Combinatorics and geometry of power ideals.

Federico Ardila* Alexander Postnikov’

Abstract

We investigate ideals in a polynomial ring which are generated by powers of
linear forms. Such ideals are closely related to the theories of fat point ideals, Cox
rings, and box splines.

We pay special attention to a family of power ideals that arises naturally from
a hyperplane arrangement A. We prove that their Hilbert series are determined by
the combinatorics of A, and can be computed from its Tutte polynomial. We also
obtain formulas for the Hilbert series of the resulting fat point ideals and zonotopal
Cox rings.

Our work unifies and generalizes results due to Dahmen-Micchelli, Holtz-Ron,
Postnikov-Shapiro-Shapiro, and Sturmfels-Xu, among others. It also settles a con-
jecture of Holtz-Ron on the spline interpolation of functions on the lattice points
of a zonotope.

1 Introduction

A power ideal is an ideal I in the polynomial ring C[V] generated by a collection of
powers of homogeneous linear forms such that these linear forms span V. One can
regard the polynomials in I as differential equations; the space of solutions C of the
resulting system is called a power inverse system. We are particularly interested in a
family of power ideals and power inverse systems which arise naturally from a hyperplane
arrangement.

Such ideals arise naturally in several different settings. The following are some mo-
tivating examples:

o (Postnikov-Shapiro-Shapiro [16]) The flag manifold Fl,, = SL(n,C)/B has a flag
of tautological vector bundles Ey C E; C --- C E, and associated line bundles
L; = E;/E;_;. Let w; be the two-dimensional Chern form of L; in Fl,,. The ring
generated by the forms wy, ..., w, is isomorphic to

Z[x17...,xn]/<(xi1+-~-+xi,€)k(”_k)+1 C1<i < < g §n>.
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Its dimension equals the number of forests on the set [n] = {1,...,n} and its
Hilbert series enumerates these forests by number of inversions. The ideal above
is one of the power ideals associated to the braid arrangement.

e (Dahmen-Micchelli [6], De Concini-Procesi [8], Holtz-Ron [11]) Given a finite set
X = {ay,...,a,} of vectors spanning R?, let the zonotope Z(X) be the Minkowski
sum of these vectors. The box spline Bx is a piecewise polynomial function on the
zonotope Z(X), defined as the convolution product of the uniform measures on the
line segments from 0 to each a;. The box spline can be described combinatorially
as a finite sum of local pieces. These local pieces, together with their derivatives,
span a finite dimensional space of polynomials D(X) which is one of the central
objects in box spline theory. The space D(X) is one of the power inverse systems
associated to a hyperplane arrangement; its dimension is equal to the number of
bases of R% contained in X. Additionally, there are an external and an internal
variant of the space D(X) which also fit within this framework.

e (Emsalem-Iarrobino [9]; Geramita-Schenck [10]) Given points py, ..., p, in projec-
tive space and positive integers o1, ..., o,, the corresponding fat point ideal is the
ideal of polynomials which vanish at each p; to order o;. The Hilbert series of a
fat points ideal can be expressed in terms of Hilbert series of power ideals.

e (Sturmfels-Xu, [22]) A finite set of points {p1,...,p,} in P4~1 determines a Cox-
Nagata ring, which is a multigraded invariant ring of a polynomial ring. It can
be interpreted as the Cox ring of the variety obtained from P4~! by blowing up
P1,---,Pn- Nagata used such rings to settle Hilbert’s 14th problem. The multi-
graded Hilbert series of a Cox-Nagata ring can be expressed in terms of the Hilbert
series of a family of power inverse systems. Certain subrings of Cox rings, called
zonotopal Cox rings, are intimately related to the power inverse systems of a hy-
perplane arrangement.

e (Berget [4], Brion-Verge [5], Orlik-Terao [13], Proudfoot-Speyer [17], Terao [23])
Given a hyperplane arrangement determined by the linear functionals ayq, . .., ay,
various subalgebras of the algebra generated by — ..., = have been studied, in
some cases with additional structure. Some of these algebras are related to the
objects in this paper, as outlined in [4].

The paper is organized as follows. In Section 2 we discuss general power ideals
I(p) and the corresponding inverse systems C(p), and associate a projective variety to
each power ideal. In Section 3 we associate a power ideal I(pf) to each homogeneous
polynomial f(x), whose associated variety is the hypersurface f(x) = 0. We show that
the smoothness of the hypersurface is detected by the Hilbert series of C'(ps). Section 4
is devoted to the special case that most interests us: the family of power ideals 14 and
inverse systems C 4 j associated to a hyperplane arrangement. We compute the Hilbert
series of the spaces C 4, in terms of the combinatorics of A, and find explicit bases for
them. These computations and constructions simultaneously generalize numerous results
in the literature, and prove a conjecture of Holtz and Ron about these spaces. Section
5 applies the results of Section 4 to compute the Hilbert series of a family of fat point



ideals which one can naturally associate to A. Section 6 then applies these results to
give an explicit formula for the multigraded Hilbert series of the zonotopal Cox ring of
A. We conclude with some open questions.

2 Power ideals and inverse systems

2.1 Power ideals
Let V ~ C" be a finite-dimensional vector space over C and V* the dual space.

Definition 2.1. A power ideal is an ideal in the polynomial ring C[V] generated by a
collection of powers of homogeneous linear forms such that these linear forms span V;
ie., an ideal of the form (h;" :i € I) where I is some indexing set, the h;s are linear
forms which span V', and the ;s are non-negative integers.

Since the linear forms h span the space V, the algebra A = C[V]/I has finite di-
mension dim A > 0. The ideal I is homogeneous so the algebra A is graded: A =
AgP A1 ® Ay & ---. In this paper we calculate the dimension of A and its Hilbert series
Hilb A = Y"..,dim A4; ¢ for a large family of power ideals I.

Example 2.2. Let I = (z1,23, (v1 4+ 22)%) C Clz1,22]. The algebra A = Clay,x2]/1
has the basis 1,11, w2, 13, 1129, 23, so Hilb (A;q) = 1+ 2q + 2¢* + ¢>.

Let p : PV — N be a nonnegative integer function on the projective space PV ~
CP"'. We will identify p with a function on V \ {0} such that p(t - a) = p(a) for
t € C\ {0}. Let I(p) € C[V] be the power ideal generated by the powers of linear forms
hP(M+1 for all h € V' \ {0}.

Any power ideal I is of the form I(p). Indeed, for any linear form h € V, there is
some positive integer r such that h" € I. Let p; : PV — N be the function such that
pr(h) + 1 equals the minimum integer r such that A" € I. This is clearly the unique
minimum function p : PV — N such that I = I(p).

Definition 2.3. Given a power ideal I, let the directional degree function of I be py,
the minimum function from PV — N such that I = I(py).

The name we give to these functions is justified by Proposition 2.6.

Let Dir(V') be the set of directional degree functions on PV. Then power ideals I in
C[V] are in bijection with Dir(V). For any nonnegative integer function p on PV there
is a directional degree function p’ € PV such that I(p) = I(p’).

We say that a set of points hy,...,hxy € V\ {0} is a generating set for a power ideal

I(p)if I(p) = <hf(h1)+l, ce hféhN)+1>. Hilbert’s basis theorem guarantees the existence

of such a set.
These concepts raise several natural questions, which we do not address here.

Questions. Find a nice description of the space Dir(V') of directional degree functions
on PV? Find an efficient way of computing the directional degree function p; associated
to a given power ideal I = (hi*,..., ) or, more generally, to an arbitrary non-negative
integer function on PV. Find a generating collection of points for a power ideal I(p)?



2.2 Inverse systems

There is a very useful dual way of thinking about power ideals in terms of Macaulay
inverse systems, which we now outline.

Definition 2.4. A Macaulay inverse system (or simply inverse system) is a finite di-
mensional space of polynomials which is closed under differentiation with respect to the
variables.

