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Abstract

In this thesis, we will discuss the results of two themes;

(1) Existence of a regular unimodular triangulation of the edge polytopes of finite
graphs (Chapter 2),

(2) Ehrhart series of fractional stable set polytopes of finite graphs (Chapter 3).

As far as (1) is concerned, it is known that it is enough to consider a fundamen-
tal FHM graph. Ohsugi obtained a necessary and sufficient condition for an edge
polytope to possess a regular unimodular triangulation [16]. However, this condi-
tion is not easy to apply to a given fundamental FHM graph by merely inspecting
the graph. In Chapter 1, we present the basics of Grobner bases and convex poly-
topes. Subsequently, in Section 2.3, we obtain four sufficient conditions for an edge
polytope to possess a regular unimodular triangulation. This is applied to a given
fundamental FHM graph by merely inspecting the graph and using the graph data.
Moreover, we implement a program for the computer algebra system Magma [2]
that determines whether a given fundamental FHM graph satisfies our sufficient
conditions. In Section 2.5, we provide the details of the algorithm and the program.

As far as (2) is concerned, we will show that the Ehrhart ring of a fractional stable
set polytope FRAC(G) of a finite simple graph is Gorenstein. In Section 3.1, we
will be concerned with the convex polytope P(G) = 2FRAC(G) and will show that
the d—vector of P(G) is alternatingly increasing. In Section 3.3, using this result,
we will show how to calculate the Ehrhart series of FRAC(G) and present some
examples in the case of a complete graph. Finally, in Section 3.4, we will consider
the dual polytope Q(G)Y of the convex polytope Q(G) := 3FRAC(G) — (1,...,1).
Therein, we will show the equivalence of the following four conditions:

(i) The graph G is a bipartite graph.

(ii) The dual polytope Q(G)Y has a unimodular triangulation.
(iii) The dual polytope Q(G)" is normal.
)

(iv) The dual polytope Q(G)Y is a Gorenstein Fano polytope.
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Chapter 1

Introduction

In this chapter, we review the basics of Grobner bases and convex polytopes.

1.1 Grobner bases

In this section, we review the basics of Grobner bases, following Chapter 1 of [5]
and Chapter 1 of [14].

Let K[X] = Klzy,...,2,] be a polynomial ring in n variables over the field
K. We first define the monomial order on K[X]. A monomial in the variables
1, %3, ...T, is a product of the form

[ e ' I e 2} o
X =altay? . ap,

where all the exponents ay, ..., ®, are nonnegative integers. The set of monomials
M of K[X] is in one-to-one correspondence to Z%, via

X — a € Z%,.
Therefore, we may regard M as Z%,.

Definition 1.1.1 A monomial ordering on K|x1,...,,] is any relation > on Z%,
or equivalently, any relation on the set of monomials {X® | o € ZZ} satisfying:

(i) > is a total (or liner) ordering on ZZ,.
(ii) If a > B and vy € Z%, then a+~ > S+ 7.

iii > is a well-ordering on Z%,. That iS, every IlOIl—GIIlpty subset of Z%, has a
g >0 >0
smallest element under >.

The following lemma will help us understand the well-ordering condition in part
(iii) of the definition.



Lemma 1.1.2 An order relation > on Z%, is a well-ordering if and only if every
strictly decreasing sequence in 2%

a(l) > a(2) > a(3) > ---
eventually terminates.

We usually use the monomial orders, lexicographic, graded lex and graded reverse
lexicographic order.

Definition 1.1.3 (i) (lexicographic order) Let a@ = (ay,...,a,) € Z%, and
B = (B1,...,B8n) € Z%. Let X& = 2$*---2% € K[ay,...,2,] and X? =
x’fl . xﬁ" € Klzy,...,x,]. The notation o >y [ implies that the leftmost
non-zero entry in the vector difference a — g € Z" is positive. We will write
X > XPif a >1 B.

(ii) (graded lex order) Let a = (ay,...,a,) € Z%; and B = (B1,...,B.) € Z%.
The notation a >gex B implies that

n n
af = Z@z‘ > |f] = Zﬂi or |al =18 and a > B.
=1 i=1

(iii) (graded reverse lex order) Let a = (ou, ..., an) € Z% and § = (By,...,5B,) €
Z%,. The notation a >,  implies that

al = e > 181=36 or lal=18
=1 =1

and the rightmost non-zero entry in o — 3 € Z" is negative.

We fix a monomial order < on the polynomial ring K[X]| = Klzy,xs,...,2,).
Given a non-zero polynomial

f=auy + asus + - - - + ayuy
of K[X], where 0 # a; € K and uq, us, . .., u; are monomials with
Uy > Ug >« - > Uy,

the support of f is the set of monomials appearing in f. It is denoted by supp(f).
The initial monomial of f with respect to < is the largest monomial belonging to
supp(f) with respect to <. It is denoted by in.(f). Thus,

Supp(f) = {u17u27 cee 7ut}



and
in (f) =u.

Let I be an ideal of the polynomial ring K[X] with I # (0). The monomial ideal
generated by {in.(f) | 0 # f € I} is called the initial ideal of I with respect to <
and is denoted by in. (7). That is,

inc(I) = {in<(f) |0 # f € I}).

However, even if I = ({f\}aea), it is not necessarily true that in.(I) coincides with

({in<(fx)Fren)-

Definition 1.1.4 We fix a monomial order < on the polynomial ring K[X] =
Klzy,...,z,). Let I be an ideal of the polynomial ring K[X] with I # (0). Then
a Grobner basis of I with respect to < is a finite set G = {g1, g2, ..., gs} of nonzero
polynomials belonging to I such that in.(I) = (in<(g1),in<(gz),...,in<(gs)).

For all ideals I(# 0) of the polynomial ring K[X], if G = {¢1,92,...,9s} is a
Grobner basis of I, then G is a system of generators of I.

Example 1.1.5 Let n = 7. Let f = xy24 — 22%3,9 = z427 — 2526 and [ = (f, g).
Then, in,_(f) = z124 and in._(g) = x427. Let h = x7f — 219 = 2120506 — To2w327.
Since h € I, we have that in._(h) = xyzs5206 € in. (I). However, zyz526 ¢
(v124, v477). Hence, (r1x4, x427) # ine (I). Therefore, {f, g} is not a Grébner
basis of I with respect to <jey.

We will now review the Buchberger criterion and the Buchberger algorithm. We
first introduce the division algorithm and the S-polynomial.

Theorem 1.1.6 (The division algorithm) We work with a fired monomial or-
der < on the polynomial ring K[X] = K[xy,...,2,] and non-zero polynomials
g1, 92, - - -, gs belonging to K[X]|. Then, given a polynomial 0 # f € K|[X]|, there
exist f1, fa, ..., fs and f’ belonging to K[X] with

f=ho+ fage+--+ fogs + f
such that the following conditions are satisfied:

o If ' # 0 and u € supp(f’), then none of the initial monomials in-(g;), 1 <
i <'s dwides u. That is, if f' # 0, then no monomial u € supp(f’) belongs to
the monomial ideal (in.(g1),in<(gs),...,in(gs))-

o If fi #0, then
inc(f) > inc(figi)-



Definition 1.1.7 Let f,¢g € K[X] be non-zero polynomials. Let m(f,g) be the
least common multiple of in.(f) and in.(g). Moreover, let ¢; be the coefficient of
in.(f) and ¢, the coeflicient of in.(g). Then, the S-polynomial of f and g is the

combination
m(f.g) , m(f,g)g
crine (f) cginc(g)
Theorem 1.1.8 (Buchberger Criterion) Let I # (0) be an ideal of the polyno-
mial ring K[X] and G = {g1,...,9s} be a system of generators of I. Then, G is a

Grobner basis of I if and only if for all i # j, the remainder on division of S(g:, g;)
by G is 0.

S(f,9) =

Example 1.1.9 We consider Example 1.1.5 using Theorem 1.1.8. We first use the
lexicographic order <. Since in., (f) = xiz4 and inc (9) = zax7, S(f,9) =
12576 — T2x3x7. The remainder of the division of S(f,g) by {f,g} is x1x526 —
xoxgwy # 0. Therefore, {f, g} is not a Grébner basis of 1.

We now use the graded reverse lex order <,.,. Since in.,_ (f) = x2x3 and
in.. (9) = xsx6, S(f,9) = x1247506 — T2x32427. The remainder of the division of
S(f,q) by {f, g} is 0. Therefore, {f, g} is a Grobner basis of I with respect to <,ey.

In general, when we fix a monomial order < on the polynomial ring K[X], a
Grobner basis is not unique. Therefore, we consider the reduced Grobner basis,
which is the standard Grobner basis of .

Let G = {g1,...,9s} be a Grobner basis of an ideal I. We say that a Grobner
basis G of I is a minimal Grébner basis if {in<(g1),...,in<(gs)} is a minimal system
of monomial generators of in. (/) and if the coefficient of in.(g;) coincides with 1
forall 1 <i <s.

Let G = {q1,...,9s} be a minimal Grobner basis of an ideal I. We say that a
minimal Grébner basis G of [ is a reduced Grobner basis if the coefficient of in. (g;)
is 1 for all 1 <i < s and if i # j, then none of the monomials belonging to supp(g;)
is divided by in(g;).

Theorem 1.1.10 We fix a monomial order < on the polynomial ring K[X] and let
I # {0} be a polynomial ideal. Then, I has a unique reduced Grobner basis.

If we are given a Grobner basis G of an ideal I, it is easy to obtain the reduced
Grobner basis from G. We first remove g; from G = {¢1,...,¢s} in order that
in.(g;) be divided by in.(g;). Moreover, we can obtain a minimal Grobner basis
G’ by making an adjustment in order that the initial coefficient be 1. Let G’ =
{h1, ..., ht}. We calculate the remainder R of the division of hy by G'\ {h1} and let
G" = {Rh}, ha,..., h} by replacing hy with h}. Similarly, we replace hy with hl, where
hY is the remainder of the division of hy by G”"\{hs} and let G = {h}, b, hs, ..., hi}.
Repeating this procedure, we obtain a reduced Grobner basis.

We now introduce the Buchberger Algorithm. Let F := {fi,..., fs} be a finite
system of generators of an ideal I.



(i) For all i > j, we calculate the remainder h;; of the division of S(f;, f;) by F'.
(ii) If h;; = 0 for all ¢, j, then, by Theorem 1.1.8, F is a Grébner basis.

(iii) If there exist ¢ > j such that h;; # 0, then we let I’ = F' U {h;;}, replace F
with F” and go back to (i).

(iv) If the remainder of the division of the S-polynomials of all pairs of polynomials
in F' by F'is 0, then F'is a Grobner basis of 1.

1.2 Configuration matrices and toric ideals

Let A = (aij)1<i<d1<j<n be a d X n matrix and

the column vectors of A, where a;; € Z.
The inner product of vectors a = [a1, as,...,aq/" and b = [by, ba, ..., bg]* be-
longing to R?, where L stands for the transpose, is defined by

Il i

exists ¢ € R? such that
aj-c=1, 1<j5<n.

Given a configuration matrix A € Z%¥" we let KerzA be the set of column
vectors b € Z" with Ab = 0, where 0 is the zero vector of R?. That is,

KerzA ={b € Z" | Ab = 0}.
Lemma 1.2.1 If a column vector b = [by, ba, .. ., bn]L € 7" belongs to KerzA, then
bi +by+---+0b, =0.

A binomial belonging to K[X]| = K[y, ..,x,] is a polynomial of the form u— v,
where u and v are monomials of the same degree belonging to K[X]. A binomial
ideal is an ideal of K[X] generated by binomials. Given a column vector

by
by

10



belonging to Kerz A, we introduce the binomial fi, € K[X] defined by
Jo= H Ty — H x;bj-
b; >0 b;<0

Since Lemma 1.2.1 ensures that the degree of [], ., 2% coincides with that of
Hbj <0 a:j_bj , we have that fy, is, in fact, a binomial.

Let A € Z%" be a configuration matrix. The binomial ideal
14 = <{fb ‘ b € KerZA}>

of K[X] is called the toric ideal of A.
Let ty,ts,...,tq be variables and A = (a;)1<i<d1<j<n € Z¥" be a configuration
matrix. To each column vector

we associate the monomial

t =1 Y
allowing negative powers. If f = f(xq,29,...,2,) € K[X], then we define 7(f) by
setting

w(f) = f(£*, %2, ... 7).
That is , w(f) is the rational function in t, ts, .. ., t; that is obtained by substituting
t? for each z; in f. Let

KA = {n(f) | f € K[X]}.

Then, sum and product can be naturally defined in K[A]. We say that K[A] is the
toric ring of A.

Example 1.2.2 For the configuration matrix A

111000
000111
A=|1 00 1 0 01,
010010
001001

the toric ring K[A] is
K[A| = Kltits, tita, tits, tats, taty, tots)
and the toric ideal 14 is

Iq= <$1$5 — XXy, T1Te — T3X4, T2Te — $3I5>-

11



1.3 Convex polytopes

In this section, we review the basics of convex polytopes, following Chapter 5 of [14].
A subset P C RY is said to be convez if, for each pair of points a, 5 € P, the line
segment

{ta+(1—=t)p|teR, 0<t <1}

that connects the two points is contained in P. We first define several convex sets,
which will later play an important role.

Definition 1.3.1 For a finite subset X = {zy,...,2,} of RY. Let

0§ri€R, irlzl }
i=1

CONV(X) := {Zmi
=1

We call this the convezr hull of X.

Definition 1.3.2 A non-empty subset P of RY is called a convex polytope if there
exists a finite subset X C RY such that P = CONV(X). Moreover, the set

RzoX = {i ;X
i=1

is called the polyhedral convex cone generated by X. A non-empty set C' C RY is
called a cone if, for any finite subset X of C', we have R>¢X C C.

OST‘Z'GR}

For a polyhedron P C RY and a vector w € RY, the set
FACEw(P):={ue P|w-u>w-vforalveP}

is called a face of P (with respect to w). A point « in a polyhedron P is called a
vertez of P if {a} is a face of P. The dimension of a convex polytope P C RY is the
dimension of the subspace of R spanned by {x — a | x € P} C RY, where a € P
is any fixed point. We denote the dimension of P by dim P. If the dimension of a
face I of a convex polytope P C RY equals dim P — 1, then F' is called a facet of P.

A convex polytope P is said to be integral if all the vertices of P are integer
vectors. A convex polytope P is called a simplex if P has dim P + 1 vertices. That
is, a simplex is a convex polytope that has the least number of vertices among all
convex polytopes with the same dimension. We note that every face of a simplex is
a simplex.

Example 1.3.3 A simplex of dimension 0 is a point. A simplex of dimension 1 is
a line segment. A simplex of dimension 2 is a triangle. A simplex of dimension 3 is
a tetrahedron.

