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FINITE ATOMIC LATTICES
AND THEIR MONOMIAL IDEALS

PENG HE AND XUE-PING WANG

ABSTRACT. This paper primarily studies monomial
ideals by their associated lcm-lattices. It first introduces no-
tions of weak coordinatizations of finite atomic lattices which
have weaker hypotheses than coordinatizations and shows
the characterizations of all such weak coordinatizations. It
then defines a finite super-atomic lattice in £(n), investigates
the structures of L(n) by their super-atomic lattices and
proposes an algorithm to calculate all of the super-atomic
lattices in £(n). It finally presents a specific labeling of finite
atomic lattice and obtains the conditions that the specific
labelings of finite atomic lattices are the weak coordinatiza-
tions or the coordinatizations by using the terminology of
super-atomic lattices.

1. Introduction. Let M be a monomial ideal in a polynomial ring
R = K|[z1,22,...,z,] where K is a field. We are interested in studying
a minimal free resolution of R/M and, specifically, understanding the
maps in this resolution (see [1, 4, 6, 13, 14]). For a monomial ideal
M, a minimal resolution is completely dependent on the information
in the lem-lattice of M, or LCM(M), which is the lattice of least
common multiples of the minimal generators of M partially ordered
by divisibility. In 1999, Gasharov, Peeva, and Welker [7] expressed
the multigraded Betti numbers of R/M using the homology groups
of certain open intervals in LCM(M). They further showed that
the combinatorial type of minimal resolutions of a monomial ideal is
determined by its LCM lattice. In 2006, Phan [12] proved that all finite
atomic lattices can be realized as the LCM lattice of some monomial
ideal M. He gave a construction which is motivated by the observation
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that, for any coordinatization of an atomic lattice as a monomial ideal,
the set of lattice elements for which a given variable has a given degree
bound is an order ideal. Essentially, he identified which order ideals are
necessary and labeled them with variables. In 2009, Mapes [9] gave a
generalization of the main construction in [12] to describe all monomial
ideals with a given LCM lattice, i.e., she proved a statement as below
(see [9, 10]).

Any labeling M of elements in a finite atomic lattice P by monomials
satisfying the following two conditions will yield a coordinatization of
the lattice P.

(A1) If p € mi(P), then m, # 1, i.e., all meet-irreducibles are
labeled.

(A2) If ged(myp, mq) # 1 for some p,q € P, then p and ¢ must be
comparable, i.e., each variable only appears in monomials along one
chain in P.

Mapes thought that it would be interesting to give an explicit for-
mulation for when two coordinatizations are equivalent in this sense
or to prove a version of the above result which has weaker hypothe-
ses. This question was inadvertently answered by Katthédn [8] and
independently by Mapes and Piechnik [11] using different techniques.
However, they do not give a general construction of the labeling M,
which does not satisfy conditions (A1) and (A2), although, in fact, M
is a coordinatization.

On the other hand, the fact that the set of finite atomic lattices
on n ordered atoms, denoted by L(n), is itself a finite atomic lattice
leads us to the question: what is the relationship between minimal
resolutions of coordinatizations of lattices in £(n)? The answer, due to
a result in [7], is that the total Betti numbers are weakly monotonic
along chains in £(n). This inspires us to understand the structure of
L(n). In 2013, Mapes [10] proved that, for any relation P > @ in £(n),
there exists a coordinatization of @) producing a monomial ideal Mg
and a deformation of exponents of Mg such that the lem-lattice of the
deformed ideal is P.

This paper furthers the topics on describing all monomial ideals by
their LCM lattices and understanding the structure of L£(n), and is
organized as follows. In Section 2, we give some preliminaries for con-
venience. In Section 3, we introduce notions of weak coordinatizations
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of finite atomic lattices and show their characterizations. In Section 4,
we define a finite super-atomic lattice in £(n), investigate the structures
of L(n) by their super-atomic lattices and propose an algorithm to cal-
culate all the super-atomic lattices in £(n). At the end, we present
a specific labeling of finite atomic lattice and obtain the conditions
which are used to determine whether the specific labelings are weak
coordinatizations or coordinatizations by terminology of super-atomic
lattices.

