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Abstract

We classify all convex polyominoes whose coordinate rings are Gorenstein. We
also give an upper bound for the Castelnuovo-Mumford regularity of the coordinate
ring of any convex polyomino in terms of the smallest interval which contains its
vertices. We give a recursive formula for computing the multiplicity of a stack
polyomino.

Mathematics Subject Classifications: 05E40, 13H10, 13P10

1 Introduction

A polyomino P is a finite connected set of adjacent cells in the cartesian plane N2, A cellin
N? is simply a unitary square. A polyomino P is said to be column convex (respectively
row convex) if every column (respectively row) is connected. According to [2], P is a
convez polyomino if for every two cells of P there is a monotone path between them,
that is a path having only two directions, contained in P. Convex polyominoes include
one-sided ladders, 2-sided ladders and stack polyominoes.

Let K be a field and consider the polynomial ring S = K[z;;|(4, j) vertex of P]. The
polyomino ideal Ip is the ideal of S generated by all 2-inner minors of P, where a 2-inner
minor of P is a 2-minor of the matrix X = (x;;);; which involves only indeterminates of
the vertices of P. The coordinate ring of P is defined as the quotient ring K[P] = S/Ip.
The ideal Ip and the ring K[P] were first studied by Qureshi in [10]. There it was shown
that if P is a convex polyomino, then K[P] is a normal Cohen-Macaulay domain. This
was proved by viewing the ring K[P] as the edge ring of a suitable bipartite graph Gp
associated with P.
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Understanding the graded free resolution of polyomino ideals is a difficult task. A
first step in this direction was done in [5], where the convex polyomino ideals which are
linearly related or have a linear resolution are classified.

In this paper, we continue the study of the algebraic properties of K[P].

In Section 1, we recall the basic terminology related to convex polyominoes and their
associated bipartite graphs. The first main result of this paper appears in Section 2,
where we classify all convex polyominoes whose coordinate rings are Gorenstein (Theo-
rem 21). For this classification, we use a result due to Ohsugi and Hibi ([8]) who classified
all 2-connected bipartite graphs whose edge rings are Gorenstein. In the case of stack
polyominoes, we recover the classification of all Gorenstein stack polyominoes given in
[10, Corollary 4.12]; see Section 3.

In Section 4, we give an upper bound for the Castelnuovo-Mumford regularity of the
coordinate ring of any convex polyomino in terms of the smallest interval which contains
its vertices (Proposition 37). The computation of the upper bound of the regularity uses
as an important tool the formula of the a-invariant of the edge ring of a bipartite graph
given in [11].

Finally, in Section 5 we give a recursive formula for computing the multiplicity of K[P]
if P is a stack polyomino and we show some concrete cases when this formula may be
applied.

2 Preliminaries

To begin with, we recall some concepts and introduce notation about collections of cells
and polyominoes.

We consider on N? the natural partial order defined as follows: (i,j) < (k,1) if and
only if i <k and j <. If a,b € N? with @ < b, then the set

[a,b) ={ceN*|a < c<b}

is an interval in N2, If a = (4,5) and b = (k,l) € N? have the property that j = [
(respectively i = k), then the interval [a,b] is called a horizontal (respectively vertical)
edge interval.

The interval

C=la,a+(1,1)]

is called a cell in N? with lower left corner a. The elements of C' are called vertices of C'
and we denote their set by V(C). The set of edges of C is

EC)={{a,a+(0,1)},{a,a+ (1,0)},{a+ (0,1),a+ (1,1)},{a+ (1,0),a + (1,1)}}.

We consider A and B two cells in N? with lower left corners (i, j) and (k,[). Then the
set

[A, B] = {E|F is a cell with lower left corner (r,s) such that i <r <k, j < s <}
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A row convex but not column convex polyomino

A convex polyomino

Figure 1:

is called a cell interval. In the case that j = [ (respectively ¢ = k), the cell interval [A, B
is called a horizontal (respectively vertical) cell interval.

Let P be a finite collection of cells of N?. The vertex set of P and the edge set of P
are

V(P) = UcepV(C) and E(P) = Ucep B(C),

where C' are the cells of P. Two cells A and B of P are connected, if there is a sequence
of cells of P given by A = Ay, Ay,..., A1, A, = B such that A; N A, is an edge of A;
and A;;; for each ¢ € {1,...,n—1}. Such a sequence is called a path connecting the cells
A and B.

Definition 1. A collection of cells P is called a polyomino if any two cells of P are
connected.

Definition 2. A polyomino P is called row (respectively column) convex, if for any two
cells A and B of P with left lower corners a = (i, j) and b = (k, j) (respectively a = (i, j)
and b = (7,1)), the horizontal (respectively vertical) cell interval [A, B] is contained in P.
If P is row and column convex, then P is called a convex polyomino.

In Figure 1 we have two examples of polyominoes: the one on the right is a convex
polyomino, while the other one is row convex but not column convex, hence it is not
convex.

Let P be a convex polyomino and [a,b] C N? be the smallest interval which contains
V(P). After a shift of coordinates, we may assume that a = (1,1) and b = (m,n) and
thus, we say that P is a convex polyomino on [m] x [n], where for a positive integer a, [a]
denotes the set {1,...,a}. For example, the right side polyomino in Figure 1 is a convex
polyomino on [4] x [4].
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Figure 2: The bipartite graph attached to a cell in N2

Fix a field K and a polynomial ring S = K[z;; | (¢,j) € V(P)]. We consider the ideal
Ip C S generated by all binomials x;xy; — ;24 for which [(4, j), (k,1)] is an interval in
P. The K-algebra S/Ip is denoted K[P] and is called the coordinate ring of P. By [10,
Theorem 2.2], K[P] is a normal Cohen-Macaulay domain.

Let P be a convex polyomino on [m] x [n]. The ring R = K[z;y; | (4,7) € V(P)] C
K[z1,. ., Zm, Y1, ---,Ys] can be viewed as the edge ring of the bipartite graph Gp with
vertex set V(Gp) = X UY, where X = {z,...,z,,} and Y = {y1,...,y,} and edge
set E(Gp) = {{zi,y;} | (1,5) € V(P)}. In Figure 2, we displayed the bipartite graph
attached to a cell in N2. According to [10], K[P] can be identified with K[Gp].

3 Gorenstein convex polyominoes

Let P be a convex polyomino on [m] x [n]. Weset X = {zy,...,zntand Y = {y1,...,y,}
and, if needed, we identify the point (z;,y;) in the plane with the vertex (7, 7) € V(P).

Let A and B be two cells in P. Recall that A and B are connected by a path if there is
a sequence of cells in P, A= Ay, As, ..., A1, A, = B, with the property that A; N A; 1
is an edge of A; and A; 4, for each i € [r —1]. We denote by (xj,, yx,) the lower left corner
of A;, for all i € [r]. Every path in P may go in at most four directions which are given
below:

1. East if (2}, ,, Yk;y) — (25, yk,) = (1,0) for some i € [r];

2. West if (zj,,,, Ykiir) — (25, yr,) = (—1,0) for some i € [r];
3. South if (%}, |, Yriyr) — (25, yr,) = (0, —1) for some i € [r];
4. North if (2, Ykt ) — (25,5 Yr) = (0,1) for some 7 € [r].

We say that a path connecting two cells is monotone if it goes only in two directions.
A characterization of convex polyominoes in terms of paths is given by the following
Proposition from [2].

