PRIMER FOR THE ALGEBRAIC GEOMETRY OF SANDPILES

DAVID PERKINSON

ABSTRACT. This is a draft of a primer on the algebraic geometry of the Abelian
Sandpile Model. VERSION:July, 11, 2009.

1. INTRODUCTION

This is a draft of a primer on the algebraic geometry of sandpiles based on lectures
given in an undergraduate Topics in Algebra course at Reed College in the fall of
2008. It is assumed that the reader has no background in algebraic geometry. The
second section of these notes gives an introduction to the Abelian Sandpile Model.
What might be novel here is the treatment of burning configurations for directed
multigraphs, but the main idea is due to [9]. Section 3 is a summary of the theory of
lattice ideals as needed for the sequel. The first paper on the algebraic geometry of
sandpiles of which we are aware is Polynomial ideals for sandpiles and their Grébner
bases, by Cori, Rossin, and Salvy [3]. That paper defines the toppling ideal of a
undirected graph and computes a Grobner basis for the ideal with respect to a
certain natural monomial ordering. Section 4 extends their work, putting it in the
context of lattice ideals and generalizing the Grobner basis result to the case of
directed multigraphs. It turns out that any lattice ideal whose zero set is finite
is the lattice ideal corresponding to some directed multigraph. Section 6 gives an
explicit description of the zero set of the toppling ideal. It is a generic orbit of
a faithful representation of the sandpile group of the graph. The affine Hilbert
function of the toppling ideal is defined in terms of the sandpile group. Matthew
Baker et al. proved a Riemann-Roch theorem for undirected graphs. Using their
language, in section 7, we see that the minimal free resolution of the homogeneous
toppling ideal is graded by divisors on the graph modulo linear equivalence. The
Betti numbers are determined by the simplicial homology of complexes forming
the supports of complete linear systems on the graph. Finally, in Section 8, we
completely characterize directed multigraphs whose homogeneous toppling ideals
are complete intersection ideals. Further, we give a method of constructing directed
multigraphs whose homogeneous toppling ideals are arithmetically Gorenstein.

The reader may be interested in www.reed.edu/~davidp/sand. Among other
things, this site has links to programs that are useful in doing sandpile calculations.
One of these is a package for the mathematical software system Sage [10]. The
online manual for the package contains a brief overview of this paper and more,
along with examples done within Sage. Following the Google Summer of Code
link will take the reader to programs being developed to visualize and analyze the
Abelian Sandpile Model.

Date: July 11, 2009.
Thanks to all the students in Math 412.
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In this draft version of the primer, I have not yet included examples. Sorry
about that! For now, the reader is directed to the Sage Sandpile package referenced
above.

2. SANDPILES

Here we outline the theory of sandpile groups. For a solid introduction with
proofs of the various claims made in this section, the reader is referred to [6].

2.1. Graph theory. Let I' be a finite, directed multigraph with vertices V and
the multiset of edges F. Loops are allowed. For vertices v, w € V, define the weight
function,

wt(v,w) = the number of edges between v and w.

If e € F is an edges from vertex v to vertex w, we write e = (v, w) with tail(e) = v
and head(e) = w. Forv € V,

d, = outdeg(v) = Zwt(v,w)
weV

indeg(v) = Zwt(w,v).
weV

A vertex s € V is a sink if d, = 0. If, in addition, there is a directed path from each
vertex to s, then s is a global sink. Note that a global sink is unique if it exists.
The graph T' is undirected if outdeg(v) = indeg(v) for all v € V. If T" is undirected
and s € I', by I' with sink s, denoted I'y we will mean the directed graph obtained
from I' by removing outgoing edges from s.

For any finite set X, let

ZX:{Z%%:QUEZ}
zeX

be the free abelian group on X. Restricting to nonnegative coefficients gives NX.
For a,b € ZX, we define |a| = ) a, and a > b if a, > b, for all x € X. The
support of a is

zeX
supp(a) = {z € X : a; # 0}.

We use similar notation for any integer vectors.

Definition 2.1. The Laplacian of T is the operator A: ZV — ZV defined by
Ap(v) = Y ((v) — d(w))

(w,w)eEE
for p € ZV and v € V.
The standard basis for ZV is {v*},ev where

1 fvo=w

vt (w) = o(v,w) = { 0 if v#w.