First, we define a pairing (-,-) between the polynomial rings C[V] and C[V*]. Let
Z1,...,Z, be a basis of V', and let yi,...,y, be the dual basis of V*. For each f(x) =
f(z1,...,2,) € C[V], define a differential operator f(9/dy) := f(9/0y1,...,0/0y,) on
C[V*]. Similarly, for each g(y) = g(y1,...,yn) € C[V*], define a differential operator on
C[V] by g(0/0x) := g(0/0z1,...,0/0xy). For f € C[V] and g € C[V*], define

o =1 (5) 00| =9 (5) 10

Definition 2.5. The inverse system of a homogeneous ideal I € C[V] is its orthogonal
complement with respect to this pairing:

x=0

. {g<y> e v

1(2)-o00-0 om0}

The inverse system of the power ideal I(p) is called the power inverse system C(p) =
I(p)*.

Since I+ is the space of solutions of a system of homogeneous differential equations
with constant coefficients, it is an inverse system. The space I is graded. The dimension
of the algebra A = C[V*]/I equals dim I*. Moreover, the dimension of the i-th graded
component A; of A equals the dimension of the i-th graded component (I+); of I+.

Proposition 2.6. The power inverse system C(p) consists of the polynomials f(y) €
C[V*] whose restriction to any affine line in direction h € V' has degree at most p(h).

Proof. A polynomial f(y) € C[V*] satisfies h(8/dy)?"*1f(y) = 0 for a linear form
h € V'\ {0} if and only if its restriction r(¢) := f(x+th) € C[t] of the polynomial f to
any affine line of the form L = {x+th |t € C} C V is a polynomial in ¢ of degree at
most p(h). O

Definition 2.7. Given a polynomial f € C[V*], let the directional degree function of f
be py : PV — N, defined by letting ps(h) be the degree of the restriction of f to a generic
line parallel to h. For a set of polynomials S C C[V*] with finite dimensional linear
span, define the degree-span (S) as the unique minimal space C(p) such that C(p) 2 S.

A polynomial f € C[V*] belongs to the degree-span (S) if and only if, for any affine
line L in direction h, the degree of f along L is less then or equal to the largest degree
of a polynomial g € S along a line parallel to L. In symbols, p(h) = maxgsecs pg(h) and

(5) = {f e V]

ps(h) < max py(h) }



In particular, (f) = C(pys). Since the space C(p) is finite-dimensional, there is a finite
collection of polynomials fi, ..., fi such that C(p) = (f1,..., fn)-

The following propositions list some properties of the spaces C'(p) orthogonal to power
ideals, and of the space of directional degree functions.

Proposition 2.8. Power inverse systems have the following properties:

1. If (S) = C(p1) and {T) = C(p2), then (SUT) = C(max(p1,p2)) and (S-T) =
C(p1 + p2).

2. For any power inverse system C(p), and any f € C(p) we have that:

(a) Any partial derivative Of [0x; belongs to C(p).
(b) Any shift f(x + xo), for fived xg € C™, belongs to C(p).
(c) Any polynomial that divides f belongs to C(p).

(d) If f = fo+ f1+ -+ fa, where f; is a homogeneous polynomial of degree i, then
all f; belong to C(p).

Proof. 1. The degree of the restriction of any element in S UT to an affine line L in
the direction a is less than or equal to max(pi(a),p2(a)). Thus (SUT) = C,,, for
some p3 < max(py, p2). On the other hand, there is an element in S UT whose degree of
restriction to L is exactly max(p;(a), p2(a)). Thus ps = max(p1, p2). A similar argument
works for (S - T).

2. Statements (a),(b),(c) are trivial from the description of the space C(p) in terms
of degrees of restrictions to affine lines. Statement (d) follows from the fact that C(p) is

a graded space. O

Proposition 2.9. Directional degree functions have the following properties:

1. For p € Dir(V), and any a,b,a + b € C" \ {0}, we have the triangle inequality
p(a) +p(b) = pla+Db).

2. For p1,p2 € Dir(V), the functions p1 + p2 and max(p1, p2) belong to Dir(V). In
other words, Dir(V') is closed under the operations “+” and ‘max”.

3. For any p € Dir(V) and polynomials f1,..., fn such that {f1,..., fn) = C(p), we
have p = max(pys,,...,Pfx)-

Proof. To prove the first statement, notice that since a?®*! and b*®+1 are in I(p),
(a+b)P(@+,()+1 g also in I(p) by the binomial theorem. The other two statements are
immediate consequences of the first part of Proposition 2.8. O

According to Proposition 2.9.3, to describe all functions p € Dir(V), it is enough to
describe the functions py for all homogeneous polynomials f. To do that, we will use
the following lemma.

Lemma 2.10. [9] A homogeneous polynomial of degree d in C[V*] has degree d’ along
direction h if and only if it vanishes exactly to order d —d' at h.



Proof. Let f be the polynomial. Consider a € V and t € C. We have that

k1 kn a k1 a kn
o= 3 G am) o a) @

ki, skn>

A= (k1 tkn)

r=h

The terms of t-degree greater than d’ cancel if and only if all the derivatives of f of order
less than d — d’ vanish at h. O

Proposition 2.11. For each homogeneous polynomial f € C[V*] of degree d there is a
flagh=X_1CXgC Xy C---C Xgq=PV ~CP" ! of projective algebraic sets such
that p(a) =i fora € X; \ X;_1.

The algebraic set X; is the set of common zeros of (0/0z1)* ---(0/0x,)* f(x) for
v+ 4k, <d—i—1.

Proof. This is a straightforward consequence of Lemma 2.10. O

Proposition 2.12. For each directional degree function p € Dir(V) there is a flag of
projective algebraic sets ) = X_1 C Xg C X1 C --- C Xq = PV ~ CP" ! such that
pla) =i forae X; \ X;_1.

IfC(p) = (f1,- .., fn) where f; is homogeneous of degree d;, then d = max(dy, ..., dn)
and X; is the set of common zeros of the derivatives (9/0z1)" -+ (8/0z,)k" f;(z) such
thatk1+"'+kn de—i—].,

In particular, if d = dy = -+ = dpr > dpyyp1 > -+ > dpn, then Xgq—1 is the zet of
common zeros of the polynomials f1,..., fur-
Proof. According to Proposition 2.9, we have p = max(,of1 seeese-osPfy ). Suppose that

the polynomial f; produces the flag X*, C X} C X{ C X} C ---, as in Proposition 2.11.
Then p corresponds to the flag X C Xg C X; C Xy C -+, where X; = le n---N
XJN. O

Clearly, p(h) = d for a generic point h € PV. Define the characteristic variety
X = X (p) of the power ideal I(p) as the locus of points h € PV where p(h) < d. Any
projective variety is the characteristic variety of some power ideal.

Remark 2.13. Proposition 2.12 shows that the structure of an arbitrary power ideal I,
is at least as complicated as the structure of an arbitrary projective variety.

3 The power ideal of a homogeneous polynomial

Let f be a homogeneous polynomial f € C[V*] and let X = {x € V| f(x) = 0} be the
corresponding hypersurface in V. We defined the directional degree function py : PV —
N of f by letting p¢(h) be the degree of f on a generic line in direction h € V. To py we
also associate a power ideal I(ps) whose characteristic variety is X.

More generally, let f1,..., fy be degree d polynomials in C[V*] and consider the
algebraic set X = {x € V| fi(x) = 0for 1 < ¢ < N}. The directional degree function
p(h) = maxi<i<n py, (h) defines a power ideal I(py,, . .., pry ) whose characteristic variety
is X.



The following result tells us that C'(py) can detect the smoothness of the hypersurface
£6) =0,

Proposition 3.1. Let f € C[V*] be a homogeneous polynomial of degree d, and let
X = {x| f(x) =0} CPV ~ CP" ! be the corresponding hypersurface. The Hilbert series
of the inverse system C(py) is

d—1 .
Hilb (C(py); q) = (Z (n+j - 1)qi> +q7.

i=0
if and only if X is smooth.

Proof. First assume that X is smooth. By Lemma 2.10, p¢(z) is equal to d—1 for z € X
and is equal to d elsewhere. The polynomials g € C(ps) are those whose restrictions to
lines X have degree at most d — 1 and whose restrictions to other lines have degree at
most d. Any polynomial of degree d — 1 satisfies these conditions, and no polynomial of
degree greater than d satisfies them. A polynomial g of degree d which satisfies them
must vanish at X, using Lemma 2.10 again; therefore it must be a constant multiple of
f. The desired result follows.

Now assume that X is not smooth. Then f vanishes at some point h to order at least
2, and hence has degree at most d — 2 along that direction. It follows that A?~! is not

in C(py), which means that dim C(pf)q—1 < (";f;z). O

We now investigate the power ideal of a homogeneous polynomial in two cases: elliptic
curves and hyperplane arrangements.

