 67[A] and 6¢[A]. The lattice A acts on é7z[A] and
%c|A] via translations. For A € A we define the translation operator 7 by 1) f :=
f(-—A). This extends to an action of Z[A] on é7[A] and of C[A] on é¢c[A]. We
define the difference operator Vy :=1—173 and forY C X, Vy :=[]ycr V.

Letx € A and f € Sym(Ug). Then f|5 € %c[A]. Note that V,(f|4) is a discrete
analogue of % f. The relationship between difference and differential operators will
play an important role in this paper.
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2.2 Piecewise (quasi-)polynomial functions

In this subsection we will review some facts about piecewise polynomial and piece-
wise quasipolynomial functions. The definitions here follow [21] and [24].

A hyperplane in U that is spanned by a sublist Y C X is called an admissible
hyperplane. A shift of such a hyperplane by a vector A € A is called an affine ad-
missible hyperplane. An alcove ¢ C U is a connected component of the complement
of the union of all affine admissible hyperplanes. A point w € U is called affine singu-
lar if it is contained in some affine admissible hyperplane. A point (or vector) w € U
is called affine regular if it is not affine singular. We call w short affine regular if it
is contained in an alcove whose closure contains the origin. A point p € U is called
strongly regular if p is not contained in any cone(Y) where ¥ C X and Y spans a
subspace of dimension at most d — 1. A connected component of the set of strongly
regular points is called a big cell.

In Example the alcoves are the open intervals (j,j+ 1) for j € Z. In Ex-
ample @] there are four big cells, three of them are convex cones that are contained
in the support of Tx.

For a set A C U, we denote the topological closure of A in the standard topology
by cl(A).

A function defined on the affine regular points (resp. strongly regular points) is
called piecewise polynomial with respect to the alcoves (resp. with respect to the
big cells) if for each alcove (resp. big cell) ¢, the restriction f|. coincides with a
polynomial.

Note that a function which is piecewise polynomial with respect to the big cells
is automatically piecewise polynomial with respect to the alcoves since the closure
of each big cell is the union of countably many closures of alcoves.

A function on a lattice A is called a quasipolynomial (or periodic polynomial) if
there exists a sublattice A” s.t. f restricted to each coset of A is (the restriction of)
a polynomial. A quasipolynomial on the vector space U can be written as a linear
combination of exponential polynomials, i. e. functions of type ¢2%¢ () g(u), where
g€ Sym(V)and ¢ €V =U*isrational, i.e. ¢(u) € Q forall u € A.

A function f: A — C is called piecewise quasipolynomial with respect to the
alcoves (resp. with respect to the big cells) if for each alcove (resp. big cell) the
restriction f|¢(c)na coincides with a quasipolynomial.

2.3 Piecewise polynomial functions and continuity

A function that is piecewise polynomial with respect to the alcoves is only defined
on the affine regular points. We will however be most interested in evaluations and
derivatives of these functions at points in the lattice A, which are affine singular. In
this subsection we will use limits to define these evaluations.

Let & be a piecewise polynomial function and let A be an affine singular point. If
limg_,0h(A + ew) = limg_oh(A + ew') =: ¢;, for all affine regular vectors w, w',
then we call & continuous in A and define (1) := ¢, . In general, we can use a
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limit procedure as follows. We fix an affine regular vector w and define lim,, #(A) :=
limg\o /’l(/l + EW).

Differentiation can be defined in a similar way. We fix an affine regular vector
weU. Let u e A. Let ¢ C U be an alcove s.t. u and u + €w are contained in its
closure for some small € > 0 and let /. be the polynomial that agrees with & on the
closure of ¢. For a differential operator p(D) € Sym(U) we define

lim p(Dpw (1) := p(D)he () ©)

(pw stands for piecewise). More information on this construction can be found in [24]]
where it was introduced.

Note that the choice of the vector w is important. For example, for the list X = (1),
lim,, Bx (0) is either 1 or O depending on whether w is positive or negative.

2.4 Zonotopal spaces

In this subsection we will define the spaces 2(X) and DM(X) which will turn out to
be the spaces spanned by the local pieces of Ty and iy. We will also define the space
Z(X) which is dual to Z(X).

Recall that the list of vectors X is contained in a vector space U = R? and that
we denote the dual space by V. We start by defining a pairing between the symmetric
algebras Sym(U) = R[sy,...,s4] and Sym(V) = R]zy,...,14]:

<-,~> ZR[Sh...,Sd] XR[I],...,Id] —R
d d (7

i.e. we let p act on f as a differential operator and take the degree zero part of the
result. Note that this pairing extends to a pairing (-,-) : R[[s1,...,sq]] xR, ..., 14] =
R.

We define the rank of a sublist Y C X as the dimension of the vector space spanned
by Y. We denote it by rk(Y). A sublist C C X is called a cocircuit if tk(X \ C) < rk(X)
and C is inclusion-minimal with this property.

A vector u € U corresponds to a linear form p, € Sym(U). For a sublist Y C X,
we define py := [T,y py. For example, if Y = ((1,0),(1,2)), then py = s1(s1 +2s2).
Furthermore, pg := 1.

Definition 2.4. Let X C U = R? be a finite list of vectors that spans U. We define

the cocircuit ideal /a(X) :=1ideal{py : ¥ C X cocircuit} C Sym(U) and (8)
the continuous P-space 7(X) = {f € Sym(V) : p(D)f =0forall pe _go(X)}.

Equivalently, Z(X) is the orthogonal complement of ¢ 9(X) under the pairing (,).
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Now we define the

central P-space P (X) :=span{py : Y CX, k(X \Y)=rk(X)} (9)
and the internal P-space Z_(X):= (| (X \x). (10)

xeX

The space & (X) first appeared in approximation theory [IL[18,27]. The space &2_(X)
was introduced in [30].

Proposition 2.5 ([27,30]). Let X C U = R? be a finite list of vectors that spans U,
Then Sym(U) = 2(X) @ _7°(X).

Theorem 2.6 ([27.32]). Let X C U =2 R? be a finite list of vectors that spans U. Then
the spaces P (X ) and 2(X) are dual under the pairing (-,-), i. e. the map

P2X) - 2(X)*

11

is an isomorphism.

Recall that Z[A] acts via translation on 6z[A] = {f : A — Z} and that for Y C X,
Vy :=TTer(1 —71) € Z[A]. For p € Z[A] and f € 67|A], we will sometimes write
p(V)f to denote the function that is obtained when p acts on f.

Definition 2.7. Let X C A C U = R be a finite list of vectors that spans U. Then we
define the

discrete cocircuit ideal _¢'¥(X) :=ideal{Vy : Y cocircuit} C Z[A] (12)
and the discrete 9-space DM(X) := {f € €z[A] : p(V)f =0forallpe _#V(X)}.

Remark 2.8. The spaces Z(X) and DM(X) are sometimes called continuous and
discrete Dahmen—Micchelli spaces.

Definition 2.9. We will write Z¢(X), DM¢(X), Z¢(X), _#Y(X) etc. to denote the
complexified versions of these vector spaces and ideals.

Remark 2.10. If X is unimodular, then Z¢(X)|4 = DMc(X). This is a special case
of Proposition [4.3] below.

Recall that Z(X) denotes the zonotope defined by X. For w € U, we define the set
Z(X,w):=(Z(X)—w)NA. Whenever the volume of Z(X) is used in this article, we
assume that the fundamental region of the lattice A has volume 1.

Theorem 2.11 (Theorem 13.21 in [21]). Let X C A C U = R4 be a finite list of
vectors that spans U. DM(X) is a free abelian group consisting of quasipolynomials.
Its dimension is equal to vol(Z(X)). For any affine regular vector w, evaluation of the
Sfunctions in DM(X) on the set & (X,w) establishes a linear isomorphism of DM(X)
with the abelian group of all Z-valued functions on % (X,w).

In [30] it was shown that if X is unimodular then dim &7_(X) = |27 (X)| and
dim Z(X) = dim 2(X) = vol(Z(X)). More specifically, the following is known.
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Theorem 2.12 ([2,30]). Let X C U = R? be a list of N vectors that spans U. Then

Hilb(Z_(X),q) = 4" “Tx(0,¢~") and (13)
Hilb(#(X),q) = Hilb(Z(X),q) = ¢" *Tx (1,47 "), (14)

where Tx (a, B) := Lacx (o — 1)~ A) (B — 1)AI=A) denotes the Tutte polynomial
of the matroid defined by X and Hilb(e,q) denotes the Hilbert series of the graded
vector space e.

Let x € X. We call the list X \ x the deletion of x. The image of X \ x under the
canonical projection 7, : U — U/ span(x) =: U /x is called the contraction of x. It is
denoted by X /x.

The projection 7, induces a map Sym(U) — Sym(U /x) that we will also denote
by ;. If we identify Sym(U) with the polynomial ring R[sy, ..., ss] and x = s,4, then
T, is the map from R[sy, ..., s4] to R[sy,...,s;_1] that sends s4 to zero and sy, . .., 541
to themselves.

Theorem [2.12]can be deduced from the following proposition.

Proposition 2.13 ([213]). Let X C U =2 R? be a finite list of vectors that spans U. Let
x € X be an element that is non-zero. Then the following sequences of graded vector
spaces are exact:

0— 2(X\x)[1] B2(X) = 2(X/x) =0 (15)
and 0— 2 (X\x)[1] B2 (xX) 5 2 (X/x) = 0. (16)

Here, [1] means that the degree of the graded vector space should be shifted up by
one.

Proposition 2.14 ([27]). Let X = (x1,...,xy) CU = R? be a list of vectors that spans
U. A basis for (X ) is given by %(X) := {Qp : B € B(X)}, where Qp := px\ (BuE(8))
and E(B) denotes the set of externally active elements in X with respect to the basis
B i.e. E(B):={xj€ X\B:x;¢span{x; :x; € Band i < j}}.

2.5 The structure of splines and vector partition functions

Theorem 2.15 (Theorems 11.35 and 11.37 in [21]). Let X C U =R be a finite list of
vectors that spans U. On each big cell, Ty agrees with a polynomial that is contained
in 2(X). These polynomials are pairwise different. Furthermore, the space 2 (X) is
spanned by the local pieces of Tx and their partial derivatives.

It is not difficult to see that

By(u)= Y (-)"Tx(u—Y ). (17)

One can use this fact to deduce the following result.

Corollary 2.16. The box spline Bx agrees with a polynomial in 2(X) on each alcove.
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Theorem 2.17 ([43] and Theorem 13.52 in [21])). Let X C A C U = R be a finite
list of vectors that spans U. Let §2 be a big cell. Then the vector partition function ix
agrees with a quasipolynomial i} € DM(X) on (Q —Z(X))NA.

Remark 2.18. Dahmen and Micchelli observed that

Tx(u) = Bx #qix(u) := ) Bx(u—A)ix(A) (18)
AEA

(cf. [21} Proposition 17.17]). The symbol *, stands for (semi-)discrete convolution.

3 Results in the unimodular case

In this section we will review previously known results in the case where the list X is
unimodular.

Recall that the splines By and Tx are piecewise polynomial (Theorem and
Corollary [2.16). The splines are obviously smooth in the interior of the regions of
polynomiality. This is in general not the case where two regions of polynomiality
overlap. The following theorem characterises the differential operators with constant
coefficients that leave the splines continuous.

Theorem 3.1 ([38]). Let X C A C U =R be a finite list of vectors that is unimodular
and spans U. Then

Z_(X)={pe X (X): p(D)Byx is a continuous function}. (19)

Note that because of (I7), a differential operator p(D) with constant coefficients
leaves By continuous if and only if it leaves Tx continuous. Theoremensures that
the derivatives of By that appear in the following theorem exist.

Theorem 3.2 ([36]], conjectured in [30]). Let X CA CU = R? be a finite list of
vectors that is unimodular and spans U. Let f be a real-valued function on %_(X),
the set of interior lattice points of the zonotope defined by X.

Then the space &_(X) C Sym(U) contains a unique polynomial p s. .

p(D)Bx|# (x) = f- (20)

Let z € U. As usual, the exponential is defined as e := Y ;~¢ %k, e R[[s1,...,s4]]-
We define the (z-shifted) Todd operator

—p: Dx
Pz
Todd(X,z) :=e g . € R[[s1,...,54]]- 1)
The Todd operator was introduced by Hirzebruch in the 1950s [29]] and plays a
fundamental role in the Hirzebruch—Riemann—Roch theorem for complex algebraic

varieties. It can be expressed in terms of the Bernoulli numbers By = 1, B| = —%,
B, = % .. Recall that they are defined by the equation " = Y~ %sk. One should
note that € =5 = == = Yi>0 %(—z)k. For z € 27 (X), we can fix a list S C X

ei—1
$.t. 2= Y regX, since X is unimodular. Let 7 := X \ S. Then we can write the Todd

operator as Todd(X,z) = [Tyes g7 [rer 725 -
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Recall that there is a decomposition Sym(U) = Z(X) @ _#°(X) (cf. Proposi-
tion . Let yx : Z(X) @ Z°(X) — Z(X) denote the projection. Note that this
is a graded linear map and that yy maps to zero any homogeneous polynomial
whose degree is at least N —d + 1. This implies that there is a canonical extension

vy R[[s1,...,54]] = P(X) given by yx(Yi(gi)) := Y wx(gi), where g; denotes a
homogeneous polynomial of degree i. Let

fo = X = yx(Todd(X,z)). (22)

Example 3.3. For X = (1,1) we obtain Todd((1,1),1) = (14+Bis+...)(1—Bis+
..)=1+0s+... Hence f"") =1 € #_(1,1) =R. Note that 2(1, 1) = span{1,s}
and _79(1,1) = ideal{s?}.

