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ASYMPTOTIC BEHAVIOUR OF ASSOCIATED
PRIMES OF MONOMIAL IDEALS WITH
COMBINATORIAL APPLICATIONS

M. NASERNEJAD

ABSTRACT. Let R be a commutative Noetherian ring and I be
an ideal of R. We say that I satisfies the persistence property
if Assp(R/I¥) C Assgp(R/I**!) for all positive integers k > 1,
which Assgp(R/I) denotes the set of associated prime ideals of I.
In this paper, we introduce a class of square-free monomial ideals
in the polynomial ring R = KJz1,...,z,] over field K which are
associated to unrooted trees such that if G is a unrooted tree and
I;(G) is the ideal generated by the paths of G of length ¢, then
J:(@) := L(G)Y, where IV denotes the Alexander dual of I, satis-
fies the persistence property. We also present a class of graphs such
that the path ideals generated by paths of length two satisfy the
persistence property. We conclude this paper by giving a criterion
for normally torsion-freeness of monomial ideals.

1. INTRODUCTION

Let R be a commutative Noetherian ring and I be an ideal of R.
A prime p C R is an associated prime of I if there exists an element
v in R such that p = (I :g v). The set of associated primes of I,
denoted Assg(R/I), is the set of all prime ideals associated to I. We
will be interested in the sets Assg(R/I*) when k varies. A well-known
result of Brodmann [1] proved that the sequence {Assg(R/I*)}r>1 of
associated prime ideals is stationary for large k. In fact, there exists a
positive integer kg such that Assgp(R/I*) = Assgp(R/I*) for all integers
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k > ko. The least such integer ky is called the index of stability of I
and Assp(R/I™) is called the stable set of associated prime ideals of
I. Many problems arise in the context of Brodmann’s result. One of
them is the following question:

(1) Is it true that

Assp(R/I) C Assg(R/I*) C --- C Assg(R/I*) C ---7

McAdam [15] presented an example which says, in general, the above
question has negative answer. We say that an ideal I of R satisfies the
persistence property if it holds true for (f).

Suppose that I is an ideal of the polynomial ring R = K{z1, ..., x,]
over field K and z1,...,x, are indeterminates. Question (f) does not
have an affirmative answer for any monomial ideals, see [ 1] and [17] for
counterexamples. However, recently, by applying combinatorial meth-
ods, several papers have been published for finding the classes of mono-
mial ideals which satisfying the persistence property. These attempts
led to the persistence property holds for edge ideals [ 1], the cover ideals
of perfect graphs [7], and polymatroidal ideals [12]. Let G be a finite
simple graph on the vertex set V(G) with the edge set E(G). That is
to say, G has no loops and no multiple edges. Using the paths of G of
length ¢, we can generate a square-free monomial ideal I;(G). One can
investigate edge ideals or path ideals of a graph. The edge ideal of a
graph G has been introduced by Villarreal [18] and is generated by the
monomials z;x; where {7, j} is an edge of G. Path ideals of graphs were
first introduced by Conca and De Negri [0] in the context of monomial
ideals of linear type. Then several researchers explored them for special
classes of graphs such as the line graph and the cycle [1, 5] and also for
rooted trees [3, 9]. Assume that I,(G)" denotes the square-free Alexan-
der dual of I,(G). In this paper, we first focus on a class of unrooted
trees and probe the sets of associated primes Assg(R/(I:(G)Y)?), as s
increases, and prove that the persistence property holds true. In the
sequel, we introduce a class of graphs, where are called the centipede
graphs, and show that the path ideals generated by paths of length two
have the persistence property. Finally, after recalling the definition of
expansion operator on monomial ideals, we apply it as a criterion for
normally torsion-freeness of monomial ideals.

Throughout this paper, R = K[zy,...,x,] is the polynomial ring
over a field K and z1,...,x, are indeterminates. Also, for a monomial
ideal I of R, we denote the unique minimal set of monomial generators
of I by G(I). The symbol N (respectively Ny) will always denote the
set of positive (respectively non-negative) integers.
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2. ASSOCIATED PRIMES OF POWERS OF PATH IDEALS

We begin with the following definition which is essential for us.