3.1 A case study: Elliptic curves

In this section we consider the power ideals determined by curves in the projective plane
CP? defined by an equation f(x1,x9,x3) = 2} + ax123 + bal — z323 = 0 where a,b € C
are two fixed constants. Such a curve X can be parametrised as

X=A@:%r(®):1)|teCtU{(0:1:0)},
where 7(t) := V3 + at + b.

The characteristic variety of the power ideal I(ps) € Clx1, x2, x3] is the curve X. To
describe this power ideal I(py), we need to consider three cases, shown in Figure 1 in
the real case. Generically, X is non-singular, and it is called an elliptic curve. When
(a/3)% + (b/2)? = 0 it has a double root, and when a = b = 0 it has a cusp.

(1) (a/3)3 + (b/2)? # 0. In this case the elliptic curve X has no singular points, and

we have £h g
3 ifheg X,
f’f(h){ 2 ifhe X.

The ideal I(ps) € Clz1,x2, 23] is generated by the powers (vi@1 + vaze + v3x3)® for
(v1 : v2 : v3) € X, and by all monomials xix3z% of degree 4. In other words, I(py) is



Figure 1: The three possibilities for the curve a3 + azi23 + baxi — 323 = 0: an elliptic
curve, a curve with a double root, and a curve with a cusp.

generated by a3, (tz1 & r(t)xs + 23)3, for any t € C, and by all monomials of degree 4.
We have

(tzy £ 7(t)ws + 23)°

(txy + x3)> + 3r(t)*(try + x3)23 £ 3r(t) (try + 3)2xs £ r(t)323

(z3 + 3baszs) + 3(z123 + bras + axvsxs)t + 3(zirs + avix3)t?

(23 4 3x323)t? + 3w a5t + (Bwoxl + bad)r(t) + (6x12023 + axd)r(t)t
+32220r ()% 4 2 (1)t

Since 1,¢,t2, 3,1, r(t), r(t)t,r(t)t?, and r(t)t> are linearly independent functions,

I(pg) = (af+ 3bajzs, 123 + bria3 + axdzs, viws + azizy, (28 + 3z3zs)
w122, (3wox2 + bxd), (6x120w3 + axd), aiwe, a3, aialal |i+j+k= 4>
= <$g, l‘l.ﬁg, l‘2$§, r1T2X3, x%l‘z, $g+3bl‘§$3, $%.’E3,
€172 + axdxs, o5 + 3adxs, viadak i+ i+ k= 4> .
The space C(py) is spanned by all polynomials in Clyi, y2,ys] of degree < 2 and by

the polynomial f(y1,y2,ys). Thus Hilb (C(py);q) = 1 + 3¢ + 6¢> + ¢>. This agrees with
Proposition 3.1 since X is smooth in this case.

(I1) (a/3)3+ (b/2)? = 0 and a, b # 0. In this case the curve X has one singular point,
which is an ordinary double point: ps = (=22 : 0: 1). We have

3 ifhdX,
pr(h) =4 2 ifhe X\ {ps}
1 if h = ps.

The ideal I(py) is generated by all generators from case (I) and by (—%xl +23)2, so we
have Hilb (C(py)iq) = 1 + 3¢+ 5¢> + ¢°.

(ITI1) @ = b = 0. In this case the curve X has one singular point, which is a cusp:



=(0:0:1). We have

3 ifhéX,
ps(h)=q 2 ifheX\{p},
1 if h=p..

The ideal I(py) is generated by all generators from part (I) and by x3. Therefore in this
case we have Hilb (C(py);q) = 1+ 3¢ + 5¢° + ¢° also.

Remark 3.2. These examples show that, while the Hilbert series Hilb (C[V*]/I(py);q)
determines whether the hypersurface f(x) = 0 is smooth, it may not distinguish between
different types of singularities.

3.2 Hyperplane arrangements

Consider the case where f is a product of linear forms; say f =11 ...l, wherely,...,l, €
V*. These forms define a hyperplane arrangement A = {Hy,...,H,} in V, and the
hypersurface X is the union of these hyperplanes.

Proposition 3.3. The directional degree function associated to a product of linear forms
f=1l...1, is given by

pg(h) = number of hyperplanes in A= {H,...,H,} not containing h.

Proof. Along a line in direction h € V', we have

n

a+th) = Hl (a+th) =[] (li(a) + tli(h)) .

=1

It follows that the ¢t-degree of f along this line is equal to the number of [;s which don’t
vanish at h, as desired. O]

For reasons which will soon become clear, we will study the power ideals determined
by the functions py(h) + k for k € Z,k > —2. These power ideals that arise from hyper-
plane arrangements have many interesting properties. In particular, their Hilbert series
only depend on the combinatorial structure of the arrangements, and can be computed
explicitly in terms of the Tutte polynomial [1] of the arrangement. Section 4 is devoted
to this important case.

4 Power ideals of hyperplane arrangements

In this section we focus on the interesting family of ideals related to a hyperplane arrange-
ment A which arises from the previous construction. We will see that the Hilbert series
of these ideals depend only on the matroid M (.A), which stores the combinatorial struc-
ture of A. We will need some basic facts about matroids, Tutte polynomials, and their
connection with hyperplane arrangements. We will outline the necessary background
information, and we refer the reader to [1, 14, 21] for further details.



4.1 The ideals I, and I, ;.

Let A be a central hyperplane arrangement in V'; that is, a finite collection of hyperplanes
Hy,...,H,, where H; = {x | [;(z) = 0} for some linear functional ; € V*. We can also
think of A as the vector arrangement {ly,...,1,} in V*. Let M(.A) be the matroid of A.

Each hyperplane H; has a corresponding directional degree function pg, which equals
0 on H; and 1 off H;. By Proposition 2.9, the function

pat+k=pa +...+pn, +k
is also a directional degree function for every k > 0. Notice that, for a line h € V,
pa(h) = number of hyperplanes in A not containing h.

As remarked in Section 3.2, this is precisely the directional degree function associated
to the polynomial I(A) =1y ---1, € C[V*].
The corresponding power ideal in C[V] is

Lag:=I(pa+k)= <hﬂA<h>+k+1 | heV,h+ 0> .

We will study this ideal for £ > —2, and show some difficulties that arise for k£ < —3.
One can also define the (a priori smaller) ideal

Iy = <hp““(h)+k+1 | h is a line of the arrangement A> ,

where h ranges only over the one-dimensional intersections of the hyperplanes in A.
In the special cases k = —2,—1,0, these ideals have received considerable attention
[2, 6, 8, 11, 17, 16, 22, 24]. As mentioned in the introduction, they arise in problems of
multivariate polynomial interpolation, in the study of fat point ideals, and in the study
of zonotopal Cox rings, among others. In Theorem 4.15 we will prove that 4 = I 14’,6
in these three important special cases (clearly 4 2 Iy, in general). We will also
show that I, is in some sense better behaved than I :4’ .- We will therefore focus our
attention on the ideals I 4 .
The inverse system of 14y is the C[V]-submodule

Cay=Clpa+k)= { f(x) € CV]| h(8)0x)" A ML f(2) =0 for all h € V, h # o}

of C[V*], graded by degree; C[V] acts on it by differentiation. It consists of the polyno-
mials f whose degree along a line is less than or equal to k plus the degree of I(A) along
that line.

Example 4.1. Let G be the three-dimensional arrangement of hyperplanes of Figure 2,
determined by the linear forms Iy = y1,lo = ys,l3 = y3,l4 = yo2,l5 = y1 — y2, and let
k=0. Then

IG, = (23,25, 23, (z1 + 22)*)

and

10
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Figure 2: An arrangement of hyperplanes in three dimensions.

Ig70 = <x‘;’,x%7x§,(x1+x2)4,

(z1 + ax2)®, (x1 + bas)?, (z2 + cx3)®, (21 + dao + ex3)6>

where a,b, c,d, e range over the complex numbers. Simplifying each generator on this list
by the previous ones,

4 .2 ¢ 2 2
Igo = (a1, 23,23, 6xiz3 + da123,0,0,0,0).