12



For a polytope P C R¥ a finite set A of simplices is called a triangulation of P
if the following conditions are satisfied:

(1) P = UUEA g.
(i) If two simplices o, T satisfy o N7 # (), then o N 7 is a face of both o and 7.
(iii) For a simplex o € A, if 7 is a face of o, then 7 € A.

In particular, if a finite set A of simplices satisfies conditions (ii) and (iii), then A is
called a simplicial complex. The dimension of a simplicial complex A is the maximal
dimension of a simplex in A.

Definition 1.3.4 (i) We say that an integral polytope P C R%is a Fano polytope
if the origin of R is the unique lattice point belonging to the interior of P.

(ii) Let P be a Fano polytope. We say that P is Gorenstein if the dual polytope
of P is an integral polytope, where the dual polytope PV is defined by

PY:={xecR’|x-y <1foranyyc P}

1.4 Triangulation of the configuration matrix and
Grobner bases

Let A = [a;,...,a,] € Z¥" be a configuration matrix. Let A be a collection of
simplices whose vertices belong to A. Then, A is called a covering of A if

CONV(A) = | F
FeA

holds. In addition, If a covering A of a configuration matrix A is a simplicial
complex, then it is called a triangulation of A.

For a configuration matrix A = [ay, ..., a,] € Z¥", let
n
ZA:{Zziai ZZ‘GZ}CZC[.
i=1
Let B C {ay,...,a,} be the vertex set of a maximal simplex ¢ € A in a covering

(triangulation) A of \A.

Definition 1.4.1 We assume that the rank of a configuration matrix A € Z%" is
equal to d. Let ¢ be the greatest common divisor of all d x d minors of A. Then,
the normalized volume of o is defined by

_ lde(B)

Nvol(o) 5

13



Definition 1.4.2 A covering (triangulation) A of A is said to be unimodular if the
normalized volume of any maximal simplex in A is equal to 1.

For a configuration matrix A = [ay, ..., a,] € Z¥" and a vector w = [wy, ..., w,] €
Q", let Ay, be the set of all convex polytopes CONV({a;,,...,a; }) satisfying the
following condition:

a; - C = w;j jE{il,...,ir},

there exists ¢ € Q¢ such that , , _
aj-c<w; j&{in,... i}

Definition 1.4.3 A triangulation A of a configuration matrix A is said to be reqular
if there exists w € Q7 such that A = Ay.

We will now regard regular triangulations from an algebraic point of view. For
an ideal I C K[X],

VI :={f e K[X]|f™ eI for a natural number m}

is called the radical of I. For a monomial m = x{*---x% the squarefree part of m
is defined by
VI = H ;.
a; >0

Proposition 1.4.4 Let I C K[X] be the ideal generated by monomials my, ..., ms.

Then, we have VI = (/1 ..., /).

A monomial m is said to be a squarefree if m is equal to v/m. By Proposition
1.4.4, for a monomial ideal I, I = +/T holds if and only if I has a minimal set of
generators consisting of squarefree monomials.

We will now define the initial complex.

Definition 1.4.5 For a configuration matrix A = [ay, ..., a,] € Z¥" and a mono-
mial order <,

Alinc(Ly)) = {CONV(B)‘ Bcfa...,a), [[ai ¢ Vinc(la) }

a;eB

is called the wnitial complex.

By the following theorem, for any configuration matrix and any monomial order,
the initial complex is a triangulation.

Theorem 1.4.6 Let A € Z¥" be a configuration matriz and let < be a monomial
order. If w € Q" satisfies in<(14) = inw(L4), then A(inc(14)) = Aw.

14



We now introduce necessary and sufficient conditions for a regular triangulation
to be unimodular.

Theorem 1.4.7 For a configuration matriz A € Z4™ and a monomial order <, the

reqular triangulation A(in.(14)) is unimodular if and only if \/in.(14) =1in(Il4).

Example 1.4.8 For the configuration matrix

A=

_ O O O
— O~
— O
— = = O
— = =

the toric ideal is 14 = (f), where f = z 22 — zyx374. In this case, for any monomial
order, {f} is a minimal Grobner basis. We note that there exist two types of initial
ideals. We assume that the monomial orders <; and <, satisfy in., (f) = z;22 and

in.,(f) = wawswy, respectively. Then, we have in., (I4) = (r122), /ine,([4) =

(r1m5) and in.,(I4) = xexszy = \/in.,(l4). Hence, A(in.,(I4)) is not unimodular
and A(in.,(I4)) is unimodular.

Definition 1.4.9 A configuration matrix A is said to be unimodular if all triangu-
lations of A are unimodular.

Theorem 1.4.10 For a configuration matriz A € Z4", the following conditions
are equivalent.

(i
(i

) A is a unimodular configuration matriz.
)

(iii) Any lexicographic triangulation of A is unimodular.
)

Any regular triangulation of A is unimodular.

The normalized volume of any maximal simplex whose vertices belong to A is
equal to 1.

(iv

Moreover, if rank(A) = d, then the following is equivalent to the above.

(v) All nonzero d x d minors of A have the same absolute value.

We now introduce the normal configuration matrix. In general, a configuration
matrix A satisfies Z>¢oA C ZA N Q>¢A. However, it does not, in general, satisfy
Z>0A D ZAN QspA. We say that A is normal if it satisfies Z>9A = ZA N QxpA.
The formal definition of a normal ring is the following: “The integral domain K[A]
is called normal if it is integrally closed in its field of fractions.” With respect to
the normality of the toric ring K[A], the existence of unimodular triangulations and
unimodular coverings of A plays an important role.

15



Theorem 1.4.11 If a configuration matrix A has a unimodular covering, then the
toric ring K[A] is normal.

Corollary 1.4.12 Let A be a configuration matriz. If there exists a monomial order
< such that in.(14) is generated by squarefree monomials, then the toric ring K[A]
15 mormal.

The converse of Corollary 1.4.12 does not hold in general. However, the following
proposition holds.

Proposition 1.4.13 Let A be a configuration matriz. If there exists a minimal set
of binomial generators of the toric ideal 14 of A that contains a binomial with no
squarefree monomials, then K[A] is not normal.

1.5 h-polynomials and J/-polynomials

Let A be a simplicial complex of dimension d. For i (0 < i < d), let f; = f;(A) be
the number of i-dimensional faces in A and let

f(A> = (f07f17 - -7fd)-

This is called the f-vector of A. We define the h-vector h(A) = (ho, hq, ..., hay1) by

setting
d+1 d+1

Zlex_1d+lz thd—l-lz

where f_; = 1. We deﬁne the h-polynomial h(A, t) of A by
d+1

=> hit'.
=0

Example 1.5.1 We consider the following simplicial complex A.

Simplicial complex A

16



Since f_1 =1, fo =5, f1 =6, fo = 2, we have

f(A) = (5,6,2).

Moreover, since

3
N Sl =17 = fale = 1P+ fole — 12 + file — 1) + fo
1=0

=(@—17°+5(x—-1)2+6(x—1)+2
=3+ 22% —x

3
- b
i=0
= h0$3 + h11}2 + hQ(L’ + hg,
we have hg = 1,hy =2, hy = —1 and hg = 0. Hence,
h(A) = (1,2,-1,0).

Therefore,

3
WA ) =) hit!
=0

= hg 4+ hqt + hot® + hst®
=142t —t%

We now define the Ehrhart polynomial, Ehrhart series and d-polynomial. Let P
be a d-dimensional integral convex polytope in RY, i.e., all vertices of P are lattice
points. For each n € N, let nP = {na | @ € P} and let nP° be the interior of nP.
We define the functions i(P,n) = #(nP NZ") and i*(P,n) = #(nP° NZ"). Thus,
i(P,n) (resp., *(P,n)) is the number of lattice points contained in nP (resp., nP°).
It is known that i(P,n) is indeed a polynomial in n of degree d. It is called the
Ehrhart polynomial of P.

The generating functions of the Ehrhart polynomials i(P,n), ¢*(P,n) are defined
by

E(Pt) =1+ ii(P, n)t",  E*(Pt):= f:i*(P, n)t"

n=1 n=1

and are called the Ehrhart series of P.

Theorem 1.5.2 (Ehrhart’s Law of Reciprocity) We assume that P C RY is a
d-dimensional integral convex polytope. For the Ehrhart polynomial of P, we have

i*(P,n) = (—=1)%(P, —n)
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for every integer n > 1. Moreover, for the Ehrhart series of P, we have

1
E*(Pt) = (—-1)"'E (P, ;) :
The Ehrhart series E(P,t) of a d-dimensional integral convex polytope P can be

rewritten as
8o + Ot + -+ + Gqt?

(1—p)d

We define §(P,t) = 8 + 01t + -+ + 64t? and call this the d-polynomial of P. The
coefficient vector 6(P) = (g, 01, ...,0dq) of 6(P,t) is called the d-vector of P.

Let P C R be a d-dimensional rational convex polytope and m be the smallest
natural number such that mP is an integral convex polytope. Then, the functions
i(P,n) = #(nP NZY) and i*(P,n) = #(nP° N Z") are quasi-polynomials in n of
degree d with period m.

Ehrhart’s Law of Reciprocity (Theorem 1.5.2) is satisfied when P is a rational
convex polytope. Let F(P,t) be the Ehrhart series of a d-dimensional rational
convex polytope P and m be the smallest natural number such that mP is an
integral convex polytope. Then, F(P,t) can be rewritten as

5(P,t)

E(Pt) =

E(Pt) =

where 0(P,t) is a polynomial of degree less than m(d + 1) whose coefficients are

integral. We call §(P,t) the é-polynomial of P. When §(P,t) = dp + 01t + -+ +

dst® (05 # 0,8 <m(d+ 1)), then §(P) := (do, ..., 0s) is called the J-vector of P.
We now define the Ehrhart ring of a d-dimensional rational convex polytope. Let

P CRY bea d-dimensional rational convex polytope and let {x1,...,2,} be the set
of vertex of P. We define P C RY*! by

P={(a,1) e RN |a € P C RM}.
Moreover, let
C(P) := {Zm(mi,l) ‘ 0<reQ 1<i<w } c QN
i=1

where {(z;,1) | 1 <7 < v} is the set of vertices of P. .
For n € Zsq, we set C(P),, :={y € C(P) | yv+1 = n}. We note that C(P), is a
d-dimensional convex polytope that is isomorphic to nP by the correspondence

C(P), > (z,n) +— x € nP.

Then, the lattice point (o, n) € Z*" belonging to C(P),, corresponds to the mono-
mial x*t". Moreover, we define the linear space over the field K

[Ag(P)], == (%" | (o, n) € C(P), N ZNT1).
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The Ehrhart ring of P is defined by

Ax(P) = @PIAK(P)]..

n>0

We now review the definition of a Cohen-Macaulay ring and a Gorenstein ring.
We consider a standard graded K-algebra A = @®,,>0A, over the field K. By the
Noether Normalization Lemma, there exist a finite number of homogeneous elements
01,...,04, which are algebraically independent over K, such that A is a finitely
generated module over K|[0] = K|y, ...,0,). Namely, there exist a finite number of
homogeneous elements 7y, ..., ns such that

A=K[0m + -+ K[0]ns.

Then, {01, ...,04} is called a system of parameters of A. The number of parameters
d is always equal to the Krull dimension.

Definition 1.5.3 A system of parameters {6y,...,6;} is called regular if A is a
finitely generated free module over K[f]. If A possesses a regular system of param-
eters, then A is called a Cohen-Macaulay ring.

We assume that A = @®,,>¢A4,, is Cohen-Macaulay and define the Hilbert series
of A by

H(At):=) (dimg A,)t".

n>0

Moreover, let {61,...,604} be a system of parameters of A, d = dim A and ¢, =
deg 6. Then, we have
a(t)

T (=)

Definition 1.5.4 A finitely generated graded algebra A = @®,,>0A4,, is Gorenstein if
it has finite injective dimension as a module over itself.

H(A,t)

Theorem 1.5.5 We assume that a finitely generated graded algebra A = ®,>0A,, is
a d-dimensional Cohen-Macaulay integral domain and let H(A,t) = (co+cit+- -+
at))/ TIE_,(1=t°) (c; # 0) be the Hilbert series of A. Then, A is Gorenstein if and
only if the coefficients {co, ..., ¢} of the polynomial in the numerator of H(A,t) are
symmetric.

Let P be a d-dimensional rational convex polytope and A (P) := Gn>0[Ak(P)]n
be an Ehrhart ring of P. By the definition of the Ehrhart ring, since {z%t" | (a,n) €

C(P), NZNT1} is the basis of Ax(P) as a liner space, the Hilbert series of Ax(P)
is equal to the Ehrhart series of P.
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An Ehrhart ring Ag (P) is a (d+1)-dimensional finitely generated graded algebra
over K and, by Hochster’s theorem, a Cohen-Macaulay integral domain. Therefore,
the Hilbert series of Ag(P) is

H(Ag(P),t) = %

If P is an integral polytope, then e, = 1 for all k. Thus, if P is not an integral
polytope, then some e may not equal 1.
Moreover, by the definition of the §-polynomial of P, if m is the minimal natural

number such that mP is an integral convex polytope, then the Ehrhart polynomial

of Pis
d(P,t)

(1 _ tm)d+1 ’
Since H(Ag(P),t) = E(P,t), we have

E(P,t) =

a(t) I(P,t)

(14 -ty (14 - tearr=l) (14t 4 - gm-1)d+l’

Therefore, the coefficients of a(t) are symmetric if and only if the coefficients of
d(P,t) are symmetric. Moreover, we have the following corollary.

Corollary 1.5.6 Let P be a rational convex polytope. The Ehrhart ring Ak (P) of P
1s Gorenstein if and only if the coefficients of the d-polynomial of P are symmetric.
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Chapter 2

Regular unimodular triangulations
of edge polytopes

Let G be a finite connected simple graph and Py be the edge polytope of G. The
combinatorial structure of Py, especially the types of triangulations that Pg; admits,
is an interesting problem, which has been studied extensively (see [14, Chapter 5] and
references therein). In [16], Ohsugi obtained a necessary and sufficient condition for
Pg to possess a regular unimodular triangulation. Namely, there exists a monomial
order such that the initial ideal of the toric ideal of the graph G is generated by
squarefree monomials. However, this condition is not easy to apply to a given graph
by merely inspecting the graph.

In this chapter, for a graph G, we will obtain several criteria for the existence
of a regular unimodular triangulation of Py in terms of simple data related to the
graph. Moreover, we will present examples where we will apply our criteria to
specific graphs and show that their edge polytopes possess a regular unimodular
triangulation.