Definition 2.1. A tree T is a connected graph which does not contain
any cycle as an induced subgraph. We say that T is rooted if there is a
designated vertex vy such that every v; — v; path is naturally oriented
away from vg. If T has no such root, then we say that T is unrooted.

Example 2.2. Consider T} = (V(T1), E(T1)) and Ty, = (V(1T3), E(T3)),
where
V(T1) = V(13) = {v1, va, v3, v4, V5, Vs },
E(Ty) = {v1vy, v103, Va4, Vov5, V406 }
and
E(T3) = {(v1,v2), (v1,v3), (v2,v4), (v2,v5), (v4, v6) }-
Then the graph T7, the left tree in the figure below, is an example of a

tree which is not rooted while 75, the right tree in the figure below, is
rooted at the vertex v;.

U1 U1
b2 U3 v2 U3
(o Us V4 Vs
Vg U6

We now state the notions of path ideals and the Alexander dual of
them.

Definition 2.3. Let G be a finite simple graph on the vertex set
V(G) == [n] = {1,...,n} with the edge set E(G). We define the
path ideal of length t corresponding to G by

I(G) = (x4, -4, ¢ {1,..., %41} is a path of G of length t).

Also the Alexander dual of I,(G), where denoted by I,(G)Y, is the
following ideal

[t(G)v = ﬂ (xiw s 7xit+1)'
{i1,...,8¢41} is a path of G of length ¢
We observe that when t = 1, the path ideal of G is exactly the edge
ideal corresponding to GG and the Alexander dual of it is exactly the
cover ideal.
Next proposition is fundamental in order to prove the Theorem 2.6.
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Proposition 2.4. Let I be a square-free monomial ideal in the polyno-
mial ring R = Klxy,...,z,), G(I) = {uy,...,un} and Assgr(R/I) =
{p1,...,ps}. Suppose also that there exists variable x; € {x1,...,x,}
such that x; € p; for any i = 1,...,s. Then there exists i € N with
1 <i < m such that u; = x;.

Proof. Since I is a square-free monomial ideal, by [10, Corollary 1.3.6],
it follows that I = p; N ---Nps. Asax, € p; forany ¢ = 1,...,s, we
conclude that x; € I. By [10, Proposition 1.1.5], there exists i € N
with 1 < ¢ < m such that u; € G(I) and w; divides x;. This implies
that u; = x4, as claimed. O

The following definition has mentioned in [13, Definition 2.1].

Definition 2.5. Let I be a monomial ideal in R with the unique min-
imal set of monomial generators G(I) = {uy,...,u,}. Then we say
that I is a weakly monomial ideal if there exists 1 € Nwith 1 <i<m
such that each monomial u; has no common factor with u, for all j € N
with 1 < j <m and j #i.

We now present the first main result in this section.

Theorem 2.6. Let T be an unrooted tree on the vertex set V(T) =
{z,1,...,n} with the following edge set
E(T)={{zi},{kj+ikj+k+i} : i=1,...k,j=0,...,m—1}

such that n = k(m + 1) for some k € N and m € Ny. Suppose also
that Iom1o(T) is the path ideal corresponding to T of length 2m+2 and
Jomio(T) = Iomio(T)Y. Then the ideal Jopo(T) has the persistence
property.