For example, the only monomial in (x1 + axs)® which is not generated by x3 and x5 is
2223, which is generated as x2(6x3x3 + 4x123) — 421 (23). (In particular this means that
Igo=1g.) Thus

Cgo = span(l; y1,Y2,¥3; Y%, Ya, Y1y, Y1Y3, Y2ys;
s\ Ui Y. YiYs: Y1Ya, YaUs, Y1Y2Yss  YiYs — YiVs. Yays, YTY2ys, Y1YsYs;
Yi1Ysys — YiY3Ys.)

and
Hilb (Cg.0;q) = 1+ 3q + 5¢* + 6¢° + 4¢* + ¢°.

Our next example shows that the ideals I and [ ,/4k are generally different for
k> 1.

Example 4.2. Let H be the arrangement in R? determined by the linear forms y, and
yo in R%. Then

Dy = (277%,2572 (21 + az0) P la €R), Ly = (a7, 2577).

11



If we choose k + 4 different values of a, the resulting polynomials (z1 + az2)**3 in

I i, will linearly span all polynomials of degree k + 3. In Iﬁ,k, on the other hand, the

degree k + 3 component is spanned by x’f+3,x’f+2xg,x1x§+2,x§+3. These only coincide

for k=-2,—1,0.

Proposition 4.3. Let H™" be an arrangement of n generic hyperplanes in C™" and
let k> 0. Then

g \"(Q—g)™m
1—qz> (1-2)

Proof. Let N = m + n. Fixing a basis x1,...,2n, X1,...,X,, for V. = CV, we can
assume that the hyperplanes are 1 = 0,...,x, = 0. Then

Hilb (Cym 13 q) = [zk] <1 +

Imge = (a1, + - + @y, +b1X1 + -+ + by X, ) TR |
{i17"'7it}g[n],al...,atE(C*,bl,,,_7bm€(c_>

By fixing x;,, ..., z;, and varying ai,...,a, b1, ..., by, these powers of linear forms gen-
erate every monomial x?ll .- 'xf‘ttXfl oo XPm of degree t + k + 1, and those with some

a; = 0 are generated by a smaller such monomial. Therefore
Ty e = <x?11 e X X [0 >0, e+ B =tk + 1>
and, with respect to the dual basis y1,...,Yn, Y1,..., Yy of V*,

C’H:{L,k = span (y’il N yat Y’Gl Ce Y’rgm

ig T 1

ai>0,2ai+25j§t+k).

Let us count the monomials in Cym . of degree s+t which involve exactly ¢ variables
n
t

and (*T"7"71) ways to write s = Y (o — 1) + 3. 3; as a sum of ¢ + m nonnegative
integers. Therefore

n k
. n\(s+t+m-—-1\ ,
Hih (Crag i) = 33 () (1T e

t=0 s=0

among yi,...,Yn. We have s < k necessarily. There are ( ) choices for the variables,

Since Zf:o (*Tm1) gt is the coefficient of 2* in (1 — gz)~(m+1 /(1 - 2), we can rewrite

this as
Hilb (Cym 13 q) = [zk] 7(1 )" E " t
Hm k4 1 ¢ 1 )

t=0

which gives the desired result. O

4.2 Deletion and contraction

We now recall the operations of deletion and contraction. Suppose that hyperplane H;
in A= {Hy,...,Hy,} is not aloop or coloop. The deletion of Hy in A is the arrangement

12



A\H, = {Hs,Hs,...,H,} in V. The corresponding linear forms are ls,... I, in V*.
The contraction of Hy in A (also called the restriction of A to Hy) is the arrangement
A/Hy := {Hy N Hy,H N Hs,...,H; N H,} in Hy. The corresponding linear forms are
the images of lo, ..., [, in the quotient vector space V*/l; ~ H*.

Proposition 4.4. Let A be a hyperplane arrangement and k > —2.1

1. If H € A is not a loop, then there is an exact sequence
0— Camr(—1) = Cap — Cayar — 0

of graded C-vector spaces. Here C g\ g (—1) denotes the vector space C g\ g ), with
degree shifted up by one.

2. If H € A is a loop, then Cax = Cp\ g k-

Proposition 4.5. Let A = {Hy,...,H,} be a hyperplane arrangement in V with cor-
responding linear forms ly,... 1, in V*, and let k > 0.

1. For k >0, the space C4 is spanned by the polynomials fls = f ], cqls, where f
is a polynomial in C[V*] of degree at most k and S is a subset of [n].

2. For k = —1, the space C4,—1 is spanned by the polynomials ls = [[,cgls, where S
is a subset of [n] such that [n] — S has full rank.
8. For k = =2, the space C4,_o is spanned by the polynomials ls = [[,cgls, where S

is a subset of [n] such that [n] — S — x has full rank for all x ¢ S.

Proof of Propositions 4.4 and 4.5. In what follows, we will use the description of C 4
as the set of polynomials in C[V*] whose degree on a line parallel to h € V is bounded
above by pa(h) + k. For the polynomials in C4\ g the bounds are the same along
directions contained in H, and they are decreased by one along directions not contained
in H. For the polynomials in C 4,y x, the bounds are the same, but only concern the
directions contained in H, where these polynomials are defined.

We will prove Propositions 4.4 and 4.5 in a joint induction on the number of hyper-
planes which are neither loops nor coloops. We will first settle the case & > 0. The
base case is a hyperplane arrangement consisting of only loops and coloops. A loop in
a hyperplane arrangement in V is the “hyperplane” V with linear form 0 € V*; it is
not noticed by 14 and C4 and can be safely ignored. Modulo a change of basis,
the hyperplane arrangements with only coloops are the arrangements H]"". As seen in
Proposition 4.3, Cym 1 is generated by the monomials of the form y;'* - - - yiothlﬁl S
with o; > 1 and > a; + > 5; <t+ k. Such a monomial can be rewritten as fy;, ---y;
where f has degree < k.

Now suppose that A is an arrangement and H is a hyperplane of A which is not a
loop or coloop, and suppose that Propositions 4.4 and 4.5 are true for A\H and A/H.
There is no loss of generality in assuming that H is the first coordinate hyperplane, and
y1 is the corresponding linear functional.

t

IFor k = —2 we need to assume that A, A\H and .A/H have no coloops.

13



By the previous discussion on C 4\ g, and C 4/ g, we have maps

0— Cavmi(—1) =5 Cag n=, Ca/ar—0

given by multiplying by y1, and setting y; = 0, respectively. Injectivity on the left and
exactness in the middle are straightforward. To prove exactness on the right, we use the
inductive hypothesis that C4,q,; is spanned by the products fls = f]],.ql., where
f € C[H*] of degree < k, S is a subset of {2,...,n}, and I/, is the image of [ in H*. But
this is the image of fls = f][[,cgls, which is in C 4. This proves Proposition 4.4 for
A.

To prove Proposition 4.5 for A notice that the products flg involving | = y; are
the images of the products which generate C 4\ g, while the products fls not involving
I = y1 map to the generators of C 4/ p,1. The desired result then follows from Proposition
4.4 for A and the fact that a short exact sequence of vector spaces splits.

For k = —1,—2, the proof works in essentially the same way. Omne needs to be
careful about the initial case of the induction, and to adapt the argument in the previous
paragraph, as follows.

The initial case of the induction for k¥ = —1 is still the arrangement H]*, for which
Cym —1 = span(1), which agrees with the fact that only the set [n] has full rank. When
k = —2, C4 _2 is only defined when A has no coloops, so our initial case is the rank n

arrangement of n + 1 generic hyperplanes, where our claim is easily verified.

By the inductive step of Proposition 4.5 for £ = 0, the products lg involving I = y;
are the images of the generators of C 4\ 0, while the products /s not involving | = y;
map to the generators of C 4,y 0. One then needs to refine these statements by easily
checking that they are compatible with the conditions of [n] — S having full rank (for
k= —1), and [n] — S — x having full rank for all = (for k = —2). O

4.3 Hilbert series

Our next goal is to prove that Hilb (C 4 x;¢) is an invariant of the matroid M (A) and
the “excess” dimension m = dim.A — r(M(A)) between the vector space that A lives
in and the rank of A. It is important to observe that this quantity does depend on m.
For instance, the arrangements H* of Proposition 4.3 all have the same matroid but
different Hilbert series Hilb (Cym x;q).

