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ON A SPECIAL CLASS OF STANLEY-REISNER
IDEALS

K. BORNA

ABSTRACT. For an m-gon with vertices at points 1,2,---  n, the
Betti numbers of its suspension, the simplicial complex that in-
volves two more vertices n + 1 and n + 2, is known. In this paper,
with a constructive and simple proof, we generalize this result to
find the minimal free resolution and Betti numbers of the S-module
S/I where S = K[z1,---,2,] and I is the associated ideal to the
generalized suspension of it in the Stanley-Reisner sense. Applica-
tions to Stanley-Reisner ideals and simplicial complexes are con-
sidered.

INTRODUCTION

Let S = Klzy,---,x,] be a polynomial ring over a field K. In
[1, 2] Alwis considered the general n-gon with vertices at the points
1,2,--- ,n. For its suspension, i.e., the simplicial complex that involves
two more vertices (n+1 and n+2), he found the minimal free resolution
and the Betti numbers of the S-module S/I where [ is the associated
ideal to the suspension in the Stanley-Reisner sense. In this paper, we
generalize this result to sum of certain graded ideals over a graded ring.
More precisely, let J; be an ideal of S and

0— 8% Iy 985 5 5 g7 f—1>SB§f—°>J§—>O
1

MSC(2010): Primary: 13D02, 13D07; Secondary: 55U10, 55U15

Keywords: Betti numbers, graded Betti numbers, graded minimal free resolution, Stanley-
Reisner ideal, simplicial complexes.

Received: 14 May 2014, Accepted: 8 September 2014.

xCorresponding author.
25



26 KEIVAN. BORNA

be the minimal free resolution of the S-module S/J;. Let x,11, ..., Tpay
be r indeterminates over S, for some non-negative integer r, and R =
K[zy,...,2Zn4r]. We construct the minimal free resolution of the R-
module R/I where I = J; R+ (y) and y is any homogenous polynomial
f(zpi1, -+, Tnar). In other words, in Theorem 1.1 we show that the
following is the minimal free resolution for R/

0 R% 2 R g RA . R @ RH 2 RE 5 R/T 0.

By an inductive argument we may generalize the ideal (y) to (f1,- -, fa)
where f; is any homogenous polynomial in Kz, ,--- , .| for ry <
ry < oo <1y

Notice that y is regular modulo the ideal J; and using the short exact
sequence 0 — R/JJR = R/J\R — R/I — 0, where the map - is
simply multiplication with y which is clearly injective, the concatena-
tion of this one-step resolution of R/I with the given resolution of S/.J;
will be obtained by mapping cone. We will also construct the minimal
resolution of the R-module R/I. Furthermore we obtain the graded
version of this result and compute the maps in the linear resolution
explicitly in Theorem 1.1. As an application, let I be a graded ideal
of S such that S/I is Cohen-Macaulay with a pure resolution where
its Betti numbers are given in [3, Theorem 4.1.15]. Then in Corollary
1.7 we have the Betti numbers of ideal J := I + (y) where y is any

homogenous polynomial f(x,41, ", Tpir)-

Section 2 is devoted to further analysis of a special class of Stanley-
Reisner ideals. In fact we assume that I = (z1,---,2), where z; =
k;

H z;; and that each x;; occurs only once in I. Now the Betti numbers
j=1

of R/I can be easily obtained from Theorem 1.1. It can also be seen
from the fact that I is generated by a regular sequence and using Koszul
complex. We analysis this certain family of ideals in terms of simplicial
complexes. Let A be the simplicial complex corresponding to I. From
the primary decomposition of I we see that A is pure of dimension
n —t — 1. In fact it is consisting of ki ---k; facets all of dimension
n — t — 1. Furthermore, the ideal I is perfect unmixed and R/ is
a Cohen-Macaulay ring. By a result of Eagon, Reiner and a result
of Terai we deduced that the regularity of R/Ia~ is reg(R/Ia+) =
proj.dimR/I — 1, where A* is the Alexander dual of A. On the other
hand, the regularity of R/I is ki + --- + k¢ — t; see [, Theorem 4.0].
Finally we provide some concrete examples to verify our results.
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1. MAIN RESULT; THE ORDINARY AND GRADED VERSIONS

We remind the reader of the concept of mapping cone, [5, pp. 650].
Given a morphism « : F' — G of two complexes (F, ) and (G, )
the mapping cone M := M(«) of « is the complex such that M(«); =
F;_1 @ G;, with differential

FdGi S F_eG,

where 0,41 = ( 77;% %i
i+1

of G, but on F; the map is the sum of the differential of F' and the given
map « of complexes.