Proof. 1t is easy to verify that the ideal I5,,,2(7), where has exactly
(g) distinct generators, is given by

(Imk—i-i XLy T § T g Tmketj | Za] € {17 BRI k} and 7 7& ])
Thus we deduce that

J2m+2(T) = m (xmk-i-ia vy Lhtiy Liy Ly Ljy Thotgs - - - >$mk+j)'
i G €{1,... k) i#]
One can easily observe that this is a minimal primary decomposition
of Jomo(T). By virtue of Proposition 2.4, we have =, € G(Jani2(T)).
Assume that G(Jopi2) = {x,, u1, ..., us}. Since G(Jopyo) is a minimal
set, this implies that (z,,u;) = 1 for all j = 1,...,s. Hence, by
Definition 2.5, Jo,,42(T) is a weakly monomial ideal. According to [13,
Corollary 3.5] and [13, Theorem 2.9], it follows that the ideal Ja,12(7")
has the persistence property, as desired. O
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The following example explains the above theorem.

Example 2.7. Suppose that 7T is the unrooted tree on the vertex set
V(T)=1{2,1,2,3,4,5,6,7,8,9}, as shown in the figure below.

z
1 ¢2 3
4 45 6
7 8 9

According to the definition, one can obtain
I6(T) = (27204712, 29T5T8, TrT4T1 T, T3T6Tg, TeT5To T, T3T6L).
It follows that the Alexander dual of I4(7T') is given by

']6(T) :(II}'7,LU4,,’,U1, Ly T2, T, .fll'g) N (,’L’7, Ty,T1,T,, T3, flfﬁ,fﬁg)

r\|($8> L5, X2, Tz, L3, L6, flfg).

Now, the Theorem 2.6 implies that the ideal Jg(7") has the persis-
tence property.

We conclude this section with giving another class of graphs which
the path ideals generated by path of length two have the persistence
property. To do this, we first recall the definition of strongly superficial
elements and then introduce a class of graphs which are called the
centipede graphs.

Definition 2.8. Let I be an ideal in a commutative ring .S, and let
k € N. An element x in S is called a superficial element of degree k for
I if x € I* and there exists ¢ € N such that (I"** ;5 2) N I¢ = I" for
all n > c. If (I"** g 2) = I" for all n € N, we say that x is a strongly
superficial element of degree k for I (see [16, 4.1.2]).

The following proposition is essential in order to complete the proof
of Theorem 2.11.

Proposition 2.9. Suppose that I is an arbitrary ideal in commutative
Noetherian ring S such that has a strongly superficial element of degree
one. Then I has the persistence property.

Proof. Let u be a strongly superficial element of degree one for I. Then
(I"t! g w) = I" for all n € N. Since (I"*! :g I) C (I :5 u),
it follows that (I"*! :g I) = I™ for all n € N. For completing the
proof, assume that I = (vy,...,v;). Choose an arbitrary m € N and
consider p € Assg(S/I™). Then there exists an element ¢ in S such
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that p = (I™ :s ¢). This implies that
p= ((Im+l s [) s C)
= (I g Ic)

t

m—+1
= [0 is v

One can conclude that there exists a positive integer 1 < j < t such
that p = (™" ;5 v;c), and so p € Assg(S/I™). Therefore I has the
persistence property, as claimed. O

In the next definition, we present a class of graphs which we need in
the Theorem 2.11.

Definition 2.10. The centipede graph W,, with n € N, as shown in the
figure below, is the graph on the vertex set {ay,...,a,}U{b,...,b,}.
The set of edges of the centipede graph is given by

E(W,) = {{a;,b;} 1g¢gn}u{{bj,bj+1} S 1<j<n—1}).

a2 Gp—1 Qp
2 nlb

We now state the second main result in this section.

Theorem 2.11. Let W,,, for some n € N with n > 2, be a centipede
graph with corresponding path ideal Io(W,,). Then Iy(W,) has the per-
sistence property.

Proof. To simplify in notations, we consider the following centipede
graph on the vertex set V/(W,,) = {1,2,3,...,2n —2,2n — 1,2n} and
also set J := I,(W,,).