Proposition 4.6. Let A be a hyperplane arrangement and let H be a hyperplane which
s neither a loop nor a coloop. Then

Hilb (C ks q) = qHilb (C o\ 1,5 ¢) + Hilb (Cayp1.15 )
for k> —2.
Proof. This follow immediately from Proposition 4.4. O
Proposition 4.7. Let A be a hyperplane arrangement.

1. If H is a loop in A then Hilb (C41; q) = Hilb (Ca\g,1; q)-

14



2. If H is a coloop in A then:

e Hilb (Ca059) = (1 + q)Hilb (Cuym,05 4)-
e Hilb (Ca,—15¢) = Hilb (Cay1,-15q)-
o Hilb (C4,—2;¢) = 0.

Proof. The first statement follow immediately from Proposition 4.4; let us prove the
second. We can assume that the intersection of the hyperplanes of A\H is the line
containg 1. The formula Hilb (C4x; q) = qHilb (C 4\ g,%; ¢) +Hilb (Ca/ 1,1 ) still holds,
but now A\H has different excess dimension. This is a difficulty for & > 1, but we are
fortunate when k£ = 0,1, —2. For k = 0, polynomials in C 4y must be constant on
the line z1, so they cannot involve the variable y;. Therefore Cq\gx = Caym,x, and
3(a) follows. For k = —1, I 4\ g contains 2§ =1, so Ca\prx = 0, and 3(b) follows. For
k= —2, I 4 contains 2§ =1, so C 4 = 0, and 3(c) follows. O

The Tutte polynomial of a matroid M with ground set E and rank function r is
defined by

Tas(w,y) = Y (0 = 17007y — 1) A1,
ACE

A function f : Mat — R from the class of finite matroids to a commutative ring R is
said to be a generalized Tutte-Grothendieck invariant if there exist a,b, L,C € R, with
a and b invertible, such that the following properties hold.

. If M and N are isomorphic matroids then f(M) = f(N).

—

. If e is neither a loop nor a coloop of M, then f(M) = af(M\e) +bf(M/e).
. If e is a loop of M then f(M) = Lf(M\e).

. If e is a coloop of M then f(M) = Cf(M/e).

f@) =1.

The Tutte polynomial is the universal Tutte-Grothendieck invariant in the following
sense.

CUos W

Proposition 4.8. [25] Any generalized Tutte-Grothendieck invariant is an evaluation of
the Tutte polynomial. With the notation above, f(M) is given by

FOM) = gM=rongrong, (€LY
b’ a

If the Tutte polynomial of M is

Tn(z,y) = Z bijz'y’,
4,j20
we define its umbral Tutte polynomial to be

Tu(t) =Y bijti;

4,520
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where t = (;;); j>0 are indeterminates.?
Let a weak generalized Tutte-Grothendieck invariant be one which only satisfies con-
ditions 1 and 2.

Proposition 4.9. Any weak generalized Tutte-Grothendieck invariant is an evaluation
of the umbral Tutte polynomial. With the notation above,

F(M) = aMI=r 0Dy (D, f(Mi,')
a’b" />0

where M;; is the matroid consisting of © coloops and j loops.

Proof. One way of computing a generalized Tutte-Grothendieck invariant of a matroid
M is by recursively building a computation tree. The matroid M is at the root of the
tree. We choose an element e; if it is neither a loop nor a coloop, then we make M\e and
M /e the left and right childs of M, and label the edges z and y respectively. If e is a
loop or a coloop, then we make M\e or M/e its only child and we label the edge L or C
respectively. We continue this process recursively until every leaf is the empty matroid.
Then we add the weights of the leaves, where the weight of a leaf is the product of the
labels of the edges between it and the root.

Build a partial computation tree for f(M) by never choosing an element e which is
a loop or coloop, and stopping when every leaf is labelled by a matroid of the form Mj;.
This same tree will tell us how to express the Tutte polynomial Ths(z,y) as a linear
combination of the Tutte polynomials of the M;;s at the leaves. Since T, (2,y) = iy,
exactly b;; of the leaves of the tree are labelled by M;;. To compute f(M), then, it
suffices to replace each occurence of z'y’ in the Tutte polynomial by f(M;;). O

Theorem 4.10. If A is a rank r arrangement of n hyperplanes in V. = C"™™™ and k > 0

then
) qn—r q 1
Hilb (Ca 43 q)2" = T4 (1 + ) .
2 b (Cani0)s = G o g

Proof. Proposition 4.6 shows that, if we restrict our attention to arrangements of excess
dimension m, then Hilb (C 4 x; q) is a weak generalized Tutte- Grothendieck invariant on
the matroid M (A). Therefore we can use Proposition 4.9, plugging in the formula for
Hilb (CH?);C; q) obtained in Proposition 4.3. We obtain

Hilb (Cak;q) = qWTTA([Zk} (1+ ? ) 1) )
4,5>0

1—gz (1-2)

Y by (m (1) U5 ii{") .

4,520

which is equivalent to the given formula. O

2The adjective umbral refers to the umbral calculus, developed in the 19th century and later made
precise and rigorous by Rota. [18] This method derives identities about certain sequences (such as the
sequence of Bernoulli polynomials) by treating the subindices as if they were exponents.
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As k — oo,

n—r 1
lim Hilb(Cagiq) = lm[°+ 425 L1y (14 L -
Jim Hilb (Cars q) dm [+ g gm TV g

qn—r q 1 1
(1—qm™ 1-q'q (1—gq)rtm

since it is easily shown that T4 (l—iq, %) =1/[(1 —¢)"¢™"]. This confirms the fact that

every polynomial in C[V*] is in C4  for a large enough value of k.

Corollary 4.11. If A is an arrangement of n hyperplanes of rank r, then
: n—r 1
Hilb (Ca059) = ¢""Ta <1 +q, q) :

Proof. Substitute z = 0 into Theorem 4.10. O

Proposition 4.12. If A is an arrangement of n hyperplanes of rank r, then
. o 1
Hilb (Ca,—1;9) = ¢"" T4 (1, ) )
q

Proof. This is an easy consequence of Propositions 4.6 and 4.7. O

Proposition 4.13. If A is an arrangement of n hyperplanes of rank r, then
. _ 1
Hilb (Ca,—2;9) = ¢" " "Ta (0, ) .
q

Proof. This is an easy consequence of Propositions 4.6 and 4.7. O]
Example 4.14. The arrangement of Example 4.1 has Tutte polynomial

Tg(x,y) = 2° + 2%y + 2 + 2y + 2y
which shows that

Hilb (Ca0iq) = ¢*[(1+9)° + 1+ /g+1+a)*+ (L +9)/d* + (1 +q)/q]
= 1+3¢+5¢° +6¢° +4¢" +¢°
confirming our earlier computation.
Theorem 4.15. If A is an arrangement and k € {0, —1, =2} then Ix ) = Iy ;.

Proof. This follows since I 4 j, contains / :4 «» and the previous propositions show that the
Hilbert series of I4 ) is equal to the known Hilbert series of Iy’47,C for k € {0,—-1,-2}.
2, 6, 8, 11, 16, 24] O
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4.4 Holtz and Ron’s conjectures
We have now proved Holtz and Ron’s conjecture on the internal zonotopal algebra.

Theorem 4.16. [11, Conjecture 6.1] The inverse system of the ideal Iy _, is spanned
by the polynomials ls = [[..qls, where S is a subset of [n] such that [n] — S —x has full
rank for all x ¢ S.

sES

Proof. Now that we know that IJ’4’72 = [ 4,2, this is exactly Proposition 4.5.3. O

A set X of integer vectors in R? is unimodular if its Z-span contains all the integer
vectors in its R-span. Define the zonotope Z(X) to be the Minkowski sum of the vectors
in X, and define the boz spline M x to be the convolution product of the uniform measures
on the vectors in X; this is a continuous piecewise polynomial function on Z(X). Let
A(X) be the arrangement of hyperplanes orthogonal to the vectors in X, or equivalently,
the arrangement dual to Z(X).

