NORMAL POLYTOPES, TRIANGULATIONS,
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This paper is devoted to the algebraic and combinatorial properties of polytopal
semigroup rings defined as follows. Let P be a lattice polytope in R", i. e. a poly-
tope whose vertices have integral coordinates, and K a field. Then one considers
the embedding +: R" — R"™' i(z) = (2,1), and defines Sp to be the semigroup
generated by the lattice points in «(P); the K-algebra K[Sp| is called a polytopal
semigroup ring. Such a ring can be characterized as an affine semigroup ring that is
generated by its degree 1 elements and coincides with its normalization in degree 1.

The first question to be asked about K[Sp] is whether it is normal, and a geomet-
ric or combinatorial characterization of normality is certainly the most important
problem in the theory of polytopal semigroup rings. (By a theorem of Hochster
[18], the normality of K[Sp| implies the Cohen-Macaulay property.) However, it is
by no means clear whether such a characterization exists. The best known upper
approximation to normality is the existence of a unimodular lattice covering (that
is, a covering by lattice simplices of normalized volume 1). In Section 1 we show
that the homothetic images cP of an arbitrary lattice polytope have such a covering
for ¢ > 0. The existence of a unimodular covering is derived from a unimodular
triangulation of the unit n-cube.

The second ring-theoretic question we are interested in is the Koszul property: a
graded K-algebra R is called Koszul if K has a linear free resolution as an R-module.
(The resolution is linear if all the entries of its matrices are forms of degree 1; see
Backelin and Froberg [3] for a discussion of the basic properties of Koszul algebras.)
It is immediate that a Koszul algebra is generated by its degree 1 component and is
defined by degree 2 relations. (Though these properties do in general not imply that
R is Koszul, no counterexample seems to be known among the semigroup rings.) A
sufficient condition for the Koszul property is the existence of a Grobner basis of
degree 2 elements for the defining ideal of R (for example, see [9]).

An algebraic approach to the multiples ¢P yields that K[S.p] is normal for ¢ >
dim P — 1, a Koszul algebra for ¢ > dim P, and a level ring of a-invariant —1 for ¢ >
dim P + 1 (this means that the canonical module is generated by elements of degree
1). The Koszul property is proved by the Grébner basis argument just mentioned;
actually we generalize the theorem on the Koszul property of high Veronese subrings
of an algebras generated in degree 1 (Eisenbud, Reeves, and Totaro [12]) to algebras
that are just finite modules over a subalgebra generated in degree 1. This algebraic
result is of general interest.

A basic tool for the study of polytopal semigroup rings is the connection between

regular triangulations of P and Grébner bases of the defining ideal Ip of K[Sp]
1
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established by Sturmfels [23]. (All the triangulations of lattice polytopes to be
considered in this paper are triangulations into lattice simplices.) After a discussion
of some auxiliary results for the manipulation of regular triangulations, we show in
Section 2 that polytopes whose facets are parallel to the hyperplanes given by the
equations X; = 0 and X; — X; = 0 have regular unimodular triangulations such that
the minimal non-faces of the associated simplicial complexes are edges. It follows
that these polytopes are normal and Koszul.

Let us call the maximal number of vertices of a minimal non-face of a triangulation
A its degree. Then it is clear that a triangulation of an n-polytope P is of degree
at most n + 1, and there obviously exist lattice n-polytopes P for which every full
triangulation, i. e. a triangulation for which every lattice point is a vertex, has degree
n+1: if OP contains exactly n+1 lattice points and P has at least one interior lattice
point, then the boundary lattice points form a minimal non-face. (A unimodular
triangulation is evidently full). However, it will be shown in Section 3 that these
obvious exceptions are the only ones: if P has at least n + 2 lattice points in its
boundary or no interior lattice point, then P has a regular full triangulation of degree
at most n. If P is a polygon (i. e. of dimension 2), then every full triangulation of
P is unimodular, and it follows that Ip has a Grobner basis of degree 2, provided
that P has at least 4 lattice points in its boundary; in particular such polygons
yield Koszul algebras. Furthermore, in this case one can always find a unimodular
triangulation of degree 2 that is induced by a lexicographic term order.

Bruns and Gubeladze [6] discuss the semigroup rings defined by rectangular sim-
plices. Despite of their ‘simplicity’, these rings illustrate many of the phenomena
discussed in the following.
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1. POLYTOPAL SEMIGROUP RINGS

1.1. Preliminaries. We use the following notation: Z, Q, R are the additive groups
of integral, rational, and real numbers, respectively; Z,, Q, and R, denote the
corresponding additive subsemigroups of non-negative numbers, and N = {1,2,... }.
An affine semigroup is a semigroup (always containing a neutral element) which is
finitely generated and can be embedded in Z" for some n € N.

We write gp(S) for the group of differences of 9, i. e. gp(.9) is the smallest group
(up to isomorphism) which contains S. Thus every element = € gp(S) can be
presented as s — t for some s,t € S.

An affine semigroup S is called normal if every element x € gp(S) such that
cx € S for some ¢ € N belongs to S. It is well known that for any field K and any
affine semigroup S the normality of the semigroup ring K[S] is equivalent to the
normality of S (see Hochster [18] or Bruns and Herzog [7], 6.1.4). The normalization
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S of a semigroup S is the set of all 2 € gp(S) for which there exists ¢ € N with
cx € S; it follows that S is a normal semigroup.
Let M be a subset of R". We set

Ly=MNZ"
Ey ={(x,1): 2 € Ly} C 2",

so Ljys is the set of lattice points in M, and E); is the image of L), under the
embedding R" — R"™ 2 — (z,1). Very frequently we will consider R" as a
hyperplane of R"*! under this embedding; then we may identify L); and E,;. By
Sy we denote the subsemigroup of Z"™! generated by Ej;.

Now suppose that P is a (finite convex) lattice polytope in R™, where ‘lattice’
means all the vertices of P belong to the integral lattice Z". The affine semigroups
of the type Sp will be called polytopal semigroups. A lattice polytope P is normal
if Sp is a normal semigroup.

It follows immediately from the dimension theory of commutative semigroup rings
that

dim K[Sp] = dim(P) + 1.
for an arbitrary field K. Note that Sp (or, more generally, Sy/) is a graded semi-
group, i. e. Sp = U2, (Sp); such that (Sp); + (Sp); C (Sp)iys; its i-th graded
component (Sp); consists of all the elements (z,7) € Sp. Therefore R = K[Sp] is a
graded K-algebra in a natural way. Its ¢-th graded component R; is the K-vector
space generated by (Sp);. The elements of Ep = (Sp); have degree 1, and therefore
R is a homogeneous K-algebra in the terminology of [7].

Remark 1.1.1. If P and P’ are two lattice polytopes in R™ that are integral-affinely
equivalent, then Sp = Sp.

Integral-affine equivalence means the equivalence under some affine transformation
Y € Aff(R") carrying Z™ onto Z". The remark follows from the fact that such an
integral-affine transformation of R™ can be lifted to (a uniquely determined) linear
automorphism of R"™! given by a matrix a € GL,;1(Z). (Of course, we understand
that R™ is embedded in R™™! by the assignment z — (z,1)).

Next we describe the normalization of a semigroup ring that is ‘almost’ a polytopal
semigroup ring.

Proposition 1.1.2. Let M be a finite subset of Z". Let Cpy C R™ be the (convez)
cone generated by Ey. Then the normalization of R = K|[Sy] is the semigroup ring
R = Klgp(Sy) N Cy|. Furthermore, with respect to the natural gradings of R and

R, one has Ry = Ry if and only if M = P N Z" for some lattice polytope P.

Proof. Tt is an elementary observation that G N C' is a normal semigroup for every
subgroup G of R™™! and that every element x € gp(Sp) N C satisfies the condition
cx € Sp for some ¢ € N.

Consider R™ as a hyperplane in R"™! as above. Then the degree 1 elements of
gp(Sp) N C are exactly those in the lattice polytope generated by gp(Sp) N C NR™.
This implies the second assertion. O]
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The class of polytopal semigroup rings can now be characterized in purely ring-
theoretic terms.

Proposition 1.1.3. Let R be a domain. Then R is (isomorphic to) a polytopal
semigroup ring if and only if it has a grading R = @;°, R; such that
(i) K = Ry is a field, and R is a K-algebra generated by finitely many elements
X1y T € Ry
(i) the kernel of the natural epimorphism ¢: K[X1,...,Xn] — R, o(X;) =
z;, is generated by binomials X® — XP where X® = X{'... X% for a =
(Cll, ce ,am) S ZT,
(iii) Ry = Ry where R is the normalization of R (with the grading induced by that
of R).

Proof. We have seen above that a polytopal semigroup ring has the properties (i)
and (iii). Let Ey = {x1,...,2,}. Then the kernel Ip of the natural projection
K[Xy,...,Xn| — Klz1,..., 2], X; — z;, is generated by binomials (see Gilmer
16), §7).

Conversely, a ring with property (ii) is a semigroup ring over K with semigroup
H equal to the quotient of Z7' modulo the congruence relation defined by the pairs
(a,b) associated with the binomial generators of Ker ¢ ([16], §7); in particular, H
is finitely generated. Since R is a domain, H is cancellative and torsion-free, and
0 is its only invertible element. Thus it can be embedded in Z? for a suitable n
(for example see [7], 6.1.5), and we may consider 1, ...,z,, as points of Z. Set
xh = (x;,1) € ZTI and S equal to the semigroup generated by the z;. We claim that
R is isomorphic to K[S]. In fact, let ¢o: K[X;,..., X;,] — K|[S] be the epimorphism
given by 1(X;) = ;. We obviously have Ker C Ker ¢, but the converse inclusion
is also true: if X® — XP is one of the generators of Ker ¢, then X2 and X® have the
same total degree, and therefore they are in Ker ), too.

Finally it remains to be shown that x),...,x] are exactly the lattice points in
the polytope spanned by them. This, however, follows directly from (iii) and 1.1.2
above. 0

1.2. Normality and unimodular coverings. We begin with a sufficient condition
for the normality of a polytopal semigroup ring. (Not all polytopal semigroups are
normal as will be demonstrated by some examples in Section 1.2; see also Hoa [17].)

Proposition 1.2.1. If an affine semigroup S is a union (set-theoretically) of normal
subsemigroups S, which have the same groups of differences gp(S,) (in gp(S)), then
S itself is normal.

In fact, gp(Sa) = gp(S) for all indices «, and the proof is straightforward.

Recall that an n-dimensional lattice simplex A in R" is called a unimodular sim-
plex if its volume has the smallest possible value 1/n! (or normalized volume 1; we
fix on R™ the standard translation invariant volume function). The verification of
the equivalence of the following three conditions is left to the reader.

(i) A is a unimodular lattice simplex in R";
(ii) A is a lattice simplex in R™ and gp(Sa) = Z"*;
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(iii) A is a lattice simplex in R"™ and for some (equivalently, any) vertex vy of A
the elements

V1 — Vg, ..., Uy — Uy EZL"
form a Z-basis of Z", where v4,...,v, are the other vertices of A.

A collection of (unimodular) lattice simplices covering P is called a (unimodular)
covering of P.

Proposition 1.2.2. Let P be an n-polytope in R™. If P has a unimodular covering,
then it is normal.

Proof. Assume P = |J, A, where the A, are unimodular lattice simplices. Then
Sa, = 27" and gp(S(A,)) = Z"t for all a. Since free semigroups are normal, the
proof is complete in view of the previous proposition. U

Let P be a n-dimensional polytope in R™. Clearly, the equality gp(Sp) = Z"!
holds for the polytopes P which are covered by lattice unimodular simplices (as we
have mentioned in the proof of Proposition 1.2.2). However, it is not true in general
that gp(Sp) = Z"*'. For instance, for any n > 3 and ¢ € N there exists a lattice
simplex 6 C R” such that 6 NZ" is just the vertex set of § and vol(d) = ¢/n!; in this
situation gp(Ss) is a subgroup of Z"*! of index c.

However, after changing the lattice of reference, we can always assume that
gp(Sp) = Z™'. Let M C R" be the lattice generated by the differences of the
vertices of P. Then we replace Z"*! by M & Z.

Question 1.2.3. Let the n-dimensional lattice polytope P C R" satisfy the condi-
tions

(i) gp(Sp) =z, (i) P is normal.

Does P then have a unimodular covering?

In other words, is the existence of a unimodular covering a necessary (and suffi-
cient) condition for the normality of P?