We have
Av* = d,v* — Z wt(w, v)w*.
weV
Fixing an ordering vy, ..., v, on the vertices gives an isomorphism
ZV ~ 7"

*
V; = e;
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where e; is the i-th standard basis vector. With respect to this isomorphism, A
becomes a matrix with

Ass — d’Ui _Wt(vivvi) leZJ
N —Wt(vi,vj) if ¢ 7é j
Consider the matrix D = diag(d,,,...,d,,) and the adjacency matriz, A, where
Aij = Wt(’l}i, Uj). Then
A=D-A.
Let V denote the nonsink vertices of a digraph T'. Since vV C V', there are two
natural maps between ZY and ZY. There is the restriction map

p:ZV — zv
o = dly

and the extension map

07V =7V

W) (v) = { o) fveV

0 otherwise

where

Definition 2.2. The reduced Laplacian of I' is the operator A:7V — 7V such
that A=poAo..

Ordering V', hence also ‘7, the matrix representing A is formed from the matrix
representing A by removing rows and columns indexed by sinks. The transpose of
the reduced Laplacian is the mapping

At ZV — 7V
obtained by dualizing A. Thus, for v € 2‘7,

Aty = dyv — Z wt(v, w)w.
weV

Having ordered V', the matrix for At is the transpose of the matrix for A.
2.2. The Sandpile Group.

Definition 2.3. A configuration on I' is an element of NV. A configuration ¢ =

Zuef/ Cy0 is stable at a vertex v € V if ¢y < d. Otherwise, it is unstable or active.

A configuration is stable if it is stable at each v € V.

We think of a configuration ¢ as a pile of sand on I' having ¢, grains of sand at
vertex v.

Remark 2.4. In the literature, a configuration is sometimes defined to be an element
of NV. We prefer the dual semigroup, NV = homy (N, N), for categorical reasons.
(Consider the case of a subgraph, giving a subset of vertices W C V. There is a
natural induced mapping NV — N" and hence, dualizing, NV — NWW.)

If ¢ is unstable at v, we can fire or topple c at v to get a new configuration ¢
defined by
- { oy —dy + wt(v,v) fw=wv
v ow + wWt(v, w) ifw#wv
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for each w € V. In other words,
c=0—(dyv =), cp Wt(v, w)w).

Hence, ¢ = c— Aty firing v amounts to subtracting the v-th column of A from the
configuration.

For configurations a and b, write a — b if b can be obtained from a by a sequence
of firings.

It turns out that stabilizations are independent of the order of firings. To be
precise, suppose a — b and a — b’ where b and b’ are stable configurations. Then
b = V. Further, the number of times each vertex fires in the stabilization process
is independent of the order of firings. So the following definition makes sense.

Definition 2.5. Let a be a configuration on I and suppose a — b where b is stable.
The firing script (also firing vector or just script) for a — b is 0 € NV where o, is
the number of times the vertex v fires as a stabilizes to b.

If the configuration a has a stabilization, it is denoted a°.

Lemma 2.6. If T has a global sink s, then every configuration on I' has a stabi-
lization.

Assumption: For the rest of this section assume that I' has a
global sink, s.

Let M denote the set of stable configurations on I'. Then M is a commutative
monoid under stable addition
a®b=(a+b)°.

Thus, the operation is addition in NV followed by stabilization. The identity is the
zero configuration.

Definition 2.7. A configuration r is accessible if for each configuration s, there
exists a configuration ¢ such that ¢t + s — r. If, in addition, r is stable, then r is
recurrent.

We now give a nice characterization of the recurrent elements.

Definition 2.8. The maximal stable configuration on I' is the configuration

Crmax = Z(d“ —1)w

v€\7

Proposition 2.9. A configuration r is recurrent if and only if there exists a con-
figuration s such that
r = (8~ Cmax)°-

It is not hard to see that the recurrent elements form a submonoid of M. In
fact, they form a group.

Theorem 2.10. The collection of recurrent elements of I' form a group under
stable addition, denoted S(T') and called the sandpile group for T'.

Given what was said above, the sandpile group can be found by adding config-
urations to cpmax and stabilizing. Considering a graph consisting of unconnected
vertices connected to a common sink with edges of various weights, one sees that
every finite abelian group is the sandpile group for some graph. Although the zero
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configuration is the identity for M, it is seldom the identity for I'. The following
is an easy exercise:

Proposition 2.11. The following are equivalent:
(1) the configuration 0 is recurrent;
(2) every stable configuration is recurrent;
(3) T is acyclic.

We now give another description of the sandpile group.

Definition 2.12. The Laplacian lattice, L C ZV, is the image of A*. The reduced
Laplacian lattice, £ C ZV, is the image of Al. The critical group for I is

c(r)=2ZV/L.
Theorem 2.13. There is an isomorphism of abelian groups
ST — ¢
c c+£~

Thus, each element of ZV is equivalent to a unique recurrent element modulo
the reduced Laplacian lattice. The identity of the sandpile group is the recurrent
configuration in L. In light of this theorem, we routinely identify these two groups,
although it is sometimes useful to maintain the distinction.