) , that is, on GG;11 the map is the differential

Similar to [I, Theorem 3.1] we can prove the following result. For the
sake of convenience of reader we include the sketch of the proof.

Theorem 1.1. Let J; be a homogenous ideal of the polynomial ring
S = Klzy,...,2,). Let

R N A RN o AN LN j —0 (L1
1
be the minimal free resolution of the S-module S/Jy with appropriate
boundary maps. Let 11, ..., %, ber indeterminate over S, for some
non-negative integer r, and R = K|xy,...,zn1.]. Then the following is
the minimal free resolution of the R-module R/I where I = J1R + (y)
and y is any homogenous polynomial f(xpi1,- - Tngr)

0— R% 2 RFE g RE 5 . 5 R% @ RH N R% 5 R/T — 0.
(1.2)

Proof. Let J = J;R. Tensoring the exact sequence (1.1) with the K-
module K[z,1,...,%,,] we exhibit a complex which is exact at all
places except at degree 0. Then we consider the mapping cone of the
following double complex where the two rows are the same and the
vertical maps are multiplications by y:

0 y RFS Ly R s R UL R
! I S
0 y RFZ ey RS 4 R U, R& T%)o

That is we have the following complex

S 0

0 R% 5 R @R 5 S RE R X RE 50 (14)



28 KEIVAN. BORNA

where §; : R¥ & R RPLL @ Rﬂis—%i =1,2,...,c+ 1 is given by
5l(p7 Q) = (dl(p) + (_l)lyqa dl—l(Q)) for 1 = 2,3,...,¢ and, 51(pa Q) =
der1(p,q) = ((—=1)“"yq, d.(q)). Now it is easy to see that §; _; o d; = 0.
The proof is complete if we show the exactness and the minimality
of (1.4). To this end note that (1.4) is exact at all places except degree
0 where its homology is R/I and the minimality is obtained directly
from the minimality of (1.1). O

The following consequences are now immediate:

Corollary 1.2. Let S = K[xy,...,x,), J1 any homogenous ideal of S
for which proj.dim(S/Jy) = c. Then for the ideal I = J1R+ (y) of R =

Slx1, ..., Tpyr] wherey is any homogenous polynomial f(Tpi1, -+, Tpir).
Then the i™ Betti number R/I, BE(R/I), is given by
56;(5/J1)7 s =0,
R _ 61 (S/‘]l)—i_ﬁlfl(s/‘]l)v i:1727"';c;
PSRRI = (s, =1, 5
0, otherwise.

Example 1.3. Let S = Klzy,..., 23] and J3 = (23, 2523) be an ideal
of S. Then I3 = (a3, x93, 23) is an ideal of R = Klzy,...,z4). Now
(1.5) enables us to compute the Betti numbers of R/I3 in terms of the
Betti numers of S/Js, i.e.,

BE(R/13) = B5(S)J3) =1,
B (R/Ls) = 7(S)Js) + B5(S/Js) =241 =3,
B (R/Is) = B5(S/Js) + B7(S/Js) = 14+ 2 =3,
55(3/[3) = 5§(S/J3) =1

One can note that in order to compute 37(S/J3) for i = 0,1,2, we
apply (1.5) once again to S = K[z1] and J; = (z3).

Remark 1.4. By an inductive argument the ideal (y) in Theorem 1.1
can be extended to (fi,--- , f;) where f; is any homogenous polynomial
in K[z, xp,, ] forry <ry <--- <1y So, our general result as we
mentioned in the abstract can be obtained from this observation.

In the following we have the graded version of our Theorem 1.1.

Theorem 1.5. Let S = K[z, -+ ,x,] be a polynomial ring over a
field K, and let J be a graded ideal of S with the (minimal) graded free
resolution

0 — ®S(—a.)* — -+ — @S(~ay;) — S — S/J — 0,
(1.6)
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then for the ring R = Klx1, -+ ,xny,] and its ideal I := JR + (y),

where y is any homogenous polynomial f(Tpy1,- -, Tnir) of degree e =
n—+r

Z oy, the (minimal) graded free resolution of R/I is as follows:
1=n+1

0 — & R(—ae; — €)™ — BR(—ay)" @ BR(—ac—1; — €)1 —
- — @R(—ag‘ BQj @@R(—au — B)Blj —

® R(—a;)" @ R(—e) — R — R/T — 0.
(1.7)
Proof. For a moment ignore the graded settings. Then by Theorem 1.1
the desired resolution is obtained provided (1.6) is a free resolution of
S/Ji. Furthermore (1.7) is minimal as long as (1.6) is minimal.
It only remains to verify that in (1.7) the maps are zero maps, that is

they preserve the degree. But this simple matter of checking holds due
to the formulation of differentials in the new resolution:

5:(p,q) = (di(p) + (=1)'yq,d;—1(q)) for i =2,3,...,¢c, and,
der1(p,q) = ((=1)yq, de(q)).