The answer to this question seems to be open. A more special case of a covering
by unimodular lattice simplices is a triangulation (A,) into such simplices, called a
unimodular triangulation. It follows immediately that every integral point of P is
a vertex of at least one A,. In general, if we speak of a triangulation (A,), then
we always require that the simplices of (A,) are lattice simplices; it is called full if
every lattice point in P is the vertex of some simplex A,,.

Proposition 1.2.4. (a) A lattice polytope that has a unimodular triangulation is
normal.

(b) Ewvery full triangulation of a lattice polygon (2-dimensional polytope) is unimod-
ular.

(c) There exists a normal 4-dimensional lattice polytope P that has no unimodular
triangulation.

Proof. (a) This is just a special case of Proposition 1.2.2.
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Part (b) follows from the observation that a lattice triangle A has area 1/2 if and
only if its vertices are the only integral points of A. In particular, a triangulation
(A,) of a lattice polygon is unimodular if and only if it is full.

(c) will be discussed after the proof of Theorem 1.3.1. O

In the last part of this subsection we describe the connection between unimodular
coverings and the canonical module of a polytopal semigroup ring. Let P be a
lattice polytope in R™ and C a covering of P by (not necessarily unimodular) lattice
simplices. We say that a face o € C is interior if o ¢ 0P, and we call the number

int deg C := min{dim 0| o is an interior face of C} + 1

the interior degree of C. For every affinely independent set {zi,...,z;} of points
we denote by (zq,...,x;) the simplex spanned by them. Let M denote the ideal
generated by the monomials corresponding to the sums z; + - - - + x; with x; € Ep
such that the simplex (xy,...,z;) is a minimal interior face of C with respect to
inclusion. By a theorem of Danilov [10] and Stanley [22] the canonical module wg
of a normal affine semigroup ring R = K|S] is spanned over K by the monomials
corresponding to the points of gp(S), equivalently: of S, inside the relative interior
of the cone C' generated by S; see also [7], 6.3.5 or Trung and Hoa [25]. This applies
in particular to K[Sp| where P is a normal polytope.
For a Cohen-Macaulay graded ring R the number

a(R) = —min{i: (wg); # 0}

is called the a-invariant of R (see [7], Chapters 3 and 4). If R = K[Sp] is normal,
then a(R) < 0, since the monomials spanning wg have positive degrees, as pointed
out above.

Proposition 1.2.5. Let P be a lattice polytope with a unimodular covering C. Then
the ideal M is the canonical module wg of R = K[Sp|, and

a(R) = —int degC.

Proof. Let Cp denote the convex cone spanned by Ep in R™™!. The conclusion
will follow if every lattice point x in the interior of C'p can be written as a sum
x1 + -+ 4+ x; + y for some minimal interior face (xy,...,x;) of C and y € Sp. Let
o € C be a unimodular lattice simplex that covers the intersection point of P with
the line passing through x and the origin. Then we may write x as a sum x1+- - -+,
of vertices of o (z1,... ,z, need not be different). Let p be the convex hull of these
vertices. Since z is in the interior of Cp, p € OP. Hence p is an interior face of C. Let
¢ be a minimal interior face of C in p, say € = (x1,... ,zy). Put y = 241 + -+ + .
Then we get © = x1 + - - - + x4 + y, as required. 0

Recall that a graded algebra R is called level if the canonical module wg of R is
generated by elements of the same degree. This notion leads us to call a unimodular
covering C of P s-level if the dimension of every minimal interior face of C is s — 1.

Corollary 1.2.6. If P has an s-level unimodular covering, then R = K[Sp]| is level
with a(R) = —s.
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Now we will use the above result to prove the level property of polygon semigroup
rings. (§M denotes the cardinality of the set M.)

Theorem 1.2.7. Let P be a lattice polygon with $Lp > 4. Then R = k[Sp]| is level
with a(R) = —2 if P has no interior lattice points, and a(R) = —1 else.

Proof. By Proposition 1.2.4 (b) and Lemma 1.2.6 we only need to show that P has
an s-level triangulation C for the appropriate integer s = 1 or s = 2. If P has no
interior lattice points, we choose any triangulation C of P. Since every lattice point
of C lies on OP, every edge not contained in JP is a minimal interior face of C.
Moreover, since §Lp > 4, every triangle of C is not a minimal interior face of C.
Therefore, C is 2-level. If P has an interior lattice point, say x, then we connect x
with the vertices of P. As a consequence we obtain a triangulation of P. Let C be
any full triangulation of P which is finer than this triangulation. Then every edge
of C which does not lie on P must have a vertex not contained in P. Therefore,
no edge of C is a minimal interior face of C. Thus C is 1-level. 0

1.3. High multiples of polytopes. Let P C R" be a polytope. Then cP denotes
the image of P under the homothetic transformation of R™ with factor ¢ and centre
at the origin 0 € R".

Theorem 1.3.1. For any lattice polytope P there exists co > 0 such that cP has
a unimodular covering (and, hence, is normal by Proposition 1.2.2) for all ¢ € N,
Cc > (.

Proof. We will use the well-known (and easy) observation that any finite convex
rational polyhedral cone in R™ admits a finite subdivision into simplicial cones C,,
such that the edges of each C,, correspond to a basis of Z"; more precisely, we obtain
a basis of Z" if we choose on each edge of C, the first integral point different from 0.
(Equivalently, toric varieties admit equivariant resolutions of singularities; Kempf
et al. [19] or Fulton [14].) ‘Subdivision’ here means that the intersection C, N Cy is
a face (of arbitrary dimension) of both C, and C,,.

Now let P be our polytope (of arbitrary dimension n) and v be an arbitrary
vertex of it. Since the properties of P we are dealing with are invariant under
integral-affine transformations (see above), we can assume v = 0 € Z". Let C be
the cone in R™ spanned by 0 as its vertex and P itself, i. e. C' corresponds to the
corner of P at v. Let C' = U, C, be a subdivision into simplicial cones C,, as
above. So the edges of C, for each o are determined by the radial directions of
some basis {€1, .., €an} of Z™. Denote by A, the parallelepiped in R" spanned
by the edges [0, ea1], .-, [0,ean] C R™ Thus vol(A,) = 1 for all a. Equivalently,
A, NZ"™ coincides with the vertex set of A,. Clearly, each of the C, is covered by
parallel translations of A, (precisely as R’} is covered by parallel translations of the
standard unit n-cube).

For each o and each ¢ € N let (), be the union of the parallel translations of
A, inside C, N cP. Clearly, Q4. is not convex in general. By ¢ Q.. we denote the
homothetic image of Q. centered at v = 0 with factor ¢=!. The detailed verification
of the following claim is left to the reader.
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Claim. Let FP denote the union of all the facets of P not containing v (i. e. O
in our case). Then for any real ¢ > 0 there exists c. € N such that

P\U.(FP) c|Jc ' Qac

whenever ¢ > ¢. (U(F2P) denotes the e-neighbourhood of FSP in R™).

Let us just remark that the crucial point in showing this inclusion is that the
covering of each C,, by parallel translations of the ¢™' A, becomes finer in the ap-
propriate sense when ¢ tends to co. (The finiteness of the collection {C,} is of course
essential).

For an arbitrary vertex w of P we define F P analogously.

Claim. There exists € > 0 such that

n UE(F’L(L)JP) = ®7

where w runs over all vertices of P.
Indeed, first one easily observes that

U(FP) = U:(F),

where on the right hand side F ranges over the set of facets of P, while U.(F') is the
e-neighbourhood of F', and then one completes the proof as follows. Consider the
function
d: P— Ry, d(x) = max(dist(zx, F)),

where F' ranges over the facets of P and dist(z, F) stands for the (Euclidean) dis-
tance from x to F'. The function d is continuous and strictly positive. So, by the
compactness of P, it attains its minimal value at some xy € P. Now it is enough to
choose € < d(xg).

Summing up the two claims, one is directly lead to the conclusion that, for ¢ € N
sufficiently large, cP is covered by lattice n-parallelepipeds which are integral-affinely
equivalent to the standard unit cube, i. e. they have volume 1. Now the proof of
our theorem is finished by the well-known fact that the standard unit cube has a
unimodular triangulation (see Subsection 2.3 for more details.) O

We have still to provide a justification for part (c) of 1.2.4 in which we have stated
that a normal polytope P does not always have a unimodular triangulation. Bouvier
and Gonzalez—Sprinberg [5] have found that the cone D in R* spanned by (1,0, 0,0),
(0,1,0,0), (0,0,0,1), and (1, 3,4, 7) does not have a subdivision into simplicial cones
C,, satisfying the following conditions: (i) the edges of C, correspond to a basis of
Z* (as described in the proof of 1.3.1); (ii) each edge of C,, is a ray from 0 through an
element of the (uniquely determined) minimal set F of generators of the semigroup
DNZ*

Let the polytope P € R* be spanned by E U {0}. It can be checked numerically
that P is a normal polytope and E U {0} = P NZ* If P had a unimodular
triangulation (A,), then the cones (with vertices in 0 € R®) over those A, that
contain 0 € R* would constitute a subdivison of D satisfying the conditions (i) and
(ii) above. (See also Sturmfels [24], 13.17.)
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As will be discussed in Subsection 2.3, the subsets Q),. C cP, mentioned in
the proof of Proposition 1.3.1 have a unimodular triangulation; moreover, these
triangulations are regular and the minimal non-faces of the corresponding simplicial
complexes are necessarily edges (i. e. have dimension 1). (For all of these notions
see Subsection 2.1). This observation suggests the following

Question 1.3.2. Let P be a lattice polytope (of arbitrary dimension). Does the
polytope ¢P then have a unimodular triangulation for ¢ € N sufficiently large? Can
such a triangulation be chosen to be regular? Can it be chosen such that the minimal
non-faces of the corresponding simplicial complex are edges, and furthermore level
of interior degree 17

We will see below that all the algebraic properties one can derive from the ex-
istence of such a triangulation are indeed satisfied. Furthermore, the existence of
a regular unimodular triangulation of ¢P for some ¢ > 0 is a major result of [19],
p. 161, Theorem 4.1. It is however by no means clear that the existence of such a
triangulation for ¢P has anything to do with its existence for (¢ + 1)P.

One can give an algebraic proof of the normality of cP for ¢ sufficiently large,
avoiding a reference to the triangulations of cubes. The algebraic approach not only
yields an explicit range for ¢, but also several other properties of K[S.p|. Altogether,
these properties give a rather complete structural description of the rings K|[S.p|.

Recall from the introduction that a graded K-algebra R is called a Koszul algebra if
K (considered as the R-module R/m where m is the maximal homogeneous ideal) has
a linear free resolution over R. Clearly, a Koszul algebra is generated over K by its
degree 1 elements, and the defining ideal of every representation K[X1,..., X,,] — R
that maps X1, ..., X,, to a basis of the vector space R; is generated by homogeneous
polynomials of degree 2. We call a polytope P Koszul if K[Sp] is Koszul for every
field K. (See also Remark 1.3.5 below.)

The c-th Veronese subring @, R;. of a graded ring R is denoted by R©). If z € R
is homogeneous of degree kc as an element of R, then its normalized degree as an
element of R is k.

Theorem 1.3.3. Let P be a lattice n-polytope with gp(Sp) = Z" .

(a) Then cP is normal for ¢ > n —1, Koszul for ¢ > n, and level of a-invariant —1
forc>n+1.

(b) If P is normal, then cP is Koszul for ¢ > (n+1)/2.

Proof. We may assume that K is infinite. If K should be finite, then we pass to
some infinite extension field L of K; for each ¢ we have L[S.p] = K[S.p] ®k L, and
all the properties considered in the theorem are invariant under an extension of K.

A key point of the proof is the relationship between K[S.p| and the c-th Veronese
subrings of R = K|[Sp| and its normalization S (see 1.1.2 for the description of .S):
one has the inclusions

R ¢ K[S.p] c 8¢

of graded K-algebras. (In general both of these inclusions are strict, and one can
give examples where the first inclusion is strict for all ¢.) It is easy to see that
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K|[S,p] is normal if and only if K[S.p] = S©, equivalently, if S is generated by its
elements of normalized degree 1. If P is normal then this equality holds for all c.