Remark 2.14. A word about category theory, again. Suppose that IV = (V' E')
is another finite directed multigraph with global sink and with reduced Laplacian
lattice £/. Let ¥ : IV — T be a mapping of graphs that maps the sink of I to
that of I'. Applying homz( - ,Z) to the natural induced map Z' — Zr vields
v,:ZV' — ZV. If \I/(/j’) C L, there is an induced mapping of sandpile groups.
This would seem to be the right set of morphisms, then, for a category of sandpile
groups.

Remark 2.15. Babai [1] has noted another characterization of the sandpile group:
it is the principal semi-ideal in M generated by cpax, which turns out to be the
intersection of all the semi-ideals of M.

2.3. Superstables. Firing only unstable vertices of a configuration ensures that
no vertex ends up with a negative amount of sand. Consider a graph containing
vertices v1 and ve connected by edges (v1,v2) and (ve,v1). If ¢ is a configuration
with ¢,, =d,, — 1 and ¢,, = d,, — 1, then firing either vertex would leave a deficit
of sand on that vertex. However, if we were allowed to simultaneously fire both
vertices, the result would be a configuration, i.e., and element of NV.

Definition 2.16. A firing script is an element NI~/.~If c€E I\L‘N/ is a configuration
and o is a script, firing the script o yields d =c— Aloc € ZV. The firing is legal
for cif ¢ € NV, i.e., if ¢’ is a configuration.

Thus, scripts and configurations are technically the same. However, saying o is
a script connotes that it is a potential firing script for a configuration.

Definition 2.17. A configuration is superstable if it has no legal firing scripts.

The following can be found in [6] for the case of Eulerian graphs, but it is true
for the more general directed graphs considered in these notes:
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Theorem 2.18. A configuration c is superstable if and only if cypax — € 18 recurrent.
We say that the superstables are dual to the recurrents.

2.4. Burning configurations. Speer’s script algorithm [9] generalizes the burning
algorithm of Dhar, testing whether a configuration is recurrent. We present a
variation on Speer’s algorithm using burning configurations. A proof for this result
appears in the class notes for the Topics in Algebra class, available online [8].

Definition 2.19. A configuration b is a burning configuration if it has the following
three properties:

(1) bel

(2) b>0,1i.e., bis a configuration;

(3) for all v € V, there exists a path to v from some element of supp(b).

If b is a burning configuration, we call o}, = (ﬁt)’lb the script or the firing vector
for b.

Theorem 2.20. Let b be the burning configuration with script o. Then
(1) (kb)° is the identity configuration for k € N large;
(2) A configuration c is recurrent if and only if (c+ b)° = ¢;
(3) A configuration c is recurrent if and only if the firing vector for b+ ¢ —
(b+¢)° is o;
(4) o > 1.
Theorem 2.21. There exists a unique burning configuration b with script o, =
A-1p having the following property: if oy is the script for a burning configuration
b, then oy > op. For this b, we have:
(1) For allwv € V, by, < dy, unless v is a source, i.e., indeg(v) = 0, in which
case by, = d,. Thus, b is stable unless I' has a source, and in any case,
by, < d, for all v.
(2) op > T with equality iff T has no “selfish” vertices, i.e., no verter v € 1%
with indeg(v) > d, := outdeg(v).
We call this b the minimal burning configuration and its script, oy, the minimal
burning script.

3. LATTICE IDEALS

Our reference for this section is [7]. Let A be a finitely generated abelian group,
and let aq,...,a, be a collection of elements generating A. Define ¢: Z" — A by
¢(ei) = a;, and denote its kernel by L. Let {t, : a € A} be indeterminates, and let

C[A] = Spanc{t, : a € A}
be the group algebra of A; hence, t,t, = tq4p for elements a,b € A. Let R :=
Clx1,...,2,] and define a surjection of rings
v: R — C[4]
T; = g,

For ¢ € N", we define 2¢ = [[, %. Then, ¢(z) is the group algebra element t,
where b= >"""_| a,.
For u € Z™, we write u = u™ —u~ with u™, 4~ € N” having disjoint support.

Theorem 3.1.
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(1) The kernel of ¢ is the lattice ideal
I(L) := Spanc{z" — 2" : u,v e N*,u —v € L}.

(The wvector space span, above, forms an ideal.) Hence, ¥ induces an iso-
morphism R/I(L) ~ C[A].

(2) Ift1,..., L are generators for the Z-module, L, then I(L) is the saturation
of

J= <xéi+ —zbi=1,...,k)
with respect to the ideal gemerated by the product of the indeterminates,
[T, z;. Thus,

I(L)={feR:([[;_,z)™f € J for some m € N}.