Theorem 3.4 ([38]). LetX CA CU = R4 be a finite list of vectors that is unimodular

and spans U. Let 7 be a lattice point in the interior of the zonotope Z(X). Then f, €
Z_(X), Todd(X,z)(D)Byx extends continuously on U, and

fz(D)BX‘A = TOdd(X,Z)(D)Bx|A = 52. (23)

Here, &, : A — {0,1} denotes the function that takes the value 1 at z and is zero
elsewhere.

Using (T8}, the following variant of the Khovanskii—Pukhlikov formula [33]] fol-
lows immediately.

Corollary 3.5 ([38]). Let X CA CU = R4 be a list of vectors that is unimodular
and spans U. Letu € A and z € & (X). Then

[Ty (u—z)NA| = ix(u—z) = Todd(X,z)(D)Tx (v) = f.(D)Tx (u). (24)

Here is an extension of Theorem [3.4] to the case were z is allowed to lie on the
boundary of the zonotope. In this case, f; € Z(X)\ Z_(X), so f;(D)Bx|4 may not
be well-defined and we have to use the limit construction explained in Subsection[2.3]

Theorem 3.6 ([38]). Let X CA CU 2R be a finite list of vectors that is unimodular
and spans U. Let w be a short affine regular vector and let z € % (X, w). Then

livrvllfz(DpW)Bx\A = livrvnTodd(X,Z) (Dpw)Bx s = 0.. (25)

Corollary 3.7 ([38]]). Let X CACU = RY be a finite list of vectors that is unimodu-
lar and spans U. Let w € cone(X ) be a short affine regular vector and let z € % (X, w).
Let u € A and let Q C cone(X) be a big cell s. . u is contained in its closure. Let i}
be the quasipolynomial that agrees with ix on Q. Then

|y (u—z) NA| =it (u—2z) = limTodd (X, 2) (Dpw) Tx (u) = lim f:(Dpw) Tt ().

Remark 3.8. De Concini, Procesi, and Vergne proved the case z = 0 of Theorem @]
in [24]. They refer to it as a deconvolution formula.

The original Khovanskii—Pukhlikov formula is the case z = 0 in Corollary[3.7} An
explanation of the Khovanskii—Pukhlikov formula that is easy to read is contained in
the book by Beck and Robins [4, Chapter 10].
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Corollary 3.9 ([38]). Let X CACU = R? pe a finite list of vectors that is unimod-
ular and spans U. Then ¥ » (x) Bx(2)f; = 1. This implies formula (I8) for u € A.

Recall that there is a homogeneous basis for the space &?(X) (Proposition .
For the internal space &2_(X), there is no similar construction. In general this space
is not spanned by polynomials of type py for some Y C X [3]. In the unimodular case,
the polynomials f, form inhomogeneous bases for both spaces.

Corollary 3.10 ([38]). Let X CA CU = R? be a list of vectors that is unimodular
and spans U. Then {f, : z € Z_(X)} is a basis for Z_(X).

We also obtain a new basis for the central space & (X). Let w € U be a short
affine regular vector, i. e. a vector whose Euclidian length is close to zero that is not
contained in any hyperplane generated by sublists of X. Let Z°(X,w) := (Z(X) —
w)NA. Tt is known that dim & (X) = | Z(X,w)| = vol(Z(X)) [30].

Corollary 3.11 ([38])). Let X C A C U = R? be a list of vectors that is unimodular
and spans U. Then {f, :z € Z(X,w)} is a basis for (X).

Remark 3.12. Ttis known that for f € _#9(X), f(D)Bx = f(D)Tx = 0. On the other
hand, if f € #(X), then f(D)Bx # 0 and f(D)Tx # 0. Hence &?(X) can be seen as
the space of relevant differential operators on By and Ty with constant coefficients.

How we will generalise these results

In the remainder of this article, we will generalise most of the results that were men-
tioned in this section to the general case, i. e. the case where the list X is contained in
a lattice or a finitely generated abelian group and X is not necessarily unimodular.

As stated in the introduction, a generalisation of the Khovanskii—Pukhlikov for-
mula (essentially Corollary is known: the Brion—Vergne formula (Theorem [5.4).
We will use it to generalise Corollary [3.5]to Theorem The main difference with
the original Brion—Vergne formula is that we use differential operators that leave the
spline continuous so that there is no need to use limits. The Brion—Vergne formula
uses a generalised Todd operator (Definition[5.3)). Again, for each interior lattice point
z of the zonotope, we will define a differential operator f;(D) (formula (31)) and these
differential operators will all sum to 1, i. e. Corollary [3.9| will be generalised to Co-
rollary[5.9]

An operator that turns a local piece of Ty into a local piece of iy must map ele-
ments of Z(X) to elements of DM(X). In the unimodular case it is sufficient to take
an element of &?(X) that defines a map Z(X) — 2(X) and then restrict to A since
in this case, restriction to A defines an isomorphism Z(X) — DM(X). In general,
the Todd operator must turn polynomials into quasipolynomials. This motivates the
definition of the central periodic 4?-space P (X) (Definition which generalises
o).

There is also an internal periodic &?-space (Definition which generalises
(I0)). Tt can be characterised as the set of differential operators contained in the
central periodic &?-space that leave Tx continuous (Theorem generalises The-

orem [3.1)).
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We will define a pairing between %(X ) and DM¢(X) in Definition that
agrees with the pairing between &(X) and Z(X) defined in (7) in the unimodu-
lar case. The spaces P¢ (X) and DM¢(X) are in fact dual under this pairing (The-
orem|7.2)) in the same way as (X ) and Z(X) are dual (Theorem [2.6).

The central periodic space has two bases: a homogeneous basis (Proposition [6.3]
generalising Proposition [2.14) and an inhomogeneous basis (Proposition [6.3] gen-
eralising Corollary 3.T1). The internal space has an inhomogeneous basis (Proposi-
tion generalising Corollary [3.10).

Theorem that connects the Hilbert series of the &?-spaces with the Tutte
polynomial of the underlying matroid can also be generalised: the Hilbert series of the
periodic &?-spaces are evaluations of the Tutte polynomial of the arithmetic matroid
defined by the list X (Theorems|6.4]and [6.12)).

There are also short exact sequences for both types of periodic &?-spaces: Pro-
position 2.13| will be generalised to Propositions[9.3]and

We do not have generalisations of Theorems and The reason for this is
explained in Remark [5.11]

4 Generalised toric arrangements and arithmetic matroids

In this section we will review some facts about finitely generated abelian groups,
generalised toric arrangements, and arithmetic matroids. The vertices of the toric
arrangement will appear in the definition of the central periodic &?-space and the
arithmetic matroid captures the combinatorics of this space.

4.1 Finitely generated abelian groups

Let G be a group. For a subset A C G, (A) denotes the subgroup of G generated by A.

If X C A is unimodular, then for any x € X, the quotient A / (x) is still a lattice and
(X /xy = A/ (x). For arbitrary X C A, this is in general not the case. Some deletion-
contraction proofs later will require us to consider quotients. Therefore, it is natural
for us to work with X C G, where G denotes a finitely generated abelian group.

Let G be a finitely generated abelian group. Let G; := {h € G : there exists k €
Z~ s.t. k- h =0} denote the rorsion subgroup of G. By the fundamental theorem of
finitely generated abelian groups, G/G; is isomorphic to Z¢ for some d. d is called
the rank of the group G. It is natural to associate with G the lattice A := G/G, =
G ®7 Z and the Euclidian vector space U := A ®7 R = G®z R. So choosing a finitely
generated abelian group is more general than the setting in Section[2] where we haven
chosen a vector space U = R? and a lattice A C U. In Section 2] we required that X
generates U. In the case X C G, the suitable generalisation is that X generates a
subgroup of finite index. Recall that the index of a subgroup H C G is defined as
|G/H]|.

Warning: working with finitely generated abelian groups instead of lattices makes
some of the statements appear rather complicated. A reader who is not interested in
the proofs may always assume that X is contained in a lattice. In fact, most of the
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proofs also work in this setting. Deletion-contraction is used only in the proof of
Theorem [6.12] and Proposition and of course in the statement of the short exact
sequences (Propositions[0.3]and[9.7). The results involving vector partition functions
all assume X C A as all the previous work on this topic has been done in this setting.

4.2 Generalised toric arrangements

We will now define generalised toric arrangements, which are arrangements of (gen-
eralised) subtori in a (generalised) torus.

Asusual, ' := {7 € C:|z| = 1}. Recall that G = A © G, denotes a finitely gener-
ated abelian group. The compact generalised torus defined by G is the abelian group
T(G) := hom(G,S"). We can identify G with hom(7'(G),S"). This is a special case
of Pontryagin duality between compact and discrete abelian groups.

The group T(G) is canonically isomorphic to the group of homomorphisms G —
(R/Z). Let ¢ : G — (R/Z) be such a homomorphism. This defines an element ey €
T(G) via ey (g) 1= €*™9(8),

Note that hom(A,S!) x hom(G;,S!) = hom(G,S"'). An isomorphism is given by
the map that sends (ey, ,e4,) t0 €4 (a,b) := ey, (a)ey, (b). Since hom(A,S') is a com-
pact torus and hom(G;,S') = G; is a finite abelian group, T (G) is topologically the
disjoint union of |G| copies of the d-dimensional compact torus.

Choosing a basis for A is equivalent to choosing an isomorphism hom(A,S;) &
(S1)?. Givenabasis s1,...,s4, one canmap ey € T(G) to (e (s1),...,e4(sqa)) € (S")4.

Every x € X defines a (possibly disconnected) hypersurface in 7(G):

H,:={ey €T(G):ey(x)=1}. (26)

Definition 4.1 (Toric arrangements). Let G be a finitely generated abelian group and
let X be a finite list of elements of G that generates a subgroup of finite index. The
set {H, : x € X} is called the generalised toric arrangement defined by X.

The set | (Nyep Hy), Where the union runs over all bases B C X, is a finite set. It
is called the set of vertices of the toric arrangement and denoted by ¥ (X). By basis,
we mean a set of cardinality d that generates a subgroup of finite index. If tk(G) =0,
we define ¥ (X) :=T(G).

Note that if X C Z, then ¥ (X) is a set of roots of unity. See Figureon page
for a two-dimensional example and Example for a toric arrangement in the torus
T(Z®Z/3Z).

If G is isomorphic to a lattice A, everything is a bit simpler. In particular, the torus
T(G) will be connected. We denote the dual lattice of AbyV DT :={veV:v(d) €
Z for all L € A}. Note that if we identify U and V with R? and a basis for A is given
by the columns of a (d x d)-matrix, then the rows of the inverse of this matrix form a
basis for I

Recall that a vector x € U defines a hyperplane H, = {v € V : v(x) = 0}. The set
H? = {v €V :v(x) € Z} is a periodic arrangement of countably many shifts of the
hyperplane H,. Note that y(x) € Z for all y € I' if x € A. This implies that for all
x € X, I acts on HY by translation. The quotient H. := HY /[’ = {v € V/T" : v(x) =
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0} is a (possibly disconnected) hypersurface in the torus V /I" = (R/Z)“. The toric
arrangement defined by X is then the set {H. : x € X }.

In Section [7} we will use the algebraic torus Tc(G) := hom(G,C*) = T(G) x
hom(G,R-). Note that if one defines a toric arrangement as a family of subsets of
Tc(G), the set of vertices #/(X) will still be contained in 7(G). For this reason, it
does not make a big difference for us whether we work with T(G) or T¢(G). The
compact torus is better suited for drawing pictures and the algebraic torus has nicer
algebraic properties that we will use in Section

The following remark and proposition show that toric arrangements appear nat-
urally in the theory of vector partition functions.

Remark 4.2. The Fourier transform of the vector partition function iy can be inter-
preted as a rational function on the torus 7'(G) that maps ey to m The set
of poles of this function is precisely the toric arrangement defined by the list X.

For the multivariate spline Ty there is an analogous statement: the Laplace trans-
form is the rational function on the vector space V that maps v to m The set of
its poles is the central hyperplane arrangement defined by the list X (see e. g. [21]).

Let ey € 7(X). We define a sublist X O X, := (x € X : ey(x) = 1) =X NH,. This
is the maximal sublist of X such that ¢y . H, = {ey}. Note that by construction, X,
always generates a subgroup of finite index.