Let us first show that cP is normal for ¢ > n. Afterwards we will improve the
bound. We choose a graded Noether normalization Ry C R. Then S is a finite
Ryp-module generated by 1 € S and homogeneous elements vy, ..., y, of positive
degree. Since S is Cohen-Macaulay by Hochster’s theorem, S is a free module
over the polynomial ring Ry, and thus these elements can even be chosen such that
1,y1,...,y, form a basis of S.

In order to bound the degree of the y; we look at the Hilbert series

L+ hyt! + -+ hyt®
— hs # 0.
(1 _ t)nJrl ’ 7&

Then h; = 4{j: degy; = i}. Furthermore, a(S) is the degree of Hg(t) as a rational
function, so that s = n+ 1+ a(S) < n, since a(S) < 0 (see the discussion preceding
1.2.5). Thus degy,; < n for all j.

It follows easily that S(©, ¢ > n, is generated by its elements of normalized de-
gree 1: every element of S is a K-linear combination of the monomials @, ... 2;,y;
where v 4 degy; is a multiple of c¢. Therefore, if ¢ > degy;, then, as a K-algebra,
S is generated by the monomials ;, ...z;,y; with v + degy; = c. This proves the
normality of K[S.p] for ¢ > n.

In order to derive the level property we use a similar argument. Let w be the
canonical module of S. Its Hilbert series is
f) = D It

(1 _ t)n+1

(see [22] or [7], 4.3.8). It is also a free Ry-module, and as such a module it has a
basis of elements of degree at most n + 1 (and n + 1 is indeed attained as such a
degree). Since K[S.p| = S© for ¢ > n, its canonical module is w(®. (This follows
either by general algebraic arguments or by the description of the canonical module
given above 1.2.5.) Similarly as above we conclude that the canonical module of
K|[S.p] is generated by its elements of normalized degree 1 if ¢ > n + 1 (even as a
RY)-module).

Let us now show that cP is also normal for ¢ = n — 1. This is clear from the
previous arguments if P has no interior lattice point: in that case one has a(R) < —2.
In the general case we start with a full lattice triangulation (A,) of P. (Such a
triangulations always exists; see the discussion preceding Lemma 3.1.1.) Then each
simplex A, has no interior lattice point. The normalization Sp of Sp is the union
of the integral closures

So = {x € Z": kx € S, for some k € N}

of the semigroups S, = Sa,, in gp(Sp) = Z"**. (Note that gp(S,) = Z"*! if and only
if A, is unimodular.) The assertions on the Hilbert series and the canonical module

~ ~

of S hold analogously for K[S,] (for example, see [7], p. 265). Since a(K[S,]) < —2,

A

it follows that K[S,]| has a basis of degree at most n — 1 as a K[S,]-module (the
latter ring is a polynomial ring whose indeterminates correspond to the vertices of

Hs(t)
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A,). Since such a basis can always be chosen to consist of monomials, we conclude
that each of the semigroups S, has a description as follows: there exist elements
yi of degree at most n — 1 such that each element z of ga is a product xy - - - xyk
with elements x; corresponding to the vertices of A,. Consequently this holds for
the union Sp of the S, with respect to the set of lattice points of P, whence S is
generated as an R-module by elements of degree at most n — 1, as was to be shown.
(However, note that one can replace R by Ry in the last statement only if P has no
interior lattice point.)

Part (a) is complete once we have proved the Koszul property of K[S.p| for ¢ > n.
However, it is useful to treat (b) first. If P is normal, then one has R = S so that S
is generated by its degree 1 elements. The Castelnuovo-Mumford regularity reg(R)
(see [11]) is given by

reg(R) = max{i + j: H}(R); # 0}

(m is the irrelevant maximal ideal of R). Since (for example by local duality) a(R) =
max; { H2(R) # 0} and H\(R) = 0 for i < n + 1 because of the Cohen-Macaulay
property of R, we see that reg(R) = n+ 1+ a(R) = s < n (with the notation
introduced above).

Now we use the theorem of Eisenbud, Reeves, and Totaro [12] by which R is
Koszul for ¢ > (reg(R) 4+ 1)/2). This completes the proof of (b). (Note that the
results in [12] are formulated in terms of reg(Ip) = reg(R) + 1).

If P is not normal, then S is not generated by its degree 1 elements, but it is
Cohen-Macaulay and a finitely generated R-module, and this is sufficient to make
its Veronese subalgebras Koszul for ¢ > reg(S); see Theorem 1.4.1(b) below. O

We single out a result derived in the previous proof:

Corollary 1.3.4. Let P be a lattice n-polytope. Then the normalization of K|[Sp]
is generated as a K[Sp|-module by elements of degree at most n — 1.

One should note that 1.3.3 and 1.3.4 include the normality of lattice polygons
stated in 1.2.4.

Remark 1.3.5. (a) The theorem of Eisenbud, Reeves, and Totaro and Theorem
1.4.1 even says that the defining ideal of K[S.p| has a Grobner basis (see Eisenbud
[11] for an introduction to Grébner bases) of degree 2 for ¢ > (n+1)/2 if P is normal
and for ¢ > n in general; if we could find such a Grobner basis with squarefree initial
monomials, then we could draw strong combinatorial consequences for c¢P. (See
Subsection 2.1 for the connection between Grobner bases and regular triangulations. )
However, we do not see how to modify the proof of 1.4.1 in order to achieve such an
improvement.

(b) We do not know an example of a polytope P for which the Koszul property
of K[Sp] depends on K. However, in general the graded Betti numbers of K as
a K[Sp]-module depend on K. Such an example is given by the affine semigroup
ring R associated with the minimal triangulation of the real projective plane as
described in Bruns and Herzog [8], Theorem 2.1. This semigroup ring is polytopal
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(with a grading different from that in [8]), and the third Betti number of K in
characteristic 2 is greater by 1 than that in any other characteristic.

(c) The assertion on the normality of ¢P in 1.3.3 is essentially equivalent to the
results of Ewald and Wessels [13] and Liu, Trotter, and Ziegler [21] which, however,
have been derived by different methods. Modifying an example of [13], one sees
easily that the bound ¢ > dim P — 1 for the normality is sharp. In fact, let P C R"
be the polytope whose vertices are ¢y = 0, ¢; = (1,0,...,0),...,e, = (0,...,0,1),
and a, = (1,...,1,n); then gp(Sp) = Z""!, the vertices are the only lattice points
in P, and (1,...,1,n — 1) € Z"™ belongs to a minimal system of generators of Sp.
(We are grateful to G. Ziegler for informing us about the results of [13] and [21].)

1.4. High Veronese subrings are Koszul. The following theorem and its proof
generalize the main result of Eisenbud, Reeves, and Totaro [12] who showed it for the
case R = S (and ¢ > (reg(R)+1)/2). Unfortunately the proof given in [12] requires
several modifications, forcing us to include all the details. For the application to
polytopal semigroup rings part (b) of the theorem is sufficient. Since the theorem
is of independent interest, we treat the general case.

Theorem 1.4.1. Let K be an infinite field and S graded K -algebra that is a finitely
generated module over a graded subalgebra R generated by its degree 1 elements. Let
Y1, .- Yn €S be homogeneous elements such that yi,...,Yn, Yns1 = 1 1S a minimal
system of generators of the R-module S. Furthermore, leta; C R, j = i+1,...,n+1,
denote the annihilator of y; modulo the R-submodule of S generated by yji1, ..., Ynt1
(thus a,+1 is the kernel of the structure morphism R — S). We set

e =maxdegy, and d= max(deg yj + reg(R/cg)).
j j

(a) Then the following hold:

(i) forc > e the Veronese subring S s generated as a K -algebra by its elements
of normalized degree 1;
(ii) for ¢ > d+1 the defining ideal of S with respect to a suitable representation
as a quotient of a polynomial ring has a Grobner basis of elements of degree
at most 2;
(iii) S is a Koszul algebra for ¢ > d + 1.

(b) Suppose that S is a Cohen-Macaulay ring. Then the bounds e and d + 1 in (a)
can be replaced by reg(.S).

Proof. Part (a)(i) appears already in Bourbaki [4], Chap. III, §1, Lemme 1. It is
easily seen as follows. Let z1,...,x,, be a vector space basis of R;. Every homoge-
neous element x € S with u = degx > e is a K-linear combination of the products
Tpy - g, and y;Tk, ... 1), with u = degy; + 7, and therefore R(®) is generated as
a K-algebra by such products of total degree ¢ and normalized degree 1. Below we
will always use the notation just introduced.

For (a)(ii) and (a)(iii) we consider the epimorphism

p:QHSJ Q:K[le”'avaiflv"'JYn]a XlH:Eu}/z'_)yla
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we set deg X; = 1, degY; = degy;. That (a)(iii) follows from (a)(ii) (separately for
each ¢) has been shown in Bruns, Herzog, and Vetter [9]. Part (a)(ii) requires some
auxiliary results, and we will prove it later.

It is essential for (b) that we can replace R by a Noether normalization Ry of R
that is generated by degree 1 elements. Then S is generated as an Ry-module by
elements of degree at most reg(S), as shown in the proof of 1.3.3. Therefore we
can replace e by the (possibly worse) bound reg(.S) in (a)(i). Furthermore we have
a; = 0 for all j, and therefore d = e = reg(S) after the replacement of R by Rj.
The rest of the proof of (b) is also postponed. O

In the following we will freely use that a term order on ) induces a term order
on each of its subrings generated by monomials. On () we set up a term order
evaluating the following rules in the sequence given; in (ii) we denote by fy the
number of factors Y;: p < v if (i) deg p < degv, (ii) fyp < fyv, (iii) the Y-factor of
i is reverse-lexicographically smaller than that of v, (iv) the X-factor of y is reverse-
lexicographically smaller than that of v. The variables are ordered by Y; < --- <Y,
and X < --- < X,,; we use the term ‘reverse lexicographic order’ as in [11].

We introduce some further notation: P = K[X,...,X,,], and Q' is the subal-
gebra of () generated by the monomials Xy, ... X}, and Y; X}, ... X}, with deg) +
r = c¢. The epimorphism p: ) — S introduced above induces an epimorphism
pl9: Q) — S© for ¢ > e (as seen above). We set J = Ker p and J© = Ker p{© =
J N Q.

Let I; be the preimage of a; with respect to the restriction of p to P. Then
R/a; = P/I;, and in particular reg(R/a;) = reg(P/1;). By a theorem of Bayer and
Stillman [1], after a generic change of variables in P we may assume that in(/;) is
generated by elements of degree < reg(P/I;) + 1.

Lemma 1.4.2. (a) Let ¢ > d+ 1. Then the ideal in(J')) = in(J) N Q@ of Q@ is
generated by monomials of the following type:
(1) (11Y;)(2Yr) with piy, po € P and deg punY; = deg uaYr = c,
(i) pY; with p € in(1;), degpY; = ¢;
(iii) v € in(l,41), degv = c.
Moreover, all monomials of type (i) are contained in in(J').
() If R = K[Xy1,...,X,,] and S is a free R-module, then in(J'?) is generated by
the monomials of type (i) for all ¢ > reg(S).

Proof. A monomial A € Q belongs to Q' exactly when deg A\ = kc for some k and
fy A < k. The way we have ordered the monomials of () guarantees that the initial
monomial of a homogeneous element f € () has the highest number of factors Y;
among all its monomials. Thus, f € Q@ if and only if in(f) € Q. This implies
the equation in(J‘?) = in(J) N Q@ since J is generated by homogeneous elements.
Since y1,...,Yn, 1 generate S as an R-module, and thus as a P-module, it follows
that J has a system of generators consisting of polynomials
(1) fo+ fit(Y)+ YY; with f; € P and a linear form ¢ (we include the case
k=1).
(2) f() + flg(Y) with fo, f1 € P, and
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(3) feP.

If we replace Y; by e;, then (2) and (3) yield a system of generators of W above.
It is clear that the elements of (1) belong to a Grébner basis G of J with respect to
our term order, and that the leading monomial of every other element of a (reduced)
Grobner basis G has at most 1 factor Y;. Thus the elements of G are again of the
types (1), (2), and (3). The leading monomial of (1) is ¥}, that of (2) has the form
pY; with g € in(Z;), and that of (3) belongs to in(Z,+1).

Since Y;Y; € in(J) for all k, I, it follows that every monomial of type (i) belongs
to in(.J'?). Thus it remains to show that every monomial of in(.J(®) with at most 1
factor Y; is a multiple of one of the monomials of type (ii) or (iii). This is evident
if one uses the inequalities for ¢ and the fact that I; is generated by monomials of
degree at most ¢ — degy;.