Let U C N such that X := {a* : w € U} is a C-vector space basis for R/I(L).

Letting g := (a1,...,a,) € A™,
Y(X)={tyg:ueU}={t,:a € A},

the last equality holding since R/I(L) and C[A] are isomorphic as vector spaces
via 1. Thus, ¥ induces a bijection of X with A with which we endow X with the
structure of a group isomorphic to A. For u,v € U, we define z%z? = £ where w
is the unique element of U for which w-g = (u+v) - g.

A choice of a monomial ordering on R gives a natural choice for U, namely, those
u € N™ such that z* is not divisible by the initial term of any element of I(L), e.g.,
not divisible by the initial term of any element of a Grébner basis for I(L). This
will be discussed in §5.

4. TOPPLING IDEALS

Let T be a directed graph with global sink s. Identify the vertices with {1,...,n+
1} with n + 1 representing the sink. To avoid ambiguity, we will sometimes denote
vertex ¢ by v;. By ordering the vertices, we thus have the exact sequence for the
sandpile group of T,

0—>Z"£>Z”—>S(F)—>O.

Definition 4.1. The toppling ideal is the lattice ideal for im(A?) = ker(Z" —
S(r)), )
I(T) := Spang{z" — 2’ :u=vmod L} C R=Clxy,...,x,)]
Thus,
R/I(T) =~ C[S(T)].
(What happens if we use finite fields instead of C for the polynomial ring, R?)
For each nonsink vertex ¢, define the toppling polynomial

_ o di—wt (i) t(4,5)
ti—xi wt (2,7 _Hj;éix;v Zj.

Proposition 4.2. The ideal I(T") is generated by the toppling polynomials, {t;}7_,
and the polynomial x° — 1 where b is any burning configuration.

Proof. Let J = (t; :i=1,...,n)+ (27 —1). Tt is clear that J C I(T'), and by The-
orem 3.1, Part (2), I(T) is the saturation of J with respect to the ideal (1 - - x,).
So it suffices to show that J is already saturated with respect to that ideal. Suppose
that (x1 ---2,)"f € J for some f € R and for some k. For each positive integer m
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consider the monomial 2. We think of this monomial as a configuration of sand
with ;m grains of sand on vertex i. If vertex i of this configuration is unstable, we

?im_dl Hj# a:;."t(i’j). Performing

think of firing the vertex as replacing xf M by x
this replacement in 2°™ gives an equivalent monomial modulo .J. Recall that every
vertex of I' is connected by a directed path from a vertex in the support of 3. Thus,
by taking m large enough and firing appropriate vertices, we arrive at a monomial
x7, equivalent to 2™ modulo J and corresponding to a configuration with at least
k grains of sand at each vertex. Write 27 = 2%(x; - --x,)* for some monomial x°.

Modulo J, we have

0 = (xl"'xn)kf
= 2wy -xn)bSf
= ;U'Vf
= zfmf
= f
Thus, f € J, as required. O

Remark 4.3. As in the proof of the above theorem, we can identify a monomial z°
with a sandpile configuration on I'. If ¢ — 7 as configurations, then z% = z7 in

R/I(T).

Remark 4.4. The toppling ideal was introduced by Cori, Rossin, and Salvy [3].
They considered only undirected graphs and defined the ideal via generators. For
an undirected graph, the all-1s configuration is a burning configuration; so Proposi-
tion 4.2 shows that our definition coincides with theirs in the case of an undirected
graph.

Definition 4.5. Let f € R = C|z1,...,n], and let x, 1 be another indeterminate.
The homogenization of f with respect to x,,41 is the homogeneous polynomial

d Z1 T
fh::xni_glff( n)

) )
xn+l xn+1

If I C R is an ideal, the homogenization of I with respect to x,1 is the ideal
I":=(f":fel.
Now consider the exact sequence corresponding to the full Laplacian,
0 zntt AL gndl L gntlp g

recalling the notation for the Laplacian lattice, £ := im(A?). Let S = Clwz1, ..., Tp11]
and consider the lattice ideal for L,

I(T)" := Spanc{2" — 2" :u=vmod L} C S =Clz1,...,Tni1]
The following proposition justifies our choice of notation.

Proposition 4.6. The ideal I(T')" is the homogenization of I(T') with respect to
Tn41-

Remark 4.7. In general, I(I')" is not the ideal generated by the homogenizations
of the toppling polynomials, ¢;, and the polynomial z” — 1.



ALGEBRAIC GEOMETRY OF SANDPILES 9

Theorem 4.8. Let L be any submodule of Z"™ having rank n. Then there exists
a directed multigraph with global sink whose reduced Laplacian lattice is L. FEvery
lattice ideal defining a finite set of points is the lattice ideal associated with the
reduced Laplacian of some directed multigraphs with global sink.