Proposition 4.3 (Section 16.1 in [21]]). Let X CA CU = R? be a finite list of vectors
that spans U. Then DMc¢(X) = @e, e (x) €9 Zc(Xp) A

So in particular, if X is unimodular, then DM¢ (X) = D¢ (X)|a-

4.3 Arithmetic matroids

We assume that the reader is familiar with the definition of a matroid (see e. g. [21,
410). An arithmetic matroid is a pair (M, m), where M is a matroid on the ground set
Aandm:24 — Z> is a function that satisfies certain axioms [8./L5]. The function m
is called the multiplicity function.

The prototype of an arithmetic matroid is the one that is canonically associated
with a finite list X of elements of a finitely generated abelian group G. Given a sublist
S C X, the rank rk(S) of S is defined to be the rank of the group (S). Let Gs C G be
the maximal subgroup of G s. t. the index |Gs/ (S)| is finite. Then we define m(S) :=
Gs/(S)]-

If the list X is contained in a lattice, then one can equivalently define rk(S) :=
dimspan(S) and m(S) := |(span(S)NA)/(S)| for S C X. Note that in this case if
S C X is linearly independent, then m(S) is equal to the number of lattice points in
the half-open parallelepiped {Y  cgAss: 0 < Ay < 1}.

The arithmetic Tutte polynomial [[1539] is defined as

My (a, ) = ) m(S) (o — NO=KE (g — 1) Sk, 27)

SCX
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Note that if X C A is unimodular, then the multiplicity function is constant and equal
to 1. Hence the arithmetic Tutte polynomial and the Tutte polynomial are equal in
this case.

We call an element x € X a coloop if tk(SUx) = rk(S)+ 1 for all § C X \ x.
Recall that in matroid theory an element of rank O is called a loop. If the matroid is
represented by a list of vectors, loops are always represented by the vector 0. It is
important to note that in the case of arithmetic matroids there can be elements of rank
0 that are non-zero, namely elements of the torsion subgroup.

An important property is the following deletion-contraction identity (Lemma 5.4
in [[15]]). If the arithmetic matroid (M, m) is represented by the list X and x € X, then
the lists X \ x and X /x (as defined in Subsections[2.4]and[9.1) represent the arithmetic
matroids obtained by deleting and contracting x, respectively. Let x € X be a vector
that is neither torsion nor a coloop. Then

mx(a’ﬁ):mX\x(aaﬁ)+mX/x(a’ﬁ)~ (28)

Simple matroids capture the combinatorial structure of central hyperplane ar-
rangements (see e. g. [42]). In a similar way, arithmetic matroids describe the com-
binatorial structure of toric arrangements. For example, the characteristic polynomial
of the toric arrangement defined by a list X is equal to (—1)¢My (1 —g,0) ([39,
Theorem 5.6]). Toric arrangements also appear naturally in the theory of vector par-
tition functions. The following result is a discrete analogue of a special case of The-

orem[2.12]

Proposition 4.4. Let X C A C U =2 R? be a finite list of vectors that spans U. Then
dim(DMc (X)) = Mk (1,1).

Proof. This follows directly from Proposition .3 and [39, Lemma 6.1], which im-
pliesthatZe¢67/<X)‘ZX¢(l71):9)?;((1,1). O

Theorem 6.3 in [39] states a stronger result, i. e. a relationship between the Hilbert
series of DM¢ (X) and Mix (1,q). However, the result in [39] is slightly incorrect, i. e.
it only holds if one uses a special grading on DM¢ (X).

5 The improved Brion—Vergne formula

In this section and the next two, we will discuss the new results that are contained
in this paper. We will first introduce the space Z(X), a space of differential oper-
ators with periodic coefficients, before proving analogues of some of the results in
Section 3] in particular an improved version of the Brion—Vergne formula.

Recall that for a vertex of the toric arrangement ey € #'(X), we have defined the
sublist X D Xy := (x € X 1 ep(x) =1).
Definition 5.1. Let X C A C U =~ R be a finite list of vectors that spans U. We define

the periodic coefficient analogue of the central &?-space, the

central periodic &-space BAZ/(X) = @ eppx\x, 7 (Xp) C @ ey Sym(U).
e¢€'1/(X) e¢€'7/(X)
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Remark 5.2. Let p € &(X). Then p(D) obviously defines a map Z(X) — 2(X).
Now let p € P (X). It is slightly less obvious that p(D) (followed by restriction to
A) defines a map Z(X) — DMg(X). This is a consequence of the decomposition
DMc¢(X) = @epZc(Xp)|a in Proposition The relationship between 2| (X) and
DM(X) will be explained in more detail in Section|7]

Note that even though the two spaces Z¢(X) = @, o€V (X) €9PX\X, T (Xyp) and
DMc(X) = 6, s (x) €97 (Xs)|a look quite similar, there is an important differ-
ence between them: both, e and f € Z(Xy )| are functions defined on A, so ey f €
DM(X) is a function on A as well. For ey p € ey px\x, & (Xy) however, the situation
is different. The polynomial p is contained in Sym(U), so it is a differential operator
on Sym(V') and ey is still a function on A. So the term e, p can be thought of as func-
tion that assigns a differential operator with complex coefficients acting on Sym(V)
to each point in A.

Definition 5.3 (Periodic Todd operator). Let X CA C U & R4 be a finite list of
vectors and let z € A. Then we define the (z-shifted) periodic Todd operator

Todd(X,z) := ep-ep(—2)e P [ ——— (29)
%EZV:( X) XI;I(I—QP (—x)erx’

T&id(X,z) can be thought of as a map A — R[[s1,...,s4]]. The term ey is a map
A — 8!, whereas ey (—z) € S'. Note that if the list X is unimodular, then ¥ (X) = {1}.
This implies Todd(X,z) = Todd(X,z) and #(X) = Z(X).

The following theorem first appeared in [9, p. 802]. In [24] Theorem 3.3], the
notation is more similar to ours.

Theorem 5.4 (Brion—Vergne formula). Let X C A C U = R? be a finite list of vectors
that spans U. Let u € cone(X) N A and let w € U be a short affine regular vector s. t.
u+w € cone(X). Then

limTodd(X,0) (Dpw ) T (1) = ix (u). (30)

Recall that we have defined a projection map yx : R[[s1,...,s4]] = Z(X) earlier.
We require a projection Wy : @%e"f/ x)€oR[s1,...,s4]] = Deper(x) esRIs1,. .., 54|
now that maps Todd(X,z) to @( )-Let f € @, evx) epR([[s1,...,54]]. Then f can
be written uniquely as f = Y., cv(x) €g fp for some fo € R[si,...,s54]]. We define

Ux(f)i= Y eowx(fy) and f:= Yx(Todd(X,z)). 31)
e¢€"//(X)

Remark 5.5. Note that 1 —ey(—x)e™ is invertible as a formal power series if and only
if eg(—x) # 1 (a formula for the inverse is given on p. 516 of [24])). This implies that

px\x, divides T?, the ey component of TE)Ed(X). Hence yx(T?) € Px\x, 2 (Xp).
This implies that 7. € 2(X) for any z € U.

Remark 5.6. We can also define yx (f(4,-)) := l[IX():% eg(A)fo(-))) forfixed A € A
if we complexify all the vector spaces.
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We will be able to prove the following result using Theorem

Theorem 5.7 (Improved Brion—Vergne formula). Let X C A C U = R? be a finite
list of vectors that spans U.

(i) Let w € U be a short affine regular vector, u € cone(X) NA and let z € A
s.t. u—z+w € cone(X). Let Q denote the big cell whose closure contains u and

u+ ew for some small € > 0. Let i;? denote the quasipolynomial that agrees with ix
on (2 —Z(X))NA. Then

lim £ (Dpw) T (u) = i} (u — 2). (32)

Furthermore, if 7 € 2 (X,w), then it (u—z) = ix(u—2).
(ii) If z € Z(X), then f.(D)Tx is continuous in A and the following formula
holds:

Fo(D)Tx (u) = ix (u—z). (33)

Note that the theorem only states that f,(D)Ty is continuous on A and not on
all of U. There are two reasons for this: f; is a priori defined only on A and there
are many different ways of extending f, to U. Furthermore, if one extends f;(D) to
U, then f,(D)Tx will usually be discontinuous at the non-lattice points where two
regions of polynomiality overlap (cf. Figure I}

Example 5.8. Let X = (1,2) (cf. Example . Then 2 (X) = span{1,s, (—1)*s},
fi=14+5— (—1)’1%, and fo =1—-5+(=1)"3. Theorem correctly predicts that
f1(D)Tx (u)|z = ix(u—1). ix (u) is equal to 4 + 1 for even u and “F* for odd u.

Corollary 5.9. Let X C A C U =R be a finite list of vectors that spans U. Then
Yoew x)Bx(2)f: = 1.

Proof of Theorem (i) The second statement follows from Theorem[2.17] We
will prove the first statement in two steps: (a) Let T)f) denote the polynomial that
agrees with Ty on . Then

. T _ . _ —Pz $ Q
thVnTodd(X,z) (Dpw)Tx (u) = e,;,e'zf/:(X)e(P (u)-ep(—z)e”” xlel 1—ep(—x)e s T (u)
_ _ Pk roq_
— %;’(X)e(p (u z)XIe_)I( EyE—r— Ty (u—7z)

The last step uses Theorem (b) Let ey € 7(X) and let fy be the formal power
series that is the ey part of Todd(X,z). For i € N, the degree i part of jj := fy —
wx (fy) is contained in _# ?(X). By Theorem this implies that j, annihilates all
the local pieces of Tyx. Hence lim,, Tgad(X ,2)(Dpw ) Tx (u) = lim,, fZ(Dpw)TX(u).

(i1) If u lies in the interior of a big cell, then Tx agrees with a polynomial in a
small neighbourhood of u and nothing needs to be shown. Now suppose that u lies
in the intersection of the closures of two big cells ©; and €2,. Let w; and w; be two
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affine regular vectors s.t. u+ ew; € £; for sufficiently small € > 0. Let iy! and iy2
denote the corresponding quasipolynomials as in (i). Using (i) we obtain

tim - (Dpw) T () = i (1 —2) = i (u = 2) = iy* (u—2) = lim f- (Dpw) T (u).

The second and third equalities follow from Theorem [2.17] and the fact that u —z €
(21 —Z(X))N (22— Z(X)). Hence f,(D)Tx is continuous in u. This implies that we
can drop the limit and f,(D)Tx (u) = ix (u —z). O

Proof of Corollary[5.9] Let u € A. Note that by formula (I8) and Theorem [5.7} for
allue A

( Y Bx(z>fz> (D)Tx(u)= Y, Bx(ix(u—z)=Tx(u).  (35)

€7 (X) €7 (X)

So the actions of F := (Y.c# (x)Bx(2)f:) and 1 € 2(X) on Tx are the same.
Hence (F — 1)(D)Tx = 0. We will now show that this implies F = 1.

One can choose a sublattice A C A s.t. F — 1 agrees with a polynomial that is
contained in Z¢(X) on each coset of A°. Let p € Z¢(X) be one of these polynomi-
als. By assumption, p(D) annihilates all local pieces of Tx. Hence, by Theorem[2.15
p annihilates all of 2(X). It follows from the Duality Theorem (Theorem that
p = 0. Since (F — 1) restricted to an arbitrary coset of A®is 0, F = 1. O

Remark 5.10. The space &(X) is inclusion-maximal with the following property: for

every 0 # p € Z(X), the differential operator p(D) defines a map Z(X) — DMg(X)
that does not annihilate 2(X). In particular, p(D) does not annihilate Tx. Hence

Z(X) can be seen as the space of relevant differential operators on Tx with periodic
coefficients (cf. Remark [3.12).

Remark 5.11. Theorem has no obvious generalisation to the general case. Con-
sider the list X = (1,a) for a € Z and a > 2. Then Bx|[; 4 = é and By is linear with

slope 1 on [0,1] and [a,a + 1].

ﬁ(l Ja) = span{1,s,e?™*ag  Prila-DAjagy (36)

The space #(1,a) is a+ 1 dimensional, but all but one basis element (1) send By
to a function that is zero everywhere on {1,...,a — 1} except in one point (which
one depends on whether we use a limit from the left or the right). Hence there is no
subspace of #?(X) that contains unique interpolants.

There are however more complicated operators that are inverse to the box spline.
The following statement is contained in [24, Theorem 2.29]: let w € cone(X) be a

short affine regular vector. Then lim,, Todd* (X)(Dpw)Bx = o,

where Todd* (X):= Z ep H P H

1 —ey(—x)7
oV (X)  x€X I —ep(—x)ePx xeX\X,

1—r1,

As usual, 7, denotes the translation operator defined by 7,(f) := f(- —x). See also

Example
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6 Results on periodic Z7-spaces and arithmetic matroids

In this section we will define and study internal periodic &?-spaces and prove further
results on central periodic &7-spaces. We will construct bases for these spaces and
show that their Hilbert series are evaluations of the arithmetic Tutte polynomial.