Proposition 3. [2, Proposition 1] A polyomino P is convex if and only if for every pair
of cells there exists a monotone path connecting them and contained in P.
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In the next proposition we show that the bipartite graph Gp associated with P is
2-connected. Let us first recall the definition of 2-connectivity.

Definition 4. If (G is a finite connected graph on the vertex set V', then given a subset
) W C V, Gw denotes the induced subgraph of G on W. We say that G is 2-connected
if G together with Gy, are connected for all v € V.

Proposition 5. Let P be a convex polyomino on [m| x [n]. Then the bipartite graph Gp
18 2-connected.

Proof. Firstly, we prove that the bipartite graph Gp is connected. For that it is sufficient
to choose x,2" € {z1,...,z,} and to find a path between them in Gp. Let x,2/,y,y" €
V(Gp) such that (z,y), (2/,y’) € V(P). Without loss the generality, we may suppose that
(x,y —1),(z',y — 1) ¢ V(P). Since P is a convex polyomino, there exists a monotone
path I' from a cell containing (x,y) to a cell containing (z’,y"), both as outside corners of
I'. Let us consider the sequence 7 of vertices of P belonging to the cells of I'. Now, let

Ay ={{zi,y;. } | (zi,,y5.) €7 is a lower outside or inside corner of the path I'}.

We claim that A, is a path in Gp containing x and 2’. Clearly, {z,y} and {2’,y'}
belong to A, by definition of I'. Since I' is a monotone path, for every {z;,,y; } €
AN{{z,y}, {«'y'}}, there exist exactly two other edges of the form {x;,,y,} and {z;,y;, }
in A, with 7 # ji, and s # .

In order to complete the proof, we show that for any k& € [m], the graph Gp,, is
connected, where V =V (Gp) \ {zx}.

Let G = Gp, and z,2’,y,y € V(G) such that (z,y), (2',y’) € V(P). In a similar way
as in the first part of the proof, we consider I' to be a monotone path in P from a cell
containing (z,y) to a cell containing (z’,y’). Let

A ={{x;,y;} | (x;,y;) is a lower outside or inside corner of the path I'}.

If for any {z;,,y;} € A, we have x;, # wy, then A is a path in G containing x and 2’
by the argument used above.
If there is {x;,,y;,} € A such that i, = k, then we have exactly two edges

{xill Y, }7 {%12 ) yle} €A

with 4, = 4, = k. Since P is a convex polyomino, (zy_1,¥;, ), (Tr-1,7;,) € V(P) or
(xk+17yj11)7 (karla yJZQ) € V(P) Let

A=A \ {{xkvyjll}7 {xk7yjl2}}'

If (25-1,95, ), (@r-1,95,) € V(P), then A"U {{zx—1,y; },{zr-1,9;,}} is a path in G
containing z and 2’ else A"U {{zx41,9j, }, {Tx+1,v5, }} is a path in G containing = and 2’
by the argument used in the first part of the proof. m

ot
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For the characterisation of Gorenstein convex polyominoes we need the following the-
orem due to Ohsugi and Hibi ([§]).
Let G be a bipartite graph on the vertex set [m] U [n] and let

S"'=K[z1, .. Ty Y1y - -+ Yl
be the polynomial ring. The edge ring of G is the toric ring
K[G] = Klziy, | 1.} € B(G)] S

Let T C V(G). We recall that N(T') = {y € V(GQ) | {z,y} € E(G) for some z € T}
represents the set of the neighbors of the subset T

Theorem 6. [8, Theorem 2.1] Let G be a bipartite graph on X UY and suppose that G is
2-connected. Then the edge ring of G is Gorenstein if and only if 1 - - xmy1 - - - yn € K[G]
and one has |N(T)| = |T|+1 for every subset T' C X such that Gryn(ry is connected and
that G (xuy)\(run(r)) 5 @ connected graph with at least one edge.

Note that z1 -« 21 - - -y € K[G] if and only if G possesses a perfect matching (i.e.
there is a set of edges F C E(G) with the property that no two of them have a common
vertex and Up, pep{z,y} = V(G)). A characterization of the bipartite graph which
possesses a perfect matching is given by Villarreal.

Theorem 7. [13, Theorem 7.1.9] A bipartite graph G with the vertex set V.= X UY
possesses a perfect matching if and only if one has |N(T)| = |T| for every independent
subset of vertices T C V.

Recall that a subset of vertices of GG is called independent if no two of them are
adjacent.

From now on, whenever we consider a convex polyomino P, we consider it endowed
with its associated bipartite graph Gp on the vertex set V(Gp) = X UY.

Corollary 8. Let P be a convex polyomino on [m] X [n]. Then z1 -+ Tpy1 - - yn € K[Gp]
if and only if IN(T)| = |T| for every T C X orT CY.

Proof. It x1---xpy1 -y, € K[Gp], then by Theorem 7, we obtain |N(T')| > |T|, for
every independent subset of vertices T' C X U Y. Notice that all subsets T' C X and
U C Y are independent.

Conversely, we suppose |N(T)| > |T| for every T C X or T C Y. Let

T = {xil,...,xir,yjl,...,yjs} CXUY
be an independent set of vertices with r, s > 1. Then, by assumption,
Tl =r+s<|N({zip, - 2. )+ [INEy5 - w50l
Since N({z4,...,x;,}) CY and N({yj,,...,y;.}) C X, we have

INHziy, -z DI+ INH Y-y D = INEziys -2 ) UNHyh, -5 95,1
— [N(T)].

Thus, |T'| < |N(T)| and according to Theorem 7, z1 - - - zpy1 - - - yn € K[Gp]. O
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Figure 4:

Remark 9. If a connected bipartite graph G on X UY has a perfect matching, then m = n.
Indeed, [X| < [N(X)[ = [Y] and [Y] < [N(Y)] = | X].

Definition 10. Let P be a convex polyomino on [m| x [n], V(Gp) =X UY and T C X.
The set Ny(T) ={y € Y | (z,y) € V(P) for some x € T} is called a neighbor vertical
interval if Ny(T) = {Ya, Yat1,---,Yp} with a < b and for every i € {a,a+1,...,b—1}
there exists x € T such that [(x,y;), (%, yit1)] is an edge in P.

Remark 11. If the subset 7' = {x} C X has only one element, then Ny (7') is a neigh-
bor vertical interval. Indeed, let y;,,v;, € Ny(x) with iy < 7. By Proposition 3,
there exists a monotone path between the cells containing (x,y;,) and (z,y;,) as cor-
ners. We display some of the monotone paths between two cells in Figure 3. Then we
have [(Ia y’h)’ (xvyiz)] CP.