Proof. The proof is an algorithm due to John Wilmes. It will be included in these
notes by the end of August 2009. (]

5. GROBNER BASES OF TOPPLING IDEALS

The book Ideals, varieties, and algorithms [4] is recommended as a general refer-
ence for the theory of Grobner bases need for this section. Let R = Clzy, ..., z,].

Definition 5.1. A monomial order, >, on R is a total ordering on the monomials
of R satisfying

(1) If 2% > b, then x¢+% > 2% for all ¢ > 0;

(2) 1 =20 is the smallest monomial.

Example 5.2. The following are the most common examples of monomial orders:

(1) Lexicographic ordering, lex, is defined by z® > z” if the left-most nonzero
entry of a — b is positive (i.e., more of the earlier indeterminates).

(2) Degree lexicographic ordering, deglex, is defined by x* > x > b if |a| > |b]
or if |a| = |b|] and the left-most entry of a — b is positive (i.e., order by
degree and break ties with lex).

(3) Degree reverse lexicographic ordering, grevlex, is defined by z® > z° if
|a] = |b| or if |a| = |b| and the right-most entry of a — b is negative (i.e.,
order by degree then break ties by checking which monomial has fewer of
the later indeterminates).

A monomial multiplied by a constant is called a term. Once a monomial ordering
is fixed, then we write az® > Ba° for two terms if 2% > z. Let f € R, then f
is a sum of terms corresponding to distinct monomials. We denote the leading
term—the largest term with respect to the chosen monomial ordering—by LT(f).

Definition 5.3. Fix a monomial ordering on R and let f,g € R. The S-polynomial
for the pair (f,g) is

_ lem(LT(f), LT(g)) . lem(LT(f),LT(g))
S(fv g) - LT(f) - LT(g)

Definition 5.4. Fix a monomial ordering on R, and let I be an ideal of R. A finite
subset G of I is a Gréobner basis for I with respect to the given monomial ordering
if any of the following equivalent conditions hold:
(1) (LT(g): g € G) = (LT(f) : f €1).
(2) For all f € I, there is a g € G such that LT(g) divides LT(f).
(3) Each f € I may be reduced to 0 by G, i.e., by repeatedly reducing by
elements of G.
(4) For all g,¢’ € G, the S-polynomial S(g,¢’) reduces to 0 by G and G is a
generating set for I.

The last criterion is essentially Buchberger’s algorithm for calculating a Grobner
basis.
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Let G = {g1,.-.,9m} be the Grobner basis for an ideal I C R with respect to
some monomial ordering, and let f € R. If f has a term m divisible by LT(g;)
for some 4, then replace f by f — % g;- Repeating this process one arrives at a
remainder r that is unique with respect to the property that (i) » = f + g for some
g € I and (ii) r has no terms divisible by any leading term of an element of G. We

call this remainder the reduction or normal form of f with respect to the Grébner
basis G.

Notation 5.5. The reduction of f with respect to G is denoted by f % G. If g € R,
we write f % g for the special case in which I = (g) and G = {g}.

Definition 5.6. Fix a monomial ordering on R and let I be an ideal of R. The
set of monomials of R that are not divisible by the leading term of a Grobner basis
element for I with respect to the given ordering is called the normal basis for R/1.

By Macaulay’s theorem, a normal basis is a vector space basis for R/I.
We now introduce the appropriate monomial ordering for sandpiles, due to Cori,
Rossin, and Salvy, [3].

Definition 5.7. A sandpile monomial ordering on R is any graded reverse lexico-
graphical ordering in which x; > z; if the length of the shortest path from vertex
j to the sink is no greater than that for i, i.e., vertex j is no further from the sink
than is vertex .

Assumption: For the rest of this section, we will number the
nonsink vertices of I and fix a sandpile monomial ordering on R so
that =; > x; if i < j.

The utility of the above convention becomes apparent when one considers top-
plings of configurations.

Proposition 5.8. Let a,b € ZV be distinct configurations on I' such that a — b,
i.e., b is obtained from a by a sequence of vertex firings. Then, x® > x¥ with respect
to the sandpile monomial ordering we have fixed on R.

Proof. Each vertex firing deceases the size of the corresponding monomial. The
reason is that either the vertex firing shoots sand into the sink, decreasing the total
degree of the corresponding monomial, or shoots sand to a vertex closer to the sink,
in which case the corresponding monomial has more of the later indeterminates. [

We now proceed to compute a Grobner basis for the toppling ideal. Let

t:ZV — R

ot gt

{ — =z
Then define 7 = t o At : ZV — R. It follows that 7 (v;) is the i-th toppling
polynomial, defined earlier, and for any configuration ¢, we have 2% 7T (v;) =
z¢ where ¢ is the configuration obtained from c¢ by firing v; until v; is stable.