Furthermore, we will implement a program for the computer algebra system
Magma [2] that determines whether a given fundamental FHM graph satisfies our
criteria. Finally, we will show how the program can be used.

2.1 The edge polytope of a finite graph

Let G = (V, E) be a finite graph, where V' = {1,2,...,d} is the vertex set and
E ={ey,...,e,} is the set of edges. A graph is called simple if it has no loops and
no multiple edges. For each edge e = {i,j} € E, we set

ple) =e; +e; €7,

where e; is the i-th unit coordinate vector in R?.

Let Ag be a configuration matrix whose column vectors are {p(e)|e € E}. We
call the convex hull CONV(Ag) C RY of Ag the edge polytope of G and denote it
by P, G-
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Example 2.1.1 We consider the following graph.
1 2

4
Graph G

The configuration matrix Ag of GG is the following
1100

O = =
— — O

We now define certain concepts related to graphs. A sequence I' = (e;,,...,€;,)
of edges of a finite graph G is called a walk of length r if T" satisfies

ejl = {il, ig}, 6j2 = {ig, 7:3}, .. 7€jr = {ir, ir+1}.
In addition, if is # 4 (s # t, s,t = 1,...,7+ 1), then I' is called a path and if
ir1 = i1, then I is called a closed walk of length r. A closed walk of even length is
called an even closed walk. 1f i,,1 = iy and iy,...,4, (r > 3) are distinct, then T" is
called a cycle of length 7. A cycle of odd length is called an odd cycle. An edge that
joins two vertices of a cycle that is not itself an edge of the cycle is called a chord
of that cycle [8]. A cycle is called minimal if it possesses no chords.

A finite graph G is said to be connected if, for any two vertices ¢ and j of G,
there exists a walk from ¢ to j. In what follows, we will always assume that G
is a connected graph. If the vertex set V of a finite graph G is partitioned into
V = V1 UVa, where Vi NV, = () and each edge of G joins a vertex in V; and a vertex
in V5, then G is called a bipartite graph. It is known that a finite graph is bipartite
if and only if it has no odd cycles.

If two cycles C' and C” in G have no common vertices, then they are called
disjoint. For the disjoint cycles C' and C’, the bridge of C and C” is the edge of G
joining a vertex in C' and a vertex in C”.

Let E = {e1,...,en} be the edge set of G. The edge space e(G) of G is the
vector space over the two-element field Fo = {0,1} of all functions £ — Fy. The
cycle space is the subspace of €(G) spanned by all cycles in G.

A Fulkerson— Hoffman—McAndrew (FHM) graph (see [9]) is a finite connected
simple graph such that any pair of disjoint odd cycles has a bridge. A fundamental
FHM graph (see [9]) is an FHM graph that has at least one pair of disjoint odd
cycles.
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The following is a basic fact about FHM graphs.

Proposition 2.1.2 ([16, Proposition 3.4], [19], [18, Corollary 2.3] and [25])
Let G be a finite connected simple graph.

(i) The edge polytope Pg is normal if and only if G is an FHM graph. In particu-
lar, if the edge polytope Pg possesses a reqular unimodular triangulation, then
G s an FHM graph.

(ii) If G possesses no pairs of disjoint odd cycles, then Pg possesses a reqular
unimodular triangulation. In particular, if G is a bipartite graph, then Pg
possesses a reqular unimodular triangulation.

(iii) There exists an example of an edge polytope Pg of a fundamental FHM graph
G that possesses no reqular unimodular triangulations.

We show examples of 20 fundamental FHM graphs in Appendix A. One of the
graphs in Appendix A, namely “Graph 2", satisfies condition (iii).

2.2 Theoretical lower bounds

In this section, we provide several preliminary lemmas and propositions that will
help us determine the type of the graphs under consideration. The following lemma
shows that we are not interested in any graph that has a vertex of degree 1.

Lemma 2.2.1 ([11], Lemma 2.1) Let G be a graph having a vertex v with degv =
1 and let G' = G \ v. Then, the edge polytope Pg of G has a reqular unimodular
triangulation if and only if the edge polytope Pg has one.

The following proposition shows that we are not interested in any graph with
< 5 vertices.

Proposition 2.2.2 ([22], Theorem 3.3) For a finite connected graph of d wver-
tices, if d <5, then all triangulations of Pg are unimodular.

Let G be a graph with d vertices and n edges. The following proposition shows
that we are not interested in any graph with n —d < 3.

Proposition 2.2.3 ([19]) Let G be a finite connected graph with d vertices and
n edges. We assume that n —d < 3. Then, the edge polytope Pg has a reqular
unimodular triangulation if and only if Pg is normal.
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Proof. The “only if” part is clear. Therefore, we will prove the “if” part. By Lemma
2.2.1, we may assume that the degree of each vertex of GG is at least 2. We will use
the following fact:

- If a subgraph G’ of G has d' vertices and n’ edges, then n’ — d < n — d.

We assume that Py is normal and has no regular unimodular triangulations. Then,
using [16, Theorem 3.5], there exist two pairs of disjoint odd cycles II = (C, Cy)
and II" = (Cs,Cy) such that there is an edge e of Cj that joins C} and Cy. We
assume that the sequence of vertices of Cj is vy, vg, ..., U, v1 and e = {vy, v, }. Let
G' = C; U Cy U C3. Moreover, we assume that C} is a cycle in G'. Since C3 and
Cy have no common vertices, the cycle Cy is a subgraph of C} U Cs and does not
contain the vertices v; and v,,. This is a contradiction. Thus, C} is not contained
in G'. We let v(> 2) denote the number of maximal consecutive subsequences of
vertices of C; or Cy that appear in C3. Let d' (resp., n’) be the number of vertices
(resp., edges) of the graph G'. Then, v =n' —d <n —d < 3. Hence, v € {2,3}.

(Case 1) We assume that n —d = n’ — d'. Since both G and G’ are connected,
the dimension of the cycle space of G and that of G’ are bothn—d+1=n'—d +1
(see, e.g., [8, Theorem 1.9.6]). Hence, the two cycle spaces are isomorphic and, in
particular, the set of cycles of G coincides with that of G’. Thus, C, appears in G'.
This is a contradiction. Hence, this case is not possible.

(Case 2) We assume that n —d >n' —d. Then,3>n—-d>n'—d =v > 2.
Hence, n—d =3 and n' —d = v = 2. Let V' (resp., E’) be the set of vertices (resp.,
edges) of G’ and let G” be a subgraph of G with edge set E” = E'\ E’. Moreover,
let V" be the set of vertices appearing in E”. Let Gi,...,Gs denote connected
components of G”. Then, we have

s

L= (n—d)— (0 —d) = Y (B - [V + |V Vi), (2.1)

i=1

where V; is the vertex set of GG; and FEj; is the edge set of G;. Since G is connected,
|[V'NV;| > 1 for each i. In addition, since G; is connected, we have |E;| —|V;| > —1.
We assume that |E;| — |V;| + |[V' NV = 0. Then, |E;| — |Vi] = —1. Hence, G;
is a tree. It is known that any tree has at least two vertices of degree 1. Since
the degree of each vertex of G is at least 2, we have |V NV;| > 2. Therefore,
|E:| — |Vi| + |V'NV;| # 0. This is a contradiction. Thus, |E;| —|Vi|+|V'NV;| > 1. Tt
follows from Equation (2.1) that s = 1 and |Ey| — |Vi| + |V NVi| = 1. Therefore, G”
is connected and either (i) |E”|—|V"| =0 and |[V'NV"| =1 or (ii) |[E"|—|V"| = —1
and [V' N V" = 2.

We assume that V' N V" = {v],v4} and v} is a vertex of C; for i = 1,2. Since
|E"| — V"] = —1, G” is a path. Then, any cycle in C; U Cy U G” contains one of
the vertices v; and v,,. This contradicts the assumption that Cj is a subgraph of
C1UCy UG". Thus, we may assume that [V NV”| <2 and V' NV” is a subset of
the vertex set of C;. Then, C, is a subgraph of C; U G” and has no vertices of C5.
Since G satisfies the odd-cycle condition, there exists an edge ¢’ that is not an edge
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of G joining Cy and Cy. Since G” U4 and Cy have no common vertices, €' is not an
edge of G"U(C}. Since Cy and Cy U3 have no common vertices, €’ is not an edge of
Co U 5. Thus, € is not an edge of G = G” U C7 U Cy U C3. This is a contradiction.

Thus, Case 1 and Case 2 are not possible. Hence, we arrive at the desired
conclusion. O

Let G be a fundamental FMH graph with d vertices and n edges and having
no vertices of degree 1. By the preceding, we are interested in fundamental FHM
graphs G with d > 6 and n — d > 4.

2.3 Ciriteria for the existence of a regular unimod-
ular triangulation

Let G be a finite connected graph and let C' be an odd cycle contained in G. Let
¢ be a chord of C. Then, ¢ divides C' into two cycles, where one is an odd cycle
and the other is an even cycle. We call the even cycle the even closed walk of the
chord c in C. In the even closed walk I' of the chord ¢ in C', we require that ¢ be an
even-numbered edge of I'.

Let (C4,C5) be a pair of disjoint odd cycles in G' (namely, the odd cycles C4
and Cy have no common vertices) and b be a bridge of this pair. Then, the even
closed walk of b in (Cy,Cy) is the closed walk (Cy,b,Cy, —b). Here, —b denotes the
oppositely directed edge of b and the cycle C starts from the vertex C; Nb and ends
at the same vertex. The same holds for Cy. We note that in the even closed walk I'
of the bridge b in (Cy, Cy), b appears twice as an even-numbered edge of I

We will review the necessary and sufficient condition for Ps to have a regular
unimodular triangulation ([16, Theorem 3.5]). We assume that G possesses p pairs
of disjoint odd cycles II; = (C1,C),..., I, = (C,,C}). For each i (1 < i < p),
let {0’ | 1 < j < ¢;} be the set of bridges of II; and the chords of C; or Cj. Let
Fj- = (e €i, - --€,) be the even closed walk of bé-, where the bridge or chord is
even-numbered.

We now define the open half-space Hb§_ by

Z$i2k—1 > Zx'bék } : (2'2>
k=1 k=1

Furthermore, we set W := (}_,( gi:l Hb;)- The following result is our starting
point.

Hy; = {(ml,...,xn) eR”

Proposition 2.3.1 ([16, Theorem 3.5]) The edge polytope Pg possesses a regu-
lar unimodular triangulation if and only if W # ¢.

Let G be a fundamental FHM graph. In this section, we will provide four criteria
for the edge polytope Pg to possess a regular unimodular triangulation in terms of
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simple graph data. Our criteria are based on the existence of special bridges in each
pair of disjoint odd cycles. Let II;, ... I, be all the pairs of disjoint odd cycles in
G as before and {b',... 0P} be the set of bridges, where b° is the bridge of II;. Let
Fi = (eiu ce s Ciggins bla €155 Chingtas _bl)

We define
Q; = |{b1, Ce ,bp} N {ei2;€i47 .. ~7ei2576j27€j47 .. .,eth}‘,

61' = |{b17,bp} N {€i17€i3,...,€i25+1,€j1,6j3,...,€j2t+1}|.

Furthermore, we set a; := 2 + o; — [3;.

Theorem 2.3.2 We use the same notation as above. The edge polytope of a fun-
damental FHM graph G possesses a regular unimodular triangulation if it has a set
of bridges {b',... b"} (b is the bridge of 11;) that satisfies the following condition:
For each i, a; > 0 holds and the number of I'; such that a; = 0 is at most two.

Proof. We first rewrite W in Proposition 2.3.1, by the distributive law, as follows:

p qi
WZﬂ( 1Hb§>:'U‘ (Hb}lﬁ"'me§p>>
J

i=1

where j; satisfies 1 < jp < qi. We set

Co=Cly gy = Hiy, ooy,

and call Cj the open cone of b = {bjl-l, o b];p} Thus, W # ¢ is equivalent to the
existence of a set of bridges b = {b',... 0P} (b is a bridge of II;) such that Cj is
non-empty.

For each i, let T'; be the even closed walk of b and f; > 0 be Inequality (2.2)
defined by b'. We denote by the same f; an n-dimension vector that consists of the
coefficients of the left-hand side (LHS) of the inequality f; > 0. We note that if the
bridge b* is equal to an edge e;, if the j-th component f;[j] of the vector f; is —2
and if the other edge ey is contained in I';, then f;[k] = +1 (resp., —1) if ¢ is an
odd (resp., even)-numbered edge of I';. The other components of f; are 0.

We define the standard weight vector w € R" of C}, as follows. If there exists ¢
such that f;[k] = —2, then we set w[k] := —1. The other components of w are 0.
We note that a; is equal to f; - w (inner product) for each i.

(i) We assume that a; > 0 for any 4. Since f; - w > 0 for any 4, we have w € W.

(i) We assume that a; = 0 and a; > 0 (i # j). Let ¥ be a bridge of I'; and
WV =e. Let w' :=w+ (—1/10e;), where €, is a unit vector. We now consider
fi-w' = f;-w+ f; - —1/10€;. By assumption, f; - w = a; = 0. Moreover, we
obtain f;-—1/10e; = 1/5. Therefore, f;-w' = f;-w+ f;- —1/10e; = 1/5 > 0.
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Furthermore, let b* be a bridge of I'; and b* = e, and let w’ := w+(—1/10e,,).
We next consider f;-w' = f;-w+ f;-—1/10e,,. By assumption, f;-w = a; > 0.
Moreover, we obtain f; - —1/10e,, = 1/5. Therefore, f; -w’ = f;-w + f; -
—1/10e,, > 0.

(iii) We assume that a; = ay = 0 and a; > 0 (i # j,i # k). There exists at
least an edge ¢; in I'; that is not contained in I'y,. Moreover, there exists
at least an edge e, in I'; that is not contained in I';. Let v be a vector
that satisfies the following condition: v[l] = 1/10 (resp., —1/10) if ¢; is odd
numbered (resp., even-numbered) in I';. v[m] = 1/10 (resp., —1/10) if e,, is
odd numbered (resp., even-numbered) in I'y. The other components of v are
0. Let w' := w + v. We now consider f; - w' = f; - w + f; - v. By assumption,
fi - w = a; > 0. Moreover, we obtain f; -v > —3/10. Since a; € Z~q, we have
fi-w = a; > 1. Therefore, f;-w' = f;-w+ f;-v > 7/10 > 0. We next consider
fi-w' = f;-w+ f;-v. By assumption, f; - w = a; = 0. Moreover, we obtain
fi-v=1/10 or 1/5. Therefore, f; - w' = f; -w+ f; - v > 0.

As above, we obtain f -w' = fr-w + fr-v > 0.

We have the following corollaries.