As an example of Theorem 1.5 we have:
Example 1.6. Let R = Q[x1,-- ,x7]. It is easy to see that for the
ideal I = (x1,73), the minimal free resolution of R/I, is

0 — R(—-3) — R(-1)® R(-2) — R — R/, — 0

In the following we compute the minimal free resolution of some new
1deals:
(i) Let Iy := I, + (23). Then for R/Iy we get

)-
0 — R(—8) —R(—-3)® R(—6) ® R(—-7) —
R(-1)® R(-2)® R(-5) — R — R/I, — 0.

(ii) For Iy := I, + (z}) = (1, 23,23, x1), the minimal free resolution of
R/Ig 18

0 — R(—12) —R(—7) ® R(-8) ® R(—10) & R(—11) —
R(-3) @ R(-5) ® R*(—6) ® R(~7) ® R(-9) —
R(—1)® R(—2) ® R(—4) ® R(-5) — R —
R/I; — 0.
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(iii) Finally for Iy := I + (z425) = (1,73, 23, 1475) we obtain
0 — R(—10) —R(-5) & R*(—8) ® R(—9) —
R*(=3) & R(—4) ® R(—6) & R*(—7) —
R(—1)® R*(—2)® R(—5) — R — R/I, — 0.
By [3, Theorem 4.1.15] for a graded ideal I of a polynomial ring
S = Klz1,--- ,x,] over a field K such that S/I is Cohen-Macaulay

with a pure resolution of type (dy,--- ,d,) its Betti numbers are given
by this formula

‘ d.
BRI = () ] s
i (4= )
Now as an application of Corollary 1.2 we can compute the Betti num-
bers of the ideals in the following form. In fact set R = K|z, -, Zpyy]
and J := I+(y) where y is any homogenous polynomial f (41, , Tpir)-

Corollary 1.7. With the notations as above we have BF(R/J) =
Bi(S/1) =1,
d; d;

sfn) =0 2 s+ o I =

g#i ) j#i—1
fori=1,--- p, B (R/J) = B5(S/I) and BF(R/J) =0 fori > p+1.

2. ANALYSIS OF A SPECIAL CLASS OF STANLEY-REISNER IDEALS

This section is devoted to further analysis of a special class of Stanley-
Reisner ideals which is complete intersection square free monomial
ideals or Stanley-Reisner ideals of complete intersection simplicial com-
plexes. The results of this section are known, but as an application of
Theorem 1.1 we will reprove them. We mention that this analysis can
be done in different ways but here our aim is to avoid using complex
ideas and try to use simple tools as possible so that they can be fol-
lowed without much difficulty. Our special plan in the future works is
to make invariants of such ideals (and new derived classes) computable
by means of computer programs. We assume that I = (z1, -, z),

k;
where z; = Hmi]. and that each w;; occurs only once in I. Now the
j=1
Betti numbers of R/I can be easily obtained from Theorem 1.1. We
analysis this certain family of ideals in terms of simplicial complexes
in Theorem 2.2 and subsequent results.
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A simplicial complex A over a set of vertices V' = {vy,---,v,} is a
collection of subsets of V, for which {v;} € A forall ¢ and if F' €
A then all subsets of F' are also in A. An element of A is called a face
of A, and the dimension of a face F' of A is defined as |F| — 1, where
|F'| is the number of vertices of F. The faces of dimensions 0 and 1 are
called vertices and edges, respectively, and dim() = —1. The maximal
faces of A under inclusion are called facets of A. The dimension of the
simplicial complex A is the maximal dimension of its facets. Let A
be a simplicial complex on the vertex set V' = {vy, -+ ,v,}, and K
be a field. The Stanley-Reisner ring of the complex A is the graded
K-algebra K[A] = K[Xy, -+, X,|/Ia, where IA is the ideal generated
by all monomials X; X, - -- X;, such that {v;,,vs,, -+ ,v;, } ¢ A. The
dimension of a Stanley-Reisner ring can be easily determined. For a
proof of the following result see [3, Theorem 5.1.4] for instance.