Example 12. In the polyomino of Figure 4, let 77 = {21, x4} and Ty = {x1,22}. Then
NY(Tl) - {y17 Y2,Y3, y4} and NY<T2) = {yla Y2, Y3, y4}'

We observe that Grun(r) is not connected, while Gr,un (1) is connected. Moreover,
we notice that Ny (71) and Ny (7») coincide as sets, but Ny (73) is a neighbor vertical
interval, while Ny (77) is not.
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Lemma 13. Let P be a conver polyomino. Then for each ) # T C X, the following
conditions are equivalent:

1. Ny (T) is a neighbor vertical interval.
2. Gronr) = Gppyry IS a connected graph.

Proof. For (1)=(2), it is sufficient to choose z, z € T and to find a path d between them in
Grun(ry- Without loss of generality, we may choose y, € Ny () and y; € Ny (z) with s < t.
Then by hypothesis, {ys,Ys41,-.-,%} C Ny(T) and there exist z; , ..., 25, €T
such that [(z;;,y;), (i, yj+1)] is an edge in P, for j € {s,s+1,...,t —1}. Thus, we have

(I) ys>) (‘rim y5)7 (xiw y8+1)7 (xi5+1 ) y8+1)7 R (Iitfu yt—1)7 (xitfuyt)(’za ?Jt) € V(P)
So the path between x and z in Gp is

V= {{‘Ta ys}a {ysa xis}a {xis7 ys+1}7 {ys+1? $i3+1}7 teey {:Cit_la yt}7 {yta Z}}

For (2)=(1), we consider Ny (T) = {vi,, ..., v, | i1 < ia < .-+ < is} and we prove
that for every j € [s — 1], there exists x; € T such that

(%, Z/z‘j)7 (zg, yij+1)]

is an edge in P. In particular, it also follows that 7,1 = i; + 1 for each j € [s — 1], which
will end the proof.

Let j € [s — 1]. Since Grun(r) is a connected graph, there is a path between y;, and
Yi,s, in Grun(r). In other words, there are wy,,..., 24, _, € T and y,,..., 4, , € Ny(T)
such that

Ty Yis )5 (T s Yty )5 (Tas Uty )5 (Tks Yto)s - -5 (Tkpy s Yt )5 (Tyy, Yisyy ) € V(P).
Since there is no y; € Ny (T) between y;; and y;,,,, the only cases that can occur are:
1. there exists a € [r — 2] such that I, < i; < ij41 < las1;
2. for every a € [r — 2], [, < 1j < ij41;
3. for every a € [r — 2], i; < ij41 < l,.
If we have a € [r — 2| such that [, < i; <ij41 <411, then

[(xkaqu ? yij)’ (xku+1 ) yi]'+1 )]

is an edge interval in P because (g, ., %), (Tkosrs Yir,) € V(P) and Ny(zp,,,) is a
neighbor vertical interval by Remark 11. Moreover, ¥, i1, ¥i,s, € Ny (Th,,,) C
Ny(T). Thus, 441 =i + 1 and [(Tr,, > Y, ), (Thesrs Yiyy, )] s an edge in P.

If for all @ € [r — 2], I, <i; <ij11, then

I:('Ikr—l Y ylj)7 (xk'r—17 yij+1 )]
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Figure 5: Possible monotone paths

is an edge interval in P, since (zx,_,, ¥, »), (Tk,_,,¥i;,) € V(P) and Ny(w,_,) is a
neighbor vertical interval. So yi,, ¥i;+1, .-, ¥i;., € Ny(2x,_,) C Ny(T) and

[(xkr—l ) yij)? (Q:kr71 ) yl'j+1 )]

is an edge in P. We proceed in a similar way in the case that for all a € [r — 2] we have
ij < ij+1 <. ]

Definition 14. Let P be a convex polyomino on [m| x [n], V(Gp) = X UY and U C Y.
The set Nx(U) = {x € X | (z,y) € V(P) for some y € U} is called a neighbor horizontal
interval if Nx(U) = {Za, Tas1,-..,2p} with a < b and for every i € {a,a+1,...,b— 1}
there exists y € U such that [(x;,y), (ziy1,y)] is an edge in P.

Remark 15. If the subset U = {y} C Y, has only one element, then Nx(U) is a neighbor
horizontal interval. Indeed, we consider w;,,z;, € Nx(U) with iy < iy. Since P is a
convex polyomino, by Proposition 3, there is a monotone path between the cells containing
(xi,,y) and (z4,,y) as corners. We display some of the monotone paths between two cells
in Figure 5. Then we have [(z;,,y), (z:,,y)] C P.

Example 16. In the polyomino of Figure 6, let Uy = {y2,y3} and Us = {y1,ys}
We observe that Nx(U;) = {x1,%2,23,74,25} is a neighbor horizontal interval, while
Nx(Us) = {x1, 29, x3, 24} is not.

Lemma 17. If P is a convex polyomino, then for each ) #T C X,
Ny (z) € Ny (T) for every x € X \T
if and only iof
Nx(Y\ Ny(T)) =X \T.

Proof. First assume that for every 0 £ T C X, Ny (z) € Ny (T') for every x € X \ T. Let
x € Nx (Y \ Ny(T)). Then there exists y € Y \ Ny(T) such that (z,y) € V(P). lf z € T,
then y € Ny (z) C Ny (T). Thus, 2 € X \ T and Nx(Y \ Ny(T)) € X \ T.
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Figure 6:

If 2 € X \ T, then by hypothesis, we obtain Ny(xz) € Ny(T). So there exists y €
Ny (2)\ Ny (T'). Hence, y € Y\ Ny(T') and x € Nx(y) C Nx(Y' \ Ny(T)). In other words,
X\T C Nx(Y\ Ny(T)).

Conversely, let « € X \ T. Since Nx(Y \ Ny(T)) = X \ T, we have that = €
Nx(Y \ Ny(T)) and there exists y € Y \ Ny(T) such that (z,y) € V(P). This is
equivalent to say that y € Ny (z) \ Ny (T) and Ny (z) € Ny (T). O

Example 18. In Figure 6, let T = {z4,25}. We observe that Nx(Y \ Ny (7)) =
Nx({ys,y5}) = {x1,22} # {x1,20,23} = X \ T. On the other hand, z3 ¢ T and
Ny(l‘g) = Ny(T)

Lemma 19. Let P be a convexr polyomino. Then for each ) # T C X, the following
conditions are equivalent:

1. Nx(Y\ Ny(T)) = X \ T is a neighbor horizontal interval.
2. G(xuy)\(TUNy (T)) = Gp(xuy)\<TUNy(T)) s a connected graph with at least one edge.

Proof. Let T be a subset in X which satisfies the conditions given in (7). By Lemma 17
and the fact that 7' C X, there is z € X \ T with Ny (z) € Ny (T). In other words, there
are z € X \ T and y € Y \ Ny(T) such that (z,y) € V(P). This is equivalent to saying
that {z,y} is an edge in G xuy)\(runy (1))-

For the connectivity of the graph G xuyy\(runy (1)), it is sufficient to choose y,z €
Y \ Ny(T) and to find a path between them in G xuyy(runy (1)) Without loss of gen-
erality, we consider z; € Nx(y) and z; € Nx(z) with s < t. Since Nx(Y \ Ny(T))
is a neighbor horizontal interval, {zs,zs;1,...,2:} C Nx(Y \ Ny(T')) and there exist
Yie»Yisrrr - Yirr € Y \ Ny(T) such that [(z;,y:;), (v41,%:;)] is an edge in P, for each
je{s,s+1,...,t —1}. It follows that

(xsa y)? (:ES? yis)7 ($5+17 yis)a (xSJrla yis+1)7 R (xtfla yit_1)> (:Eta yit_1)7 (xta Z) S V(P)
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X1 2 €3 Xy

Ya Ys U1

Figure 7: G (xuy)\(riuNy (11))

In other words, the path between y and z is

Y= {{ya "L‘S}a {msv yis}a {yi57 ZES+1}, {xs—i-l’ yis+1}a ceey {yitfp xt}a {xtv Z}}

Conversely, we suppose that X \ T" # Nx(Y \ Ny(T)). By Lemma 17, there is x €
X \ T with the property that Ny(x) C Ny(T). So x represents an isolated vertex in
G (xun\(runy (1))

Now, we consider Nx(Y \ Ny (7)) = {xi,,..., @i, | i1 < --- < is} and we prove that
for every j € [s — 1] there exists y, € Y\ Ny (T') such that [(2;;, yx), (zi;,,, yx)] is an edge
in P.