Corollary 2.3.3 We use the same notation as above. The edge polytope of a fun-
damental FHM graph G possesses a reqular unimodular triangulation if it has a set

of bridges {b*,... b} (b% is the bridge of I1;) such that a; > 0 for each i.

Corollary 2.3.4 The edge polytope of a fundamental FHM graph G possesses a
reqular unimodular triangulation if it has a set of bridges {b*,... 0P} (b' is the
bridge of 11;) that satisfies the following condition: For each even closed walk T'; of
bt, the number of the other bridges b contained in T'; is at most two and the number
of I'; that contain exactly two other bridges is at most two.

Corollary 2.3.5 The edge polytope of a fundamental FHM graph G possesses a
reqular unimodular triangulation if it has a set of bridges {b*,... 0P} (b' is the
bridge of 11;) that satisfies the following condition: Fach even closed walk of the
bridge b° contains at most one different bridge V.

We note that the strongest condition is Corollary 2.3.5, whereas the weakest is
Theorem 2.3.2. However, Corollary 2.3.5 is the easiest to verify graphically.

Remark 2.3.6 (i) In Theorem 2.3.2, if there exist more than two i such that
a; = 0, the following holds. We assume that a; = 0 for i = iy,...,4,. (r >
3) and a; > 0 for the other i. Let H C R™ be the hyperplane defined by
> iy wljlz; = 0. If the convex cone P generated by fi,..., f;, in H is
strongly convex, i.e., PN —P = {0}, then W is non-empty. The proof is the
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(i)

same as that of Theorem 2.3.2. Namely, owing to this condition, we can vary
w slightly to obtain a new weight w’ such that f; - w’ > 0 for any i. However,
this condition is not clear at all by merely inspecting the graph.

More generally, let C(f1,..., f,) be an open cone in R" defined by p linear
homogeneous inequalities f; > 0 (1 < ¢ <p). Then, C(fi,..., f,) # ¢ holds if
and only if the dual cone C(fi,..., f,)" =Rsofi+---+Rsofp of C(f1,..., fp)
is strongly convex (f; is the coefficient vector of the LHS of the inequality).
It is difficult to determine whether C(f1,... f,)" is strongly convex or not by
merely inspecting the graph.

The edge polytope of the following graph does not possess regular unimodular
triangulations (Example 3.2 in [17]). Moreover, there exist three ¢ such that
a; = 0. Therefore, we cannot improve the condition of Theorem 2.3.2 such
that “the number of I'; such that a; = 0 is at most three”

2.4 Applications

We first apply our criteria to the complete graph G = K with six vertices. It is
known that Pk, possesses a regular unimodular triangulation for any d (see [30]).
Moreover, the same is true of an edge polytope of a gap-free graph or a complete
multipartite graph (see [6] and [20]).

Remark 2.4.1 The complete graph K satisfies the condition of Corollary 2.3.3.
However, it does not satisfy the condition of Corollary 2.3.4.

We finally provide several other examples that satisfy our criteria.

Example 2.4.2 The following five types of graphs satisfy the condition of Corollary
2.3.5. More precisely, in the graphs A, », By and Chy img .y ne» @ll pairs of disjoint
odd cycles (triangles) have a bridge b in common. Thus, there are no other bridges
contained in the even closed walk of b.
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Doy s ms.ma has a set of bridges {b', b?}, where any disjoint pair has a bridge in
this set and the even closed walk of b’ (i = 1,2) contains (exactly) one other bridge.
Erny ma.ms has a set of three bridges {b', b?, b*}, where any disjoint pair has a bridge
in this set and there are no other bridges contained in the even closed walk of b’
(i=1,2,3).

Bm n
A 3
m,n 5
b
m triangles n triangles M triangles n triangles
D
Cm1,m2,n1,n2 1 m1,m2,m3,m4
m1 nt
N

q .
¢ P

m2

Example 2.4.3 The following two types of graphs satisfy the condition of Corollary
2.3.3 and not that of Corollary 2.3.4. F,, m,.ms.m, has a minimal set of six bridges
{b"]1 < i < 6}, where any disjoint pair has a bridge in this set and Gy, my ms.mams
has a minimal set of ten bridges {b*|1 < i < 10}.
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F

m1,m2,m3,m4 G m1,m2,m3,m4,m5

Example 2.4.4 The following graph (“Graph 9” in Appendix A) satisfies the con-
dition of Theorem 2.3.2. Moreover, there exist only two ¢ such that a; = 0. The
graph has a minimal set of three bridges {b'|1 < i < 3}, where any disjoint pair
has a bridge in this set. When I'; = (ej5,e5,b', 0%, 03, €19, €11, —b?), then a3 = 0
and f; = 2. Therefore, a1 = 24+ a; — 1 = 2+ 0—2 = 0. Moreover, when
FQ = (617,67,66,65,bl,b2,b3,612,611,—b2), then ay = 0 and 62 = 2. Therefore,
a2:2+a2—52:2+0—2:0.

2.5 The algorithm and the program

We have implemented a program for the computer algebra system Magma [2] that
determines whether a given fundamental FHM graph satisfies Theorem 2.3.2, Corol-
lary 2.3.3, Corollary 2.3.4 and Corollary 2.3.5. In this section, we provide the details
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of the algorithm and the program. Let G be a FHM graph and Pg be an edge poly-
tope of G. The program that determines whether Py possesses a regular unimodular
triangulation is based on Theorem 2.3.1. We can rewrite “the open cone C} is not
empty if and only of the dimension of the closed cone Cj, is equal to the number
of edges” as “Pg possesses a regular unimodular triangulation if and only if there
exists at least one closed cone (', such that the dimension of Cj is equal to the num-
ber of edges”, where the closed cone is defined by replacing > with > in Inequality
(2.2). The algorithm calculates the dimension of all closed cones. If there exists a
cone such that the dimension of the cone is equal to the number of edges, then the
program will output “W is not empty”. If the dimension of all cones is less than
the number of edges, then the program will output “W is empty”.

We now show how the program “cyclel2.c” can be used (the details are in Ap-
pendix B). The data of a graph G = (V, E) is given by the vertex set V' and the
edge set F.

Example 2.5.1 The following is an example of the input data for “Graph 17 in
Appendix A.

Vi:= [1..9];
El: [{1,2}’{2,3}’{3’4},{4’5}’{5’6}’{6,7}’{1’7},{2’7},{2’8}’{7,8}’{8’9},
{2,9},{7,9},{4,9},{5,9},{3,9},{6,9}];

The main commands are “main” and “initial”. The command “main(V,E)”
calculates the dimension of all closed cones of the graph G = (V, E). If there exists
a closed cone such that the dimension of the cone is equal to the number of edges,
the program stops and outputs the coefficients of Inequality (2.2) of the cone and an
inner point w in the cone. The inner point w is generated to solve Inequality (2.2)
and calculate the minimal generators of the cone and their sum. If the dimension of
all cones is less than the number of edges, then the program will output the message
“W is empty”.

The command “initial(V,F w)” is used if W is non-empty. The command
“Initial(V,E,w)” outputs the initial ideal of the toric ideal with respect to weight
monomial order on the polynomial ring Q[z1,...,z,] (n is the number of edge) de-
fined from w and graded reverse lex order. Moreover, it outputs the set of maximal
simplices of the regular unimodular triangulation.

Example 2.5.2 The following is the result for “Graph 5” in Appendix A.

main(V5,E5);
set of vertices = [ 1 .. 10 ]
array of edges = [

{ 23,

N e
OO WN e
~No o w
e R e x

B
B
B
>
B
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number of edges= 16

number of pairs= 12

array of the number of even closed walks= [ 1, 6, 6, 3, 2, 4, 2, 1, 3, 3, 1, 4]
number of cones= 62208

116

L
o, -1, 1, -2, 1, -1, 0, 0, 0, 0, O, 0, 0, O, 1, 117,
-2, 1, -1,0,-1,1, -1,1,1,0, -1, 0,0, 1,1, 01,
-2, 1, -1,1, -1,1,0,1,1, -1, 0, 1, -1, 0, O, O 1],

[

[

[

[-2,1, -1, 1, 0,0,0, 1,1, -1, 0, 1, 0, -1, 0, 01,
ro,o,o0,o0,0,0, -2,1, -1, 1, 0, 0, 1, -1, 0, 1]

[ -2, 0,0, -1, 0, 0

[o, -1, 1, -2, 0, 0
[ -2, 1, -1, 0, 0, O,
[ -2, 1, -1, 0, 0, O
ro, -1, 1, -2, 0, 0 1

o, o,0,0,-1,1, -2, 1, -1, 1, 0, 0, 0, 0, 0, 11,
[-1, 0, 0,0, -1, 1, -2, 1, 0, 1

B

> B

]

16 non-empty

inner product = [ 2, 3, 1, 1, 2, 3, 2, 2, 3, 3, 2, 31

inner product (absolute value) = [ 2, 3, 3, 3, 2, 3, 2, 2, 3, 3, 2, 3]
inner point weight=

[3,3,3,3,3,3,3,7,3,3,1,3,1,1,9, 7]
[3,3,3,3,3,3,3,7,3,3,1,3,1,1,9, 7]

B B

initial(V5,E5,[ 3, 3, 3, 3, 3, 3, 3, 7, 3, 3, 1, 3, 1, 1, 9, 7 1);
number of vertices= 10
number of edges = 16
initial ideal = [
x[8]*x[15]*x[16],
x[2]*x [8] *x[9] *x [15],
x[3]*x [6]*x[15]*x[16],
x[2]*x[8]*x[11]*x[15],
x[2]#x [8]*x[13] *x [15],
x[6]*x[8]*x[10]*x[16],
x[6]*x[7]1*x[9]*x[15],
x[8]*x[10]*x[13]*x[16],
x[8]*x[12]*x[16],
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]

x[2]*x[4]*x[6]*x[8],
x[1]*x[3]*x[10]*x[16],
x[8]*x[11]*x[16],
x[2]*x [4]*x [8]*x [11],
x[2]*x [4] *x [8] *x [13],
x[1]*x[3]*x[11]*x[16],
x[31*x[12]*x[16],
x[14]*x[15],
x[91*x[12],
x[7]1*x[11],

x[6]*x[13]

number of maximal simplices= 73
array of maximal simplices of regular unimodular triangulation=

(

x[2]*x [3] *x [4] *x [6] *x [9] *x [10] *x [11]*x [13] *x [15] *x [16] ,
x[2]*x[3]*x[4] *x [6]*x [9] *x [10] *x [11] *x [13] *x [14] *x[16],
x [2] *x [3]*#x [4] *x [6] *x [7]*x [9] *x [10] *x [13] *x [15] *x [16] ,
x [2] *x [3] *x [4] *x [6] *x [7]*x [9] *x [10] *x [13] *x [14] *x [16] ,
x [2] #x [3] *x [4] *x [5] *x [7] *x [8] *x [9] *x [10] *x [14] *x [16] ,
x[2]1*x[3]*x[4]*x [6]*x[6]*x[9] *x[10] *x[11]*x[14]*x[16],
x [2] *x [3] *x [4] *x [6] *x [6] *x [7] *x [9] *x [10] *x [14] *x [16] ,

x [1]#x [3] *x [4] *x [6] *x [8] *x [10] *x [11] *x [12] *x [13] *x [15] ,
x [1]%x [3]%x [4] *x [6] *x [8] *x [10] *x [11] *x [12] *x [13] *x [14] ,
x[1]*x [3]*x [4] *x [6] *x [8] *x [9] *x [10] *x [11] *x [13]*x [15],
x[1]*x[3]*x [4] *x[6] *x [8]*x [9] *x [10] *x [11]*x [13]*x[14],
x[1]1*x[3]*x[4]*x [6]*x [7]*x[8] *x[10] *x[12] *x[13]*x[15] ,
x[1]*x [3]*x [4] *x [6] *x [7] *x [8] *x [10] *x [12] *x [13] *x [14] ,
x[1] *x [3] *x [4] *x [6] *x [7] *x [8] *x [9] *x [13] *x [14] *x [16] ,
x[1]*x [3]*x [4] *x [6] *x [7] *x [8] *x [9] *x [10] *x [13] *x [15] ,
x[1]*x [3]*x [4] *x [6] *x [7] *x [8] *x [9] *x [10] *x [13] *x [14] ,
x[1]1*x[3]*x[4]*x [6]*x[6]*x[8] *x[10]*x[11]*x[12]*x[15],
x[1]1*x[3]*x[4]*x [6]*x[6]*x[8] *x[10] *x[11]*x[12]*x[14],
x[1]*x [3]*x [4]*x [5] *x [6] *x [8] *x [9] *x [10] *x [11] *x [15] ,
x [1]%x [3] *x [4] *x [5] *x [6] *x [8] *x [9] *x [10] *x [11] *x [14] ,
x[1]*x[3]*x [4] *x [6] *x [6]*x [7] *x [8] *x [10] *x [12] *x [15] ,
x[1]*x [3]*x [4] *x [6] *x [6] *x [7]*x [8] *x [10] *x [12] *x [14] ,
x[1]*x[3]*x [4] *x [5]*x [6]*x [7]*x [8]*x [9] *x[14]*x[16],