6.1 Central periodic &-spaces

Let us first recall the connection between the zonotope Z(X) and the arithmetic
matroid defined by X.

Proposition 6.1 (Corollary 3.4 in [14]). Let X C A C U =R be a finite list of vectors
that spans U. Suppose that the fundamental region of A has volume 1. Then
1. the volume vol(Z(X)) of the zonotope is equal to Mx (1,1) and

2. the number |2 (X)| of integer points in the interior of the zonotope is equal to
My (0,1).

We will later see that the dimension of the central periodic £?-space is equal
to vol(Z(X)) and that the dimension of the internal periodic &?-space is equal to
|2~ (X)].

It will be useful to have a definition of the space &2 (X) in the case where the list X
is contained in a finitely generated abelian group. Let G be a finitely generated abelian
group and let X C G. Fory € X, we define p, :=y® 1€ G®R =U C Sym(U). Then
define py := [1yey py and Z(X) :=span{py : ¥ C X, X \ Y generates a subgroup of
finite index} as in (9).

Let X; := X N G; be the sublist of X that contains all the torsion elements. Note
that if x € X; then x® 1 = 0 € U. Hence adding or removing torsion elements from X
leaves (X ) unchanged. The same is true for 7'(X).

Note that in Deﬁnitionthere are factors of type px\x ” We do not want these
to vanish if X \ X, contains torsion elements and we want these factors to have degree
]X \X¢ ‘ Therefore, we add a new variable s that keeps track of the torsion elements.

Definition 6.2. Let G be a finitely generated abelian group and let X be a finite list
of elements of G that generates a subgroup of finite index. We define the central
periodic 2-space

P2X)= D ernmumn’ PX) S D eRisol@SymU),  (37)
e¢€"//(X) e¢e“//(X)

where 1(9) = tx () := | X, \ X |.

The central periodic &?-space has both a homogeneous ’matroid-theoretic’ basis
and an inhomogeneous basis. The following two results generalise Proposition [2.14]

and Corollary

Recall that X; denotes the sublist of X that contains all torsion elements.
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Proposition 6.3 (Homogeneous basis). Let G be a finitely generated abelian group
and let X be a finite list of elements of G that generates a subgroup of finite index.

Then the set @(X) = {etbSE)(¢)pX\(BU(E(B)ﬂX¢)UX,) teg €V (X),BeB(Xy)} is a ho-

mogeneous basis for #(X). Here, E(B) denotes the set of externally active elements
in X with respect to the basis B.

Proof of Proposition[6.3] Use Proposition for each of the direct summands in
and note that px\ (x, ux,) Px,\(BUE(B)) = PX\(BU(E(B)X,)UX,)- U

Note that there is a natural decomposition 2 (X) = Di>0De,c7(x)€oPig. Where
each of the spaces P,y C R[so] ® Sym(U) contains only homogeneous polynomials
of degree i. This allows us to define the Hilbert series

Hﬂb(ﬁ(}(),@:i( D dima,(],)q". (38)

i0 ) EV(X )
The following theorem and Theorem [6.12|below generalise Theorem [2.12]

Theorem 6.4. Let G be a finitely generated abelian group and let X be a list of N
elements of G that generates a subgroup of finite index. Then

Hilb(2(X),q) = ¢" “Mx (1,47 "). (39)

In particular, if X is contained in a lattice A whose fundamental region has volume

1, then the dimension of &7 (X) is equal to the volume of the zonotope Z(X).

Proof of Theorem[6.4] 1t is known that My (1, ) = Yeoer(x)Tx, (1,B). This is [39}
Lemma 6.1]. Note that in this equation, ‘Ix¢ denotes the Tutte polynomial of the
matroid defined by Xy, i. e. the torsion part of all elements of X is ignored and ele-
ments of X that lie in the torsion subgroup G; count as loops. Hence using The-
orem [2.12] we obtain

Hilb(2(X),q)= Y, ¢XlHilb(2(Xy),q)
e¢€“I/(X)

= ¥ ekl (1,47 =¥y (1,g ). O
es€7 (X)

Proposition 6.5 (Inhomogeneous basis). Let X C A C U = R? be a finite list of
vectors that spans U. Let w be a short affine regular vector. Then {f, :z € Z(X,w)}

is a basis for ﬁ(X)

Proof of Proposition[6.5] By definition, each f. is contained in P (X). It is known
that |27 (X,w)| = vol(Z(X)) if the Lebesgue measure on U is chosen s.t. the funda-
mental region of A has volume 1 (e. g. Proposition 13.3 in [21]]). Hence it follows
from Proposition and Theorem that dimZ(X) =|Z(X,w)|.
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Note that the real vector space of all functions {f : 2°(X,w) — R} is equal to
span{li&nﬂ(Dpw)Tﬂg(x"W) z€ Z(X,w)}. (40)

This follows from the fact that for z € 2°(X,w), the support of ix (- — )| #(x,w) =
lim,, f2(Dpw) Tx| 2 (x,w) 18 contained cone(X) +z and this function assumes the value
one at z (cf. Theorem 5.7). We can deduce that the set {f, : z € 27 (X,w)} is linearly
independent. O

6.2 Internal periodic &?-spaces

The elements of 2 (X) can be thought of as functions that assign to each g € G a
polynomial in Sym(Ug). For p € Z(X), we will write p(g,-) to denote this “local”
part of p.

Definition 6.6 (Internal periodic &?-space). Let X CA CU & R be a finite list of
vectors that spans U. Then we define the internal periodic &-space

P_(X):={pe P(X): D" p(x,-) =0forall H € #(X)and all L € HNA}

(41)
where 57 (X) denotes the set of all hyperplanes H that are spanned by a sublist of X.
For H € 7 (X), ng € V denotes a normal vector and m(H) := |X \ H|.

Example 6.7. Let X = ((2,0),(0,2)) C Z>. The set of vertices of the toric arrange-
ment ¥ (X) consists of the four maps that send (a,b) € Z? to 1, (—1)4, (—=1)?,

and (—1)%?, respectively. 2(X) = @, s (x) €9pR. The “differential” equations for
P_(X) are p(0,-) = p((1,0),-) = p((0,1),-) = 0. Hence

P_(X) =span{l — (—1)7 — (=1)" + (~1)***}. (42)

In some proofs, we will require a more general definition, where the list X is
contained in a finitely generated abelian group G. Before making this definition, we
have to generalise the notion of a hyperplane.

Recall that we have associated with G a vector space U = G® R and a lattice A =
GRR = G/G;, where G; C G denotes the torsion subgroup. X ® 1 denotes the image
of X under the projection G — A. Then we define clg(Y) := (span(Y @ 1)NA) x G;.
Note that the isomorphism A @ G; 2 G is not canonical and that the image of A € A
in G can vary by a torsion element under different isomorphisms. However, clg(Y)
can be seen as a subset of G in a canonical way. We define the set of generalised
hyperplanes as

H(X):={clg(Y): Y CX,1k(Y)=d —1}. (43)

Let H € 7 (X). As before, we define m(H) := |X \ H| and 1y € V denotes a
normal vector for the hyperplane span(H ® 1) C U. Note that D, acts on R[so] ®
Sym(U) in the natural way, we just ignore the sy when differentiating.
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Definition 6.8 (Internal periodic &?-space, general definition). Let G be a finitely
generated abelian group and let X be a finite list of elements of G that generates a
subgroup of finite index. Then we define the internal periodic &7-space as the space

21 1

P_(X):={pec P(X) :D',;’ISH)_ p(g,-)=0forall H € #(X) and for all g € H},
where 7 (X) denotes the set of generalised hyperplanes as defined in (@3).
Example 6.9. Let X = ((2,0)) € Z®Z/2Z. Then 2 (X) = {{(0,0),(0,1)} and
Z-(X) =span{l — (1), (=1)" = (=1)**}.

Example 6.10. Let ((2,0),(0,1)) =X C Z&Z/27Z. Then 7 (X ) = {{(0,
Furthermore & (X) = span{l, (—1)¢, (—1)’sg, (—1)**Psp} and Z2_(X) =
(—1)%, (=1)bsg — (—1)%*Psy}. The arithmetic Tutte polynomial is
My(o,B)=2(a—1)+4+(ax—-1)(B-1)+2(B-1)=aB+a+B+1. (44)
The following result is the periodic analogue of Theorem 3.1

Theorem 6.11. Let X C A C U =2 R be a finite list of vectors that spans U. Then

0),(0,1)}.
span{1 —

P_(X)= {pe ﬁ(X) : p(D)Tx is continuous in A}. (45)
Theorem 6.12. Let G be a finitely generated abelian group and let X be a list of N
elements of G that generates a subgroup of finite index. Then

Hilb(Z_(X),q) = ¢" My (0,¢7"). (46)

In particular, if X is contained in a lattice, the dimension of Z_(X) is equal to the
number of interior lattice points of the zonotope Z(X).

Here is a generalisation of Corollary [3.10]

Proposition 6.13 (Inhomogeneous basis). Let X C A C U = R? be a finite list of
vectors that spans U. Then {f, : z € 2 (X)} is a basis for Z_(X).

Remark 6.14. In contrast to the central periodic space, the internal periodic space in
general does not have a decomposition &_(X) = @ ey Py for some Py C R[so| @
Sym(U) (e. g. Example . This and the fact that we do not have a statement ana-
logous to Proposition [6.3]make it a lot more difficult to handle this space.

Therefore, the proofs of the results in this subsection are considerably longer
than the ones in the previous subsection. For the proof of Theorem we will use
a residue formula for the jump of the multivariate spline across a wall that is due to
Boysal—Vergne (see Section [§). Theorem [6.12]requires the most work. We will prove
it inductively using the exact sequence in Proposition[0.7]below. In its proof, we will
use the “C”-part of Proposition [6.13] that is fairly simple (Lemma [9.5). The rest of
Proposition[6.13] will then follow via a dimension argument (see Section [J).

Remark 6.15. The definition of the internal periodic 4?-space was inspired by the
representation of the &?-spaces as an inverse systems of power ideals given in [2,30].

If X C A is unimodular, then &7_(X) = &_(X) and the description of this space
in is the same as the description of the internal &?-space as an inverse system (or
kernel) of a power ideal in these two papers.
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Remark A6/.16. Foreach g e G thqg is a “local” version of /t\lle periodic £2-spaces at
g ie. Z(X)g :={p(g,) : p € Z(X)} € Sym(Uc) and Z_(X)g :={p(g,)) : p €
Z_(X)}. Itis easy to see that Z(X), C Pc(X) for any g € G. The space Z_(X),
is a semi-internal space in the sense of [31,35]. However, in general P (X) ¢ 1s not
equal to one of the specific types of semi-internal spaces that were studied in these
two papers.

7 Duality between DM (X) and £ (X)
7.1 Overview

The goal of this section is to prove that %(X ) and DM¢(X) are dual in analogy
with Theorem [2.6] We will first define a pairing that induces this duality. If X is
unimodular, this pairing agrees with the one defined in (7). Then we will show that
P (X) is canonically isomorphic to C[A]/ _ZY(X). We will see that one can also
obtain the pairing using this isomorphism and a canonical pairing C[A]/ _#¥(X) x
DM¢(X) — C.

Definition 7.1. Let X C A QN U = R? be a finite list of vectors that spans U. Let
P = Yeser(x)€oPx\x, P € Pc(X) and f =¥, cy(x)e9fo € DMc(X). Then we
define

(p.f) =Y, (po:fo)- (47)

6¢€4V(X)

Note that a priori, the function f above is not a polynomial, but a function A — C.
However, by Proposition[4.3] the functions f; are all restrictions to A of polynomials
in Z¢(Xy). Therefore, we can identify them in a unique way with polynomials in
Dc(Xp)-

Theorem 7.2. Let X C A C U = R be a finite list of vectors that spans U. Then the

spaces P (X) and DMc(X) are dual under the pairing (-,-) 7, i. e. the map

(48)

is an isomorphism.

Proof. It follows from the definition that (egp,eq f) 7 = (p,0) +(0, f) = 0 for ey #
€p. P € Px\x, Pc(Xp), and f € D (Xy). The statement can then easily be deduced
from Theorem [2.6] taking into account Proposition .3 O

There is a natural pairing (,)v : Z[A]/ _#¥(X) x DM(X) — Z which is defined
by (A, f)v := f(A) for A € A. This pairing can be extended to a pairing (,)y :
Cl[A]/ 7 (X) x DM¢(X) — C.
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Theorem 7.3. Let X CA CU =R% be a Jfinite list of vectors that spans U. Let w € U
be an affine regular vector. Then the set {A : A € Z(X,w)} C C[A]/ #Y(X) is a
basis for the vector space C[A]] _ZX(X).

Furthermore, the pairing (-,-)y induces a duality between the two spaces, . e. the
map DMc (X) — (C[A]/ #Y(X))*, £+ (-, f)v is an isomorphism.