Let j € [s — 1]. Since G (xuv)\(TUNy (1)) 18 @ connected graph, there is a path between
w;, and @y, in Gxuy)\(runy (). Thus, there exist 2;,,...,2,_, € Nx(Y \ Ny(T)) and
Ykyy - Yk, €Y \ Ny(T) such that

('Z‘ij’ yk’l)7 (xl1v y/ﬁ)’ (xllvykz)v SRR (xl'r—Q’ ykr—1)7 (xij+1’yl€r—l) € V(P)

The claim follows using the same argument of the proof of Lemma 13 (swapping the
x;’s with the y;’s and replacing 7" with Y \ Ny (7). O

Example 20. In Figure 6, let 73 = {5} and 7o = {x1,22,23}. We observe that
G (xuv)\(11UNy (1)) 1s not connected because Nx(Y \ Ny (71)) = X \ T is not a neigh-
bor horizontal interval (Figure 7). The graph G (xUY)\(TuUNy (T)) 18 Tepresented by the two
isolated vertices x4 and xs.

Let P be a convex polyomino. Since the coordinate ring of P can be viewed as an edge
ring of a bipartite graph, by applying Theorem 6, Corollary 8, Lemma 13 and Lemma 19,
we get the following result.

Theorem 21. Let P be a convex polyomino on [m] x [n].
Then K[P] is Gorenstein if and only if the following conditions are fulfilled:

1. [U| < |Nx(U)] for every U C Y and |T| < |Ny(T)| for every T C X;
2. For every ) ## T C X with the properties
(a) Ny (T) is a neighbor vertical interval,

(b) Nx(Y\ Ny(T)) = X \ T is a neighbor horizontal interval,
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Figure 8:

one has [Ny (T)| = |T| + 1.
Examples 22. Let P; be the polyomino of Figure 8.

1. Let T' = {4, x5, 26}. T satisfies properties (a), (b). Since |[Ny(T')| =3 # 4 = |T|+1,
P1 is not a Gorenstein polyomino.

2. For T = {1, x4, 5, x4}, only the property (b) is fulfiled.

3. For T = {4}, we have property (a) and Nx(Y \ Ny (7)) is a neighbor horizontal
interval, but X \ T # Nx (Y \ Ny (T)).

4. For T = {xs}, we have property (a), but Nx (Y \ Ny (T)) = X \ T is not a neighbor
horizontal interval.

The polyomino P, of Figure 9 is Gorenstein, because x1y; - Tays - T3ys - T4y3 € K[Py]
and for each T" which satisfies the properties (a), (b), one has |Ny(T)| = |T| + 1. In this
case, we need to check the conditions of the Theorem 21 only for two sets:

1. T = {a4} with Ny (T) = {yo, y3}:
2. T = {xl,le} with NY(T) - {y17y27y3}'

Definition 23. Let P be a convex polyomino. A vertex a € V(P) is called an interior
vertez of P, if a is a vertex of four distinct cells of P. We denote by int(P) the set of all
interior vertices of P. The set 9P = V(P) \ int(P) is called the boundary of P. We say
that the vertex a € P is an inside (outside) corner of P if it belongs to exactly three
(one) different cells of P. (Figure 10)

Let P be a convex polyomino on [m|x [n]. Then P is called two-sided ladder (Figure 11)
if for every (i,7), (k,1) € V(P) with i < k,j < I, we have (i,1), (k, j) € V(P).

As a consequence of Theorem 21, we may recover the characterisation of Gorenstein
two-sided ladder polyominoes obtained by Conca in [4, Theorem 5.2].
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Figure 10: Inside corners

Xyg

Figure 11: Two-sided ladder polyominoes
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Corollary 24. Let P be a two-sided ladder polyomino on [m] x [n]. Then K[P] is Goren-
stein if and only if m = n and the inside corners of P lie on the diagonal {(x;,y;) €
V(P)li+j=n+1}.

Proof. Let P be a two-sided ladder polyomino on [m] x [n] such that K[P] is Gorenstein.
By the first condition of Theorem 21 and Remark 9, we obtain m = n.

Let (z,,y;) € V(P) be an inside corner of P. If (z,,y;) is a lower inside corner, then
we consider T' = {x, 11, Zyy2,...,%,}. Since P is a two-sided ladder polyomino, Ny (T') =
{y1,y2,.. .,y } and 1 < r,t < n, T satisfies the second condition of Theorem 21. Thus,
we obtain r+t =n—|T|+ |Ny(T)| =n+1 and (z,, ) € {(zs,y;) € V(P)|i+j =n+1}.
In the case that (z,,y;) € V(P) is an upper inside corner of P, we proceed in a similar
way.

Conversely, we suppose that m = n and the inside corners of P belong to the set
{(zi,y;) € V(P)li+j = n+ 1}. According to Corollary 8, for the proof of the first
condition of Theorem 21, it is sufficient to show that (z;, yn+1-;) € V(P) for every i € [n].
Indeed, if (z;, yns1-i) € V(P) for every i € [n], we obtain zy - - - 2,y - - -y, € K[P].

Let i € [n] and set r = max{j € [n]]y; € Ny(x;)} and s = min{j € [n]|y; € Ny (x;)}.
If 1 < s <r <n,then (z;,y,) and (z;,y;) are inside corners of P for some j € {1,2,...,i—
1,i} and some [ € {i,i+1,i+2,...,n}. By hypothesis, r =n+1—3j >n+1—1i and
s=n+1—l <n+1—i. Inother words, 1 < s <n+1—i<r<nand (z;,ypr1-:) € V(P).
If s = 1, then (zy, y,) is either an inside corner of P or a top left corner of P (i.e., (x1,yy,))
forsome k € {1,2,...;i—1,i}. Thus,r=n+1—-k>n+1—i>1=sand (2;,ypr1-i) €
V(P). In the case that r = n, (xy,y,) is an inside corner of P or a bottom right corner of
P (i.e., (zn,v1)) for some k € {i,i+1,...,n}. Hence,s=n+1—-k<n+1l—i<n=r
and (24, Yns1-:) € V(P).