2. Preliminaries. A poset is a structure (P, <) where P is a
nonempty set and < an ordering (reflexive, antisymmetric and tran-
sitive) relation on P. We write z||y if # # y and y # x, and we say that
z and y are not comparable. Conversely, we write z }f y if x > y or
y > x, and we say that = and y are comparable. In addition, if x <y
and there is no element z € P such that x < z < y, then we say that =
is covered by y (or y covers z), and we write © < y (or y > z), see [5].

Definition 2.1 ([10]). A lattice is a poset (P, <) satisfying the follow-
ing properties:

(1) P has a maximum element denoted by 1.
(2) P has a minimum element denoted by 0.

(3) Every pair of elements ¢ and b in P has a join a V b which is the
least upper bound of the two elements.

(4) Every pair of elements a and b in P has a meet a A b which is
the greatest lower bound of the two elements.

If P satisfies only conditions (2) and (4), then it is a meet-semilattice,
and if P satisfies only conditions (1) and (3), then it is a join-semilattice.
Furthermore, if P is a meet-semilattice with a unique maximal element,
then it is a lattice. Equivalently, if P is a join-semilattice with a unique
minimal element, then it is a lattice.

We define an atom of a lattice P to be an element 2 € P such that z
covers 0. We denote the set of atoms in P by atoms(P), see [5, 10]. Let
A and B be two sets. Then, we denote that A\ B={x € A: x ¢ B};
for convenience, if B = {b}, then we write A\ B as A\ b.
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Definition 2.2 ([10]). If P is a lattice and every element in P\ 0 is
the join of atoms, then P is an atomic lattice. Furthermore, if P is
finite, then it is a finite atomic lattice.

If P is a lattice, then we define an element z € P to be meet-
irreducible if x # a A D for any @ > x, b > . We denote the set of
meet-irreducible elements in P by mi(P). Given an element = € P,
an order ideal of x is defined to be the set |z] = {a € P : a < z}.
Similarly, we define an order filter of x to be [z| = {a € P : © < a},
see [5, 10].

Lemma 2.3 ([10, Lemma 2.3]). Let P be a finite atomic lattice. Every
element p € P is the meet of all the meet-irreducible elements | such
that | > p.

It will be convenient to consider finite atomic lattices as sets of sets
in the following way. Let S be a set of subsets of {1,...,n} with no
duplicates, closed under intersections, and containing the entire set,
the empty set and the sets {i} for all 1 <4 < n. Then, it is easy to see
that S is a finite atomic lattice by ordering the sets in S by inclusion.
Conversely, it is clear that any finite atomic lattice P can be expressed
in this way, simply by letting

Sp ={o:0 =supp(p), p € P},
where supp(p) = {a; : a; < p,a; € atoms(P)}, see [2, 3, 10].

Definition 2.4 ([7]). The LCM lattice, LCM (M), of a monomial ideal
M is the set of least common multiples of minimal generators of M,
partially ordered by divisibility.

Example 2.5. For the monomial ideal M = (a?cd,abd,abc) C
kla, b, c,d], the Hasse diagram of the LCM lattice of M is shown in
Figure 1 (note the minimal element of the lattice has been eliminated,
as will often be the case).

One result in [7] is that, for monomial ideals, all minimal resolutions
are completely dependent on the information in the LCM lattice.
Specifically, we can compute multigraded Betti numbers using the
LCM lattice LCM(M), and all ideals with a given LCM lattice have
isomorphic minimal free resolutions.
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FIGURE 1. The lattice LCM(M).

Definition 2.6 ([9]). Define a labeling of a finite atomic lattice P to
be any assignment of non-trivial monomials M = {m,,...,mp,} to
some set of elements p; € P. It will be convenient to think of unlabeled
elements as having the label 1. Define a monomial ideal Mp rq to be
the ideal generated by monomials

(2.1) za)= J] mp
pElal®

for each a € atoms(P), where [a]¢ means taking the complement of [a]
in P. We say that the labeling M is a coordinatization if the lem-lattice
of Mp a is isomorphic to P.

Lemma 2.7 ([9, Proposition 3.2.1], [10, Theorem 3.2]). Any labeling
M of elements in a finite atomic lattice P by monomials satisfying the
following two conditions will yield a coordinatization of the lattice P.

(A1) If p € mi(P), then my, # 1, i.e., all meet-irreducibles are
labeled.