For (b) we note that G consists of elements of type (1) so that only the bound
¢ > e =reg(S) is needed. O

Let V' be the polynomial ring over K whose indeterminates Z, are indexed by the
monomials p = Xy, -+ Xp, kbt < -+ < ke, and p =Y, Xy - Xy, by < --0 <y
¢ = degY;+r. For ¢ > e we define the epimorphism ¢: V' — Q' by the substitution
¥(T,) = p. Then S is a homomorphic image of V' via the composition p{ o 1. If
we let U be the polynomial subring of V' generated by the indeterminates 7}, with
fyp = 0, then we obtain the following commutative diagram in which the vertical
arrows denote the natural inclusions:

U PO R©
vt g £, 50,

We introduce a term order on V' as follows. Let M and N be monomials of V. In
the case in which ¥(M) # ¢(N) we set M < N if (M) < 1»(N). This defines an
order on the indeterminates 7),, so that the case /(M) = )(N) can be covered by
letting M < N if M precedes N in the reverse lexicographic order.

The next task is the analysis of a = Kert. For this purpose one introduce the
K-linear map 7: V. — V by setting 7(M) for a monomial M to be the smallest
monomial N with respect to < such that ¢)(N) = ¢(M). A monomial M is called
standard if M = 7(M). By the definition of 7 it is obvious that ¥(7(f)) = ¥(f) for
every element f € V. Furthermore each monomial dividing a standard monomial is
standard. Therefore the vector subspace spanned by the non-standard monomials
is an ideal H of V.

It is useful to describe 7(M) explicitly. We list all the factors X; and Y; of ¢(M)
as follows:

Xi '7Xi57 Z1§§Zs, Y; }/}ty

Jio

J1 < <

19 ¢

Then we arrange them in the following sequence. The first factor is Yj,. It is
followed by X;, ---X,, with v = ¢ — degY;,. Then we proceed with Y}, followed
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by X, -+ X;, with v = u + ¢ — degYj, etc. Then we cut the total product into
monomials i, ...,y of degree c. It is not hard to see that 7(M) =2, --- Z,,,.

In fact, suppose 7(M) = Z,, ---Z,,. We may assume that vy, ... v are in
descending order with respect to <, and, furthermore, that each pu; has its factors
ordered as just described: the potential factor Y; first, and then the factors X; in
descending order with respect to <. If their product written out in this order is not
the sequence described above, then we can pass to a smaller product Z, - -- Z,, by
exchanging factors between v; and v;,, for some ¢. This contradicts the choice of
T(M). (We leave it to the reader to check all the combinatorial details.)

The previous argument also shows that a non-standard monomial contains a non-
standard monomial of degree 2. In other words, H is generated by monomials of
degree 2.

Lemma 1.4.3. H =in(a), and H is generated by monomials of degree 2.

Proof. By definition the standard monomials correspond bijectively to the mono-
mials in Q‘?, and they also correspond bijectively to the monomial basis of V/H.
It follows that Q/H and Q® have the same Hilbert function. Thus the equation
H = in(a) is proved, once we know that H C in(a). But this is also clear: if M
is non-standard, then it is the leading monomial of M — 7(M) € a. That H is
generated by degree 2 monomials, has been seen above. 0

It is useful to introduce the K-linear map o: Q — V by assigning each monomial
p € Q9 the unique standard monomial M with (M) = p.

Now we look at the initial ideal of b = Ker p{® o4 of which we claim that it has
a Grobner basis of degree 2.

Lemma 1.4.4. (a) For ¢ > d+1 the initial ideal in(b) is generated by (i) in(a), (ii)
the monomials Z,Zx with fyrx = fy X = 1, (iii) the monomials (i) with p € Q'
p=vY;, vein(ly), and (iv) the monomials o(r) with m € in(I,41) N Q.

(b) Under the hypothesis of 1.4.2(b) in(b) is generated by the monomials of type (i)
and type (ii) for all ¢ > reg(95).

Proof. (a) Pick f € b. If the initial monomial A of f is non-standard, then it belongs
to in(a). If #y (¢ (A)) > 2, then it is of type (ii). In the remaining case we note that
(A) is the leading monomial of ¢(f). In fact, if A is standard, then A = in(7(f))
as well, and since ¥(7(f)) = ¥(f), we may assume that f = 7(f). In this case
the monomials of f are mapped to pairwise different monomials of Q‘?, and the
leading monomial cannot be cancelled by the application of ¢. That A goes to the
leading monomial of ¥(f) follows from the definition of the term order on V. Since
fy®(A) < 1, the rest follows from Lemma 1.4.2 and the fact that A = o(7(A)).

(b) In this case there are no monomials of type (iii) or (iv). Furthermore, note
that 1.4.2(b) and 1.4.3 hold for ¢ > reg(S). O]

Part (b) of 1.4.4 completes the proof of 1.4.1(b): in(b) has indeed a Grébner basis
of degree 2 elements for ¢ > reg(S), since S is a free Rp-module with a basis in
degrees < reg(S).
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The reader may ask why 1.4.4 does not yet prove our claim in the general case:
in 1.4.2 we have shown that the ideal in(I;)Y; N Q) is generated by its elements
of normalized degree 1. Therefore 1.4.4 should yield that in(b) has a Grobner basis
of degree 1 and 2 elements. However, if 4 | v for monomials u,v € Q' then
it does by no means follow that o(u) | o(v). Fortunately this obstruction can be
overcome. As usual we call a monomial ideal I C K[Xy,...,X,,] combinatorially
stable it it contains with each monomial X;, --- X, , i3 < --- <, all the monomials
Xin1 o X’ik—l with ] < .

According to a theorem of Bayer and Stillman [2] we may assume: in(/;) is in-
variant under the action of the group of upper triangular matrices. Proposition 10
of [12] then implies that in(/;)>, is combinatorially stable for all r > reg(P/1I;) + 1.
Here I, denotes the ideal generated by all elements of I that have degree > r.

We can now conclude the proof of Theorem 1.4.1. According to 1.4.4 we look at
a monomial yu = vY; € Q9 with v € in([;) (the case j = n + 1 is covered if we let
Y,+1 =1). By 1.4.2 there exists a monomial v/ € in(/;) that divides v and for which
V'Y, has normalized degree 1. We write p as a product in the order from which o ()
is computed:

w=Y;X; ... X, r = kc—degY;.

Let s = c—degYj;. Then v/ is a product of s indeterminates among the X;,. Because
of the combinatorial stability of in(/;) in degrees > ¢ — degy; > reg(P/l;) + 1 it
follows that X;, ... X; € in(l;), and o(Y;X;, ... X;,) divides o(u). Altogether this
shows that in(b) is generated in degrees 1 and 2.

2. REGULAR TRIANGULATIONS

2.1. Regular triangulations and Grobner bases. In this subsection we recall
the notion of a regular polyhedral subdivision (called ‘projective’ in [19] and ‘coher-
ent’ in Gelfand, Kapranov, and Zelevinsky [15]) and review the connection between
the regular triangulations of a polytope P and the Groébner bases of the defining
ideal Ip of K[Sp|.

Let n be a natural number and P C R"™ a polytope (of dimension n). A polyhedral
subdivision of P is a finite system (Q,) of subpolytopes of P such that dim @, =
dim @3 for all @ and # and, furthermore, ), N Qg is a face both of @), and Qg
(of arbitrary dimension, maybe empty). A polyhedral subdivision that consists of
simplices only is called a triangulation.

Assume ) C R™ is a polytope of dimension n. A function G: ) — R is said to
be linear if there exists a function G': R — R with

G'(z1,...,2,) =Cix1 + -+ Ch, + C

for some C,...,C,,C € R, such that G'|Q = G. Clearly, if G’ exists, it is uniquely
determined by G. The functions R™ — R of the type of G' are called affine.
Now assume X C R" is a convex set. A function F': X — R is convez if

k k k
F(3Y hiwi) = Y AiF(z;) forallk e N, A €[0,1], Y Ai=1, 2 € X.
=1 =1

i=1
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(Sometimes such functions are called concave, and the convex ones are defined by
the opposite inequality.)

Let (Q.) be a polyhedral subdivision of P. A function F: P — R is called
piecewise linear with domains of linearity (Q,) if the restrictions F'|Q, are linear for

all a, and F' is not linear on an arbitrary subpolytope of P strictly containing one
of the Q,.

Definition 2.1.1. A polyhedral subdivision {Q,} of P is regular if there exists a
piecewise linear convex function F': P — R, with domains of linearity (Q,). Such
a function F is called a realizing function of the subdivision (Q,).

We have the following obvious observation: if F' is a realizing function of the
subdivision (Q,), then C1 F' + Cs is so as well for arbitrary real numbers C; > 0 and
Cy > 0.

Not all polyhedral subdivisions of P are regular. Below we shall give an example
in connection with the patching lemma 2.2.2.

Assume (Q,,) is a regular polyhedral subdivision of P with realizing function F.
The subset

{(z,F(z)): z € P} C R™™
is a polyhedral ball (of dimension n) mapping isomorphically into P via projection.
Let H, denote the affine hull of {(z, F'(z)): x € Q4}. It is an n-dimensional affine
hyperplane of R™™. One easily sees that for any point x € P\ Q, the inequality

F(z) < ho(z)

holds, where h,: R" — R is the unique affine function whose graph is H, (this
means h,(z) € H, for all x € R™). Conversely, it is also true (and easily seen) that,
for a polyhedral subdivision {Q,} of P and a piece-wise linear function F': P — R
with domains of linearity (@, ), the validity of the inequalities

F(x) < ho(x)

for all @ and all x € P\ @, implies the regularity of the subdivision (Q,). In this
situation F' is a realizing function of this subdivision (h, again denotes an affine
continuation of F'|Q,). Moreover, we could require the validity of these inequalities
only for the points x € P\ (), which appear as a vertex of some )3 — the subdivision
would again be regular and F' would again realize it. This holds true because a
polytope is the convex hull of its vertices, and an affine function preserves barycentric
coordinates. We will freely use these observations in the sequel.

Now assume A C R" is a finite subset whose convex hull (conv(A) for short) has
dimension n. Let ¢: A — R, be an arbitrary function; later on it will be called a
height function and p(a) will be called the height at a. Consider the convex hull W
(in R™1) of the set

{(a,0): a € A} U{(a,¢(a)): a € A}.

Below R” is identified with R" &0 C R"™'. We see that W is an (n+ 1)-dimensional
polytope, and conv(A) is one of its facets. Let 7: R""1 — R" denote the projection
with respect to the last coordinate. Then any facet of W different from conv(A) will
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project under 7 either onto a facet of conv(A) or onto an n-dimensional subpolytope
of conv(A). The latter facets form the roof A, of W. (If A= Lp, then we write P,
for A,.) Clearly, the vertices of the subpolytopes thus obtained will belong to A,
but in general not all elements of A will appear as such vertices.

Using the general observations above we conclude that the subpolytopes of conv(A)
which are n-dimensional m-images of the facets of W constitute a reqular polyhedral
subdivision of conv(A) (see [15]). Thus any height function ¢: A — R, defines a
regular subdivision of conv(A). The piecewise linear function F': conv(A) — Ry
naturally determined by the facets of A, is convex and, moreover, is a realizing func-
tion of the regular subdivision of conv(A) defermined by ¢ (in the way described
above). We say that F' is spanned by p. We see that for arbitrary real numbers
C7 > 0 and C5 > 0 the two height functions ¢ and Ci¢ + Cy determine the same
regular subdivision of conv(A).

If A and ¢ are as above and d is a facet or, more generally, an arbitrary face of
conv(A) then p|ANd is a height function for A N d and, thus, defines a regular
polyhedral subdivision of d with vertices in A N d. Strictly speaking, we should
first identify Aff(d) (the affine hull of d) with R¥™@ bhut in this situation the
identification will be tacitly understood (if no confusion arises). It is obvious that
this regular subdivision of d is nothing but the subdivision induced in a natural way
by the regular subdivision of conv(A) determined by ¢. Therefore we arrive at the
following conclusion: if ¢, ¢’: A — R, are two height functions which agree on ANd
for some face d of conv(A), then both of the subdivisions of conv(A), determined
by ¢ and ¢’ respectively, induce the same regular polyhedral subdivision of d.