2 4 6 2n—2 2n

L1

1 3 5 2n—3 2n—1
It is routine to verify that
G(J) ={Ton—1TokTokt1, Tok—1Toup1T2ht2 = k=1,...,n—1}
U{zor1T0r11T2ry3 7 =1,...,n— 2}

Clearly the ideal J has exactly 3n — 4 distinct minimal generators.
Assume that G(J) = {uy,...,ux} with k := 3n — 4, such that u; :=
T1X9X3, Uy = T1X3X4, U3 ‘= T1X3T5, Uy = T3T5T7, U5 = XT3T5Tg and
ug 1= r32475. Here and in the sequel, our aim is to show that (J™*
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uy) = J™ for all m € N. To do this, choose an arbitrary m € N. Then
we have the following equalities

(J™ g ) =(J"T g wy)
k
Z J"u; Rul

=J" + Z(Jmul ‘R ul).

=2

For completing the proof, we show that (J™u; :g u;) € J™ for all
i =2,...,k. To achieve this, choose an arbitrary element v € (J™u; g

up) for some 2 < ¢ < k. Hence vu; € J™u;, and so there exists
a generator of J™ such as ui*---ui* with a; + -+ + ax = m, such
that wul'---u® divides vuy. So there is a monomial w in R such
that vuy; = wuui* ---uw*. If a3 > 1, then v = wuui'™ L. —upk. By
wud - ugs € J™, one can conclude that v € J™. Thus we assume
that a; = 0, and so as+- - —l—ak =m. Since xy ¢ u; forall j =2,... k,
it follows that vriry = wuug? - -ug® such that w = zow’ for some
monomial w’ in R. Hence we consider the following cases:

Case 1. u; = up or u; = ug. Accordingly, v = w'zqus? - --u* or
v=wrsuy’ - -u*, and so v € J".

Case 2. u; = uy. Then vy = w'zszruy?® - - - u*. Hence we have to
consider the following subcases:

Subcase 2.1. ay > 1 or az > 1. So v = w'rququy®” lug”” - ugk or
v = wrsusuPuis - -~ uyk. This implies that v € J™.

Subcase 2.2. a; = 0 and a3 = 0. Then vz; = waszrug---up*.
Due to xy ¢ u; forall j =4,... k, it follows that v = w”zsz7ug* - - - us
such that w' = zyw” for some monomial w” in R. One can conclude
that v € J™.

Case 3. u; = u, with r > 5. Then vz 23 = w'u,us3? - - - up*. We now
consider the following subcases:

Subcase 3.1. a; > 1 or azg > 1. The proof is similar to Subcase 2.1.

Subcase 3.2. ay = 0 and a3 = 0. Then vz = wWu,ug - - upk.
Since x1 ¢ u; for all j =4,... k, it follows that vaes = w"u,uy" - - - us
such that w’ = x;w” for some monomial w” in R. If ay > 1oras > 1 or
ag > 1, then v = w"zsrruug"™ L. —upk or v = w'rsreusuytug® L. Uk
or v = w'ryrsuuituPul " - ult, and so v € J™. If a; = 0 for all
1= 4, 5,6, according to z3 ¢ u; for all j = 7,..., k, one can conclude
that v = wyu7” - -u* such that w”u, = zrzw; for some monomial w;
in R. Thus v € J™.
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Accordingly, we obtain (J™ :p u;) = J™ for all m € N, and so
uy is a strongly superficial element of degree one for ideal J. Due to
Proposition 2.9, one can deduce that J has the persistence property,
as desired.

O

3. A CRITERION FOR NORMALLY TORSION-FREENESS OF
MONOMIAL IDEALS

In this section, we first recall the definition of the expansion operator
on monomial ideals which has stated in [2], and then apply it as a
criterion for normally torsion-freeness of monomial ideals.