Proof. This follows from Proposition 13.16 and Theorem 13.19 in [21]]. [

Theorem 7.4. Let X C A C U = R? " be a finite list of vectors that spans U. There
exists a canonical isomorphism L : P¢(X) — C[A]) ZY(X) s.t. for p € Pc(X)
and f € DMc(X), (p,[f) 7 = (L(p), f)v-

Corollary 7.5. Let X C A C U =2 R? be a finite list of vectors that is unimodular and
spans U. Let w be an affine regular vector. Then {yx(e°) : z € Z(X,w)} is a basis
for Z(X).

Furthermore, L(yx (€°)) = z and this induces a bijection between this basis and
the basis in Theorem[L3]

Remark 7.6 (K-Theory). Recent work of De Concini—Procesi—Vergne and Cavazza-
ni—Moci relates the zonotopal spaces studied in this paper with geometry.

2(X) and Sym(U)/ _#?(X) = 2(X) can be realised as equivariant cohomo-
logy of certain differentiable manifolds and DM(X) can be realised as equivariant
K-theory [22L1231[25]].

The space Z[A]/ #¥(X) can also be realised as equivariant K-theory of a certain
manifold [L1, Theorem 5.4]. The complexification of this space is by Theorem
isomorphic to Z¢(X).

7.2 The details

The construction of the map L in Theorem [7.4]requires a few concepts from commut-
ative algebra that we will now recall.

In this section we will work with the algebraic torus 7 (A) = hom(A,C*), which
will allow us to use algebraic techniques such as primary decomposition. Recall that
the algebraic torus is an algebraic variety that is isomorphic to { (o, Bi,. .., &4, Bs) €
C* : oy = 1}. Its coordinate ring is C[A]. Let Tc(A) S ep: A — C* and f =
Yea Vad € C[A]. Then f(eg) := Y5ea Vaes(A). The choice of a basis si,...,sq for
A induces isomorphisms 7i(A) 2 (C*)? via ey + (€4 (s1),.-.,e4(s4)) and C[A] =
Claf,....a5" viaA YL visi =TI a)" € Clai!, ..., a"]. Under this identific-
ation f(ey) is equal to the evaluation of the Laurent polynomial f € (C[alil e ﬂjl]
at the point (e (s1),...,e9(sq)) € (C*)%.

As usual, the subvariety defined by an ideal I C C[A] is the set Var(I) := {ey €
Tc(A) : f(eg) =0forall f € I}. Recall that an ideal / C C[A] is zero-dimensional
if one of the following two equivalent conditions is satisfied: the quotient C[A]/I is
finite-dimensional or the variety Var(/) C T (A) is a finite set.
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Lemma 7.7. Let X C A C U = R be a finite list of vectors that spans U. The ideal
IY(X) C C[A] defines a zero-dimensional subvariety of Tc(A) that coincides with
the set of vertices of the toric arrangement ¥ (X).

Proof. Let f,g € C[A] and ey € Tc(A). It is important to note that (fg)(ey) =
f(es)g(eq). Then it is immediately clear that #(X) C Var(_#V(X)): a vertex of
the toric arrangement is annihilated by some basis and every cocircuit intersects this
basis.

Now let ey € Var(_# V(X)) C T(A). Hence V¢ (ey) = 0 for all cocircuits C C X.
Since C is an integral domain, this implies that ey annihilates at least one factor of
each cocircuit. Let Y C X be the list of elements that are annihilated by ey. Suppose
that Y is contained in some hyperplane H. Then ey does not annihilate an element of
the cocircuit X \ H. This is a contradiction. Hence e, annihilates a basis B. This basis
defines a vertex of the toric arrangement. O

Theorem 7.8 (Chinese remainder theorem, e. g. [28|, Exercise 2.6]). Let R be a com-
mutative ring, and let Q1,...,0pn C R be ideals s.t. Qi+ Q; = R for all i # j. Then
R/(N; Qi =TI%, R/Q;. The isomorphism is given by the product of the m canonical
projection maps.

The following related result follows from [12, Exercise 4.§2.11] (see also [28]
Theorem 2.13 and Chapter 3]).

Theorem 7.9 (Primary decomposition). Let J C C[A] be a zero-dimensional ideal
with Var(J) = {p1,...,pm}-

Let Q; = {f € C[A] : there existsu € C[A],u(p;) #0s.t. uf € J}. Then J =
01 N...NQy is the primary decomposition, so in particular, Var(Q;) = {p;} and
C[A]/J = CJ|A]/Q1 % ... x C[A]/ O

Let J C C[A] be an ideal s.t. Var(J) contains only the point ey. We say that
6 € Ve = Uf: represents ey if ?¥9(2) = ¢4 (1) for all A € A. Note that the map 6 is
not uniquely determined by this condition.

Let A € A. Note that ey (—A)A — 1 € C[A] vanishes at the point ey. By Hilbert’s
Nullstellensatz, this implies that es (—A)A € v/J, or put differently, #; := ey (—A)A —
1 € C[A]/J is nilpotent. This implies that the following term is a finite sum: log(1+
n) =t —13/241/3—...

Let i% : A — C[A]/J be the map given by i®(1) := log(1 +1;) + 8(A). This
map is additive since 141 13, = (1 413,)(1 +13,). It can be extended to a map
i% : Sym(U) — C[A]/J. The following result follows from Proposition 5.23 in [21]].
Proposition 7.10. Let J C C[A] be an ideal s.t. Var(J) contains a unique point ey.
Let 0 € Vic be amap that represents ey. Let i® : Sym(U) — C[A]/J be the map defined
above and let I := ker(i%). Then i® induces an isomorphism iﬁ)g : Sym(U) /I —
C[A]/J and Var(I) = {6}.

We will call the map iﬁ)g the logarithmic isomorphism.

By Lemma the ideal _#Y(X) defines a zero-dimensional subvariety of Tc:(A),
the set of vertices of the toric arrangement ¥'(X). Hence by Theorem there is a
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decomposition C[A]/ #Y(X) = Deperx) ClA]/ ZY(X),. Note that while we have

explicit descriptions of Z¢(X), #Y(X), jg (X), and to a certain extent also of
DM (X), we do not know an explicit description of the ideals _#Y(X), appearing in
this decomposition. We will however see that quotients of these ideals are isomorphic
to quotients of the following ideals.

Definition 7.11 (Inhomogeneous cocircuit ideal). LetX CA CU = R4 be a finite list
of vectors that spans U. Let 8 € V¢ = Ug.. We define the inhomogeneous continuous
cocircuit ideal

/g(X, 0):= ideal{n(px —0(x):CCX cocircuit} . (49)
xeC
Note that Var(/(g(X)) ={0} C V¢ and Var(/g(X,G)) = {6} C V¢. Inhomo-
geneous cocircuit ideals first appeared implicitly in a paper by Ben-Artzi and Ron on
exponential box splines [3]].

Lemma 7.12. Let ey € ¥ (X). Let 0 € V¢ be a representative of ey, i.e. ey(A) =
e2ri0(4) for all A € A. Then the logarithmic isomorphism defines an isomorphism

i 1 Sym(Uc)/ FE8(X9,0) = CA]/ 7E(X)s.

Proof. Let us consider the map i : Sym(U) — C[A]/ _#Y(X)y. Let C C X, be a
cocircuit. Recall that for x € Xy, #, := ey (—x)x— 1 =x—1€ C[A]/ ZY(X). Then

X (Hm—e(x») | (SRR SRR ) (VY

xeC xeC xeC

for some f € C[A]. Let Y C X\ X, be a set s.t. CUY C X is a cocircuit. Note
that [T,y (x— 1) does not vanish at e, and that [T,cc(x — 1) [Ty (x— 1) € _ZY(X).
By Theorem ﬂ this implies [Tiec(x— 1) € #Y(X)g. Thus _#Z(Xy,0) C keri.
Hence we have a canonical surjection Sym(Uc)/ /g (X9,60) — Sym(Uc)/ keri® and
dimSym(Uc)/ Z¢(X,0) = C[A]/ £ (X)g.

It is known that dim(Sym(U@)//g(Xq),G)) = dim(Sym(U@)//g(X¢)) (e. g
[21., Proposition 11.16]) and that this number is equal to Ty, (1,1) (Proposition
and Theorem [2.12)). We obtain

My (1,1) =dimC[A]/ 77(X)= Y dimC[A]/ _77(X)s (51)
e¢€'7/(X)
< Y dimSym(Ug)/ 78(Xe.0)= Y Tx,(1,1)=Mx(1,1).
ey €V (X) ep €V (X)

The first equality follows from Proposition [4.4] and Theorem and the second
equality follows from the Chinese Remainder Theorem. The last equality is [39)
Lemma 6.1].

This implies that the canonical surjection must be an isomorphism. Therefore
Sym(Ug)/ /g (Xy,0) is equal to Sym(Uc)/keri®. Now the statement follows from
Proposition[7.10] O
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By the Chinese remainder theorem, the map

CAl) 72X)— @ ClA) 72(X)s (52)

ep€¥ (X)

that sends f € C[A]/ Z&(X) to (72 (f))e, e (x) is an isomorphism (7¢ denotes the
canonical projection). Hence for each ey € #/(X), there exists a uniquely determ-
ined map ¢ : C[A]/ _Z¥(X)y — C[A]/ ZY(X) s.t. #? o k% = id. Note that the in-
verse of the map o is the isomorphism Yo, ¢y (x) K? : @c, v (x) C[A]/ I (Xs) —
ClA]/ 7E(X).

By Proposition the map jy : Pc(Xy) — Sym(Uc)/ /(g (Xy) that sends a
polynomial p to its class p is an isomorphism. We define 7 : Sym(Uc)/ jg (Xp) —
Sym(Uc)/ #¢(Xs,6) by To(px) := px— 0(py).

To summarise, we just defined four maps, the first three of which are isomorph-
isms:

Pe(Xe) 22 Sym(Uc)/ £8(%s) =2 Sym(Uc)/ £8(Xy.8) -5 ClAY/ £Z(X)s

S clal/ Y (X).
(53)

Note that the map iﬁ)g o Tg depends only on X and ey. It is independent of the choice

of the representative 6. Recall that every p € P (X) can be written uniquely as p =
Z%Ey/(x) €9 Px\x, P9 with py € Z?(Xy). We are now ready to define the map L :

P(X) = C[A]/ #J(X):
Lip):=Y, &%ing(ta(ip(ps))))- (54)

o7 (X)

Remark 7.13. Here is an an algorithm to calculate L(p):
(a) Calculate the primary decomposition of _#(X) =, b€V (X /C( )o-
(b) Decompose p = 2%67/()() €9 Px\Xy P9 Then for each ey, cons1der the class of

po € Sym(Uc)/ /(g(X¢) and apply Tg(ileog) to it to obtain g4 € C[A]/ Z(X).
(c) Lift each gy to an element ry € C[A]/ _#¥(X) using the map k?. Then L(p) =
Yeoer(x)To
Steps @ and (c) are quite difficult to do by hand even for small examples, but they
can easily be done by a computer algebra programme. See Examples [I0.2)and [10.4]
and the appendix of the arXiv version of this paper for more details.

Lemma 7.14. Let X C A C U = RY be a finite list of vectors that spans U. Let
ep €V (X). Then {f € 6c[A]: p(V)f =0forallpe FX(X)o}=e9Zc(Xp)|-

Proof. Let 8 € V¢ be a vector that represents ey. Then by [21, Theorem 11.17],

2(X,0) := {f distribution on U : p(D)f =0 forall p € _#2(X,0)} = eg Z(Xa).
On the other hand, by Lemma and [21] Proposition 5.26] the space {f €

clA]: p(V)f=0forall pe #Y(X)y}is equal to 2(Xy,0)|a. O
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Proof of Theorem[T.4] Let PX)>p= Yeoer (x) e¢pX\X¢p¢ with py € Z(Xp). We
have defined the isomorphism L : Z¢(X) — C[A]/ ZY(X) in (54) by

Lip):= Y, &%ing(ta(ip(ps))))- (55)

e¢E“I/(X)

So all that remains to be shown is that (p, f) ;= (L(p), f)v. As usual, we decompose
J€DMc(X) as f =Y, ev(x)esfo with fo € Zc(Xp)|a-
First note that by definition, (1 —x, f)v = f(0) — f(x) = (V_+f)(0) and more
generally, for Y C X,
([T =x),f)v = (V-r£)(0). (56)
xeY
Let us fix a vertex ey € #/(X) and let 1y := K‘P(iﬁ)g(fe(j(p(l)))) eC[A]/ #Y(X). Let
ey # ey € ¥ (X). By the Chinese Remainder Theorem, 79 () = 0. Hence hy = gy

for some gy € 7Y (X)o. By Lemma and (36), this implies that (h¢,eq fp)v = 0.
Now we have established that

(L(p).fHivi="Y, <K¢(iﬁ)g(fe(j¢(6¢Px\x¢l’¢))))ae¢f¢>v- (57)
ey €V (X)

On the other hand, by construction 7 (/9) = 1. Hence hy = 1+, for some ¥, €
I Y(X)4. By Lemma(7.14|{and (56), this implies (hg,eq fp)v = (1,0 f5)v = f5(0).