% [1] *x [3] *x [4] *x [5] *x [6] *x [7] *x [8] *x [9] *x [10] *x [14] ,
x[11*x[2]*x [4]1*x [6]*x [10] *x [11]*x [12] *x [13] *x [15]*x [16],
x[1]%x [2] *x [4]*x [6]*x [10] *x [11]*x [12] *x [13] *x [14] *x [16],
x[1]*x [2]*x [4] *x [6] *x [9] *x [10] *x [11]*x [13]*x [15]*x [16],
x[11*x [2]*x [4] *x [6] *x [9] *x [10] *x [11]*x [13]*x [14]*x [16],
x[1]*x [2] *x [4] *x [6] *x [7]*x [10] *x [12] *x [13] *x [15] *x [16] ,
x[1]1*x [2]*x [4] *x [6] *x [7]*x [10] *x [12] *x [13] *x [14] *x [16],
x[1]1*x[2] *x [4] *x [6]*x [7]*x[9] *x[10] *x[13] *x[15]*x[16] ,
x[1]*x[2]*x [4] *x [6] *x [7]*x [9] *x [10] *x [13] *x [14]*x[16],
x [1]#x [2] *x [4]*x [5] *x [7] *x [8] *x [9] #x [10] *x [14] *x [16] ,
x[1]1*x[2]*x[4] *x [6]*x [6]*x [10] *x [11] *x [12] *x [15] *x [16],
x[11*x[2] *x [4] *x [5] *x [6] *x [10] *x [11]*x [12] *x [14]*x [16] ,
x[1]*x [2] *x [4] *x [6] *x [6] *x [9] *x [10] *x[11] *x [15] *x[16] ,
x[1]*x [2] *x [4] *x [6] *x [6] *x [9] *x [10] *x [11] *x [14] *x [16] ,
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x[1]1*x[2] *x [4]*x [6] *x [6] *x [7]*x[10] *x[12] *x[15] *x [16] ,
x[11*x [2] *x [4] *x [5] *x [6] *x [7]*x [10] *x [12] *x [14] *x [16] ,
x [1]*x [2] *x [4] *x [5] *x [6] *x [7] *x [9] #x [10] *x [14] *x [16] ,
x[1]*x[2] *x [3] *x [6] *x [8] *x [10] *x [11] *x [12] *x [13] *x [14],
x[1]1*x[2]*x[3]*x[6]*x[8] *x[9] *x[10] *x[11]*x[13]*x[14],
x[1]1*x[2] *x [3]*x [6]*x [7]*x[8] *x[10] *x [12] *x [13]*x [14],
x[1]*x[2] *x [3] *x [6] *x [7] *x [8] *x [9] *x [13] *x [14] *x [16] ,
x[1]*x[2] *x [3] *x [6] *x [7] *x [8] *x [9] *x [10] *x [13] *x [14] ,
x[1]*x[2] *x [3] *x [6] *x [6] *x [8] *x [10] *x [11] *x [12] *x [14],
x[1]*x[2]*x [3] *x [6] *x [6] *x [8] *x [9] *x [10] *x [11] *x [14],
x[1]1*x[2]*x[3] *x [6]*x [6]*x [7]*x[8] *x[10] *x[12] *x [15] ,
x[1]*x [2] *x [3] *x [6] *x [6]*x [7] *x [8] *x [10] *x [12] *x [14] ,
x[1]*x [2] *x [3] *x [6] *x [6] *x [7] *x [8] *x [9] *x [14] *xx [16],
x[1]*x [2] *x [3] *x [6] *x [6] *x [7] *x [8] *x [9] *x [10] *x [14],
x[1]*x[2]*x [3] *x [4] *x [6] *x [10] *x [11] *x [12] *x[13] *x [15] ,
x[1]1*x[2]*x[3] *x [4]*x [6]*x [10] *x [11] *x [12] *x [13] *x[14],
x[1]1*x[2] *x [3] *x [4] *x [6] *x[9] *x[10] #x[11] *x [13]*x [15] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [9] *x [10] *x [11]*x [13] *x [14]
x[1]*x [2] *x [3] *x [4] *x [6] *x [7]*x [10] *x [12] *x [13] *x [15] ,
x[1]*x[2] *x [3] *x [4] *x [6] *x [7] *x [10] *x [12] *x [13] *x [14],
x[1]1*x[2]*x[3] *x [4]*x [6]*x [7]*x[9] *x[13] *x[15]*x[16] ,
x[1]1*x[2]*x [3] *x [4] *x [6] *x [7]*x[9] *x[13] *x [14]*x [16] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [7] *x [9] *x [10] *x [13] *x [15] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [7] *x [9] *x [10] *x [13] *x [14],
x[1]*x[2] *x [3] *x [4] *x [5] *x [7] *x [8] *x [10] *x [12] *x [15] ,
x[1]*x [2]*x [3] *x [4] *x [5] *x [7] *x [8] *x [10] *x [12] *x [14] ,
x[1]1*x[2] *x [3] *x [4] *x [6] *x [7]*x [8] *x[9] *x[14] *x [16] ,

x [1]*x [2] *x [3] *x [4] *x [6] *x [7] *x [8] *x [9] *x [10] *x [14],
x[1]*x [2] *x [3] *x [4] *x [6] *x [6] *x [10] *x [11]*x [12] *x [15] ,
x[1]*x [2] *x [8] *x [4] *x [6] *x [6]*x[10] *x [11]*x [12] *x[14],
x[1]*x[2]*x [3] *x [4] *x [5] *x [6] *x [9] *x [10] *x [11] *x [15] ,
x[1]1*x[2]*x[3] *x [4] *x [6]*x[6]*x[9] *x[10] *x[11]*x[14],
x[1]1*x[2]*x [3] *x [4] *x [6] *x [6] *x [7] *x[10] *x[12] *x [15] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [6] *x [7]*x [10] *x [12] *x [14] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [6] *x [7T] *x [9] *x [14] *x [16] ,
x[1]*x [2] *x [3] *x [4] *x [6] *x [6] *x [7]*x [9] *x [10] *x [14]

The following table shows whether W is empty and, in case W is non-empty,
the number of maximal simplices of the regular unimodular triangulation and the
number of cones for 20 fundamental FHM graphs in Appendix A. In the case of
“Graph 13”7, the program cannot determine whether W is empty and calculate the
number of maximal simplices.
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Table 2.1: Results for the 20 FHM graphs

’ Graph number H empty or non-empty ‘

number of cones

Graph 1 non-empty 17280
Graph 2 empty 1
Graph 3 non-empty 32768
Graph 4 non-empty 32
Graph 5 non-empty 62208
Graph 6 non-empty 1761205026816
Graph 7 non-empty 18
Graph 8 non-empty 4
Graph 9 non-empty 16128
Graph 10 non-empty 6912
Graph 11 non-empty 8
Graph 12 non-empty 812479653347328000
Graph 13 7 | 491830100941206719692800000
Graph 14 non-empty 8
Graph 15 non-empty 3456
Graph 16 non-empty 81
Graph 17 non-empty 4
Graph 18 non-empty 4
Graph 19 non-empty 1024
Graph 20 non-empty 432
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We next consider the command “bmaink” (1 < k < 4), which determines whether
a given fundamental FHM graph G satisfies Theorem 2.3.2, Corollary 2.3.3, Corol-
lary 2.3.4 and Corollary 2.3.5.

For example, “bmainl(V E)” determines whether GG possesses cones that satisfy
Theorem 2.3.2. If G possesses cones that satisfy Theorem 2.3.2, then “bmainl(V,E)”
outputs the inequalities of the cones and the weights that satisfy these inequalities.

Example 2.5.3

bmainl (V1,E1);
number of edges= 17
number of pairs= 8

array of the number of even closed walks= [ 5, 4, 3, 3, 4, 4, 3, 2]

number of cones= 17280

[
ro, 2,1, -1, 1, 0, 0, 1, 1, -1, 0, 0, 0, O, O, 1, -1 17,
r1, -2, ¢, -1, 1, 0, -1, 1, 0, 0, 0, 0, 0, 0, 0, 1, -1 1,
to,o,0,-0,0,0,-1,1,1, -2, 0,0, 1,1, 0,01,
[+, -2, 1, 0, o, 0, -1, 1, 0, 0, 0, 0, 0, -1, 0, 1, 01,
o, -2, 1, 0,0, 0,0,1, 1, -1, 0, 0, 0, -1, 0, 1, 01,
[o, o,o0,o0,1,-2,0,1, -1, 1, 0, 0, 0, 0, -1, 0, 11,
[-1, 0,0,0,1, -2, 1, 1, 0, 0, O, 0, O, O, -1, 0, 11,
[+ o0, 0, -1, 0, 0, -1, 1, 0, 0, 0, -2, 0, 1, 1, 0, 0]

]

17 non-empty

inner product = [ 2, 2, 2, 2, 2, 2, 2, 2]

inner product (absolute value) = [ 2, 2, 2, 2, 2, 2, 2, 2]
inner point weight=

[2,2,2,2,2,2,2,2,2,2,2,2,2,5,1, 9, 5]
(2 2,2,2,2,2,2,2,2,2,2,2,2,5,1,9, 51
bmainl (V2,E2);

number of edges= 15

number of pairs= 5

array of the number of even closed walks= [ 1, 1, 1, 1, 1]
number of cones= 1

no bridge cones

bmain2(V3,E3);

number of edges= 15

number of pairs= 9

array of the number of even closed walks= [ 3, 3, 2, 3, 3, 3, 2, 3, 2]
number of cones= 5832

s 0 1 _2, 1: _1’ O, O: _1’ 1, O: _1’ 1, 1: 0 :I:

1’ _1, O, O’ 0’ _1, O! _1’ 1, 1’ 0’ 1, O ],
1, 0,0,0,0,0,0, -1, 1,1, -1, 0, 01,
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15 non-empty

standard weight vector=
[2,1,2,1,2,1,2,2,2,2,2,2,2,2, 2]
inner product = [ 3, 3, 2, 3, 3, 3, 2, 3, 2]
inner product (absplute value) = [ 3, 3, 2
[2,1,2,1,2,1,2,2,2,2,2,2, 2,2,

bmain2(V4,E4) ;
number of edges= 12
number of pairs= 3

array of the number of even closed walks= [ 4, 4, 2]
number of cones= 32
[

[O: _2: 1’ _1, O: O’ 1, 1: 0, 1: O’ -1 ]:

[ 1, _2’ O’ O, O’ _1’ 1, O’ 1, 1, _1’ O ]’

r+1, -2, 1, -1, 0o, -1, 1, 0, 0, 1, 0, 01

]

12 non-empty

standard weight vector=
[2,1,2,2,2,2,2,2,2,2,2, 2]

inner product = [ 2, 2, 2]

inner product (absplute value) = [ 2, 2, 2 ]
[2,1,2,2,2,2,2,2,2,2,2,2]

bmain3(V5,E5) ;

number of edges= 16

number of pairs= 12

array of the number of even closed walks= [ 1, 3, 3, 2, 2, 3, 2,1, 2, 2, 1, 3]
number of cones= 2592

[
ro, -1, 1, -2, 1, -1, 0, 0, 0, 0, 0, 0, 0, 0, 1, 11,
r-2,1, -1,0, -1,1, -1, 1, 1, 0, -1, 0, 0, 1, 1, 01,
[-2,1, -1, 1, -1, 1, 0, 1, 1, -1, 0, 1, -1, 0, 0, O 1],
[-2,1, -1, 1, 0, 0,0, 1,1, -1, 0, 1, 0, -1, 0, 01,
ro, o,0,0,0,0, -2,1, -1, 1, 0, 0, 1, -1, 0, 11,
[ -2, 0,0, -1,0,0,0,1,1, -1, 0, 1, -1, 0, 1, 117,
ro, -1, 1, -2, 0, 0, 0, 0, 0, 0, 0, 0, -1, 1, 1, 11,
[-2,1, -1, 0,0,0,0,1,1, -1, 0, 0, 0, 0, 1, 01,
[-2,1, -1, 0, 0, O, -1, 1, 1, 0, -1, 0, 1, 0, 1, 0 1,
ro, -1, 1, -2, 0o, 0, -1, 0, 0, 1, -1, 0, 0, 1, 1, 117,
ro, o, 0,0, -1, -2,1, -1, 1, 0, 0, 0, 0, 0, 11,



[-1, 0, O, O, -1, 1, -2, 1, O, 1, -1, 1, 0, O, O, 1]
]
16 non-empty
inner product = [ 2, 3, 1, 1, 2, 3, 2, 2, 3, 3, 2, 3]
inner product (absolute value) = [ 2, 3, 3, 3, 2, 3, 2, 2, 3, 3, 2, 3]
inner point weight=

[3,3,3,3,3,3,3,7,3,3, 1,3, 1,1, 9, 7]

[3,3,3,3,3,3,3,7,3,3,1,3,1,1,9, 7]

bmain3(V6,E6) ;

number of edges= 13

number of pairs= 5

array of the number of even closed walks= [ 1, 2, 2, 1, 2]

number of cones= 8

[
[+, -2, 1, -1, 0, 0, 0, 0, -1, 1, 0, 0, 11,
[-1, 0, 0, 0,0, -1, 1, -2, 1, 1, 0, 1, 01,
r1, -2, ¢, -1, 0, 0, 0, 1, -1, 0, 1, -1, 117,
o, o, -1, 1, -2, 1, -1, 0, 0, 0, 0, 1, 11,
o, -2, ¢, -1, 0, -1, 1, -1, 0, 1, 1, 0, 11

]

13 non-empty

inner product = [ 2, 2, 1, 2, 3]

inner product (absolute value) = [ 2, 2, 3, 2, 3]
inner point weight=
[1,1,1,1,1, 1,1, 1,1, 2, 2,2, 2]
[1, 1, 1,1, 1,1, 1, 1,1, 2, 2, 2, 2]

bmain4 (V7,V7) ;
number of edges= 13
number of pairs= 4

array of the number of even closed walks= [ 1, 2, 2, 1]
number of cones= 4
[

[-1, 0, 0, -1, 0, 0, 1, 1, 0, -2, 0, 1, 1 1],

[1, 0, 0, 0, 1, -2, 1, -1, 0, 0, 1, -1, 0 1,

ro, 11 -2,1, 0, 0, 0, -1, 1, 0, 0, -1, 117,

o, -1, 0, 0, -1, 0, 0, 1, 1, -2, 1, 1, 01]

]

13 non-empty

standard weight vector=
[2,2,1,2,2,1,2,2,2,1, 2,2, 2]

inner product= [ 2, 2, 2, 2]

inner product (absolute value) = [ 2, 2, 2, 2 ]
[2,2,1,2,2,1,2,2,2,1, 2,2, 2]
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bmain4 (V8,E8) ;

number of edges= 18

number of pairs= 19

array of the number of even closed walks= [ 2, 2, 1, 2, 3, 3, 2, 1, 2, 3, 2, 3,
1, 1, 4, 2, 3, 2, 21

number of cones= 497664

no bridge cones

The following table shows whether the 20 fundamental FHM graphs in Appendix
A satisfy Theorem 2.3.2, Corollary 2.3.3, Corollary 2.3.4 and Corollary 2.3.5, where
“?” indicates that the program is inconclusive.

Table 2.2: Testing whether the 20 fundamental FHM graphs satisfy our criteria

’ Graph number H Theorem 2.3.2 ‘ Corollary 2.3.3 ‘ Corollary 2.3.4 ‘ Corollary 2.3.5 ‘

Graph 1
Graph 2
Graph 3
Graph 4
Graph 5
Graph 6
Graph 7
Graph 8
Graph 9
Graph 10
Graph 11
Graph 12
Graph 13
Graph 14
Graph 15
Graph 16
Graph 17
Graph 18
Graph 19
Graph 20

O|0|O|OI0I0|O] | ~|O|O|OIOIOO|OIOIO| x |O

OlO|O|O|O|O|O) | | OIOIOIOIOIOIOIO|O| x |O

OlO|O|O|O|O|O) | | OIOIOIOIOIOIOIO|O| x |O

OlOIO|O|O|O|O) | OO x | x [O|OIO|O|O| x |O
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Chapter 3

Ehrhart series of fractional stable
set polytopes of finite graphs

A fractional stable set polytope FRAC(G) of a simple graph G with d vertices is a
rational polytope consisting of a set of non-negative vectors (z1,...,z4) satisfying
x;+x; <1 for every edge {7, j} of G. In this chapter, we show that (i) The d-vector
of a lattice polytope 2FRAC(G) is alternatingly increasing. (ii) The Ehrhart ring
of FRAC(G) is Gorenstein. (iii) The coefficients of the numerator of the Ehrhart
series of FRAC(G) are symmetric, unimodal and can be computed by the d-vector
of 2FRAC(G).