Theorem 2.1. Given a simplicial complex A, in order to reach I we
may use the primary decomposition of the Stanley-Reisner ideal of A

In = ﬂPF7
P

where the intersection is taken over all facets F' of A, and Pr denotes
the face ideal generated by all x; such that z; ¢ F. In particular,
dimK[A] = dimR/Ix = dimA + 1.

The simplicial complex A is said to be pure if all its facets are of the
same dimension, namely dimA. A Cohen-Macaulay simplicial complex
is pure. Our terminology and comments comes from [3, &, 10].

Let A be the following simplicial complex which corresponds to the
n-gon with vertices at the points 1,2,...,n. Clearly A is a pure sim-
plical complex (of dimension 1).

A=1{0,{1},{2},..., {n}.{1,2}.{2,3}, ..., {n, 1}}. (2.1)

Let S = Klzy,x9,...,x,], and let J; be the Stanley-Reisner ideal
associated to A in (2.1), i.e., J;= the ideal in S generated by all mono-

mials of the form z; x;, ... z;,, where 1 <4 <1y < ... <1, <n and

{i1,...,i,} ¢ A. Then it easily follows that for each n > 3 we get:

= (x12973), n=3;
($1$3, T1Tgy " 3 X1Tn—1, L2Tg, "+, T2Tp, " - 7xn7233n)7 otherwise.

In [2] the author showed that the ith Betti number of the S-module
S/Jy, denoted by 37 (S/J;) or simply 32, which is the ith Betti number
of the n-gon, for n > 3 is given by
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1, i=0,
n \ i(n—i—2) .
B = (m) —, 1=1,2,....n-3,
' 17 i:n—2,
0, otherwise.

As well we have

0 §Pa 2y gl g87 Sy gaf fo, 5

fo
— — =0
Ji

S
0

is the minimal free resolution of the S-module S/J; with appropriate

boundary maps.

As a consequence of Theorem 1.1 we compute the Betti numbers of a

special class of Stanley-Reisner ideals which can be obtained from the

Koszul complex as it is shown in the proof of the following theorem.

We analysis this certain family of ideals in terms of simplicial com-

plexes.

Theorem 2.2. Let A be a simplicial complex for which I = In =
k;

(21, ,2), where z; = Hasij and that each x;; occurs only once in
j=1

In. Then we have:

(i) The Betti numbers of I are given by the following formula:

1, =0,
+ .
), 1=1,2,...,t-1,
srryny = G i
0, otherwise.

(i) I is perfect, unmized and also R/I is Cohen-Macaulay.

Proof. We prove (i) by induction on ¢. Since for ¢t = 1, I is just of the
form I = (7' ---2%*) for some s, where o; € {0,1}. So one has

1, i=0,
BRI =4 1, i=1,
0, otherwise.
Now let ¢ > 1, and assume that the case t — 1 is settled. Take S =
klz;; : i = 1,---,t — 1]. Consider the ideal J = (z1,---,2-1) of S.
Then by induction hypothesis we have

5;1), i=1,2,... t-2,

, i=t-1,
) otherwise.

B(S/T) =

O =~
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Formula (1.5) implies that

]-7 120,
t—1 t—1 t .
R ) Y+ ) =), =120,
/Bi (R/‘[) - 17 1 1:t’
0, otherwise.

For the proof (ii) we note that by Theorem 2.1 A is pure of dimension
n —t — 1. In fact it is consisting of ki ---k; facets all of dimension
n —t — 1. Hence,

dimR/I =dimA+1=n—-t—14+1=n—t=dimR —t.

Then by [3, Theorem 2.1.2 (c)] it follows that z1,---, 2 is a regular
sequence on R.
Furthermore, by the Auslander-Buchsbaum formula we have

depthR/I = depthR — proj.dimR/I = n — t,
hence the ring R/ is Cohen-Macaulay and so A is Cohen-Macaulay.
In addition, I is perfect, i.e., we have
grade I = height I = dimR — dimR/I =t = proj.dimR/I

see [3, Corollary 2.1.4]. The first equality can also be seen from the
primary decomposition of I and [3, Proposition 1.2.10 (c)].