Motivated by the study of box splines, Holtz and Ron [11] proved Proposition 4.5.1
in the case k = 0 and Proposition 4.5.2, and conjectured Theorem 4.16. (Their results
really concerned the ideals I’ A for k=0,-1,-2, but now we know that I Ak =1akin
these cases.) As they remarked Theorem 4. 16 also implies their conjecture on the spline
interpolation of functions on the lattice points inside a zonotope:

Corollary 4.17. [11, Conjecture 1.8] Let X be a unimodular set of vectors, let Z_(X)
be the set of integer points inside the zonotope Z(X) and let Mx be the box spline of X.
Any function on Z_(X) can be extended to a function on Z(X) of the form p( ) Mx
for a unique polynomial p € C4(x),—2-

4.5 A basis for C 4.

Fix a linear order on the hyperplanes of A. For a basis B, say an element i € B
is internally active in B if B is the lexicographically smallest basis containing B — i.
Similarly, say an element e ¢ B is externally active in B if B is the lexicographically
largest basis in B Ue. Let I(B) and E(B) denote the sets of internally and externally
active elements in B, respectively. Say a basis B is internal if I(B) = (). We will need
the following facts:

Proposition 4.18. [25] Let M be a matroid with a linear order on its elements.

1. As B ranges over all bases of M, the intervals [B—I(B), BUE(B)] partition the set
2M . in other words, every subset of a matroid can be written uniquely as B—I1UE
for some basis B and some I C I(B), E C E(B).

2. If B is a basis, I CI(B) and E C E(B), thenr(B—IUFE) =r— |I|.

8. The Tutte polynomial of M 1is

Ti(o,y) = 3 all (Dl EE)
B

summing over all bases of M.
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Proposition 4.19. Let A be an arrangement.
1. For k>0, a basis for C 4, is given by the set Ly of l-monomials of the form
+1
MmpB.I,a; = H li HZ?J+
i€EA—B—FE(B) jerl

where B is a basis of A, I C I(B) is a subset of the internally active elements of
B, and ay = (o)ier s a sequence of non-negative integers with > a; < k.

2. For k = —1, a basis for C4 1 is given by the [-monomials | s_p_g(py where B is
a basis of A.
3. For k = =2, a basis for Ca 2 is given by the l-monomials | o_p_p(p)y where B is

an internal basis of A.

Proof. We start with the case k > 0. First we prove that L spans C4 ;. From Propo-
sition 4.5 and the fact that the l;s span V*, it follows that C 4 is spanned by the
[-monomials inside it. Define a total order on the supports of the l-monomials by declar-

ing supp(a) > supp(b) if
L. |supp(a)| > [supp(b)|, or
2. |supp(a)| = |supp(b)| and supp(a) > supp(b) in reverse lexicographic order.

Let S be the largest support occuring among the [-monomials in C 4 which are not
generated by L. This support can be written uniquely in the form S = (A—-B—-FE) U I
for some basis B and some subsets E C E(B), I C I(B). We claim that E = E(B).

Suppose E # E(B) and take e € E(B) — E. Then e is the smallest element in the
unique circuit C'U e contained in B Ue. All elements of C' are larger than e and hence
not internally active in B. Since lo = ) o acle, an [-monomial m with support S can
be written as m = ) - acmi./l.. Each mi./l. has degree 1 in [, so it is in C 4%, and
has support larger than S. So each term in the right hand side is spanned by Ly, which
is a contradiction. It follows that S = (A— B — E(B))UI.

Now let Ng consist of those monomials with support S which are in C 4 and not
generated by Lj. Consider m € Ng having lowest total degree in the variables indexed
by (A — B — E(B)). At least one of those variables must be raised to a power greater
than 1; say it is .. Since B is a basis of A we can write [, = ZbGB aply and obtain m =
> e @mly/le. T b € I then aymly/l. has the same support S and lower (A—B—E(B))-
degree, so it is spanned by Li. If b ¢ I then aymly/l. has support larger than S so it is
spanned by Lg. So each term in the right hand side is spanned by Ly, which is again a
contradiction. We conclude that Ng is in fact empty, and therefore L, spans C 4 .

Now let us count the number of monomials in L. Consider a basis B with internal
activity |I(B)| = ¢ and external activity |E(B)| = e. For some a < i and b < k, we need
to choose a internally active elements and a non-negative as adding up to b; there are
(%) (“:ﬁ;l) choices. The resulting monomial has degree |A| — |B| — |[E(B)|+a+b =
n—r—j+a+b. Comparing this with the second equation in the proof of Theorem 4.10,
we see that we have found the correct number of generators in each degree. It follows
that Ly, is a basis for C4, .
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Next we proceed with the case k = —1. The space C 4,_; is spanned by the monomials
ls with r(A—S) = r; by Proposition 4.18, this is equivalent to S = A — B — F for some
basis B and E C E(B). Repeating the argument above, we find that the monomials
lg with S = A — B — E(B) are sufficient to span C4,_;. Since the dimension of C4 _1
equals the number of bases of 4, these monomials are a basis for C4 1

Finally we settle the case k = —2. A monomial [g with S=A—- B - Eisin Cy 9
if and only if B is an internal basis, because the number (A — S —z) =r(BUFE — x)
equals r — 1 if x € I(B), and r otherwise. As above the monomials /4_pg_pg(p), with
B an internal basis, form a spanning set for C 4 _»; this is actually a basis since the
dimension of this space is the number of internal bases of A. O

Holtz and Ron also mention the “inherent difficulties we encountered in the inter-
nal study due to the absence of a ‘canonical’ basis for” C4 _». The case k = —2 of
Proposition 4.19 offers a satisfactory solution to these difficulties.

4.6 The space Cyy, for k < -3

We do not know whether the ideals /4 are well-behaved for £k < —3 in general. To
compute Hilb (C4 ) for k > —2, we recursively

e produced an upper bound for the Hilbert series by deletion-contraction, and

e constructed a large set of polynomials inside C 4 k, all of which were monomials in
the I;s.

In the cases k = 0, —1, —2, the existing proofs [6, 8, 11, 24] are different from ours, but
they all rely on constructing a large set of polynomials inside C 4 ; which is spanned by
monomials in the I;s.

These approaches will not work for k& < —3, because in that case C 4, is not neces-
sarily spanned by [;-monomials, as the following example shows.

Example 4.20. Consider the arrangement G of hyperplanes in R3 given by the linear
Jorms ly = y1 +yo2,lo = y2,l3 = —y1 + Y2, la = y1 + y3,ls = y3,le = —y1 +ys; it is shown
in Figure 3, when intersected with the hemisphere y; > 0 of the unit sphere. Then

197—3 = <Z‘%,$%,Jﬁé, (axl + bxo + C.’,U3)22>

and
Cg,—3 = span(1,y1).

Notice that the space Cg,_3 is not spanned by monomials in the l;s. Similar ezamples
exist for k < —3.
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Figure 3: An arrangement G such that Cg _3 is not spanned by /;-monomials.

5 Fat point ideals

The results of Section 4 are closely related to the theory of fat point ideals. We now
outline the connection and apply our results to that theory.

Given a function o : PV — N, we define the fat point ideal of o to be the ideal of
polynomials in C[V*] which vanish at p up to order o(p). We denote it

J(o) = ﬂ mg(p)

peEPV

where m,, is the ideal of polynomials vanishing at p. When o takes negative values, we
will simply define J(o) = J(&) where ¢(v) = max(o(v),0).
The inverse system of J(o) is the submodule

J(0)™" = {f(x) € C[V] | g (/) f(x) = 0 for all g € J,}

of C[V], which C[V*] acts on by differentiation.

Fat point ideals have been studied extensively in the finite case: Given finitely many
points P = {p1,pa,...,ps} C PV and positive integers N = (ny,...,ns), the fat point
ideal of P and N is the homogeneous ideal of polynomials vanishing at P; up to order
n;. We refer the reader to [9, 12, 19] for more information.

Fat point ideals are closely connected to power ideals due to the following theorem
of Emsalem and Iarrobino:

Theorem 5.1. [9] For any o : PV — N,

(J(o) )i = (Lie)i

21



Corollary 5.2. For any o : PV — N
(J(0))i = C(i — o)
Proof. This is simply a restatement of Lemma 2.10. O

Our results on power ideals of hyperplane arrangements allow us to compute the
Hilbert series of a family of fat point ideals associated to a hyperplane arrangement.
Let A ={Hy,...,H,} is an arrangement of n hyperplanes in a vector space V' and let
li,...,l, € V* be the corresponding linear forms. For each p € V' let f4(p) be the number
of hyperplanes of A containing p. This can be regarded as a function f4 : PV — N.
Notice that f4(p) is the order of vanishing of the polynomial Iy - - -1, at p.

