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COMMUTING BIRTH-AND-DEATH PROCESSES

BY STEVEN N. EvaANS!, BERND STURMFELS? AND CAROLINE UHLER?
University of California at Berkeley

We use methods from combinatorics and algebraic statistics to study ana-
logues of birth-and-death processes that have as their state space a finite sub-
set of the m-dimensional lattice and for which the m matrices that record
the transition probabilities in each of the lattice directions commute pair-
wise. One reason such processes are of interest is that the transition matrix is
straightforward to diagonalize, and hence it is easy to compute n step tran-
sition probabilities. The set of commuting birth-and-death processes decom-
poses as a union of toric varieties, with the main component being the closure
of all processes whose nearest neighbor transition probabilities are positive.
We exhibit an explicit monomial parametrization for this main component,
and we explore the boundary components using primary decomposition.

1. Introduction. Birth-and-death processes are among the simplest Markov
chains. In discrete time, they model a particle that wanders back and forth on a
sub-interval of the integers by taking unit size steps. Birth-and-death processes
arise in fields ranging from ecology, where the points in the state space represent
population size, and at each point in time only a single birth or death event can oc-
cur, to queuing theory where the states represent the number of individuals waiting
in a queue and at any time one individual either joins or leaves the queue. The finite
time behavior of a birth-and-death process is easy to study because the transition
matrix P, whose entry P (i, j) is the probability of going from state i to state j in
one step, is tri-diagonal. This means that the matrix P can be diagonalized using a
related family of orthogonal polynomials, and this enables the computation of the
power P" whose entries are the probabilities of going from one state to another in
n steps [13, 14].

It is natural to consider Markov chains that have as their state space products
of intervals in higher-dimensional integer lattices. For instance, the ecology model
could be extended to a situation in which individuals in the population have a type
and one keeps track of the number of individuals of each type, or the queuing
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theory example generalizes to one where there are several servers, each with their
own set of customers, and one follows the respective queue lengths.

There are also higher-dimensional models where one of the coordinates de-
scribes the quantity of primary interest while the others describe a fluctuating en-
vironment or background that modulates the dynamics of that quantity. This is the
point of view taken in gquasi-birth-and-death processes [15, 16], where the state
of the primary variable is usually called the level, while the state of the subsidiary
ones is the phase. Such models have been used, inter alia, to model queues in ran-
dom environments and queues where the service times and inter-arrival times have
phase-type distributions. The setting here is most often that of continuous time, but
many of the same considerations apply to discrete time. A discussion of the dis-
crete time case and its connection with matrix-valued orthogonal polynomials is
given in [10]. There is also a huge literature in finance, economics and engineering
on similar processes, where the terminology used is usually that of regime switch-
ing or stochastic volatility models. The setting there is, again, often in continuous
time, and also the primary variable often has a continuous state space. However,
numerical computations for such a model often involve approximation by one with
discrete time and discrete state space. A few representative examples are [1, 4, 7,
11,17, 19, 21, 22].

Unfortunately, even when such higher-dimensional models have only nearest
neighbor transitions that are analogous to those of birth-and-death chains, it is no
longer true that they are necessarily reversible, and so there is no hope that there
will be a straightforward spectral decomposition like that afforded by the use of
orthogonal polynomials. It is, therefore, natural to seek special cases where one
can still recover something of the classical one-dimensional theory.

One case in which this is possible is if, when we write the transition matrix
as the sum of matrices, one for the transitions in each coordinate direction, the
resulting collection of matrices commute. We motivate our study by examining
the two-dimensional case in Section 2. After deriving the algebraic constraints for
commuting matrices, we show how spectral methods may still be used to compute
n step transition probabilities for a process on a two-dimensional grid. The same
approach extends without difficulty to higher-dimensional grids.

With this observation in mind, we aim to understand what restrictions are placed
on a Markov chain by the requirement that the matrices appearing in such a decom-
position commute. In Section 3, we obtain an essentially unique parametrization
of such a commuting model under the assumption that all nearest neighbor tran-
sition probabilities are positive; and, under the same assumption, we characterize
the minimal number of constraints on the transition probabilities that are neces-
sary to ensure commutation. We then use methods from linear algebra, matroid
theory and algebraic statistics to further analyze the binomial ideal generated by
the commutation condition. In Section 4, we determine for which grid graphs the
matrix describing the parametrization is unimodular. For these lattices, we derive
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an explicit graphical representation of the Graver basis, which is the most inclu-
sive in the hierarchy of lattice bases in [5], Section 1.3. In Section 5, we explore
the extraneous boundary components of our commuting variety. These correspond
to families of commuting birth-and-death processes having some zero transition
probabilities which are not limits of commuting birth-and-death processes with
positive transition probabilities. This underlines the applicability of binomial pri-
mary decomposition in probability and statistics, well beyond the contexts envi-
sioned by Diaconis, Eisenbud and Sturmfels in [3].

2. Motivation: Birth-and-death processes in dimension two. Consider a
discrete-time, time-homogeneous Markov chain Z = (Z)2, that has as its state
space the finite two-dimensional grid E :={0,1,...,m} x{0,1,...,n}. Sup-
pose the chain makes jumps of size one either upwards, downwards, to the right
or to the left. In other words, if we impose a graph structure on E by declar-
ing that two states (i’, j') and (i”, j”) are connected by an edge if and only if
li” —i”| +1|j" — j”| =1, then the chain can only make “nearest neighbor” jumps.
If we draw E in the plane and include the edges as intervals of unit length, then
the resulting figure is made up of m x n squares, and so we refer to E as the m x n
grid.

The dynamics of Z are specified by the transition probabilities

Lij=P{Zry1=0—-1,))| Zk =, j)},
Rij:=P{Zrp1 =G +1,))| Zk =@, )}
Djj:=P{Zit1=0,j—DIZr=(3 )},
Uij =P{Zp1 =G, j+ D | Zr=(, )}

These transition probabilities are nonnegative real numbers that satisfy L; ; +
R; j + D j + U; j < 1. This inequality is allowed to be strict. As usual, strict
inequality is interpreted in terms of an adjoined absorbing state T with P{Z; =
T1Ze=0G, Dy=1-(Lij+Rij+ Dij+U:.j).

The transition matrix P of the Markov chain Z has format [(m + 1)(n + 1)] %
[(m + 1)(n + 1)]. It may be written as a sum of two matrices, P = P, + P, one
for the horizontal moves and one for the vertical moves. The horizontal matrix Py,
commutes with the vertical matrix P, if and only if the following four constraints
hold for all index pairs (i, j) € {0,1,...,m — 1} x{0,1,...,n — 1}:

U,'JR,‘J.H = Ri,jUi-H,j (up-right);
o D iR j=Rijt1Diy1,j+1 (down-right);
Dit1,j+1Liv1,j = Lit1,j+1Di j+1 (down-left);

Uit1,jLi+1,j+1=Li+1,;Uij (up-left).
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In English, for each corner of a square in the grid, the probability of going from
that corner to the diagonally opposite corner of the square in two steps is the same
for the two possible paths.

EXAMPLE 2.1 (m =2 and n = 1). We label the vertices of the 2 x 1 grid as
follows.