Finally let pq, ..., p, be the prime ideals in the primary decomposition
of I. Since [ is generated by ¢ = height I elements over the polynomial
ring R, I is unmixed; see [7]. Hence py,...,p, are the minimal prime
ideals of I; see [3, Theorem 2.1.6]. Thus Ass(R/I) = {p1,...,p,}. O

Remark 2.3. The ideal I is generated by a regular sequence on R. Thus
the Castelnuovo-Mumford regularity of R/I is ky +---+k; —t ; see [1,
Theorem 4.0].

Let A be a simplicial complex and A* denote the Alexander dual of A,
i.e., the simplicial complex

A" ={F Cin]:[n]—F ¢ A}
Corollary 2.4. Consider the graded version of Theorem 2.2. Then the
reqularity of R/Ia« is
reg (R/In+) = proj.dimR/I — 1.
Proof. Using the primary decomposition of Ix« we have
Ine = (X110, o3 @1g) OV O (Ts1y e w0y Tty

By a known result of Eagon and Reiner, K[A] is Cohen-Macaulay if
and only if Ix« has a linear resolution. Furthermore, proj.dim(K[A]) =
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reg (Ia+) by a result of Terai. In view of Theorem 1.5, R/I is Cohen-
Macaulay and proj.dim(K[A]) = t. Therefore, reg (Ia+) = ¢ and so
reg (R/Ia+) =t — 1. O

In the following we have some examples.

Example 2.5. Let S = K|z, 23] and J = (x123) be an ideal of S.
Obviously we have B5(S/J) =1,57(S/J) = 1.

Now let Iy = (x1x9,x324) be an ideal of R = Klz1,...,x4]. Then
(1.5) implies that

BE(R/1o) = B5(S)JT) =1,
B (R/Io) = BL(S/T) + B5(S/ ) =1+1=2,
B (R/ 1) = B7(S)JT) = 1.

Furthermore, applying [3, Excersice 4.4.16 (b)], it is easy to see that
Iy =(x129, 2324) = (21, 2324) N (72, T374)
=(x1,23) N (21, 74) N (T2, T3) N (T2, T4),

Hence Iy is the Stanley-Reisner ideal of a pure simplicial complex Ay
consisting of 4 facets all of dimension 1. As a result

dmK[Ag] = dimR/Iy =dimAg+1=1+1=2. O

Example 2.6. Let S = Klxy,...,x4] and J; = (z123, 2224) be an ideal

of S. Then I = (x1x3, xoxy, T5x6) is an ideal of R = K[y, ..., x¢] and
using Example 2.5 we have

Be(R/I) = B5(S/ 1) =1,

BE(R/T) = BY(S/ 1) + B5(S) 1) =241 =3,

B (R/1) = B5(S/J1) + BY(S/h) =142 =3,

BE(R/1I) = B5(S/J1) = 1.

Furthermore, by the help of [3, Excersice 4.4.16 (b)]

I =(x123, Towy, T526) = (T1, oy, T5x6) N (T3, ToTa, T5T6)
=(x1, T2, T5x6) N (21, 24, T52T6) N (X3, T2, T526) N (T3, T4, T5Tg)
=(x1, T2, x5) N (21,22, T6) N (21, T4, x5) N (1, T4, T6) N (T3, T2, T5)

N (23, T2, x6) N (X3, T4, 5) N (X3, T4, Tg).

Thus I 1s the Stanley-Reisner ideal of a pure simplicial compler Ay
which consists of 8 facets all of dimension 2. One can easily see that
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Example 2.7. Let S = Klzy,...,24] and Jy = (2123, x214) be an ideal
of S. Then Iy = (123, 9%y, T5Tx7) is an ideal of R = K|xy,..., 7]
and similar to Example 2.6 we have

55(3/12) = 1>5F(R/12) =3, 55(3/12) =3, and 53{%(1%/[2) =1
Furthermore, using [3, Excersice 4.4.16 (b)]
I =(x13, oy, T52627) = (X1, Toky, T5Tex7) N (T3, ToTa, T5TeT7)
=(1, T2, T5xex7) N (T1, T4, T5Tex7) N (T3, To, T5TeT7) N (T3, T4, T5T6T7)
=(x1, 9, x5) N (21, T2, x6) N (21, T2, T7) N (21, T4, T5) N (21, 24, Tp)
N (21, x4, 7) N (T3, T2, 5) N (T3, T2, T6) N (X3, T2, x7) N (T3, T4, T5)
N (x5, x4, 26) N (T3, 24, 7).

Hence I, is the Stanley-Reisner ideal of a pure simplicial complex A,
which consists of 12 facets all of dimension 3. One can easily see that

dmK[Ay] = dimR/I = dimAs +1=3+1=4. O
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