Let x € A. Note that T_, = "~ as operators on Sym(U ), where 7_, acts by transla-
tion and P~ acts as a differential operator. This is equivalent to log(7_,) = Dy (cf. [21]
equation (5.9)]). Furthermore, (eg (—x)T_x)(eg fo)(u) = ep(—x)ep (u+x) fo(u+x) =

(e¢ (T_xf¢))(u). This implies 10g(€¢ (—x) T_x))(e¢f¢) =€y IOg(T_x)fq) = €¢Dxf¢.
Hence

(L(eopx\x,Px)reofo)v = (K% (ipg (7o (o (P2)))): €9 fo)v (58)
= (e9Dxf9)(0) = (Dxf5)(0) (59)

and more generally, for ¥ C Xy,
(L(es px\x,Pv),€0f0)v = (py (D) f5)(0) = (py, fo)- O

Proof of Corollary[T3] Let z € Z°(X,w). Since X is unimodular, the toric arrange-
ment has only one vertex. This 1mphes (p.f) 7= (p.f) = (p(D)f)(0). By Taylor’s
Theorem and by Theorem [7.4] (L(yx (e%)), f)v = (yx(e°),f) =e(D)f = f(z) =
(z,f)v. Using Theorem|[7.2] we obtain that L(yx (¢%)) =z.

Since the image of a basis under an isomorphism is also a basis, the set {yx (¢%) :
z€ Z(X,w)} C P(X) is a basis by Theorem[7.3] O
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8 Wall crossing and the proof of Theorem [6.11]

In this section we will prove Theorem [6.11] In the proof we will use the following
wall-crossing formula of Boysal—Vergne.

Theorem 8.1 ([7, Theorem 1.1]). Let X CA CU = R4 be a finite list of vectors that
spans U.

Let Q1 and £, be two big cells whose closures have a (d — 1)-dimensional in-
tersection. Let H be the hyperplane that contains this intersection. The intersection
is contained in the closure of a big cell Q15 of XNH C H. Let T}}Qm‘}, denote the
polynomial that agrees with Txny on £21>. Let Vi» be a polynomial that extends the
polynomial T);Qm'}, to U (e.g Vialg = T);%‘}_] and V, constant on lines perpendicular
to H). Let N = Mty + ...+ Naty be a normal vector for H. Suppose that () > 0.
Then

(T2 —T) =R Vi2(D) rt
_ = KRES.,— '
¥ % 2=0 12 [Leex\a (t1(x)s1 + ... +1a(x)sq + 1 (x)2) 520

(60)

Asusual, s1,...,5; is a basis for the vector space U, t1,...,1, is a basis for the dual
space, and Vi5(D) :=Vjp (3%1’ ey a%{) . Hence #;(x) is a real number. The term inside
of Res;— (+) on the right-hand side of can be considered to be an element of the
ring R[[t1,...,24,2,2"']]. As usual, the residue map Res,—¢ : R[[t1,...,14,2,2']] =
R][t1,...,t4]] is the map that sends f = Y ;7 fiz' to f_1 (f; € R[[r1,...,24]])- The sub-
script s = 0 is an abbreviation for s; = ... =55, = 0. (TXQ1 — T)}Qz) is a polynomial in
Rlz1,- .., 1]

Example 8.2. Consider X = ((1,0),(0,1),(1,1)). Let 2 = cone{(1,0),(1,1)} and
Q, =R?\R2,,. Then Q; is the ray spanned by (1,0) and Vj, = 1.

2

Q
(Tx ’

) et1S1+t2S2+l‘22 etzZ
— T = Res,— =Res,—o| — | =1.
X 7=l 7=
(l‘zsz -‘rZ) (flsl +187 —‘rZ) $=0 72
Lemma 8.3. We use the same terminology as in Theorem[8.1)and assume in addition

that 1 =ty. Let Vy5 be the polynomial s. t. Vi|y = T)}Qm‘%, and V1, is constant on lines
perpendicular to H. This implies that Vi, € Rty, ... ,t4]. Then

(T~ T2) = ext?™ i 447 1)

Sfor some homogeneous polynomial h € Rty,...,t4] of degree |H|—d and cx =
1 _ _
TR eaks R.If|H|=d—1, then h=0.

More generally, for a homogeneous polynomial p € R[ta,. .. ,1,],

) _ CXl;n(H)7]p+t:’l(H)g
s=0

(62)

e[|b‘1+...tdsd+tlz

[Teex\a (t1(X)s1 4.+ 1a(x)sq +11(x)2)

Res;—o (p (D)

for cx as above and g € R[ty,t, . .. ,t4] that is homogeneous of degree degp — 1. If p
is constant, then g = (.
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Proof. We use induction over the degree of p to prove the second statement. Suppose
first that p = 1. Then the term on the left-hand side of (62) is equal to

11z tm<H)7l _
Res;—o ¢ ] = 1 = cxt'ln(m '
(Teex\u 11 (x)) 2D (m(H) = ) Mlex\at1(x)
etIS1+...+tdsd+llz
Let Gy:= and let (63)
T Meaxa (0 ()51 + -+ 1a(x)54 +11 (x)2)
p=gq-tj € R[n,...,14] be a monomial. Recall that p(D) denotes the differential op-

erator obtained from p by replacing ¢ by 75 . Using the quotient rule we obtain

— . — 109 GX
p(D)Gx =1;q(D)Gx q<D)x6§\Ht]( P P e

By induction the residue of g(D)Gx|s—¢ is cxt:"(H)_lq —i—t{"(H)gl with cy € R as
defined above and a homogeneous polynomial g; of degree deg(g) — 1. Note that
Gx/(t1(x)s1+ ... +14(x)sq +n(x)z) = Gx;, where X} is obtained from X by adding

an extra copy of x and that the term #;(x) is just a real number. By induction the residue

of ¢(D)Gx:|s=o is equal to CXX/II"(H)L] + t;"(H)H

gx € Rry,...,14] of degree deg(q) — 1. Hence

g, for some homogeneous polynomial

Reszzo(p(D)GX)S:o:tj(cxt;"< -1 q+t1 Z ti(x LX/tl q+ti"<H)+1gx)
xeX\H

=t e+ ¥ () (ega+ng))  ©64)
xeX\H

homogeneous of degree degp—1

Using the fact that homogeneous polynomials are sums of monomials of the same
degree, the second statement follows.

The first statement follows easily from the second using Theorem [8.1]taking into
account that TXQOII%, is a homogeneous polynomial of degree |H| —d + 1. O

Lemma 8.4. Let X C A C U = R? be a finite list of vectors that spans U. Let |1 € A
and let A" C A be a sublattice. Let C C U be a full-dimensional cone. Let f € Sym(V).
Suppose that f(CN(A"+p)) =0. Then f =0.

Proof. Let0#A € CN(A"+pu).Fork € R, let p(k) := f(kA). There exists a positive
integer [ s.t. I € A’. Hence (rl+1)A € A’ + p for all r € Z. This implies that for any
reN, f((rl+1)A) =0. Thus p is a univariate polynomial in k with infinitely many
zeroes. This implies p(k) = 0 and thus f(u) = 0 for any u € C that can be written as
kA with A € CN (A’ + ) and k € R. Not every u € C can be written in this way, but
every u € C is the limit of a sequence of points with this property. Since polynomials
are continuous, f(C) = 0 and as C is full-dimensional, this implies f = 0. O
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Proof of Theorem[6.11] Let ; and £, be two big cells whose closures have a (d —
1)-dimensional intersection. Let H be the hyperplane that contains this intersection.
Let T;Q I and T);Q 2 denote the polynomials that agree with Ty on Q| and £, respect-
ively. Without loss of generality, we may assume that H is the hyperplane perpendic-
ular to 71. Let A € HNA. Let p € #(X) and let p; = p(4,-) € P¢(X) denote the
local part at A. Let m := m(H ). By definition, we can write p, uniquely as

P = pm_ls’l’“l +...4+ pisi + po for some p; € C[sa, ..., s4]. (65)

Note that p € Z_(X) if p_1 = 0 for all hyperplanes H € #(X) and A € HNA. By
Lemmal|8.3|

pa(D)(T" —T¢2) = ex (m(H) — 1) pp_i (D)Vi2 +11g (66)

for some g € Sym(V) and V)5 as defined in Lemma|8.3]

Suppose that p € P_ (X). Then by definition, p,,—; = 0 holds. This implies that
Da (D)(TXQl - TXQZ)(QL) =0, as A € H implies t; (1) = 0. Hence p(D)Tx is continuous
in A across the wall H.

Now we want to show that if p, (D)Tx is continuous, then p,,_; =0.Let A’ C A
be a sublattice s.t. the restriction of p to a coset of A’ is a polynomial. It is suffi-
cient to show that if p,,_; # 0, then there is a u € (A’ +A1)NH (i.e. py = py) s.t.
Pm—1(D)Via(u) #0.

Claim: pp_1 is contained in 2(X NH). Let py be a generator of Z(X). Let
Yy =YNH and Y, =Y \ H. If the polynomial py, contributes to the s’l”*1 term, then
|Y2| = m — 1. This implies that X \ (H UY) contains a unique element yy. Since X \ Y
has full rank, (X NH) \ Y| must span H. Hence py, € &(X NH). Furthermore, py =
Py, Py, = Y57 py, +o(s?") for some y € R. This proves the claim since p(1,-) €
Pe(X).

The local pieces of Txny are contained in 2(X N H) by Theorem So by
duality (Theorem [2.6) and using the fact that the local pieces of Tx~y span the top
degree part of 2(X NH), there must be a big cell Q in H s. t. the corresponding local
piece T)ZQQIH is not annihilated by p,,—1(D). Hence by Lemma there is a point
LEQNA +A)s.t pu1(D)TE 5 (1) = pm_1(D)Vi2(1) # 0. Hence py (D)Tx is
discontinuous in i, which is a contradiction. This finishes the proof. O

Remark 8.5. A different approach to prove Theorem [6.11| would have been to use a
modified version of [10, Corollary 19] that characterises the smoothness of a piece-
wise polynomial function along a wall in terms of the Laplace transform.

A result similar to Lemma [8.3] for arbitrary piecewise polynomial functions is
known [45} Theorem 1].

9 Deletion-contraction and the proof of Theorem [6.12]

In this section we will discuss deletion-contraction for finitely generated abelian
groups and periodic #?-spaces and then prove an analogue of Proposition [2.13] on
short exact sequences. This will allow us to prove Theorem|[6.12]and Proposition[6.13]
that describe properties of the internal periodic &2-space.
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9.1 Deletion-contraction.

Recall that we have defined deletion-contraction for X C U and #(X) C Sym(U)
in Subsection H Now we require deletion and contraction for X C G and & (X) C
b, sEV(X) €0 Sym(U). We are working with finitely generated abelian groups in this
section since they are closed under taking quotients. This is in general not the case
for lattices.

Let x € X. As usual, we call the list X \ x the deletion of x and the image of X \ x
under the projection 7, : G — G/x is called the contraction of x. It is denoted by X /x.

The definition of the projection map 7, : P (X) = P (X /x) requires a few more
thoughts. Its definition has two ingredients: a projection of the polynomial part and a
projection of the torus.

Recall that U = G® R and that &?(X) is contained in the symmetric algebra
Sym(G®R). The space Z(X /x) is contained in Sym((G/x) @ R). Lemma[9.2]below
implies that Sym((G/x) ® R) is canonically isomorphic to Sym((G®R)/(x® 1)).
This implies that also in the case where X is contained in a finitely generated abelian
group G, we can use the usual projection map 7, : Sym(U) — Sym(U /x) to project
P(X) = P (X /x).

Note that a map e5 : G/(x) = S Uis equivalent to a map ey : G — S! that satisfies
ey (x) = 1. This implies that T(G/(x)) = Hy = {ey € T(G) : e4(x) = 1}.

Let x € X be an element that is not torsion. Now we define the projection map

Ty : ﬁ(x) — (X /x) as follows: let €¢Px\(x¢ux,)58((¢)PY be a generator of Z(X),
where py € Z(X,). We define m, to be the map that sends this generator to 0 if

[X/x(¢)

ep & V' (X) NHy and to e5px\(x, 5UX; Uspan(x)) 50 py otherwise. Here, p denotes the
image of p under the projection Sym(U) — Sym(U /x). Removing span(x) in the
prefactor is necessary to remove the elements that turn into torsion elements in X /x.
Note that if ey & #/(X) N Hy, then x|p, hence p = 0. So it makes sense to send the
corresponding generators to 0.

100

021
((1,0),(0,1)) € Z&Z,. Note that 7 (X) = {1,(—1)*} and ¥ (X /x) = {1,(~1)"}.
Then &(X) = span{1,s;,(—1)?sy} and Z(X /x) = span{1,(—1)?so}. The following
sequence is exact:

0 — span{1} —2 span{1,s,,(—1)’sy} = span{1,(—1)"so}. (67)

Example 9.1. Let X = ( ) We contract the second element and get X /x =

Lemma 9.2. Let G be a finitely generated abelian group and let H be a subgroup.
Then (G/H)@R = (G®R)/(H®R). So in particular, (X /x) C Sym((G/x) ®

R) 2 Sym(U/(x®1)).