(A2) If ged(mp,myq) # 1 for some p,q € P, then p }f q, i.e., each
variable only appears in monomials along one chain in P.

Let M be a labeling with conditions (A1) and (A2), and let
f P — LCM(MRM)
be denoted by
(2.2) fp) = H AL
q€lpl®

for each p € P. Then, f is an isomorphism from P to LCM(Mp ).



2508 PENG HE AND XUE-PING WANG

Lemma 2.8 ([10, Lemma 3.3]). If p € [¢]¢ for some p,q € P, where
P is a finite atomic lattice, then |p| C [q¢]°.

Let M be a monomial ideal with n generators, and let Py; be its
lem-lattice. For notational purposes, denote Pp; as the set consisting
of elements p, which represent the monomials occurring in Pp;. Now,
define an abstract finite atomic lattice P, where the elements in P are
formal symbols p satisfying the relations p < p’ if and only if p < P’
in Py, in other words, P is the finite atomic lattice isomorphic to Py
obtained by simply forgetting the data of the monomials in Py;. Define
a labeling of P in the following manner: let D be the set consisting of
monomials m,, for each p € P, defined by

_ged{t:t > p}

(2.3) my ;

where, by convention, gcd{? : ¢ > p} for p = 1 is defined to be 1. Note
that m,, is a monomial since, clearly, p divides ¢ for all ¢ > p.

Lemma 2.9 ([10, Proposition 3.6]). Given M a monomial ideal with
lem-lattice Py, if P is an abstract finite atomic lattice where P s
isomorphic to Py as lattices, then the labeling D of P, defined by (2.3),
is a coordinatization, and the resulting monomial ideal is Mpp = M.

Although Lemma 2.9 shows that the labeling D of P, defined by
(2.3), is a coordinatization, the following theorem will further verify
that the labeling D induced by (2.3) is the same as M if M satisfies
the conditions of Lemma 2.7. As is standard, we denote lem () = 1 and
ged = 1.

Theorem 2.10. Let M = {m,, : p € P} be a labeling of a finite atomic
lattice P satisfying the conditions of Lemma 2.7, and let M = Mp
for each p € P, p = f(p), where f(p) is defined by (2.2). Then, the
labeling

D={m,:pc P}

of P, defined by (2.3), satisfies m;, = m,, for each p € P.
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Proof. Suppose that P has n atoms. First, note that
p=f(p) = H mg forall p e P.
q€fpl®
Thus, formula (2.3) implies that
, ged{I L erie mq = t > p}
: qufzﬂc Mq
_ Hgerpe ma * gedllgerirenrpre ma =t > P}
qufzﬂc Mq
:gcd{ H mq:t>p}.
qeft]°\[p]°
Second, note that, if @ > b, then [a]® D [b]°, which means

H my | H Mg,

qefble\[p]e q€fale\[p]e

thus,

m;gcd{ H mq:t>p}gcd{ H mq:t>-p}.

qeft]e\[ple q€t]e\lpl°
It follows that
m;:mp*gcd{ H mq:t>p}
g€(t1e\[p1)\p

since p € [t]°\[p]¢ for any ¢ = p. Therefore, in order to prove m, = mj,
for all p € P, we only need show

gcd{ H mq:t>p}:1,
a€(

[t1°\Ip1°)\p
as follows.

(a) If there is only one element ¢t € P satisfying ¢ > p, then
([t1°\ [p]1¢) \ p = 0. Otherwise, there exists an element d € P such
that d > p and d % ¢, where d # ¢ implies that d < ¢ or d||t. If d < ¢,
then t > d > p, contrary to ¢t = p. If d||t, then we have an element
¢ € P such that d > ¢ > p since d > p. Thus, ¢ =t, and then, d > ¢, a
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contradiction. Therefore,

gcd{ H mq:t>-p}gcd(/)1.
ge([t]\[p1°)\p

(b) Suppose that there are k elements t1,ts,...,t; in P such that
t; = p for any 1 < i < k where k > 2. If

gcd{ 11 mq;t>p}7é1,
q€(

[t1°\[P1*)\p

then there exists a variable x, such that

:rp|gcd{ H mq:t>p}.

g€([t1e\[p1)\p

Therefore, we have elements ¢; > p and ¢; # t; such that z, | m,,
for each 1 < ¢ < k. From Lemma 2.7 (A2), {q1,42,...,qr} lies in
a chain in P. Hence, there exists an element 1 < r < k such that
{¢1,92,---,qk, tr} is a chain, and then, for all 1 < j < k, we have
gj > tr since ¢; > p and t, > p. Thus, ¢, > %,, a contradiction.