The importance of regular triangulations for polytopal semigroup rings stems
from their connection with Grobner bases. For the convenience of the reader we
briefly review this connection; see Sturmfels [24] for a detailed treatment. Let m =
#Lp. As discussed in the proof of Proposition 1.1.3, the semigroup ring k[Sp| has a
presentation

k[Sp] = k[X1, ..., Xn]/Ip,

where X1, ..., X,, correspond bijectively to the lattice points xy,...,x,, of P, and
Ip is an ideal generated by binomials. For any term order < on K[Xj, ..., X,,]| there
exists a weight function ¢ on {Xj,...,X,,} such that the initial ideal of Ip with
respect to < equals the initial ideal in,(/p) of Ip with respect to the partial term
order determined by ¢. In this case we say that ¢ determines a Gréobner basis of Ip.
Considered as a height function on {x1,... ,x,,}, ¢ determines a regular subdivision
A, of P, which in this case is actually a triangulation. This triangulation represents
a simplicial complex on the set {x1, ..., z,,} which we also denote by A, (in general
not every w; is a vertex of A,). The squarefree monomials X;, ...X; for which
{xi,..., 2.} is a non-face of A, generate the Stanley-Reisner ideal I ; as its
generators are squarefree, it is a radical ideal. The quotient K[Xy,..., Xpy]/Ia, is
the Stanley-Reisner ring of A,. The connection between in,(Ip) and I, is given
by the following theorem of Sturmfels (see [23] and [24], 8.3 and 8.8).

Theorem 2.1.2. (a) Let ¢ be a weight function on {X1,...,X,,} that determines
a Grobner basis. Then Radin,(Ip) = Ia, .
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(b) Conversely, given a reqular triangulation A of P, there exists a weight function
© on{Xq,..., X} with A, = A that determines a Grébner basis.

(c) Ay is unimodular if and only if in,(Ip) = Ia,,.

Part (c) explains the special interest in unimodular triangulations. (In general the
Grobner basis associated with a regular triangulation is not uniquely determined.)

Corollary 2.1.3. If P has a regular unimodular triangulation A whose minimal
non-faces are edges (i. e. of dimension 1), then P is Koszul.

Proof. If the minimal non-faces of A are edges, then I is generated by monomials
of degree 2, and if, in addition, A is unimodular, then 2.1.2(c) implies that Ip has
a Grobner basis of degree 2. Algebras defined by a Grobner basis of degree 2 are
Koszul according to [9]. O

2.2. Perturbation and patching of regular triangulations. In this subsection
we prove three lemmas (on perturbation, patching and direct products) which will
be useful in the construction of regular triangulations.

In the following a representation of z € R" as a linear combination z = >_7"; \;z;
will be called barycentric if 377", A\; = 1, and convez if additionally A\; > 0 for all i.

Lemma 2.2.1. (Perturbation Lemma) Let A C R"™ be a finite subset, p: A — R,
a height function and a € A. Suppose further that (Q,) is the regular polyhedral
subdivision of conv(A) determined by @. Then there exists 6 € R, § > 0, such that
for any height function ¢': A — R, with

(i) ¢'(b) = @(b) for b€ A\{a}, and (i) |¢'(a) — ¢(a)] <6
a polytope Q from (Q,) survives in (i. e. is an element of ) the reqular polyhedral
subdivision of conv(A) determined by ¢’ whenever
(a) a & Q, or
(b) Q is a simplex and Q N A is the vertex set of Q.
Proof. Let m be as above. If a ¢ Q, then p(a) < hg(a), where hg: R"™™ — R is the
affine linear function corresponding to the facet of A, which is mapped isomorphi-
cally to @ by m. So ¢'(a) < hg(a) for ¢ sufficiently small. Since

o'|AN\{a} = ¢[A\{a},
we automatically have ¢'(b) < hg(b) for any element b € A\ (Q U {a}). Every
x € conv(A) \ @ has a convex presentation x = ¥ \a; with Aj,..., A\, > 0,
F'(z) = X% A\i¢'(a;), and ay,...,a; € A not all belonging to Q. Let F' be the
piece-wise linear convex function spanned by ¢’. Then every element z € conv(A)\Q
has a convex presentation x = Zle Aia; with Aq,..., Ay >0 and aq,....ax € A not
all belonging to @, but belonging to some domain linearity of F’. It follows that

Fl(z) =Y X' (i) <> Nihglas) = ho(x)

i=1 i=1
(note that hg preserves barycentric representations). As we have observed, this
inequality presisely means @ is involved in the regular subdivision of conv(A) de-
termined by ¢'.
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Now assume () is a simplex and QN A is the vertex set of Q). Let aq,...,a,41 € A
be the vertices of Q. Then there exists a unique affine hyperplane Hg in R™*!
passing through all the points (a;, p(a;)) € R™"!. Similarly, there exists a unique
affine hyperplape Hg, pas;ing through the points (a;, ¢’(a;)). Let hg and hg denote
the corresponding affine linear functions. Assume

hQ(xl,...,mn) = Cll’l + - +Cnxn +C,

hg(xy, ..., w,) = Cloy + -+ + Cla, + C
Clearly, ¢} — C4,...,C/, — C,, and ¢ — C when 6 — 0. On the other hand
¢(a) < hg(a) for any a € A\ Q. Therefore ¢'(a) < hy(a) for a € A\ Q whenever §

is sufficiently small. As above, this means () is involved in the regular subdivision
of conv(A) corresponding to ¢'. O

It follows immediately from Lemma 2.2.1(b) that if (@), ) is a regular triangulation
of conv(A) (notation as in the lemma), which is determined by the height function

gO:A—)R+

and satisfies the condition that any element of A is a vertex of some @),, then
for any sufficiently small perturbation 1 of the height function ¢ (at all points of
A) the corresponding regular polyhedral subdivision of conv(A) will be the same
triangulation (Q,). This observation is frequently used in the literature dealing
with regular polyhedral subdivisions ([15], [23], [24]).

The next lemma is equivalent to [19], p. 115, Corollary 1.12. In view of the
different terminology and for the convenience of the reader, we include a proof.

Lemma 2.2.2. (Patching Lemma) Let P C R" be a finite convex n-dimensional
polyhedron, (Q,) a reqular polyhedral subdivision, and (Qag) be a reqular polyhedral
subdivision of Q. for each «. If there exist realizing functions

F,: Q,— R,
of the regular subdivisions (Qag) (of Qa) such that

Fa‘@a N Qa/ - Fa"@a N Qa’
for all indices o and o, then (Qup)ap is a reqular polyhedral subdivision of P.

Proof. Consider the function F': P — R, defined by F(z) = F,(x) for x € Q,. By
our hypothesis F' is well defined. Let G: P — R, be any realizing function of the
regular subdivision (Q,). For any ¢t > 0 we consider the function

®, =G+ (1/t)F.

We claim that (Qag)a,s is a regular polyhedral subdivision of P and that @, is its
realizing function for all sufficiently large ¢.

We know that @&, is convex on each of ), and that for all a, 3 the restriction
;| Qyp is affine for all natural ¢ € N. To prove our claim it suffices to show that for
t sufficiently large the following inequality holds:

Oy (z) < Hiop(z) forall a,f and z € P\ Qup

where Hios: R" — R denotes the unique affine continuation of ®;|Q,s.
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Let us introduce some more notation. For any a we denote by g, the affine
continuation of G|Q, to R", and that of F,|Qus(= F|Qas) by fas: R — R. Thus
Htaﬁ = Ga + (1/t)foz/3'

Let V' denote the union of the vertex sets of all the Q. Then g,(v) > G(v)
whenever v € V' is not a vertex of ),. Clearly for all x € P and all «, § we have

Oy(x) — G(z) and  Hiap(z) = ga(2)
when ¢ — oco. Since V is a finite set, there exists ¢y for which
D, (v) < Hiap(v)
whenever t > t5, v € V' \ Q. Now suppose v € (VN Q,) \ Qag. Then
®y(v) = G(v) + (1/) F(v) = ga(v) + (1/1) Fa(v) < ga(v) + (1/1) fap(v) = Hiap(v).

From now on we assume t > t;.

Choose an arbitrary point z € P\ (Qo3. Then there exists a pair (¢, 5') # (a, )
such that € Qup. Therefore z = le Aiv; has a convex representation with
v; € VN Qup and v; ¢ Qup for at least one j. Note that ®, and H,s preserve
barycentric coordinates on Q. In view of the fact that v; ¢ Q. for at least one
7, the inequalities above yield

@t(l‘) = ; /\ZCI)t(Uz) < Z )\Z-Htaﬁ(vi) = Hta,@(Z /\zvz) = Hta,@(x>-

i=1 i=1

O

Remark 2.2.3. In order to patch regular polyhedral subdivisions in the way de-
scribed in Lemma 2.2.2 it is necessary that (Q.s)s and (Quwp)s induce the same
polyhedral subdivisions on Q,NQ. (notation as in the lemma). However this condi-
tion is not sufficient, not even in the planar case (n = 2). We consider the following
triangulation A:

One can obtain A from the regular triangulation of the triangle in the first quadrant
by two successive patchings. (The triangulation of the triangle in the first quadrant
corresponds to a lexicographic term order; see 3.2.4 below.) However, it has the
same characteristic function as its mirror image A" with respect to the z-axis. (The
characteristic function assigns to each vertex v the sum of the volumes of the facets
adjacent to v.) Since A # A’| it is not regular (see [15], Chapter 7, Theorem 1.7).

Lemma 2.2.4. (Direct Product Lemma) Let P, C R™ ... P, C R} be polytopes
of dimensions ni,...,n; respectively. Suppose further (Q), ..., (QW¥) are reqular
polyhedral subdivisions of Py, ..., P respectively. Then

{Qux - xQr: Qe (QW),i=1...,k}

s a reqular polyhedral subdivision of Py X -+ X Py.
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Proof. By induction on k (which is used only for simplicity of the notation) we can
asume k = 2. Let Fi: P — R, and Fy: P, — R, be realizing functions of the
subdivisions (Q(") and (Q®) respectively. Consider the function

F: P x P,— Ry, F(xay) :Fl(x)+F2(y>'

It is now easy to show that F'is convex and that its domains of linearity are precisely
the products Q1 X Qa, @1 € (Q), Qs € (Q?) (use barycentric coordinates). O

2.3. Polytopes related to rectangular parallelepipeds. A standard n-dimen-
sional rectangular parallelepiped A is a polytope given by

{z eR": 0 < z; <a;}

for real numbers ay,...,a, > 0. Thus the points a; = (0,...,0,a;,0,...,0) are
vertices of ), and the vertex set vert(A) of A is given by

{Zai: S C {1,...,n}},
ieS

where > ;cpa; = 0. If all the a; are equal to 1, then A will be called the standard
unit cube (of dimension n). A unit cube in R™ is defined as a subset of the type
x + A for some x € R™ where A is the standard unit cube. Later on we shall use
the notation A,, for the n-dimensional standard unit cube.

We fix the partial order on R"™ under which (ay,...,a,) < (by,...,b,) if a; < b;
foralli=1,... n.

We have the following obvious

Lemma 2.3.1. Suppose n > 2. Then for any i = 1,...,n the i-th coordinate
embedding

CZ‘Z Rn_l — Rn, C’i(al, ce ,an_l) = ((ll, N 7 I O, Qiy oo ,an_l)
respects the order structures of R"~! and R".

The results of this subsection are based on a unimodular triangulation of the
unit cube that we are going to construct now. Presumably this triangulation is
well-known, but we have no reference covering the details needed below.

The system T,, of n-dimensional simplices with vertices from vert(A,) is induc-
tively defined as follows. For n =1 put T3 = {A;}. Assume n > 1. Then T, is de-
fined as the system of simplices each of which is the convex hull of some § € C;(T},—1)
and the vertex (1,...,1) € A, where i runs over 1,... n.

By induction on n one sees easily that dim(A) = n and vol(A) = 1/n! for all
A € T,. So T, consists of unimodular lattice simplices (see subsection 1.1).

Here is an alternative description of 7,.

Lemma 2.3.2. T, consists precisely of those simplices whose vertex set is a mazimal
chain (i. e. linearly ordered subset) of vert(A,,).

We leave the easy proof of the lemma to the reader; in conjunction with induction,
the essential point is that (1,...,1) is the unique maximal element of vert(A,,).