0,1) (1,1) (2,1)

(0,0) (1,0) (2.0)

The 6 x 6 transition matrix P = Pj, + P, is the sum of the horizontal transition
matrix

| 0,00 (0,h) 1,00 (1,1 (2,00 2,1 |

0,0) 0 0 Roo 0 0 0
O, 1) 0 0 0 Ro1 0 0
P,= (1,0) | Lo 0 0 0 Rio 0
(1, 1) 0 L1y 0 0 0 R11
2,0 0 0 Lo 0 0 0
2,1) 0 0 0 Lo 0 0

and the vertical transition matrix

| 0,00 (0,1) (1,00 (1,1) (2,00 2,1 |

0,0) 0 Uoo 0 0 0 0
0,1) | Dg; 0 0 0 0 0
P,= (1,0) 0 0 0 Uio 0 0
(1, 1) 0 0 D1 0 0 0
2,0) 0 0 0 0 0 Uso
2,1 0 0 0 0 Dy 0

Suppose that the 14 transition probabilities L;;, R;;, D;j, U;; are all strictly pos-
itive. Then the commuting relations (2.1) are found to be equivalent to the follow-
ing rank constraints:

Roo Uoo Li11 D1 >
rank =1 and
<R01 Uio Lio Do

2.2)
<R10 Ui Lo DZI>:1

Rit Ux Ly Dy
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Indeed, the eight equations in (2.1) are among the twelve 2 x 2-minors of these two
2 x 4-matrices. The constraints (2.2) imply that our commuting variety { P, P, =
P, P} has the parametrization

ano aol ao ar
Roo =h1—, Roi =h1—, Rio=hy—, Ri1 =hy—,
aio aii as a|
alo ari an( azy
L10=h1a—, L11=h1a—, L20=h2a—, L21=h2a—,
00 01 10 11
(2:3) ano 0 ao
1
Uop = v1—, Uip=v1—, Uyp =v1—,
aoi at azl
aol ari azl
Do1 =vi—, Dy =vi—, Dy =vi—.
ano aio a0

An analogous parametrization for commuting birth-and-death processes on larger
two-dimensional grids and in higher dimensions will be derived in Section 3 and
further studied in Section 4. The analogues of the parameters %1, h2, v; and the
parameters q; ; are straightforward to compute given the transition matrix P. We
note that if the transition probabilities are allowed to be zero then (2.3) is insuf-
ficient because (2.1) can be satisfied even if (2.2) fails. The identification of such
boundary phenomena is the content of our algebraic discussion in Section 5.

The parametrization (2.3) of the transition matrix P in Example 2.1 can be
rewritten as

(2.4) Pr=A0,A"" and P,=AQ,A"",

where the three matrices appearing on the right-hand side are

| 0,00 (0.) (1,00 1,1 2,0 @1 |
0,0) | ago 0 0 0 0 0
O, ] 0 aot 0 0 0 0

A= (1,0) | © 0 aio 0 0 0 |
(LH| 0o 0 0 ar 0 0
2,0 0 0 0 0 ax 0
2Dl 0 0 0 0 0 a;

| 0,00 (0,1) (1,0) (L) (2,00 @1 |
0,01 0 0 hy 0 0 0
O, ] 0 0 0 hy 0 0

On= (1,0) | h 0 0 0 h» 0 |
(LH| 0 I 0 0 0 hy
2,01 0 0 hy 0 0 0
2Dl 0 0 0 hy 0 0
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| 0,00 (0,) (1,00 (1,1 2,00 @21 |

0,00 0 v 0 0 0 0
O, 1) | v 0 0 0 0 0
O,= (1,0) | 0 0 0 o 0 0
,H| o 0 o 0 0 0
2,00 0 0 0 0 0 o
2| o 0 0 0 o 0

As we shall see in Theorem 3.1, the matrix parametrization (2.4) is valid for
the m x n-grid. Here A is a diagonal matrix of size (m + 1)(n + 1), the matrix
Q, is block diagonal with m + 1 identical (n + 1) x (n + 1)-blocks R, that
are symmetric and tri-diagonal and Qj is block diagonal with n + 1 identical
(m+1) x (m+1)-blocks Rj, that are symmetric and tri-diagonal. Note that in order
to make the block diagonal structure of the matrix Qy, apparent, it is necessary to
re-order the rows and columns as follows: (0, 0), (1, 0), (2,0), (0, 1), (1, 1), (2, 1).
Thus the tri-diagonal matrices Ry and R, satisfy

Y SNy Rh(i/,i//)’ ifj/=j//’
0u( 1.0 SN ={ & o
and
A N/ _ Rv(j/,j//), ifi/:i//,
0u((" . (", j") = {O’ =i

By the spectral theorem for real symmetric matrices [12], Theorem 4.1.5, the
rth power of the matrix R, has entries

m
Ry 0"y = My gt k(Y i (0,
k=0
where Ap.0,An.1, ..., Anm are the eigenvalues of R;, and the uy  are the corre-
sponding orthonormalized eigenvectors. With analogous notation, for any positive
integer r, we have

n
RyG Y= M g o (G uv e ().

£=0
Now, because P, and P, commute, the ¢-step transition probability matrix P’
is given by

t
t -
P'=(Py+P) =) (s) PR
s=0

Zj( ) (40ua7 (aQ,a7

N

0
t
A[Z 0; QL‘“}A—I

s=0
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By combining the above formulas, we obtain the following simple expression for
the ¢-step transition probabilities of the Markov chain Z:

PG, j1), G, ")

=ay,j [Z > i+ )»v,e)tuh,k(i')uh,k(l'”)uv,e(j/)uv,e(j//)}aﬁ}jr/-

k ¢

Moreover, note that for a constant ¢ > 0 and [ the identity matrix,

(el + P) (@, j), @, j")

=apy j [Z PN +Av,e)fuh,k(i’)uh,k(i”)uv,e(j’)uv,aj”)}a;}j”,
k £

so we may readily compute the 7-step transition probabilities of certain chains for
which the particle has a constant positive probability of not moving from its current
position at each step. The calculations we have just done extend to the finite higher-
dimensional grids E to be discussed in the next section. The problem of finding the
t-step transition probabilities for these models reduces to finding the eigenvalues
and eigenvectors of a collection of symmetric tri-diagonal matrices whose nonzero
entries are the parameters W (u, v) in Theorem 3.1.

In our definition of the Markov chain Z above, we did not require that the rows
of the transition matrix P add to 1. In order to get a feeling for the effect of impos-
ing that extra constraint, we return to the case m =2 and n = 1 in Example 2.1.
The rows of P add to 1 if and only if 1 is an eigenvalue of the symmetric matrix

|(0,0) o0, 1) 1,00 ((1,1) (2,0 (2,1)|

0,0 0 V] hy 0 0 0
0,1 vl 0 0 h 0 0
On+0Q0v= (1,O) | 0 0 V] hy 0
(1,1 0 h V] 0 0 hy
2,0 0 0 hy 0 0 V]
2,1 0 0 0 hy V] 0

with corresponding right, and hence also left, eigenvector (a&)l,ao_ll, aﬂ)l, al_ll,
ai)l, az_ll).

The preceding matrix is irreducible when the parameters /1, h>, v] are positive,
and the Perron-Frobenius theorem [12], Theorem 8.4.4, guarantees that the eigen-
value with largest absolute value is positive, with an eigenvector that has positive
entries and is unique up to a constant multiple. Consequently, if positive para-
meters hy, ho, v are given, then replacing them by bhy, bh;, bvy for a suitable
positive constant b permits the choice of parameters a;; that are unique up to an
irrelevant constant multiple such that the rows of P sum to 1. More generally, re-
placing hy, ha, v1 by bhy, bhy, bv; for a suitable positive constant b permits the
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choice of parameters a;; that are unique up to an irrelevant constant multiple such
that the rows of P sum to 1 — ¢ for a given constant 0 < ¢ < 1, in which case
the rows of the matrix ¢/ + P sum to 1. These considerations extend to larger
two-dimensional grids and to higher dimensions.