Therefore,
gcd{ H mq:t>p}:1. |
a€([t1e\[p1°)\p

3. Weak coordinatizations. One of the main results in [12] is
that every finite atomic lattice is, in fact, the lem-lattice of a monomial
ideal. In 2009, Mapes [9] introduced a definition of coordinatization.
Moreover, she proved that there are some specific constructions which
produce a monomial ideal whose lcm-lattice has a given lattice struc-
ture, i.e., Lemma 2.7 (also see [10]). Mapes thought that it would be
interesting to give an explicit formulation for when two coordinatiza-
tions are equivalent in this sense, or to prove a version of Lemma 2.7
which has weaker hypotheses.

In this section, we shall introduce the notion of a weak coordina-
tization which has weaker hypotheses than Definition 2.6 and show a
sufficient condition which yields a weak coordinatization.
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Let P be a finite atomic lattice and p € P. Define

B, = {TC supp(p) : \/ b:p}.

beT

Definition 3.1. Let M be a labeling of a finite atomic lattice P.
Define a monomial ideal Ip a4 to be the ideal generated by monomials

(3.1) Aa) = gcd{lcm{x(b) beTh:Te | Bp}

p>a

for each a € atoms(P). We say that the labeling M is a weak coordi-
natization if the lem-lattice of Ip a4 is isomorphic to P.

We first have the following lemma.

Lemma 3.2. A labeling M is a coordinatization of a finite atomic
lattice P if and only if it is a weak coordinatization and A(a) = z(a)
for all a € atoms(P).

Proof. By Definition 3.1, the sufficiency is clear. Now, we prove the
necessity.

Firstly, for all a € atoms(P), as {a} € U, By, equation (3.1)
implies A(a) | z(a). Secondly, since M is a coordinatization, the map

g: P— LCM(Mp ) with g(a) = z(a)

for all a € atoms(P) is an isomorphism. Thus, for any p € P and any
T € By,

g(p) = lem{x(b) : b € supp(p)} = lem{x(b) : b € T'}.

Finally, suppose that a € atoms(P). Let p € P and a < p. Clearly,
a € supp(p), and then,

g(a) =z(a) | g(p) =lem{x(d) : b T} for any T € By,

so that z(a) | lem{z(b) : b € T} for any T € |J,5, Bp. Furthermore,
by (3.1), z(a) | Aa). Therefore, A(a) = z(a) for all a € atoms(P),
which, together with the fact that M is a coordinatization of P, yields
that M is a weak coordinatization of P. O
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Note that a weak coordinatization of a finite atomic lattice P need
not be a coordinatizaton. For instance, let P be the finite atomic lattice
with labeling as in Figure 2. Then, by Definitions 2.6 and 3.1,

Mp = (B*Ed?e?, acd?e?, a®b?d*e?, a’bP e, a*b3c2d),

Ippm = (b2 dPe? acd®e?, a*b*d?e?, a*b? cPe, a®b*c2d).
Then, it is obvious that the lattice LCM(Ip q), shown as Figure 3, is
isomorphic to P. Furthermore, the labeling M is a weak coordinatiza-

ton of P. On the other hand, the lattice LCM(Mp,r¢) shown in Figure 4
is not isomorphic to P. It follows that M is not a coordinatizaton of P.

KR ONTA

FIGURE 2. P with a labeling. FIGURE 3. LCM(Ip,m).

FIGURE 4. LOCM(Mp ).

Lemma 3.3. Let M be a labeling of a finite atomic lattice P andp € P.
For each R € By, if b € supp(p) \ R, then A(D) | lem{A(r) : r € R}.