Now we define the system D,, of (n — 1)-dimensional hyperplanes in R™, n > 2,
inductively as follows. For n = 2 set Dy = {R(1,1)}, i. e. Dy consists of the single
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line passing through the diagonal [(0,0),(1,1)] of Ay. Let n > 3. Then D, is
defined as the system of (n — 1)-dimensional R-subspaces of R™ spanned by C;(D)
and e; = (0,0,...,0,1,0,...,0) foreachi=1...,nand D € D,,_;. (For n =1 we
set D; = ().) Observe that in the definition of D,, we could equivalently consider
affine hulls; they are actually vector subspaces. Straightforward arguments show

Lemma 2.3.3. The system D,, consists of the (n—1)-dimensional hyperplanes in R™
determined by all the linear equations X; = X;, 1,7 =1,...,n, ¢ # j. In particular

1D, = (3).
A facet F' of a simplex A € T, is called non-coordinate if it is not parallel to
Ci(R™Y) for any i = 1,...,n.

Lemma 2.3.4. (a) The non-coordinate facets of the simplices belonging to T, coin-
cide with the simplices (of dimension n—1) spanned by the vertex sets {vy,va, ..., vy}
such that (0,0,...,0) =v <wvy <---<w, =(1,1,...,1) € A,.

(b) D,, coincides with the set of affine hulls of the non-coordinate facets of simplices
from T,,.

Proof. Tt follows from 2.3.2 that the facets of the simplices in T}, correspond bijec-
tively to the chains v; < -+ < v, of vertices of A,,. If (0,...,0) # vy, then all the v;
lie in a hyperplane given by the equation X; = 1 where j is the unique index such
that v; = 1. If (1,...,1) # v, then all the v; lie in a hyperplane with the equation
X; = 0 where j is the unique index such that v,; = 0.

Conversely suppose that (0,0,...,0) =v; <wvy < --- <wv, = (1,1,...,1). Then
there exist uniquely determined indices ¢, j, k such that v;1; = v; +e;+e;. Therefore
the corresponding facet is contained in the hyperplane given by X; = X}, and it
even spans this hyperplane as a vector space since vy, . . ., v, are linearly independent.
This shows the first claim and part of the second.

Finally, if we are given a hyperplane with equation X; = X, then we can of course
find a chain of vertices with exactly the data of the previous paragraph. O

Lemma 2.3.5. (a) For all A € T,, and all D € D, the intersection D N A is a face
(not necessarily a facet) of A,

(b) For D € D,, and x € Z" the intersection (x+ D)NA,, contains an interior point
of A, if and only if t + D =D (i. e. x € D).

Proof. (a) We use induction on n. For n = 2 the claim is clear. Suppose n > 2, and
let D be the affine hull of C;(9) and e; for some i = 1...,n and 9 € D,_;. That
DN A is not a face of A means precisely that D N A contains an internal point of
A. Consider the projection

7 R — R L mi(ar, ... an) = (a1, .., G4y ..., a).

We have 7; o C; = idge-1. So m; 0 C;(D) = 0. By Lemma 2.3.2, 6 = m;(A) € T,,_;1.
Since internal points of A project into internal points of & we see that 0 meets the
interior of 6 whenever D meets that of A. Hence the induction hypothesis applies.

(b) Since D is given by an equation X; — X = 0, the translate  + D has the
equation X; — Xy = x; — xp. If ; — xp # 0, then |z; — x| > 1, but we have
ly; — yx| < 1 for all interior points y of A,,. O
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Let F, denote the system of coordinate hyperplanes in R™. These hyperplanes
correspond to the equations X; =0,i=1...,n.

Definition 2.3.6. A finite convex polyhedron P in R" is called F'D-bounded if any
facet of P is parallel to some hyperplane from F, U D,.

Lemma 2.3.7. For any n > 2 the polyhedral subdivision of A, determined by the
system of hyperplanes D,, is the triangulation T,.

Moreover, for any pair of opposite facets of A,, the induced triangulations are the
same modulo the corresponding unit coordinate parallel translation.

Proof. That T,, is the corresponding polyhedral subdivision follows directly from
Lemma 2.3.4 and Lemma 2.3.5(a), and the assertion about the induced triangula-
tions of opposite facets follows from the previous claim and Lemma 2.3.2. O

Now let A be a lattice standard rectangular n-parallelepiped. For each unit lattice
cube A’ C A there exists a unique x € Z' such that A’ = z + A,,. For each such
unit cube A" we fix its triangulation x + T;,. (Recall that Ty = {A} for n = 1).
It follows immediately from Lemma 2.3.7 that the fixed system of triangulations
defines a global triangulation of A. This triangulation will be denoted by T'(A). In
particular T'(A,,) = T,,.

Now let P be any F'D-bounded lattice n-polyhedron. There exists x € Z™ and
a standard rectangular lattice parallelepiped A such that x + P C A. By Lemma
2.3.5(b) and 2.3.7 the triangulation T'(A) induces a triangulation of z + P, say T".
Thus 7" is a triangulation of x + P consisting of those simplices from 7'(A) which
are included in z + P. One easily observes that this triangulation is independent of
the choices of x and A. It will be denoted by T'(P). Clearly, all the lattice points of
P are involved in T'(P), and T'(P) consists of unimodular lattice simplices.

Lemma 2.3.8. For P as above the minimal non-faces of the simplical complex
associated with the triangulation T'(P) are edges.

Proof. As above we can assume P C A for some standard rectangular lattice par-
allelepiped A. The minimal non-faces of our simplicial complex will be minimal
non-faces of the simplicial complex associated with T'(A). So we can assume P = A.
Let z1,...,2, € ANZ", k > 2, determine a minimal non-face. Then for each pair
i,j =1,...,k the points z; and z; must be connected by an edge involved in T'(P).
This is only possible if all the z; belong to the same unit lattice cube in A (by the
definition of T'(A)). Without loss of generality we can assume zi,...,2; € A,. By

Lemma 2.3.2 the points zq, ..., 2; determine a non-face if and only if they do not
constitute a chain. Hence z; and z; are incomparable for some 7,j = 1,...,k. This
contradicts the minimality of our non-face. Il

Lemma 2.3.9. For all suffficiently large positive real numbers w the polyhedral sub-
division of A,,, determined by the height function

Vo Ay NZ" — Ry, Oo(T1, . ) = WP

18 the triangulation T, .
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Proof. We use induction on n. For n = 1 there is nothing to show. Assume n > 2.
For each t =1,...,n we let ¢, ; denote the composite map

Ao NZ"Y S5 A, NZ0 22 R,

By the induction hypothesis the polyhedral subdivisions of A,_; determined by all
the ¢, ; are the same 7,,_; for w sufficiently large.

In view of the induction hypothesis, the opposite of the claim is clearly the follow-
ing statement: there exist an infinite sequence (wy)ren and a polytope I' spanned
by some vertices of A,, different from (1,...,1) such that wy — oo, dimI' = n, and
I' is a polytope from the polyhedral subdivision of A,, determined by ¢i = ¢, . Let
Y-y Yns1 be affinely independent vertices of I' (i. e. conv(vy,...,Vny1) = R™).
Thus we have a barycentric representation

(L., D)= v+ 4 A1 Vo
Let @ be the realizing function of the polyhedral subdivision of A,,, spanned by ¢y.
So I' is a domain of linearity for ®;. Let L,: R® — R, be the affine continuation
of ®x|I". Then we know (see subsection 2.1) that for each point v of A, one has
() < Li(7). Since affine functions preserve barycentric coordinates, we obtain

n+1 n+1
i=1

i=1
that is w < S5 Aw ! where for = (21,...,2,) € R we put 2] = z1 4 - + @
But the last inequality is obviously violated for k sufficiently large. 0

Theorem 2.3.10. Any F D-bounded lattice polyhedron P (of arbitrary dimension)
1s Koszul.

Proof. Let P be such a polyhedron. We can assume P C A for some standard
rectangular lattice parallelepiped A. By Theorem 2.1.3 and Lemma 2.3.8 we only
have to show the regularity of the triangulation 7°(P). Since T'(P) C T'(A) we can
also assume P = A.

Let w be a positive real number and consider the function

Yu: ANZ" — Ry, 0o (z) = Wl

Any unit lattice cube in A has the form z + A,, for some z € Z"NA. We shall use
the notation A? for z + A,. So A? = A,,. For any unit lattice cube AZ in A we set

Puw,z = pr,AfL VA

for any z,2’ € Z" N C. We know that ¢, . and w™lp,, . define the same polyhedral
subdivision of AZ. But the polyhedral subdivision of A? determined by w™¥lip,, .
is obtained by the polyhedral subdivision of A,, determined by ¢, o shifted by the
vector z. By Lemma 2.3.9 the latter is nothing else but T,, for w sufficiently large.
Thus for w sufficiently large, the polyhedral subdivision of A} determined by ¢, .
is z 4+ T,,. Now assume w is sufficiently large, and ®,, . are the realizing functions of
the triangulizations z + T},, spanned by ¢,, .. Clearly

D, JAZNAT =D, |AZNAZ
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Therefore the patching lemma will complete the proof once we know the regularity
of the subdivision of A into unit lattice cubes. But the latter follows from the

observation that {[0,1],[1,2],...,[a — 1,a]} is a regular subdivision of the segment
[0, a] (with the realizing function corresponding to k — sin ™, k = 0,...,a) and the
direct product lemma. 0

Question 2.3.11. Let &, be the collection of hyperplanes given by the equations
ZEiXi = O, g € {0, :|:1}
i=1

Suppose P is an n-dimensional lattice polytope satisfying the following condition:
it PNA;, z € Z", has dimension n, then the facets of P N A, except at most
one, are parallel to the coordinate hyperplanes, and the remaining one is parallel
to some other member of &,. (In other words, up to reversing the directions of the
basis vectors, P N A has the form A x Z where A is a rectangular ‘unit’ simplex
spanned by k basis vectors and the origin and Z is an (n — k)-dimensional unit
interval representing the remaining directions.) Is such a polytope Koszul? That
the answer is positive in the case n = 2, follows from Theorem 3.2.5 below. But
more significantly, it can also be shown by a slight extension of the triangulation
argument above.

In dimension 2 the condition above is equivalent to the weaker property that
every facet of P is parallel to one of the hyperplanes in &,. In dimension n > 3 this
weaker property is not sufficient for the Koszul property, as demonstrated by the
polytope with vertices (1,0,0), (0,1,0), (0,0,1), (0,0,0), and (1,1,1) (the authors
are grateful to B. Sturmfels for this example).

3. DEGREES OF TRIANGULATIONS AND KOSZUL SEMIGROUP RINGS

3.1. The degree of a triangulation. Let A be a simplicial complex with vertex
set V. Note that A has no non-face only if it is a simplex. If A is not a simplex, we
set

deg A := max{dim ¢| o is a minimal non-face of A} + 1,
and call it the degree of A.

This notion is closely related to the Stanley-Reisner ring k[A] = k[ X4, ..., X,|/Ia
of A (see the discussion preceding Theorem 2.1.2). Since I, is the ideal generated
by the monomials X, --- X, for which {X;,,...,X; } is a non-face of A, deg A is
the maximal degree of the elements of a minimal system of generators of 5. Thus
deg A < dim A + 1.

It follows that the degree of any triangulation of a lattice polytope P in R"
is at most m + 1. We shall characterize the lattice polytopes which have regular
triangulations of degree < n.

In the following we will frequently use that every lattice polytope P C R™ has a
regular full triangulation A (recall that for A to be full every lattice point of P must
be a vertex of some simplex of A). We simply take the lexicographic order on Z".
It induces an order on the variables X1, ..., X,, corresponding to the lattice points
of P. The initial ideal of Ip with respect to the induced term order can not contain
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a monomial X7/ since in a binomial X} — X k- X the second term is the leading
one. It follows from 2.1.2 that the regular triangulation associated with this term
order is a full triangulation.

Lemma 3.1.1. A lattice n-simplex 7 in P is a minimal non-face of a full triangu-
lation A of P if and only if all facets of T belong to A and T has interior lattice
points.

Proof. Let 7 be a minimal non-face of A. By the minimality all facets of 7 must
belong to A. Suppose that 7 has no lattice point in its interior. Fix any point x in
the interior of 7. Since A is a triangulation of P, x must be covered by a simplex
o of A with dimeo = n. Since ¢ # 7, 0 must have a vertex y lying outside of 7.
The line segment [z, y] must meet a proper face € of 7 in the interior of [z, y]. Since
ee€Aandeno # 0, eis a face of 0. On the other hand, z,y ¢ &, so that the
hyperplane through € separates the points z and y of o. This is a contradiction.
The converse implication is obvious. 0

We note that the case fLp = n + 1 is trivial because k[Sp| = k[X7,... , X1 in
this case.