3. Parametrization. Suppose now that we have a discrete-time, time-homo-
geneous Markov chain with state space

E:={0,1,...,0) x{0,1,....m0} x -~ x {0, 1, ..., 1y}

The m-dimensional grid E indexes the rows and columns of the transition ma-
trix P. We assume that P (u, v) = 0 unless u ~ v by which we mean that u — v €
{£ex} for some k € {1, ..., m}. Here ¢ is the standard basis vector with entry 1 in
the kth coordinate and 0 elsewhere. Thus P describes a Markov chain with nearest
neighbor transitions on the graph with vertices E where two vertices # and v are
connected by an edge if u ~ v. For 1 < k < m, define a matrix Pj by

P(u,v), ifu —ve{xe},
0, otherwise.

Pr(u,v) = {

These matrices are the analogues of the matrices P, and P, for the two-
dimensional grid. The requirement that the matrices P; and P; commute for all
pairs of indices 1 <i < j < m is equivalent to the condition that the following
quadratic expressions vanish for all i, j and u:

Pu,u+e)P(u+ei,u+e +ej)
—Pu,u+ej))P(u+teju+te +ej,
Pu,u+e)P(u+ei,u+e —ej)
a1 —Pu,u—ej))P(u—eju+e —ej,
Pu,u—e)P(u—ej,u—e +ej)
—Pu,utej))Put+eju—e +ej),
Pu,u—e)P(u—ei,u—e —ej)
—Pu,u—ej))P(u—ej,u—e —ej).

Our aim is to solve this system of polynomial equations for the unknowns
P(u, v). The next theorem offers such a solution under the assumption that the
unknowns are strictly positive.

THEOREM 3.1. Suppose that P(u,v) > 0 for all u,v € E such that u ~ v.
Then the matrices Py, Py, ..., Py, commute pairwise if and only if

(3.2) Pu,v)=a, Wwu,v)-a;', uvekE,
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for some collection of constants a, and W (u, v), u, v € E, that satisfy W(u',v’) =
Wu”,v") when v' —u' € {xey} for some k and {u”,v"} = {u' + w,v' + w} for
some w € Yy Leg. The constants a, are unique up to a common multiple, and
the constants W (u, v) are unique.

EXAMPLE 3.2 (2 x 1 grid). If m =2, ny =2 and ny = 1, then this is
the parametrization (2.3) in Example 2.1 with h; = W((0,0), (1,0)), hr =
W((1,0), (2,0)) and v; = W((0,0), (0, 1)).

PROOF OF THEOREM 3.1. The sufficiency of the stated condition is straight-
forward. For example,

Pu,u+e)P(u+ei,u+e +ej)
=a,Wu,u+ e,')au_ieiauﬂi Wu+e,u+e + ej)au_ieﬁej
=a,W(u,u +ej)au_iejau+ejW(u +ejute + ej)a;_&ei_kej
=P(u,u+ej)P(u+ej,u+e +ej),
because W(u,u+e;))=Wu-+ej,u+e +ej)and Wu,u+ej) =Wu+e;,u+
e; + ej).

For the converse, we first show that if the matrices Py, ..., P, commute, then
the transition matrix P is reversible; that is, there are positive constants b, such
that b, P(u,v) = by P(v,u) for all u,v € E. Write |lu|| =uy + --- + u,, for u =
(uy,...,u;) € E. We claim it is possible to construct the constants b,, u € E,
by induction on the value of |u||, and that their values are determined once by
is specified. For u € E with ||u|| = 1, we must take b, = byoP (0, u)/P(u,0). For
v € E with ||v]| =2, we need to be able to find b, such that b, P (u, v) = b, P(v, u)
for all u € E with |u|| < 1. This is equivalent to showing that we can choose b,
so that b, P(u, v) = by, P(v, u) for all u € E of the form u = v — ¢j for some k. If
v = 2¢;, for some k, then we must take

P (ex, 2e21) P(0, ex) P(ex, 2e2)
by = by, = by .
P (2ey, ex) P(ex,0) PQ2eg, ex)
If v=e¢; +e¢; fori # j, then it is necessary that
P(ei,ei +ej) P(0,¢;) P(ei,ei +ej)
i =00
“Plei+ej,ei) P(ei,0) P(e; +ej,ei)

and

Plej.eitej) b P(0,ej) P(ej,ei +e;)
“Plei+ej,e)) P(ej,0) P(ej +ej,ej)
are equal, in which case we must take b, to be the common value. However, from
(3.1) we have

P(0,e;)P(ei,ei +ej)=P(0,e;)P(ej, e +ej)
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and
P(ej +ej,ej)P(e;,0)=P(e; +ej,ej)P(ej,0).

Hence the value of b, is uniquely defined. Continuing in this way shows that if
we E and 0 = wo, wy, ..., wy = w with wy+1 — wys € {eg,..., ey} for 0 <
M < N — 1, then the value of

Iﬁl P(wa, war11)

m=o P (Wa+1, war)

does not depend on the choice of wy, ..., wy_1. Moreover, if we take by, to be this
common value, then the collection of constants b,,, u € E, is such that b, P (u, v) =
by P(v, u) for all u, v € E, and this is the unique collection with that property and
the given value of by.

Now, suppose that we have positive constants b,,, u € E, such that b, P(u, v) =

byP(v,u) forallu,v e E. If we set q,, = bu_l/2 and define W (u, v) by
(3.3) Pu,v)=a,W(u,v)a;",

then

34 Wu,v)=W(,u).

Conversely, if we have constants a, and W (u, v) that satisfy (3.3) and (3.4), then
Pu,v) a,W(u, v)av_1 2 -2
_ =a‘a
P(v,u)  a,W,uwa;"

when u ~ v, and so au_ZP(u, v) = av_zP(v, u), u,v € E. From what we have ar-
gued above, this implies that there are constants, a,, u € E and W(u,v),u,v e E,
that satisfy (3.3) and (3.4); the a, are unique up to a common constant multiple,
and the W (u, v) are unique.

To complete the proof, we need to check that the W (u, v) have the additional
properties listed in the statement of the theorem. Because P(u,v), u,v € E is a
common zero of the polynomials in (3.1), it follows that W (u, v), u,v € E is a
common zero of the same set of polynomials. The constraints that are associated
with a particular two-dimensional face of one of the hypercubes in the grid with
vertices {u, u +e;,u+ej,u+e; +e;}are

W, u+e)Wu+e,u+e +ej)
=W, u+ej))Wu+ej,u+e +ej),

Wu+ei,ute +e)Wu+e +ej,u+ej)
=Wu+e,u)Wu,u+ej),

Wu+e +ejut+e)Wu+ej, u)
=Wu+e +ej,u+e)Wu+e,u),
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Wu+ej,u)Wu,u+e;)
=Wu+ej,ute +e)Wu+e +eju+e).

Because W (u, v) = W (v, u) for all u, v € E, these four constraints are equivalent
to

W, u+e)Wu+e,u+e +ej)=Wu,u+e)Wu+ej,u+e +ej)
and
Wu+ei,ute +e)Wu+tej,ute +ej))=Wu,u+e)Wu,u+ej)
and hence to the equations
Wu,u+e)=Wu-+tejut+e +ej)
and
Wu,u+ej)=Wu+e,u+ej+e).