Let K be a field and R = K|xy,...,z,]| the polynomial ring over
K in the variables z,...,z,. Fix an ordered n-tuple (iy,...,,) of
positive integers, and consider the polynomial ring R(#) over K in
the variables

T11, - - .,xlil,xm,. . .,I2i2,. B % PR ,ZL’mn.
Let p; be the monomial prime ideal (z;1,7;2,...,7;5,) C RUvin) - At
tached to each monomial ideal I with a set of monomial generators

{x?1,...,x?} we define the expansion of I with respect to the n-tuple
(i1, ...,in), denoted by 101+ to be the monomial ideal

](il,...,in) — Zp‘fz(l) . pgl(’n) g R(il,...,in)'
=1

Here a;(j) denotes the j-th component of the vector a;. We simply
write R* and I*, respectively, rather than R(1#) and J01:in),

For monomials x* and xP in R if xP divides x®, then we have
pi L pm) b b gy the definition of I* does not de-
pend on the choice of the set of monomial generators of 1.

For example, consider R = Kz, x5, 23] and the ordered 3-tuple
(1,3,2) Then we have P = (Iu), p, = (1’21,1'22,1’23) and p3 =
(731, 732). So for the monomial ideal I = (z;x9,73), the ideal I* C
Klz11, Ta1, Ta2, Tz, T31, T30] IS P1p2 + p3, namely

* 2 2
I = (I11I21,$11I22,$11I23,$317$31$327$32)-
We continue with the following definition.

Definition 3.1. Suppose that [ is an ideal in a commutative Noe-
therian ring S. Then [ is called normally torsion-free if Assg(S/I*) C
Assg(S/I) for all k € N.

Lemma 3.2. Let I be a monomial ideal of R. Then I is normally
torsion-free if and only if I* 1s.
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Proof. For Sufficiency, consider p € Assg(R/I") for an arbitrary n €
N. Due to [2, Proposition 1.2], it follows that p* € Assg(R*/(I™)*).
According to [2, Lemma 1.1 (iii)], this implies that (I™)* = (I*)".
Hence p* € Assg«(R*/(I*)"). By hypothesis, we deduce that p* €
Assg-(R*/I*). By virtue of [2, Proposition 1.2], one can conclude that
p € Assg(R/I). Therefore I is a normally torsion-free ideal of R.
Necessity follows from in a similar way and the proof is complete. [J

In the following example we clarify importance of the Lemma 3.2.
Example 3.3. Consider the following monomial ideal
J ZZ(I1,11L'3,1934,1, L1,1231L4,2,L1,123,2L4,1, L1,1L3,2L4,2, L12L31T41,

T1,2%3,1%4,2,21,223,2%4,1, L1,223,2%4,2, L1,1T5,1, L12T5,1, L1,1L52,
L1,2%52, 21,1253, L1,2L5,3, L2,1L3,1L4,1, L21L31L4,2, L2 1L3,2L4,1,
$2,1I3,2$C4,2)7

in the following polynomial ring, where K is a field,

sk

R = K[I1,17I1,2, L2,1,231,23,2,L4,1,L4,2,T51,L52, 935,3]-

Now, set py 1= (21,1, T12), P2 := (221), P3 1= (T3,1, T32), Pa := (4,1, T4 2)
and ps := (251,252, T53). Thus it is routine to check that

J = pipsps + PipPs + Papspa.

Consider the ideal I := (z12324, 7125, Tox324) in the polynomial ring
R = K|z, x9, 23,24, x5]. One can easily see that J is the expansion of
I with respect to the 5-tuple (2,1,2,2,3). Here and in the sequel, our
aim is to show that [ is normally torsion-free. To do this, consider the
graph G, as shown in the figure below, on the vertex set V(G) := [5] =
{1,2,3,4,5} and the following edge set

E(G) = {{1,2},{1,3},{1,4},{3,5},{4,5}}.

1 )
2 3 4
It is clear that G is a bipartite graph with the following edge ideal
I = (z129, 1123, X124, T3T5, T4T5)
and the following cover ideal
Jg = (21, m2) N (21, 23) N (21, 24) N (23, 25) N (24, T5).

One can easily compute that Jg = I. On the other hand, according
to [8, Corollary 2.6], it follows that Ji is normally torsion-free. Hence
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I is a normally torsion-free and Lemma 3.2 implies that the ideal J is
also normally torsion-free.
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