Let 0 # T C X such that Ny (T) is a neighbor vertical interval and Nx (Y \ Ny (T)) =
X \ T is a neighbor horizontal interval. Notice that Ny (T) = {v,...,yn}, where [ =
min{j € [n] | y; € Ny(T)}: in fact, if Ny(Y) = {u,...,yx} for some k < n, then
Nx (Y \ Ny(T)) is not a neighbor horizontal interval. Moreover, | = min{j € [n] | y; €
Ny (T)} > 1 because if | = 1, then Ny(T) = Y and Nx(Y \ Ny(T)) = 0 # X \ T.
Since P is a two-sided ladder polyomino, T' = {z,z2,...,2,} for some p < nor T =
{z¢,T441,...,0,} forsomet > 1. Let p € [n—1] and T' = {21, 29, ..., 2,}. Then (z,41, 1))
is an inside corner of P, where [ = min{j € [n]|y; € Ny(z,)} > 1. Indeed, if (2,41, 2;) is
not an inside corner of P, then [ = min{j € [n]|y; € Ny (2p+1)} and Ny (z,41) € Ny (T).
By Lemma 17, we obtain Nx (Y \ Ny (7)) # X \ T. Thus, (x,11, ;) is an inside corner of
P and [Ny (T)| = {vi, Y141, s Ynt| =n+1—1=p+1=|T|+ 1. Similarly, we obtain
|Ny(T)| = |T| + 1 in the case that T = {4, x411,...,2,} for some ¢ > 1. Hence, the
second condition of Theorem 21 is fulfilled and K[P] is Gorenstein. O

4 Gorenstein stack polyominoes

In this section we simplify the characterization of Theorem 21 for the subclass of stack
polyominoes, recovering a result of Qureshi [10, Corollary 4.12]. Stack polyominoes have
the nice property that Ny (7T') is a neighbor vertical interval for all ) £ T C X.
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Figure 12: Stack polyominoes

We consider P to be a polyomino and we may assume that [(1, 1), (m,n)] is the smallest
interval containing V' (P). Then P is called a stack polyomino (Figure 12), if it is a convex
polyomino and for ¢ € [m — 1], the cell [(7,1), (i + 1,2)] belongs to P.

Remark 25. If P is a stack polyomino, then for every z € X we have {y;,y2} C Ny(x).
Moreover, there exists € X such that Ny (z) =Y.

Let T' # (0 be a subset of X and y; € Ny (T) \ {y1,v2}. Hence, there exists zy € T
such that y; € Ny (z). Since Ny (zj) is a neighbor vertical interval,

{y17y2a cee 7yj—17yj} C Ny(l‘k) C NY(T)

In other words, Ny (T') = {y1,¥s, ..., ¥s} is a neighbor vertical interval for all () £ T C X,
where s = max{i € [n] | (zg,y;) € V(P) for some ) € T'}.

Lemma 26. Let P be a stack polyomino on [n| x [n]. If x1-- 2,01 - -y ¢ K[P], then
there is a subset T'C X, with |T| > |Ny(T)|, for which the following conditions hold:

1. Y\ Ny(T) # 0 and
2. for every x € X \ T, max{j € [n] | y; € Ny(2)} > max{j € [n] | y; € Ny(T)}.

Proof. We suppose that 1 ---z,y; - - -y, ¢ K[P]. By Corollary 8, we find I C X with
|I| > |Ny(I)| or J C Y with |J| > |[Nx(J)|.
In the case that I C X and |I| > |Ny(I)|, we consider

T=IU{xeX|Ny(z) T Ny(I)}.

We check conditions (1) and (2) for the set T'. Since P is a stack polyomino, Ny (T) =
{y1,92,...,ys} for some s < n. If Ny(T) =Y, then |[Ny(T)| = |Y| = n > |I|. Hence,
Y\Ny(T) # 0. Let € X\T. It follows that Ny (z) € Ny (I) = Ny (T) and |T| > Ny (T).
Thus, there is [ > s such that y; € Ny (x) \ Ny(T') and condition (2) holds.

If there exists J C Y with |[J| > |Nx(J)|, then we set

T = X\ Nx(J).

We check conditions (1) and (2) for the set T. For the proof of the first condition, it
is sufficient to show that J C Y \ Ny(T). Let y € J. If y € Ny(T), then there is = €
TNNx(y). Sincey € J, weget x € Nx(y) C Nx(J) = X\T. Thus, ) # J C Y\Ny(T). Tt
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follows that |T| = | X| — |Nx(J)| > |X|—=|J| = |Y|—=|J| > |Ny(T)|, where | X| = |Y| = n.
Moreover, X \ T" = Nx(J) C Nx(Y \ Ny(T)). For each y € Y \ Ny(T), we have
Nx(y)NT = 0. Consequently, Nx(y) C X\ T and Nx(Y'\ Ny (T)) = Uyev\ny, 1) Nx (y) C
X\T. Hence, we proved X \T = Nx (Y \ Ny(7T)). By Lemma 17 and the previous remark
for any x € X \ T, Ny(z) € N(T) and we have the second condition. O

As a consequence of Theorem 21, we may recover the characterisation of Gorenstein
stack polyominoes obtained by Qureshi in [10, Corollary 4.12].

Corollary 27. Let P be a stack polyomino on [m] x [n|. The following conditions are
equivalent:

1. K[P] is Gorenstein;

2. m =n and for every T C X with the properties that Y \ Ny(T) # 0 and for every
re€ X\T, max{j € [n] | y; € Ny(2)} > max{j € [n] | y; € Ny(T)}, one has
[Ny (T)] = |T| + 1.

Proof. For (1)=(2), let T # () be a subset of X such that Y\ Ny(T) # () and max{j €
n] | y; € Ny(2)} > max{j € [n] | y; € Ny(T)}, for every x € X \ T. By Remark 25,
Ny (T) is a neighbor vertical interval.

By Lemma 17, we have X \ T" = Nx (Y \ Ny (7)), since Ny (T) = {y1,92,-..,Ys}
and Ny (z) = {y1,vy2,...,y:} with ¢t > s, for every x € X \ T. Moreover Y \ Ny (T) =
{Yst1,Yst2, -+ Yn} # D and ysy1 € Ny (x), Vo € X\T. Hence, Nx(Y\Ny(T)) = X\T =
Nx(ys+1) and this is a neighbor horizontal interval by Remark 15. By using Theorem 21
and Corollary 8, [Ny (T)| = |T|+ 1 and @1 - - - xpy1 - - -y € K[P]. Thus, we also obtain
m = n by Remark 9.

For (2)=-(1), we suppose that m =n and 1 - - x,y1 - - - yn ¢ K[P].

By Lemma 26, there exists () # T C X such that [T'| > |[Ny(T)|, Y \ Ny(T) # 0 and
max{j € [n| | y; € Ny(x)} > max{j € [n| | y; € Ny(T)}, for every x € X \ T, which
contradicts the assumption that |Ny(T')| = |T'| + 1. Thus, z1--- 2,41 - - yn € K[P] and
we obtain the first condition of Theorem 21 by applying Corollary 8.

Let ) # T C X such that Ny (T) is a neighbor vertical interval and Nx (Y \ Ny (T)) =
X \ T is a neighbor horizontal interval. Since " C X, there exists € X \ T with
Ny (z) € Ny(T), by Lemma 17. Tt follows that we find y € Ny (z) \ Ny (T) C Y \ Ny (T).
In other words, Y\ Ny (T) # 0.

If v € X\ T, then max{j € [n] | y; € Ny(z)} > max{j € [n] | y; € Ny(T)} by
Lemma 17 and Remark 25. It implies that | Ny (7T')| = |T| + 1 and the second condition
of Theorem 21 is fulfilled. Hence, K[P] is Gorenstein. O

We may reformulate Corollary 27 as follows.

Corollary 28. Let P be a convex stack polyomino and [(1,1), (m,n)| the smallest interval
which contains V(P). Then K[P] is Gorenstein if and only if m = n and for each inside
corner of P, cutting all the cells of P which lie below the horizontal edge interval containing
the corner, the smallest interval which contains the remaining polyomino is a square.
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Figure 13:

Proof. Let K[P] be Gorenstein and (z,, ;) be an inside corner of P. Set T' = {z € X |
max{j € [n] | y; € Ny(z)} < t}. Then

max{j € [n| | y; € Ny(T)} =t < n.