Iterating these two equations yields the remaining assertions stated in Theorem 3.1.
O

REMARK 3.3. Note thatif u — v € {£ex}, then {u, v} = {hex +r, (h + 1)ex +
r} for unique values of h € {0,1,...,nx — 1} and r € Z#k Zey. Therefore, if
the necessary and sufficient conditions of Theorem 3.1 hold, then W (u,v) =
W (hei, (h + 1)er). Thus the parametrization involves ny +ns + - - - + n,, uniquely
defined parameters of this form and (n; + 1)(ny + 1) - - - (n,, + 1) parameters of
the form a,,. The latter are uniquely defined up to a common multiple.

The set of constraints (3.1) has some redundancies when the unknown quanti-
ties P(u,v), u ~ v, are positive. For example, any three of the equations in (2.1)
implies the fourth. In what follows, we present a linear algebra approach to identi-
fying and representing constraints that are independent. Note first that the quadratic
equations in (3.1) are all of the form P(a, b)P(b,c) — P(a,d)P(d,c) = 0. This
condition is equivalent to [P(a,b)P(b,c)]/[P(a,d)P(d,c)] =1 or Q(a,b) +
Q,c) — Q(a,d) — Q(d,c) =0 where we write Q(u, v) for the logarithm of
P (u,v). This suggests the following encoding of (3.1) as rows of a matrix with
entries from {—1, 0, +1}.

NOTATION 3.4. Let S"-"n) be the matrix that has one row for each
polynomial in (3.1) and columns indexed by ordered pairs (¢, v) € E x E with
u ~ v, with the row corresponding to a polynomial of the form P (a, b)P(b,c) —
P(a,d)P(d, c) having entries +1, +1, —1, —1 in the columns associated with the
pairs (a, b), (b, c), (a,d), (d, c¢) and zero entries elsewhere.
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REMARK 3.5. The matrix S®1---"m) has format
m
(4 > (nl»nj I (nk—l-l))) X (22ni ]‘[(nj+1)>.
1<i<j<m ki, j i=1  j#i

We wish to determine the rank of S"1--"») that is, the dimension of the vector
space spanned by the rows, as this gives the size of a maximal set of independent
constraints for positive P(u, v).

EXAMPLE 3.6 (2 x 1 grid constraint matrix). The 8 x I14-matrix S has
rank 6 and equals

| Ro Roi Rio R Lio Lu Ly Lo |

RooU1o — UgoRo1 1 -1 0 0 0 0 0 0
UioL11 — L1oUgo 0 0 0 0 —1 1 0 0
L11Dg1 — D11L1o 0 0 0 0 —1 1 0 0
Do1Roo — Ro1 D11 1 -1 0 0 0 0 0 0
RioUxo — UioR11 0 0 1 —1 0 0 0 0
UyxoLa1 — LooUjo 0 0 0 0 0 0 —1 1
Ly1 D1y — Dy1 Ly 0 0 0 0 0 0 —1 1
Di1R10 — R11 D2 0 0 1 —1 0 0 0 0

| Uo Ui Ux Dot Dit Da |

RooU1o — UggRo1 | —1 1 0 0 0 0
UioL11 — L1oUgy | —1 1 0 0 0 0
Li11Do1 — D11L1o 0 0 0 1 —1 0
Do1Roo — Ro1 D11 0 0 0 1 —1 0
RioUzo — UioR11 0 —1 1 0 0 0
UsoL>1 — LygUjo 0 —1 1 0 0 0
LoD — Dy Ly 0 0 0 0 1 —1
Di11R19o — R11 Dy 0 0 0 0 1 —1

This matrix encoding of the constraints suggests a similar encoding for the para-
metrization.

NOTATION 3.7. Let A®1-+"n) be a matrix that has one column for each or-
dered pair (u, v) € E x E with u ~ v and one row for each of the parameters iden-
tified in Remark 3.3; the column corresponding to the pair (u#, v) has 41 in the
coordinate corresponding to the parameter a,, —1 in the coordinate correspond-
ing to the parameter a, and +1 in the coordinate corresponding to the parameter
W (u, v). Such a column records the parametrization of P (u, v) in (3.2).
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REMARK 3.8. The matrix A®1:~"m) has format

(]m_[(ni +1)+§:n,~> x (2§:n,~ [+ 1)).

i=1 i=1 i=1  j#i

EXAMPLE 3.9 (2 x 1 grid parametrization matrix). The 9 x 14-matrix A> 1
has rank 8 and equals

|Roo Rot Rio Rit Lio Lii Lao Lot Uoo Ui Usg Dor D1 Doy |

apl 1 0 0 0 -1 0 0 O 1 O O -1 0 O
a0 1.0 O O -1 0 O -1 0 O 1 0 0
ap(-1 0 1.0 1 O -1 O 0O 1 O O -1 O
apl! 06 -1 0 1.0 1 0 -1 0 -1 0 O 1 O
agp| 06 0 -1 0 0 0 1 o o0 o0 1 0 0 -—-17
a0 0 0 -1 0 0 0 1 O O -1 0 0 1
hht1 1 0 o0 1 1 O O O O O O 0 O
hp 0 0 1 1 o0 O 1 1 O O O O O O
v|{ 0 O 0 O O 0O 0 0 1 1 1 1 1 1

The following result is essentially a restatement of Theorem 3.1. It will enable
us to compute the maximal number of linearly independent rows of S1:m)
from the rank of A1>-m)

COROLLARY 3.10. The two vector spaces spanned by the rows of the matrix
SWmm) and the rows of the matrix A" gre the orthogonal complements
of each other.

PROOF. First note that each row vector of A is orthogonal to the row space
of S. This follows directly from the parametrization given in Theorem 3.1, so it
suffices to prove that any vector w € ker(S) is in the rowspan of A. Let k£ x [
denote the size of the matrix A. Take w € ker(S) and consider g = (¢");=1.....1,
the componentwise exponentiation of w. We will construct a transition matrix P
from w. The transition matrix P has the nonzero entries P (u, v) u ~ v equal to the
corresponding entries of g. Since w € ker(S), the matrix P can be decomposed
into a sum of transition matrices P, ..., P, (one in each coordinate direction)
which commute pairwise. So by Theorem 3.1, we have g = (u?!, ..., u%) where
u is the vector of vertex and edge weight parameters, ay, ..., a;, are the columns
of A, and we take componentwise exponentiation. We conclude that w = log(g) =
(log(t1), - . -, log(x)).A is a linear combination of the rows of A. [J

LEMMA 3.11. The rank of the matrix A">"n) is one less than the number
of rows, that is,

(3.5) [T+ D+ Y ni — 1.
i=1 i=1
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PrROOF. By [12], Remark 0.4.6(d), it suffices to show that the Gram matrix

The inner product x - x is twice the vertex degree, that is, the number of v € E with
u ~ v—because a, appears in the two transition probabilities P (u, v) and P (v, u)
for each such v. If x” and x” are two such rows, then the inner product x’ - x” is 0
ifu#vanditis —2ifu ~v.

Now suppose that y is a row of A1) corresponding to one of the edge
parameters W (hey, (h + 1)eg). The inner product y - y is 2]_[4# (n¢ + 1) because
the edge parameter appears in the transition probabilities P (hey +r, (h+ 1)ex +r)
and P((h + Deg + r, heg +r) for [[y 44 (ne + 1) choices of r € 37y Zey. If y
and y” are two such rows, then y’ - y” = 0, since each transition probability only
involves a single edge parameter. For the same reason, y - z = 0 if z is a row of
AWtnm) corresponding to an edge parameter W (jeg, (j + 1)er) with £ # k.