Let G be a finite simple graph on the vertex set [d] = {1,2,...,d} and let E(G)
be the edge set of G. Throughout this chapter, we always assume that G has no
isolated vertices. Given a subset W C [d], we associate the (0,1)-vector p(W) =
ZjeW e; € R% Here, e; is the i-th unit coordinate vector of R?. In particular, p(())
is the origin of R%. A subset W is called stable if {i,j} ¢ E(G) for all 4,5 € W with
i # j. We note that the empty set and each single-element subset of [d] are stable.
Let S(G) denote the set of all stable sets of G. The stable set polytope (independent
set polytope) STAB(G) C R? of a simple graph G is the (0, 1)-polytope that is the
convex full of {p(W) | W € S(G)}. Stable set polytopes are very important in many
areas, e.g., optimization theory. The d-vector of the stable set polytope of a perfect
graph is studied in [1, 16]. Moreover, the fractional stable set polytope FRAC(G) of
G is the d-polytope in R? defined by

FRAC(G):{($1,...,:Ed)GRd 0<z<1(1<i<d), }

ri+x; <1 ({i,j} € B(G))

In general, we have STAB(G) C FRAC(G). Each vertex of FRAC(G) belongs to
{0,1/2,1}% (see, e.g, [15]). It is known that FRAC(G) = STAB(G) if and only if
G is bipartite. If G is bipartite, then STAB(G) has a unimodular triangulation and
the d-vector of STAB(G) is symmetric and unimodal (see [1, 4, 16]). We note that
if G is bipartite, then STAB(G) is the chain polytope of a poset P of rank 1 whose
comparability graph is GG and is affinely equivalent to the order polytope of the poset
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P (see [27]). Our purpose is to study the Ehrhart series of FRAC(G). The following
two polytopes will play an important role:

P(G) = 2- FRAC(G),

Q(G) = 3-FRAC(G) — (1,....1)
B > -1 (1<i<d),
_{(an,...,xd)GRd vt <1 (g} e E(G) }

In [29], Steingrimsson called the lattice polytope P(G) the extended 2-weak vertex-
packing polytope of G and studied the structure of P(G). In particular, he con-
structed a unimodular triangulation of P(G) and showed that the d-vector of P(G)
is obtained by a descent statistic on a subset of the hyperoctahedral group deter-
mined by G.

This chapter is organized as follows. In Section 3.1, we show that the d-vector
(00, - -.,04-1) of P(Q) is alternatingly increasing ([23, Definition 2.9)), i.e.,

0p < 0g—1 < 01 < 0g—2 < -+ < 01a2)—1 < Od—(dyj2) < Oldy2)-

In Section 3.2, we study the structure of Q(G) in order to show that the Ehrhart ring
of FRAC(G) is Gorenstein. Using this result, in Section 3.3, we obtain a formula for
the numerator of the Ehrhart series E(FRAC(G),t) := g(FRAC(G),t)/(1 — t?)3+!
via the d-vector of P(G). Since the Ehrhart ring of FRAC(G) is Gorenstein and
the d-vector of P(G) is alternatingly increasing, the coefficients of g(FRAC(G), 1)
are symmetric and unimodal. Finally, in Section 3.4, we discuss the dual polytope

Q(G)Y of Q(G).

3.1 The é-vector of P(G)

We first review the results in [29]. Let B, denote the signed permutation words on
ld] ={1,2,...,d}. For example, if d = 2,

B,=1{12,2171221,12,21,1221},
where 1 = —1 and 2 = —2. An element i € [d] is called a descent in T = a;---aq €
By if one of the following holds ([29, Definition 5]):

(1) i <dand a; > tit1;
(ii) i = d and a; > 0.

Let des(m) denote the number of descents in 7 € By. For any subset S of By, the
descent polynomial of S'is D(S,t) == ¢ tdes(™  Let G be a simple graph on the
vertex set [d] and the edge set F(G). We define a subset II(G) of B, as follows ([29,
Definition 11 and Theorem 12]):

if {i,j} € E(G) and + ¢ appears in 7,
then — j must precede 417 in 7w '

I(G) = {71' € By
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Proposition 3.1.1 ([29]) Let G be a finite simple graph. Then, the §-polynomial
of P(G) equals the descent polynomial D(II(G),t).

Using this fact, we will show the following:

Theorem 3.1.2 Let G be a simple graph with d vertices. Then, there exist symmet-
ric and unimodal polynomials a(t) and b(t) of degree d — 1 and d — 2, respectively,
such that 6(P(G),t) = a(t) + tb(t). In particular, the §-vector (8o, 61, ...,04-1) of
P(G) is alternatingly increasing, i.e.,

0p < g1 <01 < g < -0 - < 0pay2 -1 < Od—1d/2) < 0ldj2)-

Proof. Let I1; (resp., II_) denote the set of all 7 € II(G) such that the last number
of 7 is positive (resp., negative). Note that the first number of = € II(G) is always
negative since G has no isolated vertices.
Let m € II,.. Then, 7 has a representation
(1) (1),,(1) (1) (2, ) ) () 0) ™)

2
ﬂ-:ml ...malpl pﬁlmg)m(()?g)pl p182m1 Oza/pl ...pﬁ’y’

where pl(j > 0 and mgj) < 0. Let S(m) denote the set of all signed permutation
words on [d] of the form

(1) (1) ™) CORNG) ™)
Moy Moya)Pri) " Prg) " Moy1) " Moy (a)Pry1) " Prys,)

where 0, € S,, and 7, € Sp, are permutations. It is easy to see that S(m) C IL,.
Then,

~

D(S(m),t) =t ] [ Aa, ()45, (1),

J=1

where Ay (t) = Zf:_ol A(k,4)t" is the Eulerian polynomial whose coefficient A(k, 1) is
an Fulerian number. 1t is known that (A(k,0), A(k,1),..., A(k,k—1)) is symmetric
and unimodal, i.e., A(k,i) < A(k,i+1) for 0 <1i < [2/k]. The degree of D(S(r),1)
is v+ > (aj+ Bj —2) = d—~. Since Ai(t) is symmetric and unimodal, so is
Aq, (t)Ag,(t). Hence,

D(S(7),t) = 8,87 + -+ + 84,77
implies that (s, ..., sq_y) is symmetric and unimodal. Since
DL, t) = ut + -+ ug_1t*!

is a sum of such D(S(7),t), (u1,...,uq—1) is symmetric and unimodal.
Let m € II_. Then, 7 has a representation

(1) (1) 1, (2) 2),(2) @ )
1

1
ﬂ_:ml m(()q)pl pﬁ ml ...m(()@pl ...l’)ﬁ2 ml Oc,y7
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where p) > 0 and m?”) < 0. We define S(r) as before. Then, we have

v—1

D(S(m),t) =7 Ao, (t) [ ] Aa, (£)Ag, (2).

j=1
The degree of D(S(m),t)isy—1+a, —1+ Z;.’;ll(aj + B; —2) =d — . Since
D(II_,t) = vg + vyt + - - + vg_1t**

is a sum of such D(S(7),t), (vo,v1,...,v4-1) is symmetric and unimodal.

We now show that the d-vector (dg,...,d4-1) = (vo,us + v1,...,uq5-1 + vg_1) of
P(G) is alternatingly increasing. We first note that 641 — dg = ug_1 + v4_1 — vg =
ug—1 > 0. Moreover, for i = 1,2,...,|d/2], we have §; —q—; = w;+v; —ug_; —v4_; =
v;—v;—1 > 0and fori=1,2,...,|d/2] — 1, we have d04_;_1 — 0; = Ug_j—1 + Vg—i—1 —
u; — v; = uiy1 — u; > 0. Thus, the d-vector of P(G) is alternatingly increasing. [

3.2 The Ehrhart ring of FRAC(G)

In this section, we will show that the Ehrhart ring of FRAC(G) is Gorenstein. In
order to show this, we will use the following criterion [7, Theorem 1.1]:

Proposition 3.2.1 Let P C R? be a rational convex polytope of dimension d and
let 5§ > 1 denote the smallest integer for which 6(P — OP)NZY # (). We fix a €
S(P—0P)NZ* and let Q = 6P — a C RY. Then, the Ehrhart ring Ax(P) of P is
Gorenstein if and only if the following conditions are satisfied:

(i) The dual polytope Q" of Q is a lattice polytope.

(ii) Let P C R denote the rational conver polytope that is the convex hull of
the subset {(8,0) € R | 8 € PYU{(0,...,0,1/8)} in R, Then P is

facet-reticular, that is, if H is a hyperplane in R and if HN P is a facet of
P, then HNZ% £ 0.

It is clear that there exist no lattices in the interior of P(G) = 2FRAC(G) and there
exists a lattice (1,...,1) in the interior of 3FRAC(G). Thus, it is enough to show
that conditions (i) and (ii) in Proposition 3.2.1 are satisfied when P = FRAC(G),
d=3,a=(1,...,1) and Q = Q(G).

A criterion for a vector to be a vertex of FRAC(G) is given in [29, Theorem 15]:

Lemma 3.2.2 Let G be a finite simple graph with d vertices. We assume that
v = (v1,...,vq) € {0,1/2,1}7 belongs to FRAC(G). Let Gg be the subgraph of G
induced by S = {i € [d] | v; = 1/2}. Then, v is a vertex of FRAC(G) if and only if
either S = () or each connected component of Gs contains an odd cycle.
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Using Lemma 3.2.2, we determine when Q(G) is a lattice polytope.

Proposition 3.2.3 Let G be a finite simple graph without isolated vertices. Then,
the following conditions are equivalent.

(i) The graph G is a bipartite graph.
(ii) The polytope FRAC(G) is a lattice polytope.
(i) The polytope Q(G) is a lattice polytope.

Proof. We first note that (ii) = (iii) is trivial. If G is bipartite, then FRAC(G) =
STAB(G) is a lattice polytope. Hence, (i) = (ii) holds. We now show that (iii)= (i).
We assume that G contains an odd cycle C. Let H be a connected component of G
that contains C' and let V/(H) be the set of vertices of H. We define v = (vq,...,v4)
by v; = 1/2if i € V(H) and v; = 0if i ¢ V(H). Then, v is a (0,1/2)-vector in
FRAC(G). Moreover, since v satisfies the condition in Lemma 3.2.2, v is a vertex
of FRAC(G). Then, 3v — (1,...,1) € {—1,1/2}% is a vertex of Q(G) that is not an
integer vector. Hence, Q(G) is not a lattice polytope. U

We next show that Q(G)Y is a lattice polytope.

Proposition 3.2.4 Suppose G is a finite simple graph without isolated wvertices.
Then, the origin of R? is a unique integer point belonging to the interior of Q(G)
and

{e;+e; | {i,j} € B(G)}U{—e; |1 <i<d}

is the vertex set of Q(G)Y. In particular, if G is a bipartite graph, then Q(G) is a
Gorenstein Fano polytope.

Proof. 1t is known that the inequalities z; > 0 (1 < i < d) and z; +z; < 1
({i,7} € E(G)) define the facets of FRAC(G). Hence, the inequalities z; > —1
(1 <i<d)and z;+xz; <1 ({i,j} € E(G)) define the facets of Q(G). Thus,
a vector (vy,...,vq) € R? belongs to the interior of Q(G) if and only if v; > —1
(1<i<d)andv;+v; <1 ({i,j} € E(G)). Tt is clear that the origin of R? belongs
to the interior of Q(G). We assume that (vy,...,v4) € Z¢ belongs to the interior of
Q(G). Since v; and v; + v; are integers, we have v; > 0 (1 <7 <d) and v; +v; <0
({i,j} € E(G)). Hence, v; = 0 for all 4, i.e, (v1,...,v4) = 0. It is known that
there is a one-to-one correspondence between the facets of Q(G) and the vertices of
Q(G)Y. The set {e; +e; | {i,7} € E(G)} U{—e; | 1 <i < d} of coefficient vectors
of the inequalities that define the facets is the set of vertices of Q(G)Y. Thus, in
particular, Q(G)Y is a lattice polytope. By Proposition 3.2.3, if G is a bipartite
graph, then Q(G) is a lattice polytope. Hence, it is a Gorenstein Fano polytope. [J

We are now in a position to show that the Ehrhart ring of FRAC(G) is Goren-
stein.
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Theorem 3.2.5 Let G be a finite simple graph without isolated vertices. Then, the
Ehrhart ring of FRAC(G) is Gorenstein.

Proof. 1t is enough to show that conditions (i) and (ii) in Proposition 3.2.1 are
satisfied when P = FRAC(G), § = 3,a = (1,...,1) and Q = Q(G). We first note
that Proposition 3.2.4 ensures that @V is a lattice polytope. Let F' = H N P be a
facet of P, where H is a hyperplane in R4 and let F' = F N {x4y,; = 0}. Then, F’
is a facet of P, whose supporting hyperplane is H' = H N {x4,1 = 0}. Therefore,
H' is defined by either z; + z; =1 ({i,7} € E(G)) or z; = 0 (1 < i < d). Hence,
it is clear that there exists a lattice in H’. Thus, there exists a lattice in H and
condition (ii) in Proposition 3.2.1 is satisfied. Therefore, the Ehrhart ring of P is
Gorenstein by Proposition 3.2.1. O

3.3 The Ehrhart series of FRAC(G)

In this section, we show that we can calculate the Ehrhart series and the Ehrhart
quasi-polynomial of FRAC(G) from those of P(G). Let G be a simple graph on
the vertex set [d] without isolated vertices. Since the interior of P(G) possesses
no lattices and the interior of 2P(G) has a lattice, we have that degd(P(G),t) =
d+1—2 = d— 1. Moreover, the degree of E(FRAC(G),t) is —3 as a rational
function. Since i(FRAC(G),n) is a quasi-polynomial of period at most 2, there
exist polynomials i°(FRAC(G),n) and i®**(FRAC(G), n) of degree d such that

i*YFRAC(G),n) if n is odd,
i(FRAC(G),n) =
i®*(FRAC(G),n) if n is even.

In particular, if G is bipartite, then i°¥(FRAC(G),n) = i®**(FRAC(G), n).