Theorem 3.1.2. Let P be a lattice polytope in R™ with tLp > n + 2. Then P has
a reqular full triangulation A with deg A < n if and only if §Lop > n + 2.

Proof. Assume that §Lgp = n + 1. Then P is an n-simplex whose facets have no
lattice points in their interiors. For any full triangulation A of P, the facets of P
must appear in A. Since fLp > n+ 2, P has an interior lattice point. Therefore, P
must be a minimal non-face of A, hence deg A =n + 1.

Conversely, assume that §Lgp > n + 2. If P has no interior lattice points, we
choose any regular full triangulation A of P. By Lemma 3.1.1, A has no minimal
non-face of dimension n, hence deg A < n. If P has interior lattice points, we apply
Theorem 3.3.1 below which is stronger than the ‘if” part of 3.1.2. 0J

In Subsection 3.2 we will prove a refinement of Theorem 3.1.2 in dimension 2.
This case is significantly simpler than the general one, and its proof is independent
from 3.1.2.

We say that a triangulation A is n-restricted if every minimal interior face has at
most n—1 vertices. In the following figure the triangulation on the left is 2-restricted,
that on the right is not.

3.2. Lattice polygons. The case of lattice polygons is of particular interest because
of its relationship to the Koszul property of semigroup rings. Furthermore one can
refine Theorem 3.1.2 in the planar case by showing that there exists a degree 2
lexicographic unimodular triangulation for a lattice polygon P with at least 4 lattice
points in its boundary.

Let Lp = {z1,... ,x,}. Given a total order z; > ... > x,, on Lp, the lexico-
graphic term order induced by > yields a regular triangulation A< e (P) of P which
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we call the lexicographic triangulation of P. In combinatorics this triangulation
is known as the placing triangulation, see [23]. It can be described recursively as
follows (see [24], Proposition 8.6).

Lemma 3.2.1.

Asiex(P) = Asjex(Lp \ {z1}) U {{xl} Ue: e € Asiex(Lp \ {21}), € visible from xl}

Let P; be the convex hull of the set {z;,...,z,}, i > 1. We call the total order
> on Lp an exterior order if x; is a vertex of the polytope P; for all : = 1,... m.

Lemma 3.2.2. Let x1 > ... > x,, be an exterior order on Lp. Put A = A (P)
and I' = Asjex(Ps). Then deg A < n if the following conditions are satisfied:

(i) degl’ <mn,

(i) T is n-restricted on Q., .

Proof. Assume the contrary. Then A has a minimal non-face ¢ with dimo =n + 1.
By (i), o is not a minimal non-face of I'. Since x; is a vertex of P, z; lies outside
of P,. Hence every minimal non-face of A with vertices in P, is also a minimal
non-face of I'. It follows that x; is a vertex of o. Let ¢ be the (n — 1)-dimensional
face of o which does not contain x;. Since ¢ is a minimal non-face of A, ¢ is a face
of A and therefore of I'.

All the other (n — 1)-dimensional faces of ¢ are also faces of A, and therefore the
(n — 2)-dimensional faces of o that do not contain x; are visible from z;. Hence
they belong to Q,,. Since they constitute de and since I' is n-restricted on @, , it
follows that ¢ C @,,. Hence ¢ is visible from x;, and Lemma 3.2.1 implies 0 € A,
which is a contradiction. 0

If P is a polygon in R? condition (ii) of the previous lemma just means that
no edge of I' connects two non-neighbouring lattice points of ),,. In the case of
polygons we call a connected part of P that starts and ends at vertices of P a path
of OP. Notice that @),, is a path of 9P. Two paths are said to be disjoint if they
have at most one common point.

Theorem 3.2.3. Let P be a lattice polygon with §Lgp > 4. Let OP = C1 U ... UC,
be a decomposition of OP into r > 3 disjoint paths. Then there exists an exterior
order > on Lp such that A = AL x(P) is unimodular and satifies the following
conditions:

(i) deg A =2,

(ii) every edge of A with vertices on C; lies on Cy, i =1,...,r,.
In particular, there exists an exterior order > on Lp such that Asiex(P) is unimod-
ular and of degree 2.

Proof. The triangulation A will be constructed inductively as indicated by Lemma
3.2.1. It is easy to see that one obtains a full lattice triangulation by this construc-
tion, and in dimension 2 every full lattice triangulation is unimodular. Therefore it
is not necessary to mention unimodularity any further.
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Case 1: §Lgp = 4. Then OP is either a triangle (1, zo, x3) with a lattice point x4
on the edge [x1,x3] or a quadrangle (xy, z9, x3,x4). Since the number of the paths
C1,...,C, is at least 3, we may assume that x5, x4 do not belong to the same path.

If {Lp = 4, 1. e. P has no interior point, we obtain the lexicographic triangulation
of P which corresponds to the exterior order z; > x5 > w3 > x4 by connecting
To,Ty.

If fLp > 4, then P has an interior lattice point. Without restriction we may
assume that the triangle (x;, 29, x4) contains an interior point of P. For x = 21 we
have §Lg, > 3, hence §Lgp, > 4. Moreover, Q. U [x2, x3]U[z3, 24] is a decomposition
of P, into 3 disjoint paths. By induction on the number fLp we may assume
that there is an exterior order > on Lp, such that the corresponding lexicographic
triangulation I' of P, satisfies the conditions:

(i) degl’ = 2,

(ii) every edge of I with vertices on @, lies on Q.

By Lemma 3.2.2, the resulting exterior order > on Lp with x; as the maximal
element induces a lexicographic triangulation A of P with deg A = 2. Neither
[g, 4] nor |21, 23] are faces of A so that condition (ii) of the theorem is trivially
satisfied. In fact, x5 is not visible from zq, and [x2, 24] has both its vertices in Q,.

Case 2: §Lyp > 4. Choose z; to be the common vertex x of C} and C,. We have
i1Lop, > BLop — 1 > 4. If §Ls, = 2, i.e. C; has no lattice points in its interior, for

alli=1,... ,r, then r = §Lyp and 0P, has a decomposition into r — 1 > 3 disjoint
paths D1 U---u D'r—l with
o QI? =1,
D“_{Q i=2,...,r—1

If there exists a path C; with §Ls, > 2, we may assume that it is C;. Set
CiNoP,, i=1,

C., i=2. . r—1
Di=9 cnop, i=r
Q., i=r+1.

If L, = 2, then 0P, has the decomposition D1 U...UD,_1UD, . and, if {Lo, > 2,
the decomposition Dy U ... U D,y into disjoint paths. In any case, by induction
on the number §Lp we may assume that there is an exterior order > on Lp, such
that the corresponding lexicographic triangulation I' of P, satisfies the following
conditions:

(i) degI' = 2,

(i) any edge of I" with vertices on a path D; lies on D;.
Note that (), is one of the paths D;. By Lemma 3.2.2, the resulting exterior order
> on Lp with x; as its maximal element induces a lexicographic triangulation A of
P with deg A = 2. Due to the definition of D; and the hypothesis (ii), any edge of
A with vertices on a path C;, i =2,... ,r — 1, must lie on C;. For i = 1,7, such an
edge must have x; as a vertex. The other vertex must be the only lattice point of
C; visible from x;. Hence this edge lies on C;. [
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Remark 3.2.4. For certain classes of lattice polygons one can explicitly describe
term orders that yield unimodular lexicographic triangulations of degree 2. For
example let P be a rectangular lattice triangle with the vertices (0,0), (A1,0), and
(0, A2). By symmetry we may assume A; > X\y. Then we define the order < on R?
by setting (z1,%2) < (y1,y2) if 21 > y; or 1 = y1, 2 < y2. Then we extend <
to a lexicographic term order. It can be shown that the associated triangulation is
unimodular and of degree 2. For A\ = 4 and Ay = 3 it is given by the following
figure:

We now draw the consequences of Theorem 3.1.2.

Corollary 3.2.5. Let P be a lattice polytope in R? with $Lp > 4. Then the following
are equivalent:

(a) ﬁLBP Z 4)

(b) P has a regular full, equivalently: unimodular, triangulation A with deg A = 2,
(¢c) Ip has a Grébner basis of elements of degree 2,
(d) P is Koszul,
(e) Ip is generated by elements of degree 2.

Proof. (e) = (a) Let m = §Lp. We use the presentation K [Sp] = K[X1,... , X,]/Ip.
Assume that §Lgp = 3, say Lgp = {21, 79,23}. Then P is a triangle with vertices
x1,%s,r3 and P has at least a lattice point in its interior, say x4. There exist posi-
tive integers «, a1, as, ag such that axy = a1z + asrs + aszxrs. Hence Ip contains
a monomial of the form X7 X5?X5® — X{. This monomial cannot be generated by
forms of degree 2 of Ip. For, Ip must contain, by a permutation of X, X5, X3, a
non-trivial monomial of the form X? — F' or X; X, — G for some monomials F or
G in K[Xy,...,X,,]. The variables of F' or G must correspond to a lattice point
on the segment [z1,xs] by affine dependence. But this segment has only x;,z5 as
lattice points because x1xs € OP and Lyp = {x1,x2,23}. Therefore Ip can not be
generated by forms of degree 2.

(a) = (b) If £Lyp > 4, then Lp has a regular full triangulation A with deg A =2
by Theorem 3.2.3. By Proposition 1.2.4(b) A is a unimodular triangulation.

(b) = (c) follows immediately from Theorem 2.1.2.

(c¢) = (d) is a result of [9], which we have already used several times above.

(d) = (e) is trivial. O

R. Koelman [20] has proved a weaker version of Corollary 3.2.5, namely, if P is a
lattice polygon with §Lgp > 4, then Ip can be generated by forms of degree 2.

3.3. The general case. It remains to prove the following theorem.
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Theorem 3.3.1. Let P be a lattice polytope in R™ with §Lap > n+ 2. Suppose that
P has interior lattice points. Then P has an n-restricted reqular full triangulation

A with deg A < n.

The proof of Theorem 3.3.1 uses induction on §Lp. For this we need some prepa-
ration.

For any vertex x of P we denote by P, the convex hull of the set Lp\,} and by
(), the part of 0P, which can be seen from x. We shall see that the n-restrictedness
can be passed from P, to P. Let U be a union of faces of P. A triangulation A of
P is called n-restricted on U if ¢ C U for every (n — 1)-simplex ¢ of A with 9 C U.

Lemma 3.3.2. Let P be a lattice n-polytope in R™ with §Lp > n + 3. Let U be a
union of facets of P. Assume that U has an interior point x which is a vertex of
P such that dim P, = n and P, has a regqular full triangulation T' with degl’ < n
which is n-restricted on U N P, and Q.. Then P has a reqular full triangulation A
with deg A < n which is n-restricted on U.

Proof. There are two cases.

Case 1: §Lg, = n. Then @, is a lattice (n — 1)-simplex which has no other lattice
points than its vertices. Since @), is a facet of P,, @), is a facet of an n-simplex of
I, say 0. Let y be the vertex of ¢ not contained in ). We denote by T" the convex
hull of x,y and @,. Let z be the intersection point of the segment [z,y] with Q..
If z is a vertex of ()., T is an n-simplex. The facets of T" which contain x lie on
facets of P. Since x is an interior point of U, these facets of P are also facets of U.
Therefore, if p is the facet of T" which does not contains x, then dp C U. Since p is
also a facet of o, p € I'. Using the n-restrictedness of I' on U N 9P, we get p C U.
From this it follws that all facets of T" are contained in OP. Hence P = T. So we
get iLp = n + 2, a contradiction. Thus, z is not a vertex of ),. Connecting x with
y we obtain a triangulation of T" into n-simplices which are spanned by x and the
facets of o containing y. Since z is not a vertex of ()., these simplices involve all
lattice points T'. Together with the simplices of I' other than ¢ they compose a full
triangulation A of P.