Lastly, if x and y are as above, then x - y is clearly O unless the vertex u associ-
ated with x is in the set {hex +r:r € Xy Zegy U{ (h + ek +r:r € 3 g1y Zeg}
of starting and ending points of transitions that involve the edge parameter associ-
ated with y. If the vertex u is in this set, then x - y = (+1 x +1) + (+1 x —1) =0
also, with the +1 coming from a transition probability of the form P (u, v), and
the —1 coming from a transition probability of the form P (v, u).

Let X and )i, ..., Y, be the submatrices of A"1:-"m) that correspond to
the rows for the vertices of the grid graph E, and the parallel edges in direction
el,...,en, respectively. We have shown that yile =271 i (nj + 1)1 where I
is the identity matrix of appropriate size, and XX T = 2(A — J) where A is the
diagonal matrix listing the vertex degrees and J is the adjacency matrix of the
graph. Thus, XX T is a multiple of the Laplacian matrix of the graph, and be-
cause the graph is connected, its rank is one less than the number of vertices [9],
Lemma 13.1.1. The matrices X le and y,-ij are all 0 when i # j. We con-

clude that A" ”’")A("l"“’”’")T is a block diagonal matrix, with a block of rank
" 1 (nj + 1) — 1, one less than its size, and m blocks of full rank ny, ..., n,, re-

in (3.5). O
Corollary 3.10 and Lemma 3.11 imply the following result.

PROPOSITION 3.12.  The rank of the constraint matrix S"-"m) equals

m

(3.6) 2 (m [T+ D) = [Ton + D= Yo+ 1.
i=1

=1 j#i i=1

REMARK 3.13. The number (3.6) has the following geometric interpretation.
We regard E as the edge graph of a cubical cell complex. The £-cells of that com-
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plex have the form
{u+Areg, +Azep, +-- -+ Apeg, :0< A1, Ag, ..., Ap <1}

for u € E and basis vectors e, ..., e, such that u + Z§:1 ex; € E. It can be
shown that

m
(3.6) =Y _(=1)'(£ + Di#t-cells,
=2
but we omit the proof. The reasoning behind this alternating formula, which is rem-
iniscent of an Euler characteristic, can be used to select a row basis of S1:+++m)

4. The toric ideal. In this section we examine the matrix A = A®1:m)
from the perspective of combinatorial commutative algebra [6, 20]. Let R[P] be
the polynomial ring over the real numbers R generated by the unknowns P (u, v)
with u, v € E and u ~ v. We write I 4 for the foric ideal associated with the ma-
trix A. Thus /4 is generated by all binomials P?+ — P%- where we take compo-
nentwise exponentiation, and Z = Z — Z_ runs over all integer vectors in the ker-
nel of A. Among these binomials are the quadratic binomials in (3.1) whose cor-
responding vectors Z are the rows of the matrix S = S"1:++"»)_ These quadratic
binomials do not suffice to generate the toric ideal /4, and one of our objectives
is to identify a generating set of binomials. In algebraic statistics [5], Section 1.3,
one considers several generating sets of /4. Minimal generating sets are known as
Markov bases. However, it is often more natural to study the larger Graver basis,
which also contains all circuits of the integer kernel of .4, and all reduced Grobner
bases of 1 4. Recall that the circuits of a sublattice of Z" are the primitive vectors
of inclusion-minimal support. Here “primitive” means that the coordinates have
greatest common denominator equal to one, so there are finitely many circuits,
and they are unique up to sign. For an elementary introduction to toric ideals we
refer to [20], and for their interpretation in terms of Markov chains, see [3, 5].

EXAMPLE 4.1 (2 x 1 grid). If m =2, ny =2 and np = 1, then R[P] is a
polynomial ring in 14 unknowns and I 4 is the ideal of 2 x 2-minors of the two
matrices in (2.2). Thus the Markov basis of A has 12 elements. The Graver basis
of A has 29 elements, listed in Example 4.12 below.

The space of commuting birth-and-death processes with positive probabilities is
the set of positive real points on a toric variety. The ideal representing that toric va-
riety is the toric ideal I 4. The toric variety V (I 4) is D-dimensional in RN where
N=2%" ni[]zn;+1)and D=T]"_(n; + 1) + X/ n; — 1. These num-
bers were derived in Section 3. Moreover, a parametrization of the toric variety of
commuting birth-and-death processes was given in (3.2).

We start our study in this section by reviewing two definitions regarding matri-
ces in general.
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DEFINITION 4.2. A Cayley matrix is a special block matrix of the form

T — 1
11 0 0 0
0 1.1 0 0
0 0 - 0
0 0 0 11

By changing the order of the columns of our matrix A, we can see that A is
a Cayley matrix where the blocks correspond to the parallel edges in the lattice.
Toric varieties associated with Cayley matrices have a nice, special structure, and
they appear in applied contexts such as chemical reaction networks [2], Theorem 9.
Here is an even more important special structure.

DEFINITION 4.3. An integer matrix of rank d is unimodular if all its nonzero
d x d minors have the same absolute value. There are many equivalent character-
izations. For instance, a matrix is unimodular if and only if all initial monomial
ideals of its toric ideal are squarefree [20], Section 10.

Investigating whether a matrix is unimodular is interesting from the perspective
of algebraic statistics and computational algebra. One reason is the following result
which is proven in [20].

PROPOSITION 4.4. Let A be any unimodular matrix. Then every reduced
Grobner bases of the toric ideal 14 consists of differences of squarefree monomi-
als. Moreover, the following three sets coincide: the union of all reduced Grobner
bases, the set of circuits and the Graver basis of A.

It is thus natural to ask whether our matrix is unimodular. We address this ques-
tion as follows:

THEOREM 4.5. The Cayley matrix A= A"1-"m) is unimodular if and only
if the dimension of the grid equals m = 2 and the format of the grid is either 2 x 2
orn x 1 for somen > 1.

Our proof of this theorem employs tools from matroid theory. Recall that a
matroid M is a pair (£, Z) consisting of a finite ground set £ and a collection Z of
subsets of £ that satisfy:

1) oel.
() If 1 eZand I, CI;,then I, € 1.
(iii) If Iy, I € Z and #I| < #13; then there is an element e € I \ I such that
I1U{e}eT.
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The members of 7 are the independent sets of M, and subsets of £ that are not in
7 are dependent. A maximal independent set in M is a basis of M, and a minimal
dependent set a circuit of M. A particular class of matroids arises from matrices
as follows. The ground set £ consists of the columns of a matrix A, and Z is the
set of linearly independent subsets of column vectors of A.

The following three results from matroid theory will be useful for the proof of
Theorem 4.5. These and further properties of matroids can be found in [18].

LEMMA 4.6. Let € be a set and C a collection of subsets of £. Then C is the
collection of circuits of a matroid on £ if and only if C satisfies the following three
conditions:

i) o¢C.
(i) IfCy,CreCand C; C Cy, then C; = C,.
(iii) If Cy, C, € C distinct and e € C1 N Cy, then 3C3 € C such that C3 C (C1 U
C2) \ {e}.

LEMMA 4.7. The collection B of bases of a matroid M satisfies the following
two conditions:

(1) B is nonempty.
(ii) If B1, By € B and e € By \ By, then 3f € By \ B; such that (B \ {e}) U
{f}eB.

LEMMA 4.8. Let M be a matroid over a set £ and B a basis of M. Ife € £\ B,
then B U {e} contains a unique circuit C (e, B). Moreover, e € C(e, B).