Theorem 3.3.1 Let G be a simple graph on the vertex set [d] without isolated ver-
tices and let 6(P(G),t) = 6 + 01t + -+ - + 0411471, Then, we have

E(FRAC(G). 1) = JP(G)8) 8 0(P(G), /1)

(1— ¢2)dtl
00+ Ogoat 4 0187 + Ggot® 4 -+ 4 018773 4 Gy 112472 + ot !
- (1 _ t2)d+1 ’

where (39, 0g—1, 01, 0d—2, - - -, 01,04-1,00) s symmetric and unimodal. In addition,

i*Y(FRAC(G), 2k +1) = (=1)%(FRAC(G), —2k — 4)
= (—=D%(P(G), —k —2).
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Proof. Let W = FRAC(G) and P = P(G). Then,

E(W,t) =Y i (W, 2k)t% + 3 i (W, 2k 4 1)+

k>0 k>0

Since (W, 2k) = i(2W, k) = i(P, k), we have

o(P,t?)
-even 2k __ : 2\k _ i
D (WL 2k) % =) T i(P k) () = Ty
k>0 k>0
Since the degree of i°¥(W, 2k + 1) is d, by [26, Corollary 4.3.1], we have
‘0dd 2k+1 _ -0dd 2k _ a(t’)
D MW, 2k + DR = il (W 2k 4+ 1)(£2)F =t <,
k>0 k>0 (1—2)
where a(t) is a polynomial of degree < d. Thus,
5(P,t?) a(t?) §(P,t%) + ta(t?)
E(W,t) = (1 — 2)dtL ti (1— (2)drl - (1 — ¢2)dtL

Since the degree of E(W,t) is —3 as a rational function, the degree of §( P, t*) +ta(t?)
is 2d — 1. Hence, dega(t) = d — 1 (= degd(P,t)). Moreover, since the Ehrhart
ring of W is Gorenstein, the coefficients of §(P,t*) + ta(t?) are symmetric. Thus,
a(t) = t4716(P,1/t) and §(P,t?) +ta(t?) = 6(P,t?) +t*-15(P,1/t?). By the Ehrhart
reciprocity, it follows that

t24=15( P, 1/t%)

> MW, 2k + 1R =

=~ (1 _ t2)d+1
(1) —d+1 (P, 1/t?)
- 3 (1 _ 1/t2)d+1
(_1)d+1

=3 E(P,1/t%)

Thus, i°94(W, 2k + 1) = (—=1)%(P, —k — 2) = (=1)%(W, —2k — 4), as desired. O

Example 3.3.2 Let W = FRAC(K,) and P = P(K,), where K, is a complete
graph with d vertices. It is known [29, Example 27] that 6(P,t) = Ag(t) +dtAq—1(1).
Let

bo + b1t 4+ o+ bag 1!

EW,t) = (1 — ¢2)at1
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Since

5(Pt) = Ag(t) + dtAg_y(t)
—1 d—2
A(d, i)t +dt Y~ A(d— 1, i)t
=0
d—1
A(d, i)t +d Y A(d—1,i— 1)t

i=1

IS

.

a
- o

o

i=

U

1+ _1(A(d, i)+ dA(d — 1,5 — 1))t

1

i

hold, the d-vector (dy, ..., d4_1) of P satisfies 6o = 1 and 6; = A(d,i)+dA(d—1,i—1)
for i =1,2,...,d — 1. By Theorem 3.3.1, we obtain by = 1 and b; = A(d, |i/2]) +
dAd —1,](i —1)/2]) fori =1,2,...,2d — 1.

Example 3.3.3 Let W, = FRAC(Cy), where Cy is an odd cycle of length d. We
computed the numerator g(Wy, t) of E(Wy,t) = g(Wy,t)/(1—1%)%"! for d = 3,5,7,9
using software Normaliz ([3]).

g(Wa,t) = 144t + 782 + Tt° + 4t* + 17,
g(Wi,t) = 1+ 11t + 51¢% + 131¢° + 206t* + 206t° + 131¢° + 51¢7 + 11¢% + #°.
g(Wi, t) = 1+ 29t + 28112 + 1408t% 4 4320t* + 8814¢° + 12475¢°

+ 12475t + 8814¢° + 4320t + 1408t + 281¢M + 29¢12 + ¢12.
g(Wy,t) = 1+ 76t + 1450¢> + 12844¢> + 67000t + 230986t> + 561004¢°

4 996310t" + 1321369¢° + 1321369t + 996310¢'° + 561004t

4 230986t + 67000t 4 12844t 4 1450t + 76¢*0 + 7.

3.4 The dual polytope of Q(G)

In this section, we will discuss the dual polytope Q(G)Y of Q(G). We recall that
Q(G)” = CONV({e; +e; | {i,j} € E(G)}U{—e;| 1 <i<d})

if G has no isolated vertices. It is easy to see that Q(G)" is Fano. A lattice polytope
P C R% is called normal if Z>gA = QoA NZA, where A = {(a,1) € Z' | a €
PN Z4. Tt is known that a lattice polytope P is normal if P has a unimodular
triangulation. See, e.g., [14].

Theorem 3.4.1 Let G be a finite simple graph without isolated vertices. Then, the
following conditions are equivalent.

(i) The graph G is a bipartite graph.
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(ii) The dual polytope Q(G)Y has a unimodular triangulation.

\%

(iii) The dual polytope Q( is normal.

G)
(iv) The dual polytope Q(G)" is a Gorenstein Fano polytope.

Proof. We note that (Q(G)")"Y = Q(G). By Proposition 3.2.3, we have (i) < (iv).
Moreover, (ii) = (iii) holds in general. Let Ag be the vertex-edge incidence matrix
of G and let Al be the configuration matrix of Q(G)Y, namely,

) 0 A —FE4
Ag = (1 1---1 1...1)’
where FE, is the identity matrix.

(i)=-(ii): Suppose that G is bipartite. It is known [24] that the vertex-edge
incidence matrix of any bipartite graph is totally unimodular, i.e., the determinant of
every square non-singular submatrix is +1. Hence, the submatrix B = (AG —Ed)
of Ay, is totally unimodular. Let A be a pulling triangulation of Q(G)" such that the
origin is a vertex of every maximal simplex in A. Such a triangulation is obtained
by a Grobner basis of the toric ideal of A}, with respect to a reverse lexicographic
order such that the smallest variable corresponds to the origin. See, e.g., [14]. Then,
the normalized volume of each maximal simplex in A is equal to the absolute value
of the corresponding maximal minor of B. Since B is totally unimodular, each
maximal minor of B is +1. Hence the triangulation A is unimodular.

(iii)=(i): We assume that the graph G contains an odd cycle C. We will now
show that Q(G)Y is not normal, that is, Zso AL # Qs AL NZ4TL. (Tt is easy to see
that ZA, = Z4*1.) We may assume that C' = (1,2,...,2k + 1). Let

2k
1
u=g <ed+1 + (e1 + g1 + €q41) + Z<ei e+ ed+1>>
i=1
2k+1
= (k+ ea + Y _ e
i=1

Then, u belongs to Qs¢Al, N Z3*!. Tt is enough to show that u ¢ ZsoAL,. We
assume that

d

u=ves+ Y ayleite; tew) Y fil—ei+ea), (3.1)
{i.j}eE(@) i=1

for some «;, B; € Z>o. Then, the coefficient of e; (1
Z{i’j}eE(G) a;;— fB; and that of ; (2k+2 < i < d)in (3
Summing up the equations for 1 < i < d, we obtain

d
=1

{ij}eB(@)

<i<2%+1)in(31)is1=
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Moreover, the coefficient of 4,1 in (3.1) is
d
E+l=y+ > o+ B (3.3)
{i.}eB(G) =1

Since v and 3% | ; are non-negative, by Equations (3.2) and (3.3), we obtain
1
{ig}eE(@)

Since Dy hep(q) @ij € Z, we haved ;g i = k+ 1. Hence, by Equation (3.2),
we have Zle B; = 1. Thus, by Equation (3.3), we have v+ 1 = 0. This is a
contradiction. O
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Appendix A

Examples of fundamental FHM
graphs

Graph 1 4
<
3 6
9
4 5
Graph 3 Graph 4
1

50



51



Graph 11 1

Graph 12 1
2 A 7
X
N
3 4 5 6
Graph 14
1 6
7
2 5
8
3@ 4
Graph 16

1
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Graph 17 Graph 18
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Appendix B

The program “cyclel2.c”

Vi:= [1..9];

E1:= [{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{1,7},{2,7},{2,8},{7,8},{8,9},{2,9},{7,9},{4,9},
{5,9},{3,9},{6,9}1;

v2:= [1..10];

E2:= [{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,9},{9,10},{10,1},{2,10},{2,4},{4,6},
{6,8},{8,10}];

V3:= [1..9];

E3:= [{1,2},{2,3},{3,4},{4,5},{5,6},{6,1},{1,7},{2,7},{6,9},{9,5},{7,9},{7,8},{8,9},{3,8},
{4,8}]1;

Va:=[1..7];
E4:=[{1,2},{2,3},{3,4%},{4,5},{5,6},{6,1},{3,6},{7,3},{5,7},{6,7},{2,6},{2,7}]1;

V5:=[1..10];
E5:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,1},{1,9},{8,9},{9,10},{2,10},{10,7},
{10,5},{2,4},{5,7}1;

V6:=[1..9];
E6:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,9},19,1},{2,9},{2,6},{8,6},{3,5}];

V7:=[1..8];
E7:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,1},{1,7},{2,7},{3,7},{7,8},{6,8},{8,5},{8,4}];

V8:=[1..10];
E8:=[{1,2},{2,3},{3,4},{4,5},{56,6},{6,7},{7,8},{8,1},{1,10},{9,8},{8,10},{10,9},
{9,7},{2,4},{4,9},{9,6},{9,5},{2,10}];

Vo:=[1..11];
E9:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,9},{9,10},{10,1},{10,11},{1,11},
{11,3},{11,2},{10,8},{11,6},{6,4},{8,6}]1;

V10:=[1..9];
E10:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,1},{1,8},{2,8},{8,9},{9,7},{9,63},{5,3}];

Vi1:=[1..8];
Ei11:=[{1,2},{2,3},1{3,4},{4,1},{1,5},{1,8},{5,8},{4,8},{4,7},{8,7},{3,6},{3,7},{6,7},
{2,6},{2,5},{5,6}]1;

V12:=[1..10];
E12:=[{1,2},{2,3},{3,4},{4,5},{5,6},{7,6},{1,7},{7,8},{8,9},{8,2},{9,4},{2,9},{10,5},
{10,6},{10,7},{10,9},{10,8},{2,7},{3,9}]1;

V13:=[1..10];

o4



E13:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,1},{1,7},{2,7},{3,8},{4,8},{4,9},{5,93},{5,10},
{10,6},{7,10},{7,8},{8,9},{9,10},{7,9}]1;

Vi4:= [1..8];
Ei14:= [{1,2},{2,3},{3,4},{4,5},{5,6},{6,1},{1,7},{6,7},{7,8},{2,8},{8,5},{8,4}];
Vi6:=[1..9];

E15:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,1},{1,9},{2,9%},{8,9},{2,4},{9,5},
{6,8},{2,6}];

Vi6e:=[1..8];
E16:=[{1,2},{2,3},{3,4},{4,1},{5,6},{6,7},{7,8},{8,5},{1,5},{5,4},{4,8},{3,7},{2,6},
{2,7},{5,7}1;

V17:=[1..8];
E17:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{8,1},{2,8},{8,6},{6,4},{4,2}];

V18:=[1..7];
E18:=[{1,2},{2,3},{3,4},{4,5},{5,6},{1,6},{1,7},{2,7},{6,7},{7,5},{2,4}];

Vi9:=[1..9];
E19:=[{1,2},{2,3},{3,4},{4,5},{5,6},{6,7},{7,8},{1,8},{2,8},{8,6},{6,4},{4,2},{2,9},{8,9},
{6,9},{4,9}1;

V20:=[1..7];
E20:=[{1,2},{2,8},{3,4},{1,4},{1,5},{4,5},{5,6},{1,6},{5,7},{6,7},{4,7},{7,3},{2,7},{2,6}]1;

[117777777777777777777777777777777777777777777777777777777/77177177177777

cycle := function(V,E,p)

L := {{e,f}: e,f in E | #(e meet f) eq 1};

L := [SetToSequence(a): a in L];

repeat

n:= #(L[11);

L := [acat [f]: ain L, f in E | (a[n] diff (aln] meet a[n-1])) subset f and f notin al;
if L eq [] then break;

end if;

until #(L[1]) eq p;

Li:= [a: a in L | a[1] diff (al[1] meet a[2]) eq alp] diff (alp] meet alp-11)];
L2:= [a : a in L1 | #(&join(a)) eq pl;

L3:= {SequenceToSet(a): a in L2};

L4:= [SetToSequence(b): b in L3];

m:= #(L4);

for a in [1..m] do

S:= [s: s in L2 | SequenceToSet(s) eq SequenceToSet(L4[al)];
L4[al:= S[1];

end for;

return L4;

end function;
111711777777777771777771777777777/777177/777777/7/77777

allodd:= function(V,E)

d:= #(V);
S:= [a: a in [3..d] | Is0dd(a)];
W= [1;

for a in S do

W:= W cat cycle(V,E,a);
end for;

return W;

end function;

[111177777777777777777777711777717777777117771177777
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oddpair:= function(V,E)

C:= allodd(V,E);

D := {{e,f}: e,f in C | &join(e) meet &join(f) eq {}};
Di1:= [SetToSequence(a): a in DI;

return D1;

end function;

LI1111177777177777777777717771777777771777711717777777

chord:= function(V,E,C)

Ver:= &join(C);

L:= [e: e in E | Max(e) in Ver and Min(e) in Ver and e notin C];
return L;

end function;

I11117777777777777777777771177777777777111711777777

bridge := function(V,E,P)

Verl:= &join(P[1]);

Ver2:= &join(P[2]);

L := [e: e in E| (Max(e) in Verl and Min(e) in Ver2) or (Max(e) in Ver2 and Min(e) in Verl)];
return L;

end function;

I11117777777777777777777717777777777777777777777771177717177777

evenwalkl:= function(b,C)

p:= #(C);

bl:= Min(b);

b2:= Max(b);

Di:= [a: a in [1..p] | bl in C[all;

if AbsoluteValue(D1[1]-D1[2]) gt 1 then Cl:= C;
else

k1:= Min(D1);

Cl:= Rotate(C,p-ki1);

end if;

D2:= [a: a in [1..p] | b2 in Ci[al];

b3:= Min(D2);

if Is0dd(b3) then

L:= [C1[i]: i in [1..b3]] cat [b]l;

else L := [C1[i]: i in [b3+1..p]] cat [bl;
end if;

return L;

end function;