Proof. Note that R is a flat Z-module, i. e. the functor ®7R is exact (this follows

for example from Proposition XVI.3.2 in [34]). Hence, exactness of the sequence
0 — H — G — G/H — 0 implies that the following sequence is exact:

0>H®R—-GRR—-G/HRR — 0. (63)

This implies the statement. O
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9.2 Exact sequences

Recall that for a graded vector space S, we write S[1] to denote the vector space with
the degree shifted up by one.

Proposition 9.3. Let G be a finitely generated abelian group and let X be a finite list
of elements of G that generates a subgroup of finite index. Let x € X be an element
that is not torsion. Then the following is an exact sequence of graded vector spaces:

0— 2(X\X)[1] -2 2(X) 2 P(X/x) = 0. (69)
Proof. -py is well-defined: we will show that generators of D (X \ x) are mapped to

generators of D (X). Let e¢stox\x<¢) py € px\(x(puxrw)stox\xw P (X \ x) be a generator.

Since x is not torsion, rx (¢) = tx\ (), so the so part is fine. If x € X, then p, (X, \
x) € Z(Xy) by Proposition If x € X, then the prefactor is multiplied by p.

7, is well-defined: let e¢pX\(X¢UX[)stOX(¢)pY be a generator of Z(X). If ey (x) =1,

then by definition, it is mapped to e ﬁx\(xwstpan(x))sg(/ «(9) py. This is a generator

of 2 (X /x) since py is known to be in Z((X /x) §) = P (Xy/x) by Propositionm
If e4(x) # 1, then the generator is mapped to 0.
7o (-px) = 0is clear.

(9)

Surjectivity of m.: let h := eq;sg(/x PX\(XyUX; Uspan(x)) PY be a generator of the

space &(X /x). There is ey € ¥(X) N H, that corresponds to e5 € /(X /x) and
e¢sg((¢) PX\(x,Ux,) PY is a generator of ég(X ) that is contained in the preimage of

Exactness in the middle: Tt is sufficient to show that dim &?(X) = dim & (X \ x) +

dim #(X /x). This follows from Theorem H and the deletion-contraction formula
for the arithmetic Tutte polynomial (28).

-px and T, preserve the grading: This is clear for -p,. Note that tx/x(qs) >tx(¢)
is possible. The difference is equal to the number of elements that are contained in
the line span(x) and not in X; UX,. Hence 7, also preserves the grading. O

The following lemma is a special case of Lemma[9.9] It will be used in the proof
of Lemma[9.6] which will be used to prove Lemma[9.9]

Lemma 9.4. Let G be a finitely generated abelian group of rank zero, or in other
words, a finite abelian group. Let X be a non-empty finite list of elements of G. Then

dim Z_(X) = dim 2 (X) = Mx (0,1) = M (1,1). (70)

Proof. The torus is T(G) = hom(G,S"') = G. By definition, ¥ (X) = T(G). Since
there are no hyperplanes, 2| X)= 7 (X).Foreachey € 7 (X), #(Xy) =R, hence
dim 2(X) = dim Z_(X) = |G|.

To finish the proof, note that My (0,1) = Yscx m(S)(—1)°(0)S! = m(0) = |G| =
Lscx m(S)(0)°(0)5 = My (1,1). O
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The following lemma is a weaker version of Proposition [6.13] It will be used in
the proof of Proposition 0.7 below, which will in turn be used to finish the proof of

Proposition[6.13]
Lemma 9.5. Let X C A C U = R be a finite list of vectors that spans U. Then the
set {f,:z2€ 2 (X))} is a linearly independent subset of 2_(X).

Proof. Linear independence follows from Proposition Containment in &_ (X)
is a consequence of Theorem [6.11]and Theorem[5.7] O

Lemma 9.6. Let G be a finitely generated abelian group and let X be a finite list of
elements of G that generates a subgroup of finite index.
Then dim Z_(X) <9x(0,1).

Proposition 9.7. Let G be a finitely generated abelian group and let X be a finite list
of elements of G that generates a subgroup of finite index. Let x € X be an element
that is neither torsion nor a coloop. Then the following is an exact sequence of graded
vector spaces:

0— Z_(X\x)[1] -2 7_(x) = Z_(X/x) = 0. (71)

Proof of Proposition0.7)and Lemmal[9.6] This proof is more complicated than the
proof of Proposition[9.3] As we do not know a canonical generating set for the space
Z_(X), it is more difficult to show that -p, is well-defined and that 7, is surjective.
Here is an outline of the proof:

(a) show that the following sequence is exact for x € X that is not torsion (but x
may be a coloop):

0= Z_(X\0)[1] 2 Z_(X)+pe- P (X\x) =5 Z_(X)x). (72

(b) Deduce that dim(é’?: (X)) <Mix(0,1), i. e. prove Lemma
(c) Show the exactness of using Lemma@
Here are the details of the proof:

(a) 7, is well-defined: Obviously, py- P_ (X \ x) is mapped to zero. It follows
from Proposition [9.3{that #7_ (X ) is mapped to P(X /x). So we only have to check
the differential equations.

Consider A € J# (X /x). This corresponds to H € s (X) that contains x. Let A €
H. Let ) € (U/x)* be a normal vector for the hyperplane H ® 1 C U /x. There is
a corresponding normal vector 1 € U* =V for H® | that satisfies 17(x) = 0. Let
A € H be a representative of A. The choice of the representative does not matter
because ey (x) # 1 implies that 7, maps the ey part to zero and ey(x) = 1 implies
e¢ (A +kx) =ey(A) for k € Z. Note that my (H) = my ;(H). Hence D11'1('Y1)7117(7L7 )=

0 implies D',-;l(H)_lﬁ(i, )=0forpe gj(X)

! For an example, consider Example and in particular (99). There is only one hyperplane in Z/2Z®
Z. 1t corresponds to H = span((1,0)) in R? and representatives for the two points that it contains are
A1 =(1,0) and A, = (0,0). The normal vector is ) = (0,1).
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Exactness in the middle: Let p; € Z_(X) and p € pe- P_(X \ x) be s.t. m(p1 +
p2) = 0. It is obvious that 7, (p2) = 0 so m,(p;) = 0 must hold as well. Then Pro-
position [9.3| implies that p; = p, - h for some h € Z(X \ x). We have to show that
h is contained in Z_(X \ x), i. e. we have to check that & satisfies the differential
equations.

Let H € (X \x) and let A € HNA. If x € H, then 0 = D';]’X(H)_lpxh(l,'
p D () M x & H then my ((H) = my (H) — 1, 50 DX~ p (A, ) =0
implies D;nX\X(H)ilh(l, ) =0.

Now we have established the exactness of (72)). This implies the following inequality:

~—

dim(Z7_(X)) < dim(Z_(X) + pxZ_ (X \ x)) < dim Z(X \ x) + dim 2(X /x).
(73)

(b) We will now prove by induction that dim(Z2_ (X)) < M (0,1). If G is finite,
then we are done by Lemma[9.4]
Now suppose that X contains only coloops and torsion elements. Let x be a coloop.
Using [15, Lemma 5.7] and the fact that 9ty (0, 1) = 0 if X does not span a subgroup
of finite index, we obtain that Mx (0, 1) = My /,(0, 1). So in this case, since P X\
x) = 0, we obtain dim Z_ (X) < dim Z_ (X /x) < My, (0,1) = My (0,1) using
and induction.
Now suppose that the X contains an element x that is neither torsion nor a coloop.
Then by induction using and (28)), we obtain dim(Z_ (X)) < Mx (0, 1).

(c) Suppose that X C A for some lattice A. By Lemma [9.5|and Proposition [6.1
dim Z_(X) > M (0,1). Hence dim #_(X) = My (0, 1). This implies that all the in-
equalities in must be equalities. Thus p,Z7_ (X \x)) C P (X) and the projection
map 7, must be surjective. Hence the sequence (71)) is exact.

We call Y C G’ a minor of X C G if there are sublists X;,X> CX s.t. ¥ = (X \ X1)/X»
and G' = G/ (X3). By induction, if X is contained in a lattice A, for every minor Y of
X, we have My (0,1) = dim P (Y) and the sequence (71)) is exact.

Now note that every X C G (G finitely generated abelian group) is a minor of some
X’ C A (A lattice). This finishes the proof. O

Remark 9.8. If x € X is a coloop, then the map 7, in (72) is not necessarily surjective.
For an example consider the case X = ((2,0),(0,2)) (Example [6.7). The contraction

is studied in Example In this case dim Z_(X) = 1 < 2 =dim Z_(X /x).
The following lemma will be used in the proof of Theorem[6.12]

Lemma 9.9 (Molecules). Let G be a finitely generated abelian group and let X be
a list of N elements of G that generates a subgroup of finite index. Suppose that X
contains only coloops and torsion elements. Such list are called molecules in [I5]].
If we choose a suitable isomorphism G =2 74 ® G,, then X corresponds to the list
(arer,...,aqeq,hy,... . h) with h; € Gy and a; € Z>). As usual, e; € 74 denotes the
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. e
ith unit vector. Let EJ% € T(Z4) denote the map that sends e, to ¢*™ o and all other
ey t0 0. Then

V(X)={EJl--EJig:0< ji<a;—1,g € T(G))}, (74)

ﬁ(X) = @ e¢pX\(X¢UX;)Sz)(¢)Ra and (75)
€¢G'V(X)

P_(X) =span{(&J — &) (& — &gt 1< ji<ai— 1, € T(G))}.

(76)

Furthermore, Hilb(@: (X),q) = ¢" =m0, é)

Example 9.10. Let X = (2) C Z/4Z. Then the arithmetic Tutte polynomial is given
by Mx (o, B) =2B +2 and Z(X) = Z_(X) = span{1,g450,83,8350}, where g :
ZJ4Z — S is defined by g (k) = 3 /.

Proof of Lemma[D.9] Note that is trivial. As X contains only coloops and torsion
elements 2 (Xy) = R for all ey € ¥/(X). This implies formula (75).

Now let us consider #_(X). For every H € #(X), m(H) = 1. Hence the dif-
ferential equations that have to be satisfied do not involve a differential operator. We
simply have to check p(A,-) = 0 for all A that are contained in some H (cf. Ex-
ample|6.7)).

Let I'(X) denote the set on the right-hand side of (76). It is clear that the gener-
ators of I'(X) are linearly independent. Let A € H € 5#(X). We can uniquely write
A= Z,‘»’:l Via;e; + g for some coefficients v; € R and g € G;. Since A lies in a hy-
perplane, at least one of the V; is zero. Then for this i, (7 — L{jfl)(l) = 0. Hence
each generator of I'(X) vanishes on A. This shows that the set I"(X) is contained in
Z_(X).

By Lemma dim 7_ (X) < Mx(0,1). Therefore, it is sufficient to show that
Hilb(I"(X),q) = ¢"~9Mx (0, 1/q).

Since X is a molecule, we can split X into a disjoint union of the free elements
Xy C 74 and the torsion elements X; C G, (cf. Example 4.9 in [15]). The arithmetic
matroid defined by X can then be seen as a direct sum Xy X; of the matroids defined
by Xy and X; and My (a, B) = My, (o, B) - Mx, (e, B). The two matroids have multi-
plicity functions m s and m, that are defined by the lists X C 7% and X; C G;, respect-
ively. Note that my(A) = 14,4 ai- Hence My, (0,q) = ¥;pu (=14 M i ai =
H?:l (ai—1).

Note that |X;| = N —d. It is easy to see that

1 N—d ) N—d )
qN‘dHﬂb(F(X),g) = (H(ai— 1)) Y wid =My, (0,9) Y wq',  (7)
i=0 i=0

i=1

where (1; = [{g € T(G;) : |(X;)g| = i}|- As usual, (X;)g := (x € X, : g(x) = 1).
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Note that My (0 q) = Mx,(0,q) Lacx, m(A)(qg — 1)1, So all that remains to be
shown is that Yo7 gV == = ¥ scx, m;(A)(g — 1)1I. The right-hand side of this
equation can be expanded as

A
My, (0,9) = Y, m(A)(g— )" =Y Zm 1)~ (?) (78)

Acx, ACKX; i=
A
_ Z‘l Y m(A)(— 1A z(| |> (79)
=0 |A[>i :

Vi

We need to show that v; = ; for all i.