Our goal is to describe the circuits of the matroid associated with the matrix
A= A1) The ground set € is the set of column vectors of .A. We identify
& with the set of directed edges in the grid E. Two directed edges in £ are called
parallel if they point in the same direction, and they have the same edge parameter
W (u, v); that is, directed edges (1, v") and (u”, v"’) are parallel if v/ — u’ € {£ey}
for some k, and (u”, v") = (u’ 4+ w, v" + w) for some w € 3, Zey. Recall that a
cycle in a graph that is not necessarily simple is a subgraph in which every vertex
has degree 2.

DEFINITION 4.9. Let C = C™1--"m) be the set of subsets C C £ with the
following properties:

(i) C is a disjoint union of pairs of distinct parallel directed edges.

(i) The set of undirected edges corresponding to C, where two directed edges
(u,v) and (v, u) are replaced by two undirected edges, is a union of edge disjoint
cycles.

(ii1) If B C C, then at least one of (i) or (ii) does not hold for B.
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The set C?D of such walks on the 2 x 1-grid has 29 elements, listed in Exam-
ple 4.12 below.

PROPOSITION 4.10. The set C is the set of circuits of a matroid on £.

PROOF. The collection C satisfies the three conditions in Lemma 4.6: Condi-
tion (i) is trivial, (ii) comes from the minimality requirement (iii) in the definition
of C, and (iii) holds because by eliminating the shared directed edges in two over-
lapping elements, C1, C» € C, we get a collection of directed edges, which satisfies
(i) and (ii) of Definition 4.9 and hence contains an element of C. Thus C is the set
of circuits of a matroid on £. [

In an early stage of our project, we believed that Proposition 4.10 characterizes
the matroid of A. Later we found out that this is true over a field of characteris-
tic two but generally false over the real field R we are interested in here. How-
ever, when A is unimodular the matroid is independent of the characteristic of the
ground field. Here is one instance where this happens.

LEMMA 4.11. For a grid of size n x 1, the set C equals the set of circuits of
the matroid of A.

PROOF. For n x 1 grids, the condition (iii) in Definition 4.9 implies that the
set of undirected edges corresponding to a circuit C € C is a union of, at most,
two cycles. For each C € C we construct a vector V¢ in {0, +1, —1}¢ whose sup-
port equals C and that lies in the kernel of A. The vector V¢ is constructed as
follows: we choose a cycle in C and walk along this cycle clockwise. We assign
+1 to forward-pointing edges and —1 to backward-pointing edges. If C consists
of two cycles, we walk along the second cycle counterclockwise and assign +1
to forward-pointing edges and —1 to backward-pointing edges. This ensures that
Ve has zero inner product with each row of A that is indexed by a vertex parame-
ter a, . Parallel pairs of edges receive opposite signs because they point in the same
direction. This ensures that V¢ has zero inner product with each row of A that is
indexed by a parameter W (u, v). Hence V¢ lies in the kernel of A.

The construction of V¢ reveals that the columns of A corresponding to any
proper subset of C are linearly independent. This implies the inclusion

C C {minimal linearly dependent subsets of column vectors of .A}.

But the reverse inclusion 2 holds as well. Consider any V € ker(A) \ {0}. We
interpret V as a multiset of signed directed edges in £ where each entry denotes
the number of the corresponding directed edges. These edges come in parallel
pairs of opposite sign because V has zero inner product with the rows of A that
are indexed by parameters W (u, v). The undirected graph underlying V is a union
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of cycles because V has zero inner product with the other rows. Hence the support
of V must contain some circuit C € C. This completes the proof of Lemma 4.11.
g

PROOF OF THEOREM 4.5. To prove the “only if” direction, it suffices to give
two examples of circuits which are not squarefree, one for the 3 x 2 grid and one
for the 1 x 1 x 1 grid. These examples are also circuits for larger two-dimensional
grids, and for grids of dimension m > 3, respectively. Then, by Proposition 4.4,
we conclude that the corresponding matrix .4 is not unimodular.

(1) 3 x 2 grid: the following nonsquarefree binomial is a circuit:
L1oL30Ug U0 Do2 D31 — L12L3U19U11Us1 Doy Do
(i) 1 x 1 x 1 grid: the nonsquarefree binomial
R0 Do10F100Boot — Roo1 Rot1 D110 Fo10Biii
is a circuit where B and F denote the additional backward and forward moves.

We now prove the “if”” direction for the n x 1 grid. Let k£ denote the number
of rows of the matrix A = A" Then rk(A) =k — 1 by Lemma 3.11. We must
show that all nonzero (k — 1) x (k — 1) minors of A have the same absolute value.
The row vectors of A corresponding to the vertices of the grid are not independent;
they sum to 0. So in order to get nonzero minors, we delete the row corresponding
to the vertex ap,.._o. The resulting matrix is denoted A’.

In Lemma 4.11 we characterized the circuits of the matroid on the column vec-
tors of A’ for n x 1 grids. Consider two distinct bases B and B’ of this matroid.
To finish the proof, we need to show that the determinants of the submatrices of
A’ corresponding to these bases have the same absolute value. Let e € B \ B". So
by Lemma 4.7, 3f € B’ \ B such that By = (B \ {e}) U{f} is a basis. This con-
struction can be carried on until By = B’. So without loss of generality, B = B’.
By Lemma 4.8, B U {f} contains a unique circuit C and f € C. Because Bj is
also a basis, we get by the same argument that e € C. The corresponding vector
Ve in kernel(A) has coordinates 41 in positions ¢ and f. Hence we can replace
the column vector e by the column vector f without changing the absolute value
of the determinant. In symbols, |det(B)| = |det(B")|.

To finish the proof, we need to show that the 13 x 24 matrix A for the 2 x 2
grid is unimodular. This can be verified with the help of a computer algebra system
such as CoCoA or 4ti2. Namely, we compute the Graver bais of A, and we ob-
serve that all binomials in that Graver basis are squarefree. Since the Graver basis
contains every reduced Grobner basis, this implies that every initial monomial of
1 4 is squarefree. Hence, by [20], Remark 8.10, the matrix A2 is unimodular.

g
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We conducted a further computational study of the toric ideal 74 for the two
minimal grids whose matrices A are not unimodular, namely the 3 x 2 grid and
the 1 x 1 x 1 grid. In what follows, we present two tables that show the total
number of binomials of each degree for the Graver basis, the set of circuits and the
minimal Markov basis. In parenthesis are the numbers of squarefree binomials in
these bases. The two tables were computed using the software 4ti2.

3 x 2 grid:

Degree
2 3 4 5 6 7 8
Graver basis 45 (45) 128 (128) 464 (464) 1600 (1600) 3904 (3904) 4928 (4032) 1088 (192)
Circuits 45 (45) 128 (128) 464 (464) 1600 (1600) 3904 (3904) 4928 (4032) 896 (0)
Markov basis 36 (36) 0 (0) 4 (4) 44 44 0(0) 0(0)
1 x1x1 grid:
Degree

2 3 4 5 6
Graver basis 42 (42) 224 (224) 1032 (1032) 1728 (1152) 672 (96)
Circuits 42 (42) 224 (224) 1032 (1032) 1728 (1152) 576 (0)
Markov basis 33 (33) 8(8) 12 (12) 0(0) 0(0)

Note that the Markov basis in both examples consists of squarefree binomials
only and that the number of binomials with squares of degree 7 and 8 for the 2 x 3
grid, respectively of degree 5 and 6 for the 1 x 1 x 1 grid is the same. We wonder
if this also holds for higher dimensions.

We end this section by illustrating the conclusion of Theorem 4.5 for our run-
ning example.

