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Abstract

In this paper we introduce some monomial orders for the class of closed path
polyominoes and we prove that the set of the generators of the polyomino ideal
attached to a closed path forms the reduced Grobner basis with respect to these
monomial orders. It is known that the polyomino ideal attached to a closed path
containing an L-configuration or a ladder of at least three steps, equivalently having
no zig-zag walks, is prime. As a consequence, we obtain that the coordinate ring of
a closed path having no zig-zag walks is a normal Cohen-Macaulay domain.

Mathematics Subject Classifications: 05B50, 05E40, 13C05, 13G05, 13C14

1 Introduction

Let X = (z;;) be an m x n matrix of indeterminates. An interesting topic in Commuta-
tive Algebra is the ideal of the t-minors of X for any integer 1 < t < min{m,n}. Many
matematicians investigated the main algebraic properties of such ideals, called determi-
nantal ideals. See for example [6], [7], [8], [13] about the ideals generated by all ¢-minors
of a one or two sided ladder, [14], [20], [23] about the ideals of adjacent 2-minors, [15]
about the ideals generated by an arbitrary set of 2-minors in a 2 X n matrix, or also [11]
about the ideals generated by 2-minors associated to a graph. For further references see

3]-
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In 1953 S.W. Golomb coined the term polyomino to indicate a finite collection of unitary
squares joined edge by edge ([12]). These polygons have been studied in Combinatorial
Mathematics, in particular in some tiling problems of the plane. In 2012 they have been
linked to Commutative Algebra by A.A. Qureshi ([24]): if P is a polyomino, K is a field
and S is the polynomial ring over K in the variables x, with a € V(P), set of the vertices
of P, then we can associate to P the ideal generated by all inner 2-minors of P. This ideal
is called the polyomino ideal of P and it is denoted by Ip». Many mathematicians have
taken an interest in classifying all polyominoes, for which the quotient ring K[P] = S/Ip
is a normal Cohen-Macaulay domain.

The primality of Ip is studied in several papers, see [4], [5], [17], [18], [19], [21], [22], [25],
[27], [28]. Moreover in [17] and [25] the authors prove that if P is a simple polyomino
then K[P] is a normal Cohen-Macaulay domain. In other papers some new classes of non-
simple polyominoes are examined. In [19] and [27], the authors show that the polyominoes
obtained by removing a convex polyomino from a rectangle are prime, generalizing the
same result for the rectangular polyominoes minus an internal rectangle proved in [27].
In [21] the authors introduce a particular sequence of inner intervals of P, called a zig-zag
walk, and they prove that P does not contain zig-zag walks if Ip is prime. It seems
that the non-existence of zig-zag walks in a polyomino could characterize its primality
[Conjecture 4.6, [21]]. In [4] the authors support this conjecture introducing a new class
of polyominoes, called closed paths, and showing that having no zig-zag walks is a nec-
essary and sufficient condition for their primality. An analogous result is proved in [5]
for the weakly closed path polyominoes. In [22] the authors study the reduced Grébner
basis of polyomino ideals and introduce some conditions in order to the generators of Ip
form the reduced Grobner basis with respect to some suitable degree reverse lexicographic
monomial orders. Eventually, for further references about several algebraic properties of
polyomino ideals we report [1], [9], [10] and [26].

In this paper we study the Grobner bases of the polyomino ideal attached to a closed
path and we show that there exist some monomial orders such that the set of generators
of the ideal forms the reduced Grébner basis with respect to these orders. In Section 2
we introduce the notations about polyominoes and closed paths. In Section 3 we provide
a class of monomial orderings that generalizes the class introduced in [24] by Qureshi and
we give some conditions on such orderings so that the S-polynomial of two generators
of Ip attached to a collection of cells reduces to 0 modulo the set of generators of Ip.
In Section 4 we introduce some new configurations in a closed path, in particular the
W-pentominoes, the LD-horizontal and vertical skew tetrominoes and hexominoes and
the RW-heptominoes. For each case in which one of the previous configurations is not in
the closed path we provide a set of suitable vertices which allow us to define some partic-
ular suitable monomial orders. Moreover in Definition 4.1 we provide a pseudo-algorithm
to deal the general case. Finally, we prove that the set of generators of the polyomino
ideal attached to a closed path is the reduced Grobner basis with respect to a suitable
choice of the monomial order, so the coordinate ring of a closed path having no zig-zag
walks is a normal Cohen-Macaulay domain. We conclude the paper giving an example of
a non-simple polyomino whose universal Grobner basis is not square-free and providing
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some related open questions.

2 Polyominoes, closed paths and polyomino ideals

Let (i,7), (k,1) € Z* We say that (i,j) < (k,1) if i < k and j < [. Consider a = (7,7) and
b= (k,l)in Z* with a < b. The set [a,b] = {(m,n) € Z* :i <m < k, j <n <1} is called
an interval of Z*. in addition, if i < k and j < [ then [a, b] is a proper interval. In such
a case we say a, b the diagonal corners of [a,b] and ¢ = (i,1), d = (k,j) the anti-diagonal
corners of [a,b]. If j =1 (or i = k) then a and b are in horizontal (or vertical) position.
We denote by ]a, b[ the set {(m,n) € Z* : i <m < k, j <n < I}. A proper interval
C = [a,b] with b = a + (1,1) is called a cell of Z?; moreover, the elements a, b, ¢ and d
are called respectively the lower left, upper right, upper left and lower right corner of C.
The sets {a,c}, {c,b}, {b,d} and {a,d} are the edges of C. We put V(C) = {a,b,c,d}
and E(C) = {{a,c},{c,b},{b,d},{a,d}}.