I1111777777717777777777771177777777777777777777777111771777777

evenwalk2:= function(b,F)
Cl:= F[1]; C2:= F[2];
pl:= #(C1); p2:= #(C2);
Di:= [i: i in [1..p1] | #(b meet C1[i]) eq 1];
if AbsoluteValue(D1[1] - D1[2]) gt 1 then Cll:= Ci;
else a:= Min(D1);
Cl1:= Rotate(Cl,pl-a);
end if;
D2:= [j: j in [1..p2] | #(b meet C2[jl) eq 1];
if AbsoluteValue(D2[1]- D2[2]) gt 1 then C21:= C2;
else c:= Min(D2);
C21:= Rotate(C2,p2-c);
end if;
C3:= C11 cat [b] cat C21 cat [b]l;
return C3;
end function;
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I11777777777777777777777771777777777777117717777777717777171777777717

times:= function(e,C)
m:= #(C);

L:= [a: a in C | a eq el;
return #(L);

end function;

LI1117777777777777777777717777777777777177777777777117771777777

sign:= function(V,E,f)

n:= #(E);

p:= #(£);

Fl:= [£f[i]: i in [1..p] | IsEven(i)];
F2 := [f[i]l: i in [1..p] | Is0dd(i)];

El:= [j: j in [1..n] | E[j] in F1];
E2:= [j: j in [1..n] | E[j] in F2];
B := [0*%i: i in [1..n]];

for i in [1..n] do
if i in E1 then B[i]:= times(E[i],f); end if;
1:

= -1; end if;

if i in E2 then B[i
end for;
Bl:= [-x: x in B];
return B1;

end function;

LII111077777177777777777717771777777777771717777771177

bij:= function(V,E)
X:= [1;

OP:= oddpair(V,E);
p:= #(0P);

for i in [1..p] do
Ci:= 0P[i][1]; C2:= OP[i][2];
T:= bridge(V,E,0P[i]);

S1:= chord(V,E,C1);

S2:= chord(V,E,C2);

A:= [evenwalk2(t,0P[i]): t in T];
Bl := [evenwalkl(s,C1): s in S1];
B2 := [evenwalkl(s,C2): s in S2];
X:= X cat [A cat Bl cat B2];

end for;

return X;

end function;
1117117777717777717777717777717777771777771777177177777

bij2:= function(V,E)

0OP:= oddpair(V,E);

p:= #(0OP);

X:= [1;

for i in [1..p] do

Ci:= 0P[i]l[1]; C2:= OP[il[2];

T:= bridge(V,E,0P[il);

//81:= chord(V,E,C1);

//82:= chord(V,E,C2);

A:= [evenwalk2(t,0P[il): t in TI;
//B1 := [evenwalkl(s,Cl1): s in S1];
//B2 := [evenwalkl(s,C2): s in S2];
X:= X cat [A];

end for;

return X;
end function;
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II1111077777777777777777777777777777777777777777771777117777777

fhm := function(V,E)

P := oddpair(V,E);

if P eq [] then
return "no odd pairs";
end if;

Pl:= [a: a in P | #(bridge(V,E,a)) eq 0];
if P1 eq [] then

return "fFHM"; ///

else return "not FHM";

end if;

end function;

[11117777777777717777777777177771717777777117777777

main := function(V,E)

n:= #(E);

A:= bij(V,E);

p:= #(A);

B :=[ #(A[i]) : i in [1..pl];
b:= &*x(B);

"set of vertices =", V;
"array of edges =", E;
"number of edges=", n;
"number of pairs=", p;

"array of the number of even closed walks= ", B;
"number of cones= ", b;

C:= [[sign(V,E,A[i][j1): j in [1..B[i]]]: i in [1..pl1;
if p eq 1 then

print "only one pair";

end if;

D:= CartesianProduct(C);

counter := 0;
c:= 0;

for x in D do

y:= [x[i]: i in [1..p]];

z:= Dimension(ConeWithInequalities(y));
c:= c+1;

c,z;

if z eq n then

counter := 1;

break;

end if;

end for;

if counter eq O then return "empty";
else F:= ConeWithInequalities(y);

L := {};

for j in [1..p] do

for k in [1..n] do

if y[jl[k] eq -2 then L := L join {k};
end if;

end for;

end for;

Mi:= [0*i: i in [1..p]];

for j in [1..p] do

Mi[jl:= &+[-y[jl[k]: k in L];

end for;

M2:= [0*i: i in [1..p]];

for j in [1..p] do

M2[j]l:= &+[AbsoluteValue(y[jl[k]): k in L];

58



end for;
print y, Dimension(F), "non-empty";
print "inner product =", Mi;

print "inner product (absolute value) =", M2;
F1:= MinimalRGenerators(F);

wi= &+(F1);

wl:= ElementToSequence (w);

m:= Min(wl);

if m gt O then w2:= wi;
else w2:= [x-m+1: x in wil];
end if;

"inner point weight= ";w2;
return w2;

end if;

end function;
1117717777777777777777777777771777777777777777777177/777177777

bmain4 := function(V,E)

n:= #(E);

bij2(V,E);

#(A);

:=[ #(A[i]) : i in [1..p]];

= &*x(B);

"number of edges=", n;

"number of pairs=", p;

"array of the number of even closed walks= ", B;
"number of cones= ", b;

C:= [[sign(V,E,A[i]1[j1): j in [1..B[i]1]]: i in [1..pl1;

A:
p:
B

b:

///if p eq 1 then
///return "only one pair";
///end if;

D:= CartesianProduct(C);

counter := 0;

for x in D do

y:= [x[i]: i in [1..p]];

L :={};

for j in [1..p] do

for k in [1..n] do

if y[jl[k] eq -2 then L := L join {k};

end if;

end for;

end for;

L := SetToSequence(L);
counter2 := 0;

for j in [1..p] do

d:= &+[AbsoluteValue(y[jl[k]): k in L];
if d ge 4 then counter2 := 1;

break;

end if;

end for;

if counter2 eq O then counter:= 1;
break;

end if;

end for;

M := [0*k: k in [1..n]];

for j in L do

M[jl:= -1;

end for;

M:= [m+2 : m in M];

if counter eq O then return "no bridge cones";
else F:= ConeWithInequalities(y);
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print y, Dimension(F), "non-empty";

"standard weight vector=";M;

Mi:= [0*i: i in [1..p]];

for j in [1..p] do

M1[jl:= &+[-y[jl[k]l: k in L];

end for;

M2:= [0*i: i in [1..pl];

for j in [1..p] do

M2[jl:= &+[AbsoluteValue(y[jl[k]l): k in L];

end for;

print "inner product=", Mi;

print "inner product (absolute value) =", M2;
return M;

end if;

end function;
11171177771717777777777777777777777777777771777777177777177/7777777777

bmain3 := function(V,E)

n:= #(E);

bij2(V,E);

#(4);

:=[ #(A[i]) : i in [1..pl];

= &*(B);

"number of edges=", n;

"number of pairs=", p;

"array of the number of even closed walks= ", B;
"number of cones= ", b;

C:= [[sign(V,E,A[i][j1): j in [1..B[i]]]: i in [1..pl1;

A:
p:
B

b:

///if p eq 1 then
///return "only one pair";
///end if;

D:= CartesianProduct(C);

counter := 0;

for x in D do

y:= [x[i]: i in [1..p]];

L :={};

for j in [1..p] do

for k in [1..n] do

if y[jl[k] eq -2 then L := L join {k};
end if;

end for;

end for;

L := SetToSequence(L);

M:= [0*i: i in [1..pl];

for j in [1..p] do

M[jl:= &+[AbsoluteValue(y[jl[k]): k in LI;
end for;

counter2 := 0;

counter3:= 0;

for j in [1..p] do

d:= &+[AbsoluteValue(y[jl[k]): k in L];
if d ge 5 then counter2 := 1;

break;

end if;

if d eq 4 then counter3:= counter3 +1;
end if;

end for;

if (counter2 eq 0) and (counter3 le 2) then counter:= 1;
break;

end if;
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end for;

if counter eq O then return "no bridge cones";
else F:= ConeWithInequalities(y);

print y, Dimension(F), "non-empty";

Mi:= [0*i: i in [1..pl];

for j in [1..p] do

M1[j1:= &+[-y[j1[k]: k in L];

end for;

M2:= [0*i: i in [1..p]];

for j in [1..p] do

M2[j]l:= &+[AbsoluteValue(y[jl[k]): k in L];
end for;

print "inner product =", Mi;

print "inner product (absolute value) =", M2;

F1:= MinimalRGenerators(F);
w:= &+(F1);

wl:= ElementToSequence(w) ;
m:= Min(wl);

if m gt O then w2:= wi;
else w2:= [x-m+1: x in wil];
end if;

"inner point weight= ";w2;
return w2;

end if;
end function;

I111777777777777777777777717777777777777777777777177777

bmain2 := function(V,E)

n:= #(E);

A:= bij2(V,E);

p:= #();

B :=[ #(A[i]l) : i in [1..pl];
b:= &*x(B);

"number of edges=", n;
"number of pairs=", p;

"array of the number of even closed walks= ", B;
"number of cones= ", b;
C:= [[sign(V,E,A[i]1[j1): j in [1..B[i]1]]: i in [1..pl];

///if p eq 1 then
///return "only one pair";
///end if;

D:= CartesianProduct(C);

counter := 0;

for x in D do

y:= [x[i]l: i in [1..p]];

L :={};

for j in [1..p] do

for k in [1..n] do

if y[jl[k] eq -2 then L := L join {k};

end if;

end for;

end for;

L := SetToSequence(L);
counter2 := 0;

for j in [1..p] do

d:= &+[-y[jl[k]: k in L];

if d le O then counter2 := 1;
break;

end if;

end for;
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if counter2 eq O then counter:= 1;

break;

end if;

end for;

Li:= [O*k: k in [1..n]];

for k in L do

Li[k]:= -1;

end for;

L2:= [x+2: x in L1];

if counter eq O then return "no bridge cones";
else F:= ConeWithInequalities(y);

print y, Dimension(F), "non-empty";
"standard weight vector=";L2;

Mi:= [0*i: i in [1..pl];

for j in [1..p] do

M1[jl:= &+[-y[jl[k]: k in L];

end for;

M2:= [0*i: i in [1..p]];

for j in [1..p] do

M2[jl:= &+[AbsoluteValue(y[jl[k]): k in L];
end for;

print "inner product =", Mi;

print "inner product (absplute value) =", M2;
return L2;

end if;

end function;

I111777777777777777777777717777777777777777777777177777

bmainl := function(V,E)

n:= #(E);

A:= bij2(V,E);

p:= #();

B :=[ #(A[i]l) : i in [1..pl];
b:= &*x(B);

"number of edges=", n;
"number of pairs=", p;

"array of the number of even closed walks= ", B;
"number of cones= ", b;
C:= [[sign(V,E,A[i]1[j1): j in [1..B[i]1]]: i in [1..pl];

///if p eq 1 then
///return "only one pair";
///end if;

D:= CartesianProduct(C);

counter := 0;

for x in D do

y:= [x[i]: i in [1..p]l];

L := {};

for j in [1..p] do

for k in [1..n] do

if y[jl[k] eq -2 then L := L join {k};
end if;

end for;

end for;

L := SetToSequence(L);

M:= [0*i: i in [1..p]l];

for j in [1..p] do

M[jl:= &+[-y[jl[k]l: k in L];
end for;

counter2 := 0;
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counter3:= 0;

for j in [1..p] do

d:= &+[-y[jl[k]: k in L];

if d 1t 0 then counter2 := 1;

break;

end if;

if d eq O then counter3:= counter3 +1;
end if;

end for;

if (counter2 eq 0) and (counter3 le 2) then counter:= 1;
break;

end if;

end for;

if counter eq O then return "no bridge cones";
else F:= ConeWithInequalities(y);

print y, Dimension(F), "non-empty";

Mi:= [0*i: i in [1..p]];

for j in [1..p] do

M1[jl:= &+[-y[jl[k]l: k in L];

end for;

M2:= [0%i: i in [1..p]];

for j in [1..p] do

M2[jl:= &+[AbsoluteValue(y[jl[k]): k in L];
end for;

print "inner product =", Mi;

print "inner product (absolute value) =", M2;
F:= ConeWithInequalities(y);

F1:= MinimalRGenerators(F);

w:= &+(F1);
wl:= ElementToSequence (w);
m:= Min(wl);

if m gt O then w2:= wi;
else w2:= [x-m+1: x in wil];
end if;

"inner point weight= ";w2;
return w2;

end if;

end function;

LI111107777777777777777777177777777777777777777777771777771777777711777777

initial := function(V,E,w)

Q := RationalField();

d:= #(V);

n:= #(E);

print "number of vertices= ", d; print "number of edges = ", n;
P1<[x]>:= PolynomialRing(Q,n,"grevlexw",w) ;
P2<[t]>:= PolynomialRing(Q,d);

L :=[(P2!0) * k: k in [1..n]];

for i in [1..n] do

a:= Max(E[i]); b := Min(E[il);

L[i]:= t[al*t[b];

end for;

f:= hom <P1 -> P2 | L>;

K := AffineAlgebraMapKernel(f);

K1:= GroebnerBasis(K);

LM:= [LeadingMonomial(x): x in K1];
print "initial ideal = ", LM;

A:= [0,1];

X:= CartesianPower (A,n);

Y:= [z: z in X];

L := [1;

for z in Y do

C:= [x[i]1"(z[i]): i in [1..n]];
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m:= &*x(C);

///D:= [x: x in LM | LCM(x,m) eq m];

///if D eq [1 and TotalDegree(m) eq d then L:= L cat [m];
///else L := L cat [];

///end if;

///end for;

D:= [x: x in LM | LCM(x,m) eq m];

if D eq [] then L:= L cat [m];

else L := L cat [];

end if;

end for;

M := [TotalDegree(x): x in L];

m:= Max(M);

if d ne m then print "something is wrong";

else Mi:= [m: m in L | TotalDegree(m) eq dl;

end if;

print "number of maximal simplices=", #(M1);

print "array of maximal simplices of the regular unimodular triangulation=";
return Mi;

end function;
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toric := function(V,E)
d:= #(V);
n:= #(E);

Q := RationalField();

P1<[x]>:= PolynomialRing(Q,n);
P2<[t]>:= PolynomialRing(Q,d);
L :=[(P2 ! 0) * k: k in [1..n]];
for i in [1..n] do

a:= Max(E[i]); b := Min(E[il);
L[i]l:= t[al*t[b];

end for;

f:= hom <P1 -> P2 | L>;

K := AffineAlgebraMapKernel(f);
return K;

end function;
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