EXAMPLE 4.12 (2 x 1 grid). The set C>1 of circuits of the 8 x 14-matrix
A@D in Example 3.9, consists of 29 elements. Each circuit C corresponds to a
unique (up to sign) vector V¢ in {0, 41, —1}'* N kernel(A®D), and hence to a
difference of squarefree monomials in

R[P] =R[Roo, Ro1, Ri0, R11, L1o, L11, L2o, L21, Uoo, U1o, U2, Uo1, D11, D21].

We now list the 29 binomials in the Graver basis C%'1) of I qc.n. First, there are
the eight quadrics which generate 1>, These correspond to the eight circuits of
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type Cp. Next, there are five circuits of type C,. These are displayed below as a
quadratic binomial and as a picture:

(1) RooL10 — Ro1L11 ,

(2) RioL20 — R11L2; .

(3) D11U10 — Do1Ugo ,

(4) D21Uzo — Do1Ugo ,

(5) D21Uxo — D11Uyo

The remaining 16 circuits are given below with the corresponding binomials in
the Graver basis.

(1) RooR10U20 — Ro1 R11Uno ,

(2) L1oL20Uoo — L11L21Ung .

(3) RooL21Uz0 — Ro1L20Uno ,

(4) RioL11Uz0 — R11L10Uno ,

(5) R1oD11U20 — R11Do1Ugo )

(6) L21D11Uz0 — Lo Do1Uono .

(7) RooD21Uz0 — Ro1 D11Ugo ,

(8) L11D21Uz — L10D11Uoo )
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(9) RooR10Do1 — Ro1R11 D2y ,

(10) L1oL20D21 — L11L21 Doy ,

(11) RooL21Do1 — Ro1L20D21 ,

(12) RioL11Do1 — Ri1L10D2y ,

(13) R11D21U10 — R10Do1Ugo ,

(14) L2oD21U10 — L21Do1Uno ,

(15) Ro1 D21Uz0 — RooDo1U1o ,

(16) L10D21Uz0 — L11Do1U1o

Similar lists of circuits can be computed, at least in principle, for larger and
higher-dimensional grids. However, their combinatorial structure will be quite
complicated. To appreciate this, we invite the reader to draw the picture for the
circuit of the 4 x 4-grid displayed in (5.6) below.

S. Primary decomposition and boundary components. The set of com-
muting birth-and-death processes is the set of nonnegative real solutions of the
quadratic equations (3.1). In the previous two sections we have focused on the set
of strictly positive solutions, and we have argued that its closure is a toric variety
V (1 4) with interesting combinatorial properties. In this section we apply binomial
primary decomposition [3, 6] to classify those nonnegative solutions of (3.1) that
are not in the closure of the positive solutions.

NOTATION 5.1. Let 1> denote the ideal in the polynomial ring K[ P]
that is generated by the quadrics in (3.1). Here K is allowed to be an arbitrary
field. The ideal 1:~~"m) is a binomial ideal in the sense of [6]. It represents all
commuting birth-and-death processes.

To keep things simple, we first concentrate on the two-dimensional case. We use
the notation of Section 2 for an m x n grid. Then "™ is a binomial ideal in the
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polynomial ring K[R, L, D, U] over an arbitrary field K. The set of indeterminates
equals

{Rij:0<i<m,0=<j<n}U{L;;:0<i<m,0=<j<n}
U{D;j:0<i<m,0<j=<n}U{U;;:0<i<m,0=<j<n}.

The ideal 7™ is minimally generated by the following set of 4mn quadratic
binomials

{Ui,jRi j+1 — Ri jUit1,j, Ri j+1Diy1,j+1 — Di j+1R; .
Diy1jy1Liv1,j — Liv1,j+1Di j+1,
L,'_H’jU,',j — Ui+1,jLi+1,j+l 0<i<m,0< ] < I’l}
As a warm-up, let us discuss the simplest case, namely the four binomials on a

single square.

EXAMPLE 5.2 [(m =n =1)]. The variety V(I""D) c K8 consists of all pairs
of matrices

0 0 Rp O 0 Up O 0
0 0 0 Ry Doy O 0 0

.1y Lo O 0 0 and 0 0 0 Up
0 L11 0 0 0 0 Dll 0

that commute. The possibilities for this to happen are revealed by the primary
decomposition,

10D = (UgoRo1 — RooU10, Ro1 D11
— Do1Roo, D11L1o — L11Do1, L1oUoo — UioL11)
= 14N (Uoo, Uro, Do1, D11) N (Roo, Ro1, L1o, L11).

Here 1 4 is the toric ideal of the matrix A = A-D Tt is generated by the six 2 x 2-
minors of the matrix,

Roo Uoo L Dll)
5.2 .
(52) (Rm Ui Lio Do

We see that V (I(1'1) is the union of three irreducible components. The main com-
ponent V (I 4) has dimension 5 while the two boundary components have dimen-
sion 4. The two matrices (5.1) commute if and only if either one of them is the
zero matrix, or the matrix (5.2) has rank < 1.

An ideal in a polynomial ring is radical if and only if it is a finite intersection
of prime ideals. We say that a pure toric ideal is a prime ideal which is generated
by indeterminates and differences of monomials. For example, (xy — z?) is pure
toric, but (xy + z2) and (x% — z2) are not.
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CONJECTURE 5.3. The ideal 1™ is radical, all its associated primes are
pure toric ideals and the prime decomposition of ™™ in K[R, L, D, U] is inde-
pendent of the coefficient field K.

Example 5.2 establishes this conjecture for m = n = 1. What follows is de-
voted to establishing partial results that support Conjecture 5.3 and to explore the
combinatorics of the irreducible components of our binomial variety V (1™ of
commuting birth-and-death processes.

EXAMPLE 5.4 [(m <3,n =1)]. The radical ideal 1" is the intersection
of 11 pure toric ideals. These 11 primes are easily found in Singular or
Macaulay?2. They come in six symmetry classes:

1. The main component has codimension 6 and degree 16. It corresponds to the
rank one condition for two matrices as in (5.2), one for each of the two squares
in the 2 x 1-grid,

) Roo Uoo Lui Un )
I 4 =(2 x 2-minors of
A < (Rm Uiow Lio Do

Rio Uip Lot Dy )>
and of .
<R11 Uy Ly Dii

2. There are two components of codimension 7 and degree 4, each isomor-
phic to V(I (.Dy times a four-dimensional coordinate subspace. One of these
two primes is the pure toric ideal generated by {L>1, L2o, R11, R10} and the six
2 x 2-minors of the matrix (5.2).

3. The monomial component representing horizontal transitions has codimen-
sion 6,

(Uoo, U1o, Uzo, Do1, D11, D21)

4. The monomial component representing vertical transitions has codimension 8,

(Roo, Ro1, R1o, Ri1, Lo, L11, L2, L21)

5. There is another pair of monomial primes of codimension 8. One of these two
ideals is

(Roo, Ro1, L1o. L11, U1o, U2o, D11, D21)

6. The last class consists of four monomial primes of codimension 7, such as

(R10, L21, Uoo, Uro, Do1, D11, Da1)
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A similar computation shows that 731 is also a radical ideal. It is the intersection
of 40 pure toric ideals. The list is analogous to that above. Here, the main compo-
nent / 4 is generated by the 18 minors of the three 2 x 4-matrices coming from the
three squares in the grid.

Current general-purpose implementations of primary decomposition are not
able to perform the corresponding computation for the 2 x 2 grid. To crack this
case, we applied the methods of [3, 6] in an interactive fashion in order to verify
Conjecture 5.3 and find the prime decomposition.