By definition, for A C X;, m;(A) = |G,/ (A)|. As G;/ (A) is finite and the dual of a
finite abelian group is (non-canonically) isomorphic to itself, |G/ (A)| = [T (G/ (A))].
Furthermore, T(G/(A)) ={g € T(G;) : g(x) =1 forallx €c A} = {g € T(G;) : A C
(X:)q}- Hence

m(A) = |{g € T(G/): A C (X))} (80)

Let n(A) := [{g € T(G;) : A = (X;)}|. Using the inclusion-exclusion principle we
obtain n(A) = Yyccey, (—1)/€7Im, (C). Hence

w=Y na)=Y Y (-0l 1m ) (81)
|A|=i A|=iACCCX,
= my |C| |C| =V;. O
‘C%l ( l )

Proof of Theorem[6.12] This follows by induction using Lemma [9.9] as a base case
and Proposition[9.7]and (28) for the induction step. O

Proof of Proposition Combine Lemma[9.3] Proposition[6.1] and Theorem[6.12}
O

10 Examples
10.1 Main examples

In this subsection we will continue to study the Zwart—Powell element and we will
also consider the list X = (1,2,4).

Example 10.1 (Zwart—Powell, continued). This is a continuation of Example 2.3]
The toric arrangement in (R/Z)? defined by X is shown in Figure - 2(a)l In the
torus 7T'(Z?) it has two vertices, 1 and ey, (a,b) = (—1)**? . They correspond to the
points (0,0) and ¢; := (1/2,1/2) in R? /72,
The continuous zonotopal spaces are & (X) = Rls1,s2]<2, Z_(X) =R[s1,52]<1,
and 2(X) = [t],t2]<2
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TN

015

: \

. 1 2 3 4 5 6 7
(a) The toric arrangement corresponding to (b) The box spline defined by the list X = (1,2,4)
the Zwart—Powell Example in R? /Z?

Figure 2 A toric arrangement in R? /Z2 and a box spline

The discrete Dahmen-Micchelli space is DM(X) = span{1,,t,1},1112,13, €, }-
The periodic &7-spaces are

'@(X) = Spaﬂ{l,S1,S2, S%,SlSQ,S%, €¢1S152},

P_(X) =span{l,sy,s2,(1 —eg,)s152}.

@(X) ={1,52,52(851+52),51,51(81 +52),5152, €9, 5152} is the homogeneous basis for

Z(X). The differential equations for &_(X) are (k € Z):
D§|p((0ak)a ) = D?zp((k,()), ) = D?] +Szp((ka _k)7 ) = D?] 7szp((kv k)7 ) =0.

The Tutte polynomial is Tx (e, ) = a* + %+ 2 + 2 and the arithmetic Tutte
polynomial is My (&, B) = a? + B2 +2a+2B + 1. Note that ¢*Tx (1, 1) = 1 +2¢+
3¢* = Hilb(#(X),9), ¢*%x(0,¢") = 1+2¢ = Hib(Z_(X),q), ¢Mx(1,47") =

14+2q+44¢> = Hilb(2(X),q), and ¢*Mx (0,¢g~") = 14+2q+¢*> = Hilb(Z_(X),q).
The periodic Todd operator is

—~ S1 $2 S1+ 52 —S1+ 952
Todd(X,0) = o5 l—en]—e1-5]_e1-5 52
S1 $2 S1+s2  —s1+s2

Ten I+e St 14e 21 —e 517521 —ef17%2

The projections of the periodic Todd operators are:
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fo0) = 1+%s1+%sz+%s1sz+sg+%e¢, (83)
Jon = 1+%S1+%S2+%S1S2—e¢%, (84)
foy =1+ %Sl - %Sz - %S1S2 + e, %, (85)
fany = 1—%Sl+%sz—%slsz+e¢l%, (86)
and fj 2 =1— %sl - %sz—i— %slsz — ey, % (87)

Example 10.2 (Zwart-Powell and the isomorphism L : | (X) = C[A]/ ZX(X)).
In this example we use the algorithm described in Remark to calculate the
map L : ﬁC(X) — C[A]/ _#J(X). Recall that C[A] Cla;i!,a5'] and Sym(Ug) =
C[si,-.-,54)-

(a) The toric arrangement has two vertices: 7 (X) = {(1,1),(—1,—1)} C (C*)2.
The primary decomposition of the discrete cocircuit ideal is

Cfg@)—<0—aﬂﬂ—aﬁﬂ—amﬁil—aﬁﬂ—aﬁwl—@%

(1 —al)(l —alag)(al —az),(] —612)(1 —alaz)(al —a2)>

= (@1 = 1, (a1 = (@2 = 1), (a1 = (a2 — 1P, (a2 — 1))

€¢:(1,l)

n (a] +1,ap+ 1) .
—_——
e¢:(7l,7l)

(b) To begin with, we consider the vertex ey = (—1,—1). We choose the repres-
entative 6 (u1,up) = §(u1 +uz). Then we get Z¢(Xy) = C = Sym¢(U)/ LX) =
ClA]) 78 (X)g. So iff)go’cg ojomaps 1 € Z(X,) to 1€ C[A]/ 7Y (X)s.

Now we consider the vertex ey = (1,1). We choose the representative 6 (uy,u») = 0.
Since (a; —1)* and (ap — 1) are contained in _#Y(X), we only have to develop

. , . —1)?
the logarithm up to degree 2. Hence zleog(rg(]q;(sl))) =log(a;)=a;—1— (‘I'T) =
2 2
—% +2a; — 3. Similarly, ileog(fg(j(p (52))) = —% +2a> — 3. Hence, iﬁ)gofg 0 jo maps

Pc(X) o ClA]/ /(CV(X)(M) in the following way:

11 st (a1 — 1)
2

s1'—>—31+2a1—5 s152 0> (a1 —1)(az — 1)
2

53> ——2 4+ 2a — = s%'_)(aZ_l)z

2 2
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(c) Now we look for the embeddings k¢ : C[A ]//C( Jo — C[A ]//CV(X)q)
Note that (a3 — 4a2+7)(a2+1)—( »—1)3 =8.Hence k("D (1) =1+ (a2—1)3:
éag——aer 3ap+ T and kCVD(1) =1— (a3 —4ar+7) (a2 + ):f§a3+%a%—

Saz + 4 3
Hence the map L maps Z¢(X) to C[A]/ _#Y(X) in the following way:
15 3 3 7

1 ga2—§a§+§az+g (88)

s —%ag—%a%%a%zal —%az—l (89)

53> —%ai +di+ %az -1 (90)
s%n—)%a%—ka%—%a%—ml—f—%az—k% (C2Y)

S$1852 — %ag—l—alag—%a%—al—i—%az—i—% 92)

53— %ag — %a% - %az + % (93)
(—1)ti2g 5 —éag + %a% — %ag +é (94)

One can easily check that the coefficients of the terms on the right-hand side always
sum to 0 except in the case of L(1). This must hold because of Theorem and the
fact that (s1,1) 5= (s2,1) = ... =0.
Example 10.3 (The list X = (1,2,4)). Let X = (1,2,4). Let &4 denote the map
that sends k to ¥, i.e. & is a fourth root of unity. Then P(X) = span{1,s,5°}
and ﬁ(X) = span{1,s,s%, &5, EJs%, EFs,E25°}. The elements of the internal space
must satisfy D?f = 0 at the origin. Hence Z_(X) = {1,s5,&s, (1 — &)s2, (& —
£3)s* (&2 - &5}

Furthermore, 2(X) = span{1,t,:*} and DM(X) = span{1,,1?,&,E2,E21,E3 1.
The box spline is shown in Figure 2(b)] Formulas for the splines and the vector par-
tition function are:

16U 0<u<li
%”_116 I<u<2
1.2, 3 5
By(u)=¢1 3<u<4
1,2, 1 3
717614 +3§M*1 4 _5
1 1
i —Tu+d 6<u<7
1—'6u2+%u+1 u= mod 4
() 1—16u2+%u+% u=1 mod4
ix(u) =
X %uz—&—%u—&—% u=2 mod4
%uz—#%uﬁ—f—ﬁ u=3 mod4
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2
Tx(u)—116 . iX(u):l—16u2+7—~1_6§4u+21;—27€4 75 (1-i)+ 116§ (1+1)
The projection of Tgad(X ,0) is
Po=14 st 2 45— 08+ 8 (502 +E (Gt 25,
~ box . 7 21 1 (1+ZT1)(1+’L'2)
TOddb (X)—1+§S+?S2+é4(§—§l)s m
I 1. ,(1=it)(1+m) 7 (1+1)
+&8(G+ 2)82—(1 Di—1) 5( 2)(17T1)

is the operator defined in Remark [5.11]

The arithmetic Tutte polynomial is My (e, B) = (a —1)+7+4(B—1)+ (B —
12 = o+ B2 +2B +3. Hence @My (0,g7") = 1+2¢+ 3¢* = Hilb(Z_(X),q) and
@My (1,g7") = 1+2¢+4¢> = Hilb( P (X),q).
Example 10.4 (The list X = (1,2,4) and the isomorphism L). The primary decom-
position of the discrete cocircuit ideal is

ZY(X) =ideal{(1 —a)(1 —a®)(1—a*)} (95)

= ideal{(a — 1)*} Nideal{(a+ 1)*} Nideal{a — i} Nideal{a+i}.  (96)

The toric arrangement has four vertices: ¥ (X) = {1,i,—1,—i} C C*. The vertices

can be represented by @ =0, 1, 1, 2. One obtains that ’1og(T0(Jl( )= —é +2a—3,

ilog(fo(jl(s ))) =a® —2a+1, and zlog(’r%(],l(s))) =—a—1.For 6 € {1,2}, the
spaces are trivial and il%g 0 Tg 0 jy just maps 1 to 1.

If we lift these elements we obtain that the map L maps Pe (X) to C[A]/ _7Y(X)
in the following way:

1»—)%a6—%a5—£a4+%a3—%a2+%a+%
sr—>716a6+%a5+ll6a4+%a2—%a—17—6
sz»—>8a6—%a4 ;az—i—%
éfsn—>—3—2a6+1a5+3—2a4—%a3 3—3a2—%a+37—2
3;42s2»—>Bcﬁ—%cﬁ—l—%a“—%cﬂ—i—%a—%
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OO

Figure 3 A toric arrangement in T(Z$ Z/3Z) = §' x Z/37Z

| 1. 3 1.

Els? = <—161— 16) a(’—i—gtas—i— (161—1— 16) a4—1m3
A AT
16' 16 8 16' " 16

10.2 Examples involving torsion and deletion-contraction

Example 10.5 (A toric arrangement in a disconnected torus).

LetX = (g % % (T)> = (x1,X2,x3,%4) CZDZL/3ZL. 97)

Note that T(Z® Z/3Z) = ' x {g, ¢!, 3}, where (ct, gk) maps (a,b) to @ - 275
fora € S'CC,kc{0,1,2},a€Zand b c Z/37.

The corresponding toric arrangement is shown in Figure 3] x; defines the twelve
(small) cyan vertices. x, defines the six (medium sized) blue vertices and x3 defines
the three (large) green vertices. Note that rk(x4) = 0, hence x4 does not define a vertex
but a one-dimensional hypersurface, the leftmost (red) copy of the S'.

Example 10.6. Let X = (g 411 g _11) Note that |#(X)| = 14 (see Figure and
dim 2| (X) = 23. The corresponding zonotope is shown in Figure Some of the dif-
ferential equations that have to be satisfied by the elements of &2_ (X)) are Dfl p(0,-)=
Dszp(O ) =Dy, Dy, p(0,-) = Dszp((170)7-) = Dflp((O, 1),-) = 0. We leave it to the
reader to calculate 2| (X) and 32_( ).

Let x = (2,0) be the first column. Then X /x = ((0,1),(0,2),(1,1)) CZ/2Z&Z
and 7 (X /x) = {1,(—1)?,(—~ 1)‘1, (—1)@*P}. The differential equations for the internal
space are szp(((_),O), )= Qp((l 0),-) = 0. Hence

P (X [x) = {1, 52,53, (= 1)’s3, (~1)%s2, (=1)7s3

2 ( )a+bs2’ ( )a+b 2} and
P_(X[x) = {1, 52, (—1)%s2, (~1)Psy, 53— (—1)°

53, (—=1)'s3 = (=1)"’s3}.

In general, it is non-trivial to find preimages of elements of Z7_ (X/x) in P (X). For
example, can you find an element of 7z, ! (53 4 (—1)%2s3 — (—1)s3 — (—1)3+0253)?
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T, - %

ALY Xy

Figure 4 On the left: the toric arrangement in Examp]edrawn in R?/Z?. The three vertices that are
circled have a non-trivial &?-space attached to it. On the right: the projection to T (Z/2Z ® Z), which is
isomorphic the intersection of the toric arrangement with the hypersurface H, o).

Figure 5 The zonotope defined by the list X in Example([10.6]

This may help you to do so:
. 9, 9 1, 5
=224 hpe 1
Jo.1) 4s1+4s1sz+4s2+2s1+sz+
5 3 1 1 1
+ (=D (== + Zs150+ =55 — =51+ =52)
4 4 2 2 2
3 | (98)
—(—1)b(—s%+zslsz+1s%)
13 1 1
—(—1)“+b(5s%+Zslsz+§s%+2s1+§sz)+...
B(flon) = 33+ b 14 (1534 392) = (<1 g~ (~)FP (3 4 252)
’ 4 2 2 4 2 2
99)
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