For x € X \ T we have that max{j € [n] | y; € Ny(x)} > t. By Corollary 27, it follows
that |[Ny(T)| = |T| + 1. Thus, |T| =t — 1. In other words, n — ¢t + 1 = n — |T| and the
minimal rectangle we are interested in is a square.

Conversely, we suppose that 7' C X is a set with the properties that Y \ Ny(T) # 0
and for every x € X \ T,

max{j € [n] | y; € Ny(2)} > max{j € [n] | y; € Ny(T)}.

Let r = max{j € [n] | y; € Ny(T)} < n.

Since P is a column convex polyomino, y, is the y-coordinate of an inside corner. Then
by assumption, | X \T| =n—r+1. Hence,n—|T| =n—r+1and |T|+1=1r = |Ny(T)]|.
By Corollary 27, K[P] is Gorenstein. O

Notice that Corollaries 27 and 28 extend the classification of Gorenstein one-sided
ladder polyominoes given in [3, Theorem 4.9(c)].

Examples 29. By Corollary 28, the first polyomino of Figure 13 is Gorenstein, while the
second is not.

5 The regularity of K[P]

Let P be a convex polyomino on [m] x [n]. Recall that the coordinate ring of P is a finitely
generated module over the polynomial ring S = Klz;; | (4, ) € V(P)]. The Castelnuovo-
Mumford regularity of K[P], denoted reg(K[P]), is defined to be the largest integer r such
that, for every i, the i'" syzygy of K[P] is generated in degree at most r + i.

We consider Hyp|(t) to be the Hilbert series of K[P]. Then
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where Q(t) € Z[t] and where d is the Krull dimension of K[P]. According to [10, Theorem
2.2], d = dim(K[P]) = m +n — 1.
Since K[P] is a Cohen-Macaulay ring, we have

reg(K[P]) = deg(Q(t)) = dim(K[P]) + a(K[P]), (1)

where the a-invariant a(K[P]) of K[P] is defined as the degree of the Hilbert series of
K[P], that is a(K[P]) = deg(Q(t)) — d. For the proof, we refer, for example, to [12,
Corollary B.4.1].

Let G'» be the bipartite graph attached to P on the vertex set X UY. In this section,
we consider Gp as a digraph with all its arrows leaving the vertex set Y. Hence, we denote
the directed edges by (z,w), where z € Y and w € X. Following [11], we introduce the
following notion.

Definition 30. If T'C X UY, then

0T (T)={e=(z,w) € E(Gp) | 2€ T and w ¢ T}
is the set of edges leaving the vertex set T" and

0 (T)={e=(2,w) € E(Gp) | 2¢ T and w € T'}

is the set of edges entering the vertex set T
The set 01(T) is called a directed cut of the digraph Gp if 0 # T C X UY and
0 (T) = 0.

Example 31. In the digraph of Figure 14, let Ty = {z3,v9,y3} and To = {x3,y1, 92}
Then we notice that

0 # 67 (T1) = {(y2, 1), (y2, 22), (Y3, 21), (y3, 22)} and 0~ (T1) = {(y1, 23)} # 0,
while
0 #07(T2) = {(y1.21), (Y1, 22), (Y2, 21), (Y2, 72)} and 6~ (T3) = 0.

Thus, 0+ (T3) is a directed cut, while 6+ (73) is not.
Remark 32. Since K[P] = K[Gp], we consider

(T ={(x,y) e V(P) |z ¢ T andy € T}
and

0 (T)={(z,y) e V(P) |z €T and y ¢ T}

forall TC XUY. T C X, then 67(T)=0. f T CY, then 6 (T) =0 and 67(T) is a
directed cut of Gp.
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Figure 14: A convex polyomino and its associated digraph

Lemma 33. Let )0 T C X UY. Then §(T) is a directed cut of the digraph Gp if and
only if T = AUB with AC X, BCY and Ny(A) C B.

Proof. Let T # () be a proper subset in XUY. Then T = AUB with AC X and BCY.
By Definition 30 and Remark 32,

ST ={(z,y) e V(P) |z ¢ A and y € B}
is a directed cut of Gp if and only if
6 (T)={(x,y) |z € Aand y ¢ B} = 0.

Suppose that Ny (A) € B. Then there exist x € A and y € Y\ B such that (z,y) € V(P).
In other words, (z,y) € 6~ (T) # 0.

Conversely, suppose that 6~ (7) # (). Then we find z € A and y € Y \ B such that
(x,y) € V(P). This is equivalent to saying that y € Ny(x)\ B C Ny(A) \ B and hence,
Ny(A) ¢ B. O

In [11], Valencia and Villarreal show that for any connected bipartite graph G, the
a-invariant, a(K[G]) can be interpreted in combinatorial terms as follows.

Proposition 34. [11, Proposition 4.2] Let G be a connected bipartite graph with V(G) =
X UY. If G is a digraph with all its arrows leaving the vertex set'Y, then

—a(K[G]) = the mazimum number of disjoint directed cuts of G.

Example 35. In the digraph of Figure 14, —a(K[Gp]) = 4 and a set of disjoint directed
cuts is {07 ({y1}), 5" ({2}), 0" ({ys}), 0" ({wa})}-

Remark 36. Let P be a convex polyomino on [m] x [n]. Then

0 ({yi}) = {(z,5:) € V(P) | w € Nx(y)} = Nx(ys) x {y;} fori=1,....n

are disjoint directed cuts and also,

{1, me, o By T 1 Ty Y1, Y2 - Un }) = {(iy) € V(P) |y € Ny (x:)}
={z;} X Ny(x;) fori=1,....m

are disjoint directed cuts, where ; means that we skip z;.
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Figure 15:

Proposition 37. Let P be a convex polyomino on [m] x [n]. Then
—a(K[P]) = max{m,n}.
In particular,
reg(K[P]) < min{m,n} — 1.
Proof. Since K[P] = K[Gp], we have
—a(K[P]) = the maximum number of disjoint directed cuts of Gp.

By Proposition 34 and Remark 36, it follows that —a(K[P]) > max{m,n}. The inequality
for the regularity follows by (1). O

Example 38. Let P be the stack polyomino of Figure 15. Then reg(K[P]) = min{6,4} —
1=3.

In general it is difficult to compute the regularity of K[P]. Even in the case of stack
polyominoes, we have not found a lower bound for the regularity of K[P].

Example 39. Let P be the stack polyomino of Figure 16. Then reg(K[P]) = 2 <
min{m,n} — 1.
6 The multiplicity of K[P]

Let P be a stack polyomino on [m] x [n]. The multiplicity of K[P], denoted e(K[P]), is
given by Q(1), where Q(¢) is the numerator of the Hilbert series of K[P].
For every i € [m], we define the height of i as

height (i) = max{j € [n] | (i, §) € V(P)}.