EXAMPLE 5.5 [(m =n =2)]. The ideal 1®? is radical and it is the irre-
dundant intersection of 199 pure toric ideals. The toric ideal /4 representing the
main component is minimally generated by 26 binomials. Besides the 24 familiar
quadrics which come from the 2 x 4-matrices on the four squares of the grid, here
we find the following two additional quartic Markov basis elements:

53) RooL2Uz0 D2 — Ro2LooUgo D22 and
RioL12U21Do1 — R12L10Up1 D1y

We shall next derive one theoretical result related to Conjecture 5.3. Let I be
a pure binomial ideal in a polynomial ring K[x1, x», ..., x,], that is, I is an ideal
generated by monomial differences xy'xy? -+ - x/r — x{'x5? -+ - x!r. The lattice £;
associated with [ is the sublattice of Z" spanned by the vectors (1] — vy, up —

v2,...,Ur — Vy) in any generating set of /. For any positive integer i < r, the
elimination ideal I N K [xy, ..., x;] is also pure binomial, and we have
(5.4) Linkixy,..xi1=L1 N (Zey+ -+ Ze;).

A result of Gilmer [8] states that the radical VI ofa pure binomial ideal 7 is also
a pure binomial ideal, and, using the methods developed in [6], Section 3, it is not
hard to see that £L; = L 7

We say that a pure binomial ideal / is unimodular if the corresponding lattice £;
is a unimodular sublattice of Z". By this we mean that the quotient group Z" /L is
free abelian and the same holds for every elimination ideal of /. Equivalently, 7 is
unimodular if the quotient group Z{e;:s € 0}/(L; N Z{es:s € o}) is free abelian
for every subset o of {1,2,...,r}.

PROPOSITION 5.6. If I is a unimodular pure binomial ideal in a polynomial
ring K[x1, ..., x;1, then every associated prime of I is a pure toric ideal.

PROOF. We abbreviate the polynomial ring by S = K[x, ..., x,]. If I is toric
then we are done. Otherwise, we follow the approach in the proof of [6], Theo-
rem 6.1, and pick a variable x; such that both (1 : x;) and [ + (x;) strictly contain /.
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Note that the lattice L (y,) equals £; NZ{ey, ..., ei—1, €41, ..., e} and hence is
unimodular. The exact sequence,

(5.5) 0—> S/(I:x;) —> S/ —> S/(I + (x;)) —> 0,

shows that each associated prime of [ is an associated prime of (/:x;) or of
I + (x;). Both ({ : x;) and I + (x;) are unimodular pure binomial ideals, and they
satisfy the desired conclusion by Noetherian induction. Hence so does /. [

We have the following result which generalizes the main conclusion of Exam-
ple 5.4.

COROLLARY 5.7. Every associated prime of the binomial ideal 1"V is a
pure toric ideal.

PROOF. In Theorem 4.5 we have shown that the lattice kernel(A® ) associ-
ated with our binomial ideal /! is unimodular. By Proposition 5.6, every asso-
ciated prime of 7D is pure toric. [

An overly optimistic conjecture suggested by Examples 5.4 and 5.5 would be
that a minimal Markov basis for the main component I 4 of 17" consists of
the 6mn quadrics derived from the matrices (5.2) on all 1 x 1-subgrids and the
2(m — 1)(n — 1) quartic binomials (5.3) derived from all 2 x 2-subgrids of the
m x n-grid. Unfortunately this is far from true. For instance, for m = n = 3 the
Markov basis of 74 consists of 314 binomials, including the 54 quadrics and 8
quartics, but there are also 16 quintics, 36 sextics and 200 binomials of degree
eight, such as

(5.6)  UpoUs2LroL3oL13L23R21Ro> — UsoUpa L11L21L22L32RooR23.

It would be desirable to identify which circuits make up the Markov basis for
arbitrary m and n.

We next examine the situation for the smallest example of a three-dimensional
grid.

EXAMPLE 5.8 (I x 1 x 1-grid). The ideal /("D is generated by 24 quadratic
binomials (four for each face of the 3-cube) in 24 unknowns (two for each edge of
the 3-cube). We write

TEED = (L00Uo00 — UrooL 110> L101Uoo1 — Uror L111,

L110Do10 — D11oL100, L111Do11 — Di11Lior,
L100Fooo — FrooL1o1, L11oFoio — FiioL111,
L1o1Boo1 — Bio1L10o, L111Boi1 — Bi11L11o,
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RoooU100 — UoooRo10, Roo1Uro1 — Uoo1 Ro11,

Ro10D110 — Do10Rooo, Ro11 D111 — Do11Roor,

Rooo F100 — FoooRoo1, RoioF110 — FoioRo11,

Roo1B101 — Boo1 Rooo, Ro11Bi11 — Boi1Ro1o,

Bi1o01U100 — Uio1B111, Boo1 Uooo — Uoo1 Bot 1,
Bo11Do1o — Do11Boot, Bi11D11o — D111 Bioi,

FoooUoo1 — UoooFo1o, FiooU101 — Uioo F110,
Fo10Do11 — Do10Fooo, F110D111 — D11oF100)-

The main component is a unimodular toric ideal of codimension 14 and de-
gree 300. Its Markov basis consists of 53 binomials (33 quadrics, 8 cubics and
12 quartics), and its Graver basis consists of 3698 binomials (42 quadrics, 224 cu-
bics, 1032 quartics, 1728 quintics and 672 sextics).

We found that the binomial ideal 7(1-1-1 is the intersection of 131 prime ideals,
so it is radical. Besides the main component, there are 91 monomial primes and 39
other binomial primes:

# cd deg representative associated prime
212 1 (Boo1, Bi11, Do1o, D111, Foro, Fioo,
L100, L111, Root1» Ro1o, Uoo1, U1o0)
2415 1 (Bo11, Bio1, Bii1, Doi1, D110, Fooo, F100, F110,
Lio1, L110, L1115 Rooo, Roo1, Roi1, Uooo)
916 1 (Boo1, Boi1, Bio1, Bi11, Fooo. Foto, F100, F110s
L100, L101, L110, L111, Rooo, Roo1, Ro1o, Ro11)
4817 1 (Bio1, Bi11, Do1o, Do11, D111, Foro, F1o0, Fi1o,
L100, L101, L110s L111, Rooo, Roo1, Ro10, Uooo, Uoor)
8 18 1 (Boi1, Bio1» Bi11, Do1o, Do11, D110, Foro, Fioo, F110,
L100, L1o1, L111, Rooo, Roo1, Roi1, Uooo, Uoot, Utoo)
3 14 16 (Fi10, F100. Foi0, Fooo, Bi11, Biot, Boi1, Booi
and 12 of the binomial generators of / (1*1’1))
1215 4 (Roo0, Ro10> L100, L110, F110, F100, F010, F000,
Bi11, Bio1, Boi1, Boo1 and six binomials)
2416 9 (L111, Lio1, Fooo, Foio, Ro10, Rooo, L110, L100,
F110, Fi00, B111, B1o1 and six binomials).

We end by restating the main point of Conjecture 5.3 for grids in the m-di-
mensional lattice.
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CONJECTURE 5.9. The binomial ideal 1" s radical.

Note added in proof: On May 4, 2009, Thomas Kahle announced that he had
disproved Conjectures 5.3 and 5.9 using his new software for primary decompo-
sition of binomial ideals. Kahle’s result states that the ideal 7> is not radical.
More precisely, this ideal is the intersection of 2638 primary ideals of which 11
are not prime. A witness is given by the binomial

f =Do1RozR10L12U21L22 D23 — Up1 Ro3 L1oR13 D21 L23 Do3.

Using Macaulay 2 or Singular, we can check that f2 e 1% but f ¢ 13,
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