Morever, if ¢ is a script, then 2¢ % 7 (o) yields the monomial corresponding to the
configuration formed by firing ¢ as many times as legal from c.

Theorem 5.9. Let b be a burning configuration, and let oy be its script. Then
Gy={7(0):0< 0 <op}
is a Grébner basis for I(T").
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Proof. We have im(7) C I(T") by definition of I(T"). On the other hand, 7 (v;) is
the i-th toppling polynomial and 7 (o3,) = x® — 1. So I(I') = Spanc{im(7)} by
Proposition 4.2.

We need to show that all S-polynomials of Gy reduce to 0 by Gp. Let 01 and o9
be scripts with o1, 09 < 0. Write

T(o;) = a — zt

for i = 1,2 where ¢; is the configuration obtained from czr by firing script o;.
Hence, 2¢ is the leading term of 7 (0;) for each i. Define
B lcm(xcf,xcg)

- +
xci

a;

for i = 1,2 so that a; + ¢f = az + ¢§ = ¢ for some configuration c. We must show
that the S-polynomial,

S(Ul,O'Q) = .TGIT(O'l) 71’a27(0'2)

as +c; ay +cf
)

x — T

reduces to 0. Since both scripts o7 and o9 are legal from ¢, so is the script ¢ =
max(o1,02) defined by o, = max(o1,4,02,,). Note that o < ;. Letting ¢’ be the
configuration obtained by firing max(c, 7), we have the sequence of script firings

g; — 0—0;
ai+cf THai+e; e

for ¢« = 1,2, which shows that the S-polynomial reduces to 0 using the elements
T(oc—o;) fori=1,2. O

Remark 5.10. In the case of an undirected graph, one may take the burning script
to be the vector whose components are all ones. Thus, the script firings that
are relevant in constructing the Grobner basis, described in the statement of the
previous theorem, can be identified with firing subsets of vertices (none more than
once). The paper [3] goes further, in this case, to describe a minimal Grobner basis,
i.e., one in which each member has the property that none if its terms is divisible
by the leading term any other member. It consists of the subset of the Grébner
basis elements described in the previous theorem corresponding to X C V such that
the subgraphs of I' induced by X and by 1% \ X are each connected. It would be
interesting to see if this result could be generalized to the case of directed graphs.

Theorem 5.11. Each configuration is equivalent to a unique superstable configu-
ration modulo L, and

{z¢: ¢ is a superstable configuration}

is the normal basis for R/I(T') with respect to the sandpile monomial ordering.

Proof. Two configurations are equivalent modulo £ if and only if their correspond-
ing monomials are equivalent modulo I(T"). In detail, first let ¢1,¢o € N and
suppose

61—62:£:€+—€_ eL.
Then ¢; > ¢t and ¢ > ¢~. Define e =¢; — ¢t =¢cy — ¢~ > 0. Then

z — = xe(glcrr —z') e I(I).
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Conversely, if z° — 22 € I(T"), we may write

Icl _ ICQ — eri (Ifj— _ zf:)
7

for some e; € N* and ¢; € L. Tt follows that ¢; — ¢y = Yo eili € L.

Now let ¢ be any configuration. Since z¢% 7T (c) = z¢ where ¢ is obtained by
firing the script ¢ as many times as is legal, the normal form for x¢ with respect to
the sandpile monomial ordering is superstable. Since the normal form is unique, so
is this superstable element. (I

As noted in §4, we have R/I(T") = C[S(T")]. Hence, by the previous theorem, we
see that the sandpile group can be thought of as the set of superstables where the
sum of superstables ¢; and cg is taken to be log(x“z° % I(T)).

6. ZEROS OF THE TOPPLING IDEAL
Given any ideal I € R = C[xy,...,x,], the set of zeros of I is
Z(I)={peC": f(p)=0forall f €I}
Let R<q denote the vector space of polynomials in R of degree at most d, and let
I<q be the subspace I N R<g4.
Definition 6.1. The affine Hilbert function of I is H: N — N, given by
H(d) = codim¢ I<g = dim¢ R<q — dimg¢ I<g4.
In this section, our goal is to describe the set of zeros of the toppling ideal.

Proposition 6.2. The set of zeros of the toppling ideal, I(T'), is finite.