We will consider the shifts f4 — k of this function by a constant k. This is mostly
interesting for 0 < k < n: for k < 0 our function is positive everywhere so J(f4 — k) =
{0}, while for k¥ > n our function is negative everywhere so J(f4 — k) = C[V*]. We are
interested in the filtration

{0} =J(fa+1)CJI(fa) CI(fa—1)C--- CJ(fa—n)=C[V"],

of the space of polynomials in C[V*] by how the order of vanishing of a polynomial
compares to the order of vanishing of [y - - - [,,.

Theorem 5.3. Let A be a rank r arrangement of n hyperplanes in V.= C™T™. For each
p €V let fa(p) be the number of hyperplanes of A containing p. Consider the filtration
of C[V*]:

{0} =J(fa+1) S I(fa) CI(fa—1) S CJ(fa—n) =C[V7],
where
J(fa — k) := {polynomials in C[V*| vanishing at p to order fa(p) —k}.

If Jag = J(fa=k)/J(fa — (k—1)), then

n

n 2t 25—t
3 Hilb (Jagit)s* = TA( s >

prd (1—-t)m 1—t s

Proof. First of all notice that the polynomials in J(f4 — k) must vanish up to order
n — k at the origin, so this ideal cannot contain polynomials of degree less than n — k.
For larger degrees, i.e., for i > —k, using Corollary 5.2 we have that (J(fa4 — k))n+i =
Cn+i+k—fa)nyi=Clpa+i+k)n+i = (Caitk)nti- Since i+ k > 0, Theorem 4.10
then gives

Hilb (J(fa—k)it) = 3 dim(Caisi)os: ™
>0
—r,—k
. . q 'z q 1
= ") gt Ta(1 -
; <] (1—=2)(1 —gz)™ A( +1—q2’Q>
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Notice that if U(g,z) = > a;j¢'z’ is a formal power series in two variables, then
[°1U(q,t/q) = a;;t'. Therefore

- —k
Hilb (7(a - Bet) = 1) o T (14 )

tn=k | 2—t
= e T 2—q].

In the last step we use the identity T'4(1 + ax,1 + %) = a""T4(1 + x,1 4 y), which
follows easily from the definition of the Tutte polynomial. We get that

. tn_k n—k 21
H1lb(JA7k;t)=(1_7t)m[q | Ta mﬂ—q )

from which the result readily follows. O

Notice that Ja,0 = J(fa) is the principal ideal generated by the product of n linear
forms determining the hyperplanes of A; therefore

t'r’L

Hilb (J(fa);t) = A—grm

which, one can check, is consistent with the formula of Theorem 5.3.

6 Zonotopal Cox rings

6.1 Cox rings and their zonotopal version

In this section we describe the close relationship between our work and the zonotopal
Cox rings defined by Sturmfels and Xu [22]. Fix m linear forms hyq,..., h, on an n-
dimensional vector space V, and consider the following family of ideals of C[V*]:

Iy = (Rt R u=(up,...,uy) € N

Also consider the corresponding inverse systems ;1 = &I a 111 in C[V], graded by degree
d.

These inverse systems are intimately related to the Cox ring of the variety which one
obtains from P9~! by blowing up the points hi,...,h,; the relationship is as follows.
Let G be the space of linear relations among the h;s. As an additive group, G acts on
R=C[s1,-.-,8m;t1,-..,tm], with the action of A € G given by s; — s; and t; — t;+\;s;.
The Coxz-Nagata ring is the invariant ring R with multigrading given by degs; = e;
and degt; = eg + €;, where (e, ..., e,) is the standard basis for Z"+1.

Theorem 6.1. [22] The C-vector spaces I;lll and Rg’:u are isomorphic.

It will be useful for our discussion to describe this isomorphism explicitly; this is done
in [22] and is easily understood in the following example.
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Example 6.2. Consider the ideal Ig o = <x§’7x§7x§, (1 + x2)4> of Example 4.1; here
G =span{(1,1,0,—1)}. Form a matriz whose columns are the h;s. For each polynomial
f(ylvaay3) € CQ,O = 14_7(12737173)7 plug in the vector

o 17 [B/=
t2/$2

0 1

1 0 t3/s3
t4/84

and multiply by s -+ - s¥m to obtain the corresponding polynomial in Rg*:u. For example
the polynomial y1y5 — y2y3 € 14_(12 3,1,3) maps to

3 2 2
t t t t t t t t
(58) (52 - (o) (22
S1 Sa S9 Sa S1 S4 S9 S4
The expression inside each parenthesis is invariant under the G-action because G 1is

orthogonal to the rows of A, and the final result is a polynomial since the functions in
Id_lll vanish at h; to order at most u;.

2.3, 3
57185538].

Cox rings are the object of great interest, and the computation of their Hilbert series
has proved to be a subtle question. Much of the existing literature has focused on
the case where the h; are generic. By contrast, here we are interested in very special
configurations of h;s, namely the configurations of lines in a hyperplane arrangement
A. We do not expect there to be a simple formula for the Hilbert series in this case.
Surprisingly, it is possible to identify a natural subring of the Cox ring, whose Hilbert
series we can compute explicitly in terms of the combinatorics of A only.

Let A={Hy,...,H,} be an essential arrangement of n hyperplanes in V' = C" and
let hi,...,h, be the lines of this arrangement. Let H be the non-containment line-
hyperplane matriz; i.e., the m x n matrix whose (4, j) entry equals 0 if h; is on Hj, and
equals 1 otherwise. Sturmfels and Xu [22] define the zonotopal Coz ring of A to be

ZA)= D EBiua

(d,a)eNn+1

and the zonotopal Cox module of shift w to be

Z(A> ’LU) = @ R(Cil,Ha+w)

(d,a)eNn+1

for w € Z".3 Of particular interest are the central and internal zonotopal Cox modules
Z(A,—e) and Z(A,—2e), where e = (1,...,1). Their names are motivated by the
following proposition.

3Sturmfels and Xu denote them by Z& and Z& ¥ respectively. Our notation is more accurate because
these objects do not depend only on G, which determines RS but does not determine the matrix H.
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Proposition 6.3. Fora = (a1,...,a,) € N let A(a) denote the arrangement consisting
of a; copies of the ith hyperplane H; of A. Then

RG oy = (Ca@0)as R a—e) = (Ca@—1)ar Ry a-2e) = (Caa),—2)d
as vector spaces.

Proof. Let k € Z. By Theorem 6.1 we have that R&HaJrke) = Ii}{a+ke. But the entries
of Ha + ke are precisely the values of the function p4(a) + k on the lines hy, ..., hy,, of
the arrangement A. The lines of .A(a) are a subset of {h1, ..., A}, so the ideal Iy gatke
satisfies

I.;l(a),k c Id,Ha+ke - I.A(a),k-
For k € {0,—1,—2} we have I:‘l(a),k = I g(a),x by Theorem 4.15, so Iy gatre is equal to
them also. It then follows that I} = (Ca(a),k)a by Theorem 5.1 and Corollary

d,Ha+ke —
5.2. O]

When studying Z (A, ke) for general k, one runs into the same difficulties encountered
in the study of the ideal I :47,@. When studying how polynomial functions on V interact
with a hyperplane arrangement A4 in V', it was somewhat unnatural to pay attention
only to the lines of A. Similarly, the zonotopal Cox ring of A pays attention almost
exclusively to the lines of A; the hyperplanes only play a role in the rank selection. It
would be interesting to define a variant of the zonotopal Cox ring and modules which
pays attention to the arrangement A in a more substantial way. It seems natural that
this would involve the Cox ring of the wonderful compactification of A constructed by
De Concini and Procesi. [7]

Proposition 6.3 will allow us to compute the multigraded Hilbert series of an arbitrary
zonotopal Cox ring, and of its central and interior Cox modules. We will do this in Section
6.3, after a brief discussion on mutlivariate Tutte polynomials.

6.2 Multivariate Tutte polynomials

Let A be an arrangement of n hyperplanes, and let v = (v;);e4 and ¢ be indeterminates.
The multivariate Tutte polynomial or Potts model partition function [20] of A is

Zagv) =D a P I] ve-

BCA eeB

This is a polynomial in ¢~! and the v;s. One can think of ZA(q;V) as a multivariate
Tutte polynomial where each hyperplane gets its own weight v.; we obtain the ordinary
Tutte polynomial when we give all hyperplanes the same weight:

Tu(z,y) = (@ —1)"Za((x — Dy -1y —Ly—1,...,y —1).