If A is not n-restricted on U, there exists an (n — 1)-simplex £ of A such that
e Ubut 0e CU. If e € I', then 0 C U N P,. Using the n-restrictedness of I
on UNOP, we get ¢ C U, a contradiction. If ¢ ¢ ', then x is a vertex of . If
y & €, € is spanned by z and a facet of (),. Hence ¢ is contained in a facet of P
which contains z. Such a facet of P is also a facet of U because x is an interior
point of U. Therefore we have ¢ C U, a contradiction. If y € ¢, then ¢ is spanned
by x,y and n — 2 vertices of Q),, say z1,...,2,_2. The facets of ¢ are the simplex
(Y, 21, ,2Zn_2) spanned by ¥y, z1,... , 2z, o and the simplices spanned by z,y and
n — 3 elements of the set {z1,...,2, 2}. Since de C U, they are all contained in
U. As a consequence, every simplex spanned by y, z and n — 3 elements of the set
{z1,...,Zn_2} is contained in U, too. Let z,_1, 2z, be the other vertices of Q..

CLAIM. z is contained in the edge z,_12,.

Proof. Let (z1,...,2z,-1) denote the simplex spanned by the points z,..., 2, 1.
We have z & (z1,...,2,-1) because otherwise ¢ is contained in the facet of P
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which contains = and (zq,...,2,_1), hence ¢ C U, a contradiction. Similarly we
also have z € (21, ..., 2, 2, 2,). This means that in the barycentric representation
z= Mz + -+ Az, the coefficients \,,_; and \,, are positive. The claim amounts
to the equations \; =0 fori=1,...,n — 2.

As stated just above the claim, the simplex (2, 21,..., 2,1, Zi41,. - -, Zn_2) IS con-
tained in U. This means that every convex representation w = py121+- - -4 p;—12i-1+
Hit1Zit1 + - fn—22n—2 is a point of U. If we choose the p; strictly positive, then
the segment [w, z] contains an interior point of @, = (z1,...,2,). Since w, z € U, it
follows that U contains an interior point of ()., which is impossible. O

Now we continue the proof of Lemma 3.3.2. By the above claim, all facets of
T which contain y, z,_1, 2, also contain x,z,_1,2,. Hence they lie on the facets
of U which contain z,z,_1,2,. In particular, all (n — 2)-dimensional faces of o
which contain y and z,_; are contained in U. Since the faces (y,z1,...,2n_2)
and (z1,...,2,-1) are also contained in U, the boundary of the (n — 1)-simplex
(Y, 21, .. ,2n—1) is contained in U. Hence (y, 21, ... ,2,-1) C U by the n-restricted-
ness of I' on U N P,. Similarly we can also show that (z1,..., 2, 3,2,) C U. From
this it follows that all facets of T are contained in U C dP. Hence P = T. This
implies fLp = n + 2, a contradiction. So we have proved that A is n-restricted on
U.

If deg A = n + 1, there is a lattice n-simplex 7 in P such that every facet of 7
belongs to A and 7 has an interior lattice point. Since degI’ < n, 7 is not contained
in P, (in fact, otherwise 7 would be contained in P, \ ¢). Hence x is a vertex of 7.
From this it follows that 7 is the n-simplex spanned by z and (),. By the definition
of ()., this simplex has no interior lattice points. So we obtain a contradiction.
Hence deg A < n.

Let ¢ be a height function on Lp, for I'. By choosing ¢(x) such that (z,¢(x))
is above the hyperplane of R™*! containing the facet of (P,), corresponding to o
but below the hyperplanes containing the other facets of (P,), we obtain a height
function ¢ on Lp. Clearly, P, coincides with (P;), on all simplices of I' other than

o. From this we can conclude that A = A,. Hence A is a regular triangulation of
P.

Case 2: Lo, > n+ 1. Consider the full triangulation of @), into (n — 1)-simplices
induced by I'. The n-simplices spanned by x and these (n — 1)-simplices compose a
triangulation of the convex hull of P\ P,. This triangulation together with I" forms
a lattice triangulation A of P.

If A is not n-restricted on U, there exists an (n—1)-simplex € of A such that ¢ ¢ U
but de C U. If € € T', then d¢ C U N P,. Hence we have ¢ C U, a contradiction.
If ¢ € T', then ¢ is spanned by x and an (n — 2)-simplex of I' on @),. Since this
(n — 2)-simplex of I' is contained in U, it lies on the boundary of @),. Therefore ¢
lies on a facet of P which contains z. Since z is an interior point of U, this facet of
P is a facet of U. Hence we have ¢ C U, a contradiction.

If deg A = n + 1, there is a lattice n-simplex 7 in P such that every facet of 7
belongs to A and 7 has an interior lattice point. Since degI' < n, 7 is not contained
in P,. Hence x is a vertex of 7. Let € be the facet of 7 not containing x. Then
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Os C .. Hence ¢ C ), by the n-restrictedness of I' on (). Since there is no lattice
point inbetween z and ()., 7 would have no interior lattice points, a contradiction.
Therefore, we have deg A < n.

It remains to show that A is a regular triangulation of P. If we choose ¢(x) small
enough, the height function on Lp which extends the height function of I' will keep
(P;),. Hence A, coincides with I on P,. From this it follows that A = A,. The
proof of Lemma 3.3.2 is now complete. OJ

A special case of Lemma 3.3.2 is the case U = OP.

Corollary 3.3.3. Let P be a lattice n-polytope in R™ with §Lp > n + 3. Let x be
a vertexr of P such that dim P, = n and P, has a regqular full triangulation T with
deg ' < n which is n-restricted on OP N P, and Q.. Then P has an n-restricted
reqular full triangulation A with deg A < n.

We shall need the following lemma for the existence of a regular triangulation I
of P, with the above properties.

Lemma 3.3.4. Let P be a lattice polytope in R™ with 4Lp > n + 2 which has no
interior lattice point. Let U be a union of facets of P which is homeomorphic to an
(n — 1)-dimensional ball. Assume that §Lye > n + 1, where U is the closure of the
complement of U on OP. Then P has a regular full triangulation A with deg A < n
which is n-restricted on U.

Proof. By Lemma 3.1.1 every regular full triangulation A of P has degA < n.
Hence we only need to find such a triangulation A of P which is n-restricted on U.

We first consider the case in which U contains no interior lattice point which is
a vertex of P. Choose any regular triangulation A of P. If A is not n-restricted
on U, there exists an (n — 1)-simplex ¢ ¢ U of A such that de C U. Since U is
homeomorphic to an (n — 1)-dimensional ball, de divides 9P into two parts one of
which is contained in U. This part has an interior lattice point of U which is a
vertex of P, a contradiction.

Now assume that U contains an interior lattice point x which is a vertex of P.
There are two cases.

Case 1: dim P, = n—1. Then P, = (), and it is a facet of P. Therefore, U must be
the union of the facets of P which contain z, and U¢ = (),. Choose any regular full
triangulation A of P. If A is not n-restricted on U, there exists an (n — 1)-simplex ¢
of A such that e ¢ U but de C U. If € is contained in @, then 0e C UNQ, = 0Q),.
Since de and 0Q), are both homeomorphic to the (n — 1)-dimensional sphere, we
must have ¢ = @), = U°, a contradiction to the assumption that Ly > n + 1. If
¢ is not contained in @, € is spanned by z and an (n — 2)-simplex of A on @Q,.
This (n — 2)-simplex of A is contained in U N Q, = 9Q),. Hence ¢ is a facet of U, a
contradiction.

Case 2: dim P, = n. We distinguish two subcases.

Subcase 1: $Lp = n + 2. Then the assumption §U¢ > n + 1 implies that U has
only one interior lattice point, namely . We have §Lp = n+ 1. Together with the
assumption dim P, = n this implies that P, is an n-simplex.
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If #Q), = n, let y be the vertex of P, not contained in (),. Let z be the intersection
point of the segment [z, y] with Q.. Then z is not a vertex of @), because otherwise
y € U and all facets of P containing [z,y] are facets of U, hence z would be an
interior lattice point of U. Connecting x and y we obtain a full triangulation A of P
each of whose simplices is spanned by z, y and a facet of Q). If A is not n-restricted
on U, there is an (n — 1)-simplex € of A such that ¢ ¢ U but de C U. Since U is
homeomorphic to an (n — 1)-dimensional ball, de divides P into two parts one of
which is contained in U. If € is a face of P, we have U¢ = ¢ and therefore §Ly. = n,
a contradiction. So € is not a face of P. The two lattice points of P which are not
contained in £ must lie on different sides of €. One of these two points must be
an interior point of U, hence it is . From this it follows that @), = . So we get
Q. € A, a contradiction. By choosing a sufficiently general height function ¢ on Lp
with ¢(z), ¢(y) greater than the other values of ¢, we will obtain A, = A. Hence
A is a regular triangulation of P which is n-restricted on U.

If 1Q, = n + 1, choose any regular triangulation A of P which contains the n-
simplex P,. (The existence of such a triangulation is easy to show.) If A is not
n-restricted on U, there is an (n — 1)-simplex ¢ of A such that ¢ ¢ U but de C U.
As in the case 1Q), = n, we can show that (), = . From this it follows that §Q, = n,
a contradiction.

Subcase 2: 4Lp > n+ 3. We have fLp, > n+2. Put U, = (UN P,) UQ,. Then U,
is a union of facets of P, which is homeomorphic to an (n — 1)-dimensional ball and
(U,)¢ = U* . Using induction we may assume that P, has a regular full triangulation
I' with deg I' < n such that I' is n-restricted on U,. By Lemma 3.3.2, P has a regular
full triangulation A which is n-restricted on U. The proof of Lemma 3.3.4 is now
complete. O

Proor or THEOREM 3.3.1. There are two cases.

Case 1: §Lgp = n+2. We will first show that there exists a vertex x of P such that
JjLapw Z n+ 2.

If P is not an n-simplex, then all n+ 2 lattice points of P are vertices of P. Thus
P is the union of n + 2 simplices o; each of which is spanned by n + 1 vertices of
P. Let y be an interior lattice point of P (which exists by hypothesis). Elementary
arguments show that there exists k such that y is not contained in the interior of
0. Now we choose = to be the vertex not involved in oy,.

If P is an n-simplex, let y be the remaining point of Lyp and p the facet of P
which contains y. Let x be the vertex of P not contained in p. Since P has interior
lattice points, P, has a vertex not contained in p. Hence §Lgp, > n + 2.

Let = be a vertex of P such that §Lyp, > n + 2. If P, has interior lattice points,
using induction we may asssume that P, has an n-restricted regular full triangulation
I' with degI' < n. Then so does P by Corollary 3.3.3. Now assume that P, has no
interior lattice points. We put U = @),. Then U is a union of facets of P, which
is homeomorphic to an (n — 1)-dimensional ball. Moreover, U¢ = 0P N P,. Hence
Ly = fLop — 1 = n+ 1. By Lemma 3.3.4 there is a regular full triangulation
I' of P, with degl' < n which is n-restricted on @,. By Corollary 3.3.3, P has
an n-restricted regular full triangulation A with deg A < n if I is n-restricted on
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0P N P,. If the latter condition is not satisfied, there exists an (n — 1)-simplex ¢ of
I’ such that e ¢ OP N P, but de C 9P N P,. Then we can find a vertex y of P on
the other side of ¢ than that of x. Since §Lsp = n + 2, x,y and the vertices of ¢
fill out Lgp. Therefore, there is no lattice point inbetween z and de. This implies
O = 0Q,. Hence ¢ C @), by the n-restrictedness of I' on (). From this it follows
that € = @), which is impossible because (), must contain interior lattice points of
P.

Case 2: tLsp > n + 3. For any vertex x of P we have §Lsp, > n + 2. If P, has
interior lattice points, using induction we may asssume that P, has an n-restricted
full regular triangulation I' with deg’ < n. Then so does P by Corollary 3.3.3.
Now assume that there is no vertex z such that P, has interior lattice points. Fix
any vertex x of P. Put U = @,. Then U is a union of facets of P which is
homeomorphic to an (n — 1)-dimensional ball. Moreover, U¢ = 0P N P,. Hence
fLye = #Lop — 1 > n+ 2. By Lemma 3.3.4 there is a regular triangulation I' of
P, with degl' < n which is n-restricted on @,. By Corollary 3.3.3, P has an n-
restricted regular triangulation A with deg A < n if I is n-restricted on P N P,.
If the latter condition is not satisfied, there exists an (n — 1)-simplex ¢ of I' such
that ¢ ¢ OP but 0 C OP. Then we can find a vertex y of P on the other side of ¢
relative to x. P, contains the convex hull of all lattice points of P on the side of ¢
that contains z. But this convex hull contains (Q,. Since (), contains interior lattice
points of P, P, has interior lattice points, a contradiction. The proof of Theorem
3.3.1 is now complete.
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