Proof. We have seen that
R/I(I') ~ C[S(I')],

and thus, R/I(T') is a finite-dimensional vector space over C. For each indetermi-
nate x; € R, consider the powers 1, x;, xf, .... By finite-dimensionality, the image
of these powers in the quotient ring are linearly dependent. This means there is a
polynomial f; such that f;(x;) € I(T'). Each f; will have a finite number of zeros,
and thus, for each 7, we see that the there are a finite number of possible i-th
coordinates for any zero of the toppling ideal. |

Remark 6.3. In fact, the i-th coordinates of the zeros of the toppling ideal are the
eigenvalues of the multiplication mapping

R/I(I') — R/I(I)
g = g

It would be worth following up on this idea, reading David Cox’s article, Solving
equations via algebras, in the book Algorithms and Computation in Mathematics,
[5], applying the ideas there to toppling ideals.

We are going to take a different tack.

6.1. Orbits of representations of abelian groups.
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6.1.1. Affine case. Let {ai,...,a,} be generators (not necessarily distinct) for a
finite abelian group, A. Consider the exact sequence

(6.1) 0—-L—-7Z" — A—0

€; = ag

where L is defined as the kernel of the given mapping Z" — A. Take duals, i.e.,
applying Homgz( - ,C*), gives the sequence

(6.2) 1 LF « (C*)" «— A" 1,

where A* is the character group of A.
Remark 6.4.

(1) Exactness of (6.2) is not immediate. The exactness at L* «— (C*)™ follows
because C* is a divisible abelian group. An abelian group B is divisible if for
all @ € B and positive integers n there exists a b € b such that nb = a. (So
for the multiplicative group C*, each element has an n-th root.) Applying
Homy( - , B) to an exact sequence of abelian groups (Z-modules) always
gives an exact sequence precisely when B is divisible. The proof of this,
in general, is not immediate. However, in the case in which we are most
concerned, the exactness is easy to establish. Suppose A = S(T) is the
sandpile group of a directed graph with global sink, and suppose L is the
reduced Laplacian lattice, £ = im(A?) < Z". We would like to show that
the natural map, given by composition,

Hom(Z",C*) — Hom(L,C*)

is surjective. Let ¢: £ — C* be given. Since the reduced Laplacian has
full rank, given v € Z", there exist unique rational numbers «a;, such that
v =, agl, with the sum going over a basis for L (say, over the columns
of the reduced Laplacian). Then define ¢: Z" — C* by d(v) = 3, (£)**.

(2) To be explicit, denote the mapping Z™ — A by ¢. Then part of sequence
(6.2) is

A* — Hom(Z",C*) = (cx)m
X = xo¢ = (x(a1),..-,x(an)).
We get an n-dimensional representation of A*:
p: A* — (CN — GL(C")
given by
p(x) = diag(x(a1), .- -, x(an)).

In other words, the choice of generators for A induces a homomorphism of A* into
group of invertible n x n matrices over C. (Since every n-dimensional representation
of A* over C is a direct sum of characters of A*, i.e., of elements of A** ~ A. So
this section can be regarded as saying something about representations of A*, in
general.)

For each z € C", define the orbit of z under p to be

Op(2) = {p(x)z: x € A"} = {(x(a1)z1,. .., x(an)zn) : x € A"}
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We will assume that no coordinate of z is zero, in which case by by scaling
coordinates of C", we may assume for our purposes that z = (1,...,1). Thus, we
are interested in the orbit of the 1-vector,

O ={p(x):x €A} ={(x(a1),...,x(an)) : x € A"}
Theorem 6.5. Let R = Clz1,...,2,] and consider
I'={feR:[f(O)=0},

the ideal of polynomials vanishing on the orbit. Let R<q denote the finite-dimensional
vector space of polynomials of degree at most d, and let I<q =1 N R<q. Then

1)
I =1(L) = Spanc{z" — 2" : u=v mod L};
(2) The affine Hilbert function of I is given by
H(d) = |{> nia; :n; >0 for alli and Y, n; < d}|.

Proof. This proof is due to the author and Donna Glassbrenner. It appears in
[2]. Consider the matrix M4 with rows indexed by A* and columns indexed by
the monomials of R<y4 (arranged in lexicographical order so that M (4) is naturally
nested in M(4+Y)) with

Recall the isomorphism
A N A**
a — a

where a(x) := x(a). Thus, we can write
n
MO =T]ar (0 =a"(x)

i=1
where @ := [[I_, @/ € A**. The z%-th column of M(% has entries a“(x) as x
varies over A*. In other words, it is the list of all values of the function a*. Thus,
at least as far as linear algebra is concerned, the z%-th column is a*. Since distinct
characters are linearly independent, it follows that any linear dependence relations
are the result of columns that are equal.