Following the proof of [9, Theorem]|, we give a total order on the variables z;;, with
(i,7) € V(P), as follows:
x;; > xp if and only if (2)

(height(z) > height(k)) or (height(i) = height(k) and ¢ > k) or (i = k and j > [).
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Figure 16:

Let < be the reverse lexicographical order induced by this order of variables. As we have
already seen in the previous sections, the ideal Ip can be viewed as the toric ideal of the
edge ring K[Gp|, where Gp is the bipartite graph associated to P. As it follows from the
proof of [9, Theorem]|, the reduced Grébner basis of Ip with respect to < consists of all
2-inner minors of P. In what follows, whenever we consider the Grobner basis of Ip, we
assume that the variables z;;, with (i, 7) € V(P) are totally ordered as in (2).

We notice that in.(Ip) is a squarefree monomial ideal. Thus, we may view in_(Ip) as
the Stanley-Reisner ideal of a simplicial complex Ap on the vertex set V(P). It is known
that Ap is a pure shellable simplicial complex by [13, Theorem 9.6.1] and [7, Theorem
9.5.10].

Let f = (fo, f1, -, fa_1) be the f-vector of Ap, where d = dim(K[P]) =m +n — 1.

We have

Hyp)(t) = Hs/ine (1) (1) = Hyjap(1)-
By [1, Corollary 5.1.9],
e(K[P]) = fo1 = |F(Ap)],
that is, e(K[P]) is equal to the number of facets of Ap.

Example 40. Let P be the polyomino of Figure 17. We order the variables as follows
Togz > Tog > T9y > T3 > L9 > T11 > T3p > T3p. Then with respect to the reverse
lexicographical order induced by this order of variables, we have

in<(]7>) = (%1«'332,«'32111032,$21$12,$21$13,$22$13) and
AP = <F1 = {(17 1>’ (27 1)7 (27 2)’ (2a 3)7 (37 1)};
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Figure 17:
Fy = {(1’ 1>a (17 2)7 (27 2)? (27 3)7 (3v 1)}; F3 = {(17 1)’ (L 2)7 (17 3)7 (2’ 3)7 (37 1)};

F4 = {(172)7 (27 2)7 (2’ 3)7 (37 1)7 (37 2)}; F5 - {<1’ 2)7 (173)7 (273)’ (37 1)7 (37 2)}>

Let A be a simplicial complex on the vertex set V and v € V. Recall that the link of
v in A is the simplicial complex

k(v) ={F € Alv¢Fand FU{v} € A}
and the deletion of v is the simplicial complex
del(v) ={F e A|v¢F}.

Let z;; be the smallest variable in S with respect to < and fix v = (¢, height(i)) €
V(P). If i = 1, then we denote by P; the polyomino obtained from P by deleting
the only cell which contains the vertex v. Otherwise, P; is given by deleting the only
cell which contains the vertex (m,height(m)); see Figure 18. Notice that in both cases
dim(Ap,)=d—1=m+n—2.

Remark 41. Since x;; is the smallest variable with respect to <, we have (i,1) € F for
every F' € Ap. Indeed, z;; is regular on S/ in_(Ip), thus it does not belong to any of the
minimal primes of in.(/p) which implies that x;; belongs to all the facets of Ap.

In what follows we will sometimes confuse the point (4, j) of P with the vertex x;; of

Ap.
Lemma 42. With respect to the above notation, |F(Ap,)| = |F(del(v))].
Proof. Let x;; be the smallest variable in S with respect to < and set

v = (i, height(i)) € V(P).

First, let us consider height(i) > 3. If F' € F(del(v)), then applying Algorithm 1, we
obtain a facet F' € F(Ap,).

Indeed, if F' € F(del(v)) and i # 1, then v ¢ F and |F| = m +n — 1. Notice that,
by applying the first “For” loop in Algorithm 1, we obtain F’ with (m, height(m)) ¢ F",
and we never add this vertex again; hence F' C V(P;). Since F” is obtained from F' by
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Figure 18:

a circular permutation of the vertices of F' which have the z-coordinate greater than or
equal to i, we get |F| = |F'|=m+n—1=dimAp, + 1.

For example, in the polyomino P of Figure 19, v = (3,3). In this case, i = 3 and
m = 6. We illustrate all the “For” loops of Algortihm 1 in Figure 19 for the facet

F={(1,3),(1,4),(2,4),(3,1),(3,2),(4,2),(4,3),(5,3),(6,3)} € del(v).
Following Algorithm 1,
F'={(1,3),(1,4),(2,4),(3,2),(3,3),(4,3),(5,3),(6,1),(6,2)}.

We depict the points that are in F’ by black dots, the points removed from F’ by crosses
and the points added to F’ by empty dots.

Now, we observe that even if the order of the variables for P; is not induced by the
order of the variables of P, the generators of in.(Ip,) are also generators of in (Ip), since
the 2-inner minors of P; are also 2-inner minors of P. Therefore, we may conclude that
F' € Ap, and so F' € F(Ap,).

In the case that ¢ = 1, we notice that F' = F" and F(Ap,) = F(del(v)). In fact, if
F e F(Ap,), thenv ¢ F and |F| = m+n—1. Since F € del(v) and dim Ap = m+n—2,
it follows that F' € F(del(v)). If ' € F(del(v)), then F' € Ap,. Since dimK[Ap,] =
m+n — 1, it follows that I’ € F(Ap,).

Therefore, we have shown that every facet F' of del(v) determines uniquely a facet F”
of Ap,, if height(z) > 3.
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Algorithm 1

1: F':=F;

2: h := height(i);

3: if 1 £ 1 then

4: for k=1to h do

5: if (m,k) € F then

6: F' = F'\{(m,k)};

7 end if

8: if (i,k) € F then

9: Fl= (F'\ A k) U {(m, k) }
10: end if

11: end for

12: for j=71+1tom—1do

13: for k=1to h do

14: if (j,k) € F then

15 = (F\ (G )Y UG — 1K)
16: end if

17: end for

18: end for

19: for k=1to h do

20: if (m,k) € F then

21: F=FU{(m-1k)},
22: end if

23: end for

24: end if

25: return F’

Conversely, let F’ be a facet of Ap,. Following the steps of Algorithm 1 in reverse
order, we obtain a facet F' of del(v). Algorithm 2 gives explicitly all the steps to get F’
from F”.

We thus get |F(Ap,)| = |F(del(v))| if height(i) > 3. Moreover, we have equality
between the sets F(Ap,) and F(del(v)) if and only if ¢ = 1 and height (i) > 3.

In order to complete the proof, let us point out that the same two algorithms work
for height(i) = 2. In fact, for ¢ > 1 (respectively i = 1), F' is a facet of del(v) if and only
if I’ is a facet of the cone (m, 1) * Ap, (respectively (1,1) * Ap,).

For example, if we consider the polyomino P of Figure 20, v = (3,2) € V(P) and if
we choose

F={(1,2),(1,3),(1,4),(2,4),(3,1),(4,1),(4,2),(5,2)} € F(del(v)),
by applying Algorithm 1 with ¢ = 3, h = 2 and m = 5, we obtain
F'={(1,2),(1,3),(1,4),(2,4),(3,1),(3,2),(4,2), (5, 1)}
a facet of (5,1) * Ap,. O
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Algorithm 2

1. F:=F;
2: h := height(i);
3: if i # 1 then

4: for k=1to h do

5: if (m —1,k) € F’ then
6: F:=F\{(m—-1k)};
7 end if

8: end for

0: if i <m — 2 then

10: for j =m —2toido
11: for k=1to h do

12: if (j,k) € F’ then
13 F = (FA{(, k) UL + LK)}
14: end if

15: end for

16: end for

17: end if

18: for k=1to h do

19: if (m, k) € F' then

20: Fi=(F\{(m,k)}) U{( k)}
21: end if

22: if (m —1,k) € I’ then
23: F:=FU{(m,k)};

24: end if

25: end for

26: end if

27: return F
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Let P; be the polyomino obtained from P by deleting all the cells of P which lie below
the horizontal edge interval containing the vertex v.