Proof. Suppose that A(b) { lem{A(r) : » € R}. Then, there is a
monomial 2% such that 2 { lem{A(r) : r € R}, where z* is the
highest power of = dividing A(b). Let

S={a€eR:z" |z(a)}

and z" be the highest power of z dividing A(a) for each a € S. Then,
Uug < up since " t lem{A(r) : r € R}. Moreover, it follows from
formula (3.1) that, for any a € S, there exist an element ¢, € P with
go > a and a set T, € By, such that z" is the highest power of x
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dividing lem{xz(t) : ¢ € T, }. Thus,
(3.2) x flem{z(t) : t € T,}

for each a € S since u, < up.

Next, let C' = J,cgTa U(R\ S). Clearly, we have

\Ve=V (\/Ta>v\/(R\S)

ceC a€sS

= \/Qav\/(R\S)

a€sS

>\ av\/(R\S)=p=>b

a€sS

and C' € By___ .. Using (3.1), we have A(b) | lem{z(c) : ¢ € C}. Thus,
(3.3) 2% | lem{z(c) : c € C}.

However, from (3.2), we know that, if ¢ € (J,cg Ta, then 2 { 2(c).
Moreover, if ¢ € R\ S, then z"* { z(c) by the construction of S.
Hence, z"* { lem{z(c) : ¢ € C}, contrary to (3.3). Therefore,
A®) [lem{A(r) : r € R}. O

Lemma 3.4. Let M be a labeling of a finite atomic lattice P. For all
p,q € P, if xo | myp and xo | mq imply p it q, then

x(a)

70 { Sed(A(a), 2(a)

for any a € atoms(P).

Proof. Let S = {s € P : xytms} and R = P\ S. Suppose that
ms = xs with s € S and m, = x5, where z{ is the highest power of
xg dividing m,. with » € R. Then, from the hypotheses of Lemma 3.4,
the labeling M = {m,, : p € P} satisfies the conditions of Lemma 2.7.
Thus, M is a coordinatization of P. Hence, by Lemma 3.2, M is a
weak coordinatization of P, and

(3.4) 2(a) = A(a)

for any atom a € atoms(P), where z(a) € M p 37 and A(a) € Ip 5.
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Now, assume that zg* and xST are the highest powers of x¢ dividing
z(a) and x(a), respectively, and 2> and x3> are the highest powers of
xo dividing A(a) and A(a), respectively. By Definition 2.6, we have
ay = a1, which, together with equation (3.1), implies that as = as.
Using (3.4), we have a; = az. Therefore, a; = ag, which means that

#(a)
! sed(A(a), 2(@) -

Theorem 3.5. Any labeling M of elements in a finite atomic lattice P
by monomials satisfying the following two conditions will yield a weak
coordinatization of the lattice P.

(C1) If p € mi(P), then my # 1.
(C2) If gcd(mp,mq) # 1 for some p,q € P, then eitherpH q, or

7gcd(mp7mq) #1, mp(q) = # 1,

and, if z,y € {s € P : ged(ry(p),ms) # 1} or z,y € {s € P :
ged(ry(q), ms) # 1}, then x }f y.

ra(p) = ng(mpﬂ myg)

Proof. The proof of Theorem 3.5 is comprised of several steps. Let
P’ be the lem-lattice of Ip pq. For b € P, define g : P — P’ to be the
map such that

(3.5) g(b) = lem{A(a;) : a; € supp(b)}.
Next, we shall show that g is an isomorphism from P to P’. Note that
g is well defined.

(A) Aa) + A®D) and A(b) 1 A(a) for any a,b € atoms(P) with
a #b. By Lemma 2.3, the condition a # b yields that mi(P) N [a] #
mi(P) N [b]. Moreover, a||b since a # b and a,b € atoms(P). Thus, by
Lemma 2.3,

Nfa] € mi(P)N[b] and mi(P)N [b] € mi(P)N [a].
Hence,
)N [al® € mi(P)N[b]¢ and mi(P)N [b]° € mi(P)N [a]®.
Therefore, there exists at least one element

(3.6) g € mi(P)N [a]® but g ¢ mi(P)N [b]°.
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We shall prove the following statement.

(3.7) There exists a variable x, | m, such that,

for all » € P, x4 | m, implies that ¢ }f r.

Indeed, since ¢ is meet-irreducible, condition (C1) of Theorem 3.5 yields
that mg # 1. Let y, be a variable satisfying y, | m,. Then, there are
two cases.

Case