Now, the z¥th and z?-th columns of M(® are equal exactly when a* = @’ are
equal. This occurs exactly when ). u;a; = ), v;a;, which we write as (u—v)-a =0
where a := (aq,...,a,). In light of exact sequence (6.1), this condition is equivalent
tou—wv e L.

A vector () € ker MD if and only if

Z o H x“(a;) =0
u =1

for all y € A*. Thus, () € ker MD if and only if the polynomial p = 3 a,z*
vanishes on O, i.e., p € I. Thus, elements of /<4 correspond exactly with linear
combinations among the columns of M4 . As these relations are due to equality
among columns, as already noted, part 1 follows. For part 2, note that we have
just shown that

dim I<4 = dim R<, — rank M@,



ALGEBRAIC GEOMETRY OF SANDPILES 15

Since distinct characters are linearly independent,

rank M = [{327" | mia; s n; >0 for all i and 3, n; < d}|.

Back to the case of the toppling ideal, the exact sequence

0-2" 277 L 8(T) -0

has the form of exact sequence (6.1). The generators a; are the configurations
having exactly one grain of sand.
Corollary 6.6.

(1) The toppling ideal is the set of polynomials vanishing on an orbit, O, of a
faithful representation of S(T')*.

(2) The set of zeros of the toppling ideal is the finite set, O. It thus has the
symmetry of S(T')*, which is isomorphic to the sandpile group.

(3) If Hr is the affine Hilbert function of the toppling ideal, then Hr(d) is
(a) the number of elements of Z”/ﬁ~ represented by configurations contain-

ing at most d grains of sand;

(b) the number of recurrent configurations ¢ such that |¢| > |cmax| — d.

Proof. Part (1) follows directly from the first part of Theorem 6.5. For part (2),
since O is a finite collection of points in C", and I(T') = I(0O), it is a basic result of
algebraic geometry that the set of zeros of I(I') is O. Part (3) is immediate from
the second part of the theorem and the fact that r is recurrent if and only if cpax —7
is superstable. O

6.1.2. Projective case. Anideal Jin S = Clxy,...,Zn41] is homogeneous if it has a
set of homogeneous generators. The set of zeros of J is a subset of projective space:

Z(J)={p € P": f(p) = 0 for all homogeneous f € J}.
The ring S/J is graded by the integers: (S/J)q := Sq/J4-
Definition 6.7. The Hilbert function of S/J is H: N — N, given by
H(d) = dim¢(S/J)a-

With notation as above, define the homogenization of L as

L= {(_@D ezt v e L}

where |¢| = >~ | ¢;. Consider the exact sequence

OHLhHZ"+1ﬂ>AEBZHO.

o aq Qp, 0
M‘( 111 )
Apply Hom( - ,C*) to get

1> A* % (CX N ((CX)TH-l N (Lh)* =0
(X’ Z) = (X(al)v s ,X(an)v 1)2

where
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We get a corresponding representation
A* x C* — GL(C"Mh
(x,2) +— diag(x(a1)z,...,x(an)z,2)
The orbit of (1,...,1) under this representation is
O" = {(x(a1),...,x(ay),1) € P" : x € A*} C P".
Thus, O" is the projective closure of the orbit O from the previous section.

Theorem 6.8. Let a" = (ay,...,ay,0).

(1) The homogeneous ideal defining O™ is the lattice ideal for L", the saturation
of the lattice ideal for L:

I" = {z* — 2% : w = v mod L"}.
(2) The Hilbert function for O" is
(a)
H(d) = |{s- a" € A:s e Nt such that |s| = d}|.
(b) the same as the Hilbert function for I.

Remark 6.9.

(1) I" is not necessarily given by saturating the standard generators for the
toppling ideal I.

(2) A Grébner basis for I" with respect to a toppling order is the homogeniza-
tion of the corresponding Grobner basis for 1.

If L = £, the reduced Laplacian lattice of I', then L is the full Laplacian lattice, £.
As in the previous section, we have
Corollary 6.10.

(1) The homogenization of the toppling ideal is the ideal generated by all homo-
geneous polynomials vanishing on an orbit, O" of a faithful representation
of (Z"H1/L)*.

(2) The set of zeros of the homogenization of the toppling ideal is the finite set
O", having the symmetry of S(I')*.

7. RESOLUTIONS

This section will be added by the end of August 2009. The minimal free res-
olution of the homogeneous toppling ideal is graded by divisors in the sense of
Baker, et al. The Betti numbers are given by the simplicial homology of complexes
associated with complete linear systems of divisors.

8. GORENSTEIN TOPPLING IDEALS

At least part of this section will be added by the end of August 2009. It will
contain a characterization of graphs whose homogeneous toppling ideals are com-
plete intersection ideals. It will also give a method of constructing graphs whose
toppling ideals are Gorenstein.
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