Let S be a non-empty collection of cells in Z2. The set of the vertices and the edges of S
are respectively V(S) = Jpes V(C) and E(S) = Upes E(C). If C and D are two distinct
cells of S, then a walk from C to D in § is a sequence C : C' = C,...,C,, = D of cells
of Z? such that C; N C,,; is an edge of C; and Cjyq for i = 1,...,m — 1. In addition,
if C; # Cj for all @ # j, then C is called a path from C to D. We say that C' and D
are connected in S if there exists a path of cells in S from C' to D. A polyomino P is a
non-empty, finite collection of cells in Z? where any two cells of P are connected in P.
For instance, see Figure 1.

Figure 1: A polyomino.

We say that a polyomino P is simple if for any two cells C' and D not in P there exists a
path of cells not in P from C' to D. A finite collection of cells H not in P is a hole of P
if any two cells of H are connected in ‘H and H is maximal with respect to set inclusion.
For example, the polyomino in Figure 1 is not simple with an hole. Obviously, each hole
of P is a simple polyomino and P is simple if and only if it has not any hole.

Consider two cells A and B of Z? with a = (i,j) and b = (k,l) as the lower left corners
of Aand B and a < b. A cell interval [A, B] is the set of the cells of Z? with lower left
corner (r,s) such that i <r < kand j < s <I[. If (4,5) and (k,[) are in horizontal (or
vertical) position, we say that the cells A and B are in horizontal (or vertical) position.
Let P be a polyomino. Consider two cells A and B of P in vertical or horizontal position.
The cell interval [A, B], containing n > 1 cells, is called a block of P of rank n if all cells
of [A, B] belong to P. The cells A and B are called eztremal cells of [A, B]. Moreover, a
block B of P is mazimal if there does not exist any block of P which contains properly
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B. Tt is clear that an interval of Z? identifies a cell interval of Z? and vice versa, hence
we can associated to an interval I of Z? the corresponding cell interval denoted by P;. A
proper interval [a, b] is called an inner interval of P if all cells of P, belong to P. An
interval [a, b] with a = (i,7), b = (k,j) and ¢ < k is called a horizontal edge interval of P
if the sets {(¢,7),(¢ +1,4)} are edges of cells of P for all £ =4,..., k — 1. In addition,
if {(i —1,7),(i,7)} and {(k,7),(k+ 1,7)} do not belong to E(P), then [a,b] is called a
maximal horizontal edge interval of P. We define similarly a wvertical edge interval and a
mazimal vertical edge interval.

Following [21] we recall the definition of a zig-zag walk of P. A zig-zag walk of P is
a sequence Z : I,..., I, of distinct inner intervals of P where, for all ¢ = 1,...,¢, the
interval [; has either diagonal corners v;, z; and anti-diagonal corners wu;, v;41 or anti-
diagonal corners v;, z; and diagonal corners u;, v;11, such that:

1. Il N Ig = {Ul = ’Ug_H} and Iz N Iz'—l—l = {Ui+1}7 for all 7 = ]., .. ,E — ].,
2. v; and v,y are on the same edge interval of P, for all i =1,... ¢;

3. forall4,j € {1,...,¢} with ¢ # j, there exists no inner interval J of P such that z;,
z; belong to V' (J).

According to [4], we recall the definition of a closed path polyomino, and the configuration
of cells characterizing its primality. We say that a polyomino P is a closed path if it is a

sequence of cells Ay, ..., Ay, Any1, n > 5, such that:
1. Ay = Ay
2. A;N A is a common edge, for all i =1,... n;

3. A; # Aj, foralli#jandi,je{l,...,n};

4. Foralli € {1,...,n}andforall j ¢ {i—2,i—1,4,i+1,i+2} then V(A4;,)NV(4,) = 2,
where A*l = Anfl, AO = An7 An+1 = Al and An+2 = AQ.

[T][]]
L]

[
[T 11

[T] [

Figure 2: An example of a closed path.

A path of five cells C1, Cy, C5, Cy, C5 of P is called an L-configuration if the two sequences
C1,Cy,C5 and Cs, Cy, C5 go in two orthogonal directions. A set B = {B;}i—1.
imal horizontal (or vertical) blocks of rank at least two, with V(B;) NV (B;41) = {ai, b;}
and a; # b; for all i = 1,...,n — 1, is called a ladder of n steps if [a;, b;] is not on the
same edge interval of [a; 1, b;41] for all i = 1,...,n — 2. For instance, in Figure 3 there
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is a closed path having an L-configuration and a ladder of three steps. We recall that a
closed path has no zig-zag walks if and only if it contains an L-configuration or a ladder
of at least three steps (see [4]).

Let P be a polyomino. We set S = K[z,|v € V(P)], where K is a field. If [a,b] is an
inner interval of P, with a,b and c¢,d respectively diagonal and anti-diagonal corners, then
the binomial z,z, — x.x4 is called an inner 2-minor of P. We define Ip as the ideal in .S
generated by all the inner 2-minors of P and we call it the polyomino ideal of P. We set
also K[P] = S/Ip, which is the coordinate ring of P. Eventually, we recall that if P is a
closed path then having no zig-zag walks, equivalently P contains an L-configuration or
a ladder of at least three steps, is a necessary and sufficient condition in order to K[P] is
a domain by [4, Theorem 6.2].

3 Preliminary results

Let P be a non-empty collection of cells with V(P) = {ay,...,a,}. We define a P-order
to be a total order on the set V(P). Observe that the monomial orderings defined in [22]
and [24] are induced by specific P-orders, in particular we recall the monomial order <!
introduced in [24], which will be useful for this paper: we say that a <! b if and only if,
for a = (4,j) and b= (k,l), i < k, or i = k and j < [.

If <P is a P-order, we denote by <’ the lexicographic order induced by <P on S = K|z, |
v € V(P)], that is the lexicographic order induced by the total order on the variables
defined in the following way: z,, <1Pex T4, if and only if a; <P a; for i,7 € {1,...,n}. If
f € S, we denote by in(f) the leading term of f with respect to <F_.

Let f,g € Ip, we denote by S(f,g) the S-polynomial of f,g with respect to < . Let G
be the set of all inner 2-minors of P (that is the set of generators of Ip). We want to
study some conditions on <" in order to S(f, g) reduces to 0 modulo G.

First of all observe that if [a,b] and [«, 5] are two inner intervals and [a, b] N [, 5] does
not contain any corner of [a,b] and [o, 8], then ged(in(fap),in(fas)) = 1 80 S(faps fa8)
reduces to 0. So it suffices to study the remaining cases.

In the remainder of this section the inner intervals [a, b] and [«, 5] have respectively ¢, d
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and ~, 0 as anti-diagonal corners, as in figure 4.

c b ¥ B
a d o 0
Figure 4

In the following results we examine all possible cases in which |{a,b,c,d} N{a, B,7,0}| is
equal to 1 or 2.

Remark 1. Let P be a collection of cells and [a, b] and [«, 8] be two inner intervals such
that [{a,b,c,d} N{a, 5,7,0} = 2. Then S(fup, fas) reduces to 0 modulo G with respect
to <P _ for any P-order. In fact, we may assume that o = d and v = b. Consider the
non-trivial case when ged(in(fap),in(fag)) # 1. If in(fap) = zoxp and in(faz) = —zp2s,
then S(fup, fap) = —TsTaZe + TaZptqg = Ta(x.xp — x.v5). The desired claim follows,
because fo5 € Ip and S(fup, fa,3) reduces to 0 with respect to fop. If in(fop) = —zax.
and in(f, 3) = xxq, then we obtain the desired conclusion by arguing as before. All other
cases can be discussed similarly.

Lemma 2. Let P be a collection of cells and [a,b] and |c, B] be two inner intervals with
f =0band v €]c,b] (see Figure 5(a)). Let h be the vertex such that [h,b] is the inner
interval having d,~ as anti-diagonal corner and r be the vertexr such that [r,h] is the
interval having a,a as anti-diagonal corner. Let <P be a P-order on V(P) and suppose
that ged(in(fop),in(fas)) # 1. Then S(fop, fap) reduces to 0 modulo G with respect to
<P if and only if one of the following conditions occurs:

1. zowyxs <1F;X Talexq and in addition h,d < a or h,6 <P d;

2. TqlyTs <1F;X Toexq, {r, h,a,a} is the set of vertices of an inner interval of P and
in addition v,y < a orr,v <P ¢;

8. Toxoy <EX ToZyTs and in addition h,c <Paorh,c<Pr;

4. Toxetq <b waxxs, {r,h,a,a} is the set of vertices of an inner interval of P and
in addition r,d <P a orr,d <P 4.

The same characterization holds for S(fe.a, f.6)s S(foar fon) and S(fae, fs) considering
all the rotations of the described configuration (see respectively Figure 5(b), Figure 5(c)
and Figure 5(d)).

Proof. Observe that ged(in(fap),in(fa5)) # 1 if and only if in(f, ) = zaxp and in(f, ) =
TaZp. Since S(fap, fa3) = —Talelq + TaZ,Ts, We have two possibilities:
1) in(S(fap, fap)) = —TaZeTq, in particular z,2,25 <l Toz.x4. Observe that, since z.xq
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is not the leading term of f,;, in such a case the only possibilities for the reduction of
S(fap, fa,p) is through a first division by fuq if in(faa) = xezq or by fy if in(f.,) =
—ZT.. The first case is possible if and only if (h,d <7 a) V (h,d <P d), and in such case
indeed, after a little computation, S(fap, fa,3) reduces by foq to z5(za2y — Tcxh) = T fary
and this one reduces to 0. For this case we obtain the condition (1) of this lemma. The
second case is possible if and only if the condition (2) is satisfied, that is if [r, h] is an
inner interval of P and (r,y <P )V (r,7 <" ¢). In such a case in fact S(f, 4, fa,s) reduces
through f, . to z,(x,xs — x,24) = @ fas and this one reduces to 0.

2) in(S(fap, fa)) = Ta,xs, in particular x,z.24 <b x,2,25. We can argue as in the first
part of this proof observing that, since x,2; is not the leading term of f, g, in such a case
the only possibilities for the reduction of S(fq4, fa,g) is through f, . if in(f,,) = zex, or
by fraif in(frq) = —x.zs5. The first case is possible if and only if (h,c <P a)V (h,c <P ~),
that is the condition (3) holds, while the second is possible if and only if [r, h] is an inner
interval of P and (r,d <P a) V (r,d <P §), that is the condition (4) is satisfied. In both
cases S(fap, fa,3) reduces to 0.

The last statement of this lemma is verified since the only effects of the rotation of a
configuration are the different notations for the same intervals (for instance [a, b] becomes
lc,d], [b,a] or [d, c]) or the change of the sign of the binomials in the generators of Ip. [

The following four lemmas can be proved by the same arguments of Lemma 2, so we omit
their proofs.

Lemma 3. Let P be a collection of cells and [a,b] and [a, 5] be two inner intervals with
v =b and o €]d,b[ (see Figure 6(a)). Let h be the vertex such that [h,b] is the inner
interval having c, o as anti-diagonal corner and r be the vertex such that r,a are the anti-
diagonal corners of the interval [d,5]. Let <P be a P-order on V(P) and suppose that
ged(in(fap), in(fap)) # 1. Then S(fup, fap) reduces to 0 modulo G with respect to <% if
and only if one of the following conditions occurs:

1. z,x0p <sz 25T.xq and in addition h, B <P c or h, B <P §;

2. TaTolp <t wswoxq, {d,5, 0,1} is the set of vertices of an inner interval of P and
in addition r,a <P 6 orr,a <P d;
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3. xsx.Tq <EX TaZoXg and in addition h,d <Paorhd<Pa;

4. wsweg <b wamars, {d, 0, v} is the set of vertices of an inner interval of P and
in addition r,c < a orr,c <P B.

The same characterization holds for S(fed, f~.5): S(fo.as [8.0) and S(fae, f5~) considering
all the rotations of the described configuration (see respectively Figure 6(b), Figure 6(c)
and Figure 6(d)).

[P R r 0 h
c b 3 i d a H
' oo H
: : H b
hp==-- a ) b Ia yd § I S EELEL g di ’
i ! i
e I i
a c ): a 8 b c prm———— 5 5
(a) (b) (c) (d)
Figure 6

Lemma 4. Let P be a collection of cells and [a,b] and [a, ] be two inner intervals
with o = ¢ and b €]a, | (see Figure 7(a)). Let h be the vertex such that h,0 are the
diagonal corners of the inner interval [b, ] and r be the vertex such that r,b are the anti-
diagonal corners of the interval [d,5]. Let <P be a P-order on V(P) and suppose that
ged(in(fup),in(fap)) # 1. Then S(fup, fap) reduces to 0 modulo G with respect to <% if
and only if one of the following conditions occurs:

1. xqws57, <1Pex xpr,xp and in addition h, o <Pborhé<Pp;

2. TaxsT, <ho TpTaTy, {d,8,b,1} is the set of vertices of an inner interval of P and in
addition v,y <% a orr,v <P ;

3. x3xqTp <1F;X TqTsT~ and in addition h,a <Pdorh,a<?~;

4. pzamy <f, Taxsz., {d,0,b,r} is the set of vertices of an inner interval of P and in
addition r,b <P d orr,b <P 4.

The same characterization holds for S(fed, f+5): S(fo.as [8.0) and S(fac, f5-) considering
all the rotations of the described configuration (see respectively Figure 7(b), Figure 7(c)
and Figure 7(d)).

Lemma 5. Let P be a collection of cells and [a,b] and [a, 5] be two inner intervals with
v =c and 0 €|a,b| (see Figure 8(a)). Let [h,r] be the inner interval having d,§ as anti-
diagonal corners. Let <P be a P-order on V(P) and suppose that ged(in(fop),in(faps)) #
1. Then S(fup, fos) reduces to 0 modulo G with respect to <%, if and only if one of the
following conditions occurs:
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1. wgxa7p <1PeX 25T,y and in addition h,o <P a or h,a <P §;
2. TgTots <b Tsrewy and in addition r, B3 < & orr, B <P b;
8. T5TaXp <1PeX TaTaTg and in addition r,a <Paorra<Pd;
4. XTsTaxy <1F;X TqZToxg and in addition h,b <Pdorh,b<PB.

The same characterization holds for S(fed, f.5): S(fo.as [8.0) and S(fae, f5-) considering
all the rotations of the described configuration (see respectively Figure 8(b), Figure 8(c)
and Figure 8(d)).

A —
H ' i .
H i , :d 6: ) i d: b h
¢ b W [T ’ d :
i i :
a i ” w 2 o 3 h Y 7“"---9 3
(a) (b) (c) (d)
Figure 7
b T d a [e] c
c 4 b ' d h a
i H
! 0 Bl ___ ) 8
....... r A I(5_____h T-------I o :
a ) '
0 1
! 1
1 1
a h d c a a b I} c d T b
(a) (b) (c) (d)
Figure 8

Lemma 6. Let P be a collection of cells and [a,b] and [a, 5] be two inner intervals with
a="band p ¢ [a,b] (see Figure 9(a)). Let h,r be the anti-diagonal corners, different to
b, respectively of the intervals [d, 0] and [c,7]. Let <P be a P-order on V(P) and suppose
that ged(in(fop),in(fag)) # 1. Then S(fap, faz) reduces to 0 modulo G with respect to
<b_if and only if one of the following conditions occurs:

1. xoxows <h . wgwaz., {d,0,b,h} is the set of vertices of an inner interval of P and in
addition h,y <P B or h,y <P d;

2. ToxyTs <t TpTaTe, {c,7,b,r} is the set of vertices of an inner interval of P and in
addition r,6 <P B orr,§ <P ¢;
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3. TpTaTe <t TaToTs, {C,7,b,7} is the set of vertices of an inner interval of P and in
addition r,d <P a or r,d <P ~;

4. TpTaxe <fo Totoxs, {d,0,b, W} is the set of vertices of an inner interval of P and in
addition c,h <P a or c¢,h <P §.

The same characterization holds for S(fe.d, fv5), S(foa, f8.0) and S(fac, fs5~) considering
all the rotations of the described configuration (see respectively Figure 9(b), Figure 9(c)
and Figure 9(d)).

& O e h a ¢ ————
L g i [ d a i
1 1 ' 1
: L '
c! b . : 5: d: b ,
10 Yy b d b ¢ !
: - ' ;
1 : : 1
[ ' H ———— LR
a h REEEEY a 5 h 5 3
(a) (b) (c) (d)
Figure 9

4 Grobner basis of the polyomino ideal of a closed path.

Let P be a polyomino. In this section we examine four special configurations of cells of
a polyomino, that permit us when P is a closed path to provide some particular subsets
Y C V(P) for which we can define the following P-order.

Definition 7. Let Y C V(P). We define the P-order <¥ in the following way:

a¢Y andbeyY
a<be < abgY anda<'b
a,beY anda <'b

for a,b € V(P).

We call a W-pentomino with middle cell A a subpolyomino of P consisting of an horizontal
block By = [A1, By| of rank two, a vertical block By = [As, Bs| of rank two and a cell A
not belonging to By U By, such that V(B;) NV (B2) = {w} and where w is the lower right
corner of A. Moreover, if W is a W-pentomino with middle cell A, we denote by xy the
left upper corner of A, with yy, the lower right corner of B; and with zy, the lower right
corner of A,. See Figure 10.

We call an LD-horizontal (vertical) skew tetromino a subpolyomino of P consisting of
two horizontal (vertical) blocks of rank two By = [Ay, By] and By = [Ay, By such that
V(B1) N V(Ay) = {wy,ws} and wy,wy are right and left upper (lower and upper right)
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B

Tw

A Ay

O 2y

B, O yw

Figure 10: W-pentomino.

corners of By. Moreover, if C is an LD-horizontal (vertical) skew tetromino, we denote
by xc,ye the left and right upper corners of A, (the upper and lower left corners of By),
and with ac,be the left and right lower corners of B; (the upper and lower right corners
of Ay). See Figure 11.

Zc Ye
By
Ay | B xc ac
B] AQ
A | By Ye be
O O A
ac be

(a) (b)

Figure 11: LD-horizontal skew tetromino (a) and LD-vertical skew tetromino (b).

We call an LD-horizontal (vertical) skew hexomino a subpolyomino of P consisting of
two horizontal (vertical) blocks of rank three By = [A;, B1] and By = [As, Bs] such that
V(B1)NV(As) = {wy, ws} and wy, wy are respectively the right and left upper (lower and
upper right) corners of By. Moreover, if D is an LD-horizontal (vertical) skew tetromino,
we denote by xp,yp the left and right upper corners of A, (the upper and lower left
corners of By), and by ap,bp the the left and right lower corners of B; (the upper and
lower right corners of Ay). See Figure 12.

We call an RW-heptomino with middle cell A a subpolyomino of P consisting of an hori-
zontal block By = [A;, B;] of rank three, a vertical block By = [As, Bs] of rank three and
a cell A not belonging to By U Bs, such that V(B;) NV (By) = {w} and where w is the
upper left corner of A. Moreover, if T is an RW-pentomino with middle cell A, we denote
by x7 the right lower corner of A, with y; the left upper corner of By and by zp the left
upper corner of A;. See Figure 13.

Theorem 8. Let P be a closed path polyomino not containing any W-pentomino. Let R
be the set of all LD-horizontal and vertical skew tetrominoes contained in P and let Y =
Ucer{ze,yc}. Then G is the reduced Grébner basis of Ip with respect to the monomial
order <.
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rp YD D B | 4 Q ap
2
A2 32 YD O bD
A1 Bl
o—o0 Al
ap bD

(a) (b)

Figure 12: LD-horizontal skew hexomino (a) and LD-vertical skew hexomino (b).

7
w Ay By " A B
B | A By By | 4
xr
4, | B N

(a) (b)
Figure 13: RW-heptomino.

Proof. Let f = xpxy—x,25 and g = x,2,—2,2, be the two binomials attached respectively
to the inner intervals [p, ¢] and [u,v] of P. We prove that S(f,g) reduces to 0 modulo G
with respect to <, examining all possible cases on {p,q,r, s} N {u,v,w, z}.

The case {p,q,r,s} N {u,v,w,z} = @ is trivial. If |{p,q,r, s} N {u,v,w,z}| = 2, then
the claim follows from Remark 1. Assume that [{p,q,r, s} N {u,v,w,z}| = 1 and that
[p,q] is not contained in [u,v] or vice versa. Suppose that ¢ = v. For the structure
of P we may assume that s €|z,v[ and w €]r,¢|, so there exists k € {1,...,n} such
that Ay, = [p,q] N [u,v]. Let Ay_; be the cell of Py, adjacent to Ay. If Ay, is at
North of Ai_; then none of the vertices in [p, g] and [u, v] belongs to Y and the assertion
follows from (1) of Lemma 2, since z,7,r, <., T, T, and h,z <¥ s, where {h} =
[p,s] N Ju,w]. If Ay_o is at West of Ax_; then we have two possibilities. Firstly, if
Aj_5 is not a cell of an LD-horizontal skew tetromino then none of the vertices in [p, q|
and [u,v] belongs to Y, so the claim follows as before by applying (1) of Lemma 2.
Secondly, if A,_o is a cell of an LD-horizontal skew tetromino, then among the vertices
of [p,q] and [u,v] only r belongs to Y, so the claim follows since ged(in(f),in(g)) =
1. The cases r = w, p = u and s = z can be proved similarly to the previous ones.
Suppose that ¢ = w. We may assume that u €|s, ¢[, because the arguments are similar
when s €Ju,w|. Let A be the cell of P having r, u as anti-diagonal corners and we

THE ELECTRONIC JOURNAL OF COMBINATORICS 29(3) (2022), #P3.54 12



denote by Aj_; and Ay respectively the cells of Py, 4 and P, adjacent to Ag. If
{Ak_2, Ap_1, Ak, Apy1} is an LD-vertical skew tetromino or {Ay_o, Agp_1, Ak, Ags1, Axso}
is an L-configuration then ged(in(f),in(g)) = 1. If {Ax_1, Ak, Ags1, Agy2} is an LD-
horizontal skew tetromino, then ged(in(f),in(g)) = x,, and applying (1) of Lemma 3 we
have the desired conclusion. Similar arguments hold in the cases s = u, v =r and z = p.
Suppose ¢ = u and let Ay and Ag.o be the cells of P having respectively ¢ as upper
right and lower left corner. If {Ay_1, Ak, Ags1, Agio} or {Ax, Agr1, Agro, Arys} is an LD-
vertical skew tetromino, then ged(in(f),in(g)) = 1. If {Ap_1, Ak, Agt1, Agro, Agys} is an
L-configuration, the claim follows either by ged(in(f),in(g)) = 1 or by applying Lemma 6
if ged(in(f),in(g)) # 1. If {Ax_1, Ak, A1, Akt2, Axrs} is not an L-configuration and does
not contain an LD-vertical skew tetromino, then the only two possibilities are that either
{Ak_1, Ag, Ag1, Agao} or {Ag, Agyr, Agro, Agas} is an LD-horizontal skew tetromino. In
both cases ged(in(f),in(g)) = 1, in particular in the first case the claim follows since P
has not any W-pentomino, so Ay 3 is at East of Ay,5. The other cases s = w, z = r or
v = p can be proved by similar arguments. Finally, it is easy to see that in such cases G
is also the reduced Grobner basis of Ip. O

In Figure 14(a) is shown an example of polyomino satisfying Theorem 8.

Remark 9. In [22] the authors introduced the class of thin polyominoes, that consists of
all polyominoes not containing the configuration whose shape is a square made up of four
cells. Such class can be viewed as a generalization of closed paths. We observe that the
conclusion of the previous theorem does not hold in general for thin polyominoes, using
the same monomial order. In fact, we can consider the thin polyomino in Figure 14(b)
and it is not difficult to show that the S-polynomial associated to the marked intervals
does not reduce to 0.

(a) (b)
Figure 14: The highlighted points belong to Y.

Remark 10. By the same arguments, the statement of Theorem 8 holds also for ¥ =
Ucer{ac, be}-

Theorem 11. Let P be a closed path polyomino not containing any RW-heptomino. Let
R1 be the set of all LD-horizontal and vertical skew hexominoes contained in P and
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let Ry be the set of all W-pentominoes contained in P. Let Y = (Upeg,{an,bp}) U
(Uwer,tow,yw}). Then G is the reduced Grobner basis of Ip with respect to the mono-
mial order <Y_.

Proof. Let f = xpx,—2,25 and g = x,2,—2,T, be the two binomials attached respectively
to the inner intervals [p, q] and [u, v] of P. We discuss the case |{p, ¢,r, s}N{u,v,w, z}| = 1,
where [p, q] is not contained in [u,v] or vice versa. The cases ¢ = v, r = w, p = u and
s =z as well as ¢ = w, s = u, v = r and z = p, can be proved as in Theorem 8.
Suppose ¢ = u and let Ap and Ag,o be the cells of P having respectively ¢ as upper
right and lower left corner. If {Ay_1, Ay, Agi1, Agro, Agys} is an L-configuration the
claim follows either if ged(in(f),in(g)) = 1 or by applying Lemma 6 if ged(in(f),in(g)) #
1. If {Ak_g, Ak—h Ak, Ak+17 Ak+2, A]H_g} or {Ak—la Ak, Ak—f—h Ak+27 Ak+3, Ak+4} is an LD-
horizontal or vertical skew hexomino, then ged(in(f),in(g)) = 1. Since there does not
exist any RW-heptomino, the last possibilities consist in being A1, Ag, Axyr1 or Ao
the middle cell of a W-pentomino. In all these cases we have the desired conclusion either
if ged(in(f),in(g)) = 1 or by applying Lemma 6 if ged(in(f),in(g)) # 1. The cases s = w,
z =1 or v =p can be proved by similar arguments. O]

Remark 12. With the same arguments, the statement of Theorem 11 holds also considering
Y = (Uper,{ap,bp}) U (Uper, {zw, 2w }).

Given a closed path polyomino P containing both W-pentominoes and RW-heptominoes,
our aim is to find a P-order <Y, for a suitable set Y C V(P), such that G is the Grobner
basis of Ip with respect to the monomial order <} . We are going to define the set Y by
combining the previous construction and the highlighted points in Figures 10, 12, 13, and
proceeding iteratively from the structure of the polyomino and the arrangement of the
cells. In order to simplify notations and writings, we summarize in the table in Figure 15
the arrangements with highlighted points already introduced in the previous definitions
that are useful to define the new set Y. We build up the set Y using the algorithm
explained below, for which it is also important to consider the configurations described
in Figure 16 and Figure 17.

Algorithm 4.1. Let P be a closed path polyomino, whose sequence of cellsis Ay, Ay, ..., A,
Apy1 (with Ay = A,,11) and containing both W-pentominoes and RW-heptominoes. Let
i,j € {1,2,...,n,n+ 1} with ¢ < j. We define Y; ; C V(P) be the set provided by the
algorithmic scheme described below:

1. Start with Y} ; = &.

2. Define Q ={q € {i,...,j} | 4, is the middle cell of a RW-heptomino}.
3. If Q # @ define ¢; = min Q, otherwise define ¢; = j.

4. FOR k € {i,...,q} DO:

(a) IF Ay is the middle cell of a W-pentomino THEN Y; ; = Y ; U {zw, 2w} with
reference to II-A of Figure 15.
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A, 4z | o | o 4|
B L
Figure 15
(b) IF Ay, Agy1,- .., Arye is a sequence of cells of an LD-horizontal skew hexomino
THEN Y, =Y, ;U {ap,bp} with reference to III-A of Figure 15.
(¢) TF Ay, Agy1,- .., Arye is a sequence of cells of an LD-vertical skew hexomino

THEN Y, ; =Y, ;U {ap,bp} with reference to IV-A of Figure 15.
5. Define R ={re{q +1,...,5}| A is the middle cell of a W-pentomino}.
6. If R # @ define r; = min'R, otherwise define r; = j.
7. Define Q = ¢; and R = ry.

8. Consider the RW-heptomino with middle cell Ag and let M = max{m € {i,...,Q} |
A, NY,;; # @}

9. FOR k € {Q,...,R} DO:
(a) IF Ay is the middle cell of an RW-heptomino THEN

IF Ay and Ag do not occur as in the configurations of Figure 16
THEN Y;; =Y, ; U{zr,yr} with reference to I-B of Figure 15
ELSE Y, =Y, ,; U{xr, zr} with reference to II-B of Figure 15.

(b) IF Ag, Agy1,- .., Arye is a sequence of cells of an LD-horizontal skew hexomino
THEN Y, =Y, ;U{xp,yp} with reference to III-B of Figure 15.

(c¢) IF Ag, Agy1,- .., Arye is a sequence of cells of an LD-vertical skew hexomino
THEN Y, =Y, ;U {zp,yp} with reference to IV-B of Figure 15.

(d) IF R = j THEN RETURN Y} ;.
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°© yw ap bp
Ag
Aq
Ay ap
Twe b
D
AM’
-

Figure 16: Conflicting configurations with I-B.

Define @ ={qe {ri1 +1,...,5} | A, is the middle cell of a RW-heptomino}.
If Q # @ define ¢ = min Q, otherwise define ¢, = j.
Define R = ry and @) = ¢s.

Consider the W-pentomino with middle cell Ag and let M = max{m € {i,..., R} |
A, NY,; # @}

FOR k € {R,...,Q} DO:
(a) IF Ay is the middle cell of a W-pentomino THEN

IF Aj; and Ag do not occur as in the configurations of Figure 17
THEN Y;; =Y, ; U{zw,yw} with reference to I-A of Figure 15
ELSE Y;; =Y, U{zw, 2w} with reference to II-A of Figure 15.

(b) IF Ag, Ak, - .., Arye is a sequence of cells of an LD-horizontal skew hexomino
THEN Y, ; =Y, ;U {ap,bp} with reference to III-A of Figure 15.
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(c) IF Ay, Agyi1, ..., Akie is a sequence of cells of an LD-vertical skew hexomino

THEN Y, ; =Y, U{ap,bp} with reference to IV-A of Figure 15.
(d) IF Q =7 THEN RETURN Y, ;.

D

yr
YD

Ay Ap
7
AR AR
zr
Ay ... Ap
D  Yp
T AM ‘e AR

Figure 17: Conflicting configurations with I-A.

15. £ =2.
16. WHILE ¢ > 1 DO

(a) Define R ={re{q+1,...,j} | A is the middle cell of a W-pentomino}.
(b) If R # @ define r, = min R, otherwise define r, = j.

(¢) Define @ = ¢y and R = 1.

(d) M =max{me{i,....,Q} | A, NY,; # 2}

(e) Execute the instructions in (9).
(

(g) If Q # @& define gpy1 = min Q, otherwise define g,1 = j.
(h) Define R =r; and Q = qp41.

(i) M =max{m e {i,...,R} | A, NY:; # @}

(j) Execute the instructions in (14).

(k) ¢=0+1.
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)
)
)
)
)
f) Define Q ={qe {r,+1,...,5} | 4, is the middle cell of a RW-heptomino}.
)
)
)
)
)

17



17. END

Observe that, since r, < ryyq and g < @iy for all £ € N then there exists ¢ such that
r; = j or gz = j, so the procedure stops and the set Y; ; is returned.

Definition 13. Let P be a closed path polyomino containing both W-pentominoes and
RW-heptominoes. Consider a W-pentomino W of P and suppose that VW contains the
cells Ay, Ay, Az, Ay and As, labelled bottom up as in Figure 18. We put L = Y5,,41. In
Figure 19 we make in evidence, for instance, the points belonging to L.

w A5 .o
As| Ay
* A1 A2

Figure 18

As
As|Ay
AqAs

Figure 19: The set Y5,,41 C V(P) consists of the highlighted points.

Theorem 14. Let P be a closed path. Suppose that P contains a W-pentomino and an
RW-heptomino and let L be the set given in Definition 13. Then G s the reduced Grobner
basis of Ip with respect to <& .
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Proof. Let f and g be the two binomials attached respectively to the inner intervals
[p, q] and [u, v] of P. It suffices to show that S(f, g) reduces to 0 modulo G in every case.
Observe that the desired claim follows from Definitions 4.1 and 13, arguing as in Theorem
11. In fact, we always have that either ged(in(f),in(g)) = 1 or, if ged(in(f),in(g)) # 1,
it is sufficient to apply the lemmas of Section 3. O]

Theorem 15. Let P be a closed path polyomino having an L-configuration or a ladder
of at least three steps, or equivalently having no zig-zag walks. Then K[P] is a normal
Cohen-Macaulay domain.

Proof. From Theorem 14 we obtain that there exists a monomial order < such that G is
the Grobner basis of Ip with respect to <, in particular Ip» admits a squarefree initial ideal
with respect to some monomial order. Since P has an L-configuration or a ladder of three
steps, from [4] we have that Ip is a toric ideal. By [16, Corollary 4.26] we obtain that
K[P] is normal and by [2, Theorem 6.3.5] we obtain that K[P] is Cohen-Macaulay. [

Remark 16. In [18] the authors proved that if P is a balanced polyomino, equivalently P
is simple, then the universal Grobner basis is squarefree. In general this fact does not hold
for a non-simple polyomino. Consider the closed path P in Figure 20. Let {V;, V5, V3, V,}

4 (e, O P
3 O )
2 O
A
1 © O o
0 1 2 3 4
Figure 20

and {Hy, Hy, Hs, H,} be respectively the sets of the maximal vertical and horizontal edge
intervals of P such that r = (i,7) € V; N H;, and let {vy, v2, v3,v4} and {hy, ho, hs, ha} be
the associated sets of the variables. Let w be another variable different from v; and h;.
We recall from [4] that Ip = Jp, where Jp is the kernel of ¢, defined as

¢: Kz (i,7) € V(P)] — K[{vi, hj,w} : 4,5 € {1,2,3,4}]
¢($Z]) = vihjwk
where k = 01if (i,7) ¢ A, and k = 1, if (¢,5) € A.
Consider the binomial f = x11293032034741 — x14x22x§1x43 attached to the vertices in red

and yellow. Observe that f € Ip because ¢(r11723732734%41) = P(T14T297% 743). We show
that f is primitive, that is there does not exist any binomial ¢ = gt — ¢~ in Ip with
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g # [ such that 9+|$11$23$32$34$41 and 97|$14$22$§1$43- Suppose by contradiction that
there exists such a binomial. Observe that 2 < deg(g) < 5, since f # g and all binomials
of degree two satisfying the primitive conditions are not inner 2-minors. It is sufficient to
prove that xq; (resp. Z2g) cannot divide gt (resp. ¢7). If that happens, then w divides
¢(g™), which is equal to ¢(g~), so xey divides g~. Since g € Ip = Jp, in particular
&(g"T) = &(g™), we obtain that g7 = x1;73739734741 and g~ = x14T073 743 from easy
calculations. Hence f = g, a contradiction. In conclusion we have that f is a primitive
binomial of Ip. Since for a toric ideal the universal Grobner basis coincides with the
Graver basis (see [29]), the primitive binomials of Ip form the universal Grébner basis G
of Ip. Since f is a primitive binomial of Ip, it follows that G is not squarefree. Anyway
Ip is a radical ideal which admits a squarefree initial ideal with a different monomial
ordering, for instance with respect to <i.,, since the set of generator of Ip is the reduced
Grobner basis by [24, Theorem 4.1].

We conclude providing some questions which follow immediately from the results of this
paper.
e We ask if the initial ideal of Ip, attached to a (weakly) closed path, with respect to
the monomial orders <{_and <2 _ defined in [24] is squarefree.

e With reference to [5], we ask if also for all weakly closed path polyominoes there
exist some monomial orders such that the set of the generators of the ideal is the
reduced Grobner basis.
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