The polynomial Z 4(q;v) is defined in terms of the matroid M (A) only, and in turn it
determines the matroid M (A) completely, since we can read the rank function from it.

The Tutte polynomials of A(a) can also be computed from the multivariate Tutte
polynomial of A as follows.
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Proposition 6.4. Ifa=(a,...,a,) € N, the Tutte polynomial of A(a) is
Ta@ (@,y) = (@ = 1) Z((x = 1) (y — 1);9™ = Ly™ —1,...,y* = 1)

Proof. 1t is easy to check that, if an arrangement contains two copies e and f of the same
hyperplane with weights v, and v¢, we can replace them by a single copy with weight
Ve + v + ey = (1 +ve)(1 +v5) — 1, and the resulting evaluation of the multivariate
Tutte polynomial will not change. [20] The Tutte polynomial of A(a) is obtained by
assigning a weight of y — 1 to all elements of A(a). If A(a) contains a; > 1 copies of
hyperplane H;, we can merge these into a single copy having weight (1 4 (¢ — 1))* — 1.
If a hyperplane H; does not appear in A(a) because a; = 0, we can add a copy of it
having weight 0 = t° — 1. In the end we are left with the arrangement A equipped with
the desired weights. O

In Section 6.3 we will need to compute the weighted generating function for the
Tutte polynomials of the arrangements .4(a), as a varies. The following technical lemma
expresses that generating function in terms of the multivariate Tutte polynomials of A
and its subarrangements.

Lemma 6.5. If A is an arrangement of n hyperplanes, and q,x,y,wy,. .., w, are inde-
terminates, then

Z q"upp(@) Tagay(z,y) wi -+ win

acNn
w; = y—1 y—1
= S a1 ] 27 (e~ Dl . )
2 late =@ [[ =520 (= D=1 e 7

Proof. By Proposition 6.4, the left hand side can be rewritten as

= 3 lale ~ DO Za((o = Dy — Dy — ey = Dt oy

aeN”
SID YD YD SR IED ) (TR O
DCA  aenn  BCA ieB i¢B
supp(a)=D

where X = g(xz —1) and Y = (z — 1)(y —1). When D, a, and B are such that B is
not contained in supp(a) = D, there is an element b € B with a; = 0 which makes the
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corresponding summand equal to 0. Therefore our sum equals

Z Z Z xT(D)y—r(B) H(yaz — Dw H Wi

DCABCD  actn icB i€D-B
supp(a)=D
- Xy (S ) T (3 )
DCABCD i€B \a;=1 i€D—B \a;=1
_ Z Z (D) y —r(B) H ( ywi w > H ( w; )
DCABCD iep \E—ywe 1—wi ) 8\ —w;
: —1
= Y | x®T] Wi 3 (y—rw) II y )
DCA i€D 1—w; BCD ieB 1 —yw;
which equals the right hand side. O

In Section 6.3 we will also need to compute three variants of the generating function
of Lemma 6.5, two of which require special care. In the first variant, ¢ and x lie on the
hyperbola g(z — 1) = 1, and the right hand side can be expressed in terms of Z 4 only.
In the second variant, we have z = 1 and the right hand side is undefined.We now treat
those two cases.

Lemma 6.6. If A is an arrangement of n hyperplanes, and x,y, ws, ..., w, are indeter-
minates, then

S (= 1)) T gt

acN™
;’v T — _ ,(yil)wl “'(yfl)wn
[T, (1 - ) A <( Dl == ywr 1 —ywy )

Proof. We use the notation of the proof of Lemma 6.5, where now X = 1. The left hand

side is
> S v T - s [l

acNn BCA ieB i¢B
ey (S ) 1(5)
BCA i€B \a;=0 i¢B \a;=0

where again Y = (x—1)(y—1), and this equals the right hand side by a similar argument.
O

Notice that Z4(g; v) is undefined at ¢ = 0. As ¢ — 0 we have
T Za(av)| = 5a)

where S 4(v) is the generating polynomial for spanning sets:

Sav)=" > lo

S:r(S)=r(A) i€S
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Lemma 6.7. If A is an arrangement of n hyperplanes, and q,y,w1,...,w, are indeter-
minates, then

Z q7‘(supp(a)) T_A(a)(L y) w‘fl R Ttk

aeNn»
g \'™® w; y—1 y—1
> 1 H1— P\ T e T =
s\ p L wi ywy Ywn,

Proof. This follows by letting (z — 1)(y — 1) = z and setting z = 0 in Lemma 6.5. O

6.3 Hilbert series

Theorem 6.8. Let A= {Hy,...,H,} be a hyperplane arrangement, and let hy,...,hm
be the lines in the arrangement. The multigraded Hilbert series of the zonotopal Cox ring
Z(A) is given by

. 1 = Si1(1—t Sn(l—t
Hllb(Z(A);t,sl,...,sm)WZA<1t; i(_51)7... 1(_5 )>
=1 7 n

where S; = Hi:higHj s; for1 <j<n.

Proof. Recall from Proposition 6.3 that R(CZ} Ha) is isomorphic to (C4(a),0)a as a vec-
tor space, and has degree deg + (Ha)ie1 + -+ + (Ha), e in Z(A), where (Ha); =
> i\ hegH, @i~ Thus

LI T
Hilb (Z(A)itys1,eeeysm) = > dim(Cagayo)a t¢ [[ 7 """
(d,a)ENn+1 i=1

= FakeHilb(Z(A);t,S1,...,5n),
where

FakeHilb(Z(A)t,t1,....tn) = Y dim(Caayo)a t 45"+ to".
(d,a)eNn+1

Now, using the results of Corollary 4.11 and Lemma 6.6, we compute:

FakeHilb(Z(A);t,t1, ... tn) = »_ Hilb (Caay05t) 5" -t
acNn

, 1
= Z t\al—r(bupp(a))TA(a) (1 +t, t) . gan
acN»

. 1
= Z t—r(supp(a))TA(a) (1 +t, t) ()™ - (tnt)™

acNn
1 ~ t1(1 —t¢ to(l—1

Al -t 1 )> ( ) )

[[imi (1 —tt) 1—-1 1—t,

which gives the desired result. O
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Theorem 6.9. In the notation of Theorem 6.8, the multigraded Hilbert series of the
central zonotopal Cox module is

r Sit 1—t 1—t
Sa-o7®T] 1_Sitsp <t(1—51)""’t(1—51))

DCA i€D

and the multigraded Hilbert series of the internal zonotopal Cox module is

r(D)
1 Sit ~ [(t—1 1-—t 1—t
Z<_t> Hl—S,»tZD< t ’t(1—51)”"’t(1—51))'

DCA i€eD

Proof. Here Hilb (Z( A, —e);t, s1,...,8m) = FakeHilb(Z(A, —e);t, 51,...,S,), which is
(s 1
T e, (17 t) (S1)™ - (Sut)n
aeN»
and Hilb (Z(A, —2e);t, s1,. .., 8y,) = FakeHilb(Z (A, —2e);t, 51, ..., S,), which is
1
Z t*’"(S“pp(a))TA(a) (O, t) (S1t) -+ (Spt)n.
acN”®

It then remains to apply Lemmas 6.7 and 6.5, respectively. O

7 Future directions.

The following questions remain open.
e Settle the various computational problems raised in Section 2.
e What can we say about the space C 4 for k < —37

e Does any arbitrary proper function p interact well with hyperplane arrangements,
in the sense that the sequence

0—C(p) = Clp+pu) = Clp)|H—0
is exact for a hyperplane H?
e What can we say about the space C(p_4) for a subspace arrangement A7

e How does the Hilbert function of the space C(p + k) depend on k for an arbitrary
proper function p? For the proper function py of a polynomial? How does the
Hilbert function of J(o + k) depend on k for an arbitrary function ¢? For a
function of the form o(h) = (order of vanishing of a given function at h)?

e Clarify the relationship between the zonotopal Cox ring of a hyperplane arrange-
ment A and De Concini and Procesi’s wonderful compactification of the comple-
ment of A.
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