Lemma 43. With respect to the above notation, |F(Ap,)| = |F(Ik(v))].

Proof. Let F be a facet of Ik(v). Then F'U{v} € F(Ap). We set j = height(7).

Suppose that F'U {v} = G; U Gy where G; € Ap, and G2 = {(a,j) | (a,j) €
V((P)\V(P)}U{(i,7—1),...,(i,1)}. In fact, since v € F U {v}, all the vertices of G
must belong to F'U {v} and x;;2 € inc(Ip), for every (k,1) € V(P)\ Gy with [ < j.

In order to prove that Gy € F(Ap,), it is enough to show that |G| = dim Ap, + 1.
We consider the polyomino P, to be on [m — t] x [n — j + 1], for some ¢t > 1. It follows
that m+n—1= |FU{v}| = |G1UG;| = |G1| + |G2| = |G1] + (t + j — 1), which implies
that |G1| = (m —t)+ (n —j+ 1) — 1 = dim Ap, + 1. Therefore, G; € F(Ap,) and
F k()] < [F(An,).

Vice versa, let G be a facet of Ap,. By definition of Py, v ¢ G and G U {v} € Ap.
In other words, G € lk(v) and there exists F' € F(lk(v)) such that G C F. Thus,
FuU{v} € F(Ap). Moreover, F'U{v} = GUG, and |F(Ap,)| < |F(k(v))]. O

We now prove the main result of this section.

Theorem 44. Let P be a stack polyomino on [m] X [n] and v = (i,7) € V(P) such that
x;1 18 the smallest variable in S and j = height(i). Then

e(K[P]) = e(K[P1]) + e(K[P]),
where Py and Py are the polyominoes defined before.

Proof. In order to prove the equality, it is sufficient to show that
| F(Ap)| = |F(Ap,)| + [F(Ap,)|.

We consider F to be a facet in Ap. If v € F, then F'\ {v} € F(lk(v)). Otherwise, v ¢ F,
thus F' € F(del(v)). Therefore, we obtain |F(Ap)| = |F(lk(v))| + |F(del(v)|. The claim
follows by applying Lemma 42 and Lemma 43. ]

Example 45. Let P be the stack polyomino of Figure 21. Then the multiplicity of K[P] is
equal to 14. The first step in the recursive formula, namely e(K[P]) = e(K[P1])+e(K[P,)),
is shown in the figure. Next we apply the recursive procedure for each of the polyominoes

’Pl and 732 .

Example 46. Let P,,,, be the stack polyomino on [m] x [n] with V(P,,.,) = [m] x [n].
The multiplicity of K[P,,,] was computed in [6, Section 3, Example] and

m—1

(®Pal) = ("5 7).
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Figure 21: ¢(K[P]) = 14

(m, k)

Figure 22:

Now, we consider k < n to be a positive integer and P}, to be the polyomino of Figure 22.
It consists of a rectangle of size [m — 1| x [n] together with a column of cells of height
equal to k. By Theorem 44,

e(K[Px)) = e(K[Pe-]) + e(K[Prrtn-ir]) = e(K[Pict]) + (m s 2)‘

Applying recursively this formula, we obtain
m-+n—3 m+n—4 m+n—k—2
K =
e(K[Px]) (m_2)+< . )+ +( 9 )

B m-+n—2 B m+n—=~k—2
a m—1 m—1 ’
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Example 47. Let P(m,n, ki, ks, ..., k) be the polyomino of Figure 23. This is an ex-
ample of one-sided ladder with the last [ columns of heights ki, ..., k;. Hilbert series of
one-sided ladders have been considered in [14]. By Theorem 44,

e(K[P(m,n, ki, ks, ..., ki)])

= (KP(m—l n—k +1,k — k?l—{-l,/{?z—/{il—l—l,...,k?l_l—k‘l—|—1)])

[
K[P(m—l n—kl+1 k’l kl—f—l,kg—kl—i-l,...,kl,l—k’l—l—l)])

+6(K[73(m n, ]Cl,]{ig,.. ]{71 17kl - 1)])

(

+€(K[P( —1 n—kl+2,k’1—kl+2,kﬁ2—/{5l—|—2,...,k’l_1—k’l—i—Q)])
+ e(K[P(m n, ]{31,]{32, R ’kl—hkl — 2)])

( [Pm—1n—k+ 1,k —k+Lk —k+1... k1—k+1)])
+eKPm—1,n—k+2,k —k+2,k —k+2,....k_1—k+2)])
+- - +eK[Pm—1n—1,k — 1k —1,...,k_1—1)])
+ e(K[P(m —1,n, ki, ko, ... ki_1)]).

In other words, we have

ki—1
e(K[P(m,n, ]{51, ]{32, ey ]{?l)D = Z e(K[’P(m — 177L —jl, k?l —jl, k’z — jl, Ce 7kl—1 _]1)])

j1=0
By iterating the formula, we obtain

e(K[P(m,n, ki, ke, ..., k)])

—1ki—1—j1—1
_Z Y elK[P(m—2,n—ji—jo ki = ji = jo ko = 1 = Jar - Kica = 1 = o))
71=0 J2=0
—1k—j1—1 ko—j1—-—ji—2—1
_ZZ > e®[P(m =+ Ln—ji— ik =g = i)
J1=0  j2=0 Ji—1=0
_Zlkzil k2_31_i”2_1(((m—l+1)+(n—j1—..._jl_l)—2)_
J1=0  j2=0 Ji—1=0 (m_l_'_l)_l
m—Il+)+n—Gi——g1) = (ki —g1— - —Ji1) =2
(m—1+1)-1 '
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[
(m — 2, k?l_2>
(m - ]-7 kl—l)
! (m. k)
m
Figure 23:

Thus,
e(K[P(m, n, kh k27 SRR kl)})

_klz_lklzjljl k2jlijl21 mt+n—Il—ji——jio1—1\ (m+n—I—-Fk -1
- m — [ m—1 '

Jj1=0 j2=0 Ji—1=0

One may, of course, approach the computation of the multiplicity in a recursive way
for arbitrary convex polyominoes. Finding the appropriate order of the variables in con-
cordance to the one described in [9] is not difficult as we will see in the example below.
What is difficult in the general case is to identify the link of a suitable chosen vertex as
a simplicial complex of another polyomino related to the original one. We illustrate part
of these difficulties in the following example.

Example 48. Let P be the convex polyomino of Figure 24. According to the proof of
9], the generators of Ip form the reduced Grobner basis of Ip with respect to the reverse
lexicographical order induced by the following order of variables: w3y > 33 > x34 > w31 >
Tog > Xog > Toq > Tig > X13 > T4 > Tao > T4z > T4 > Tsa > Tsz. We consider the
vertex v = (5,3). The link of v in Ap is the cone of the vertex (5,2) with the simplicial
complex which we may associate to the collection of cells () displayed in Figure 24 in a
similar way to the one we used for stack polyominoes. The problem is that the collection
@ is no longer a convex polyomino.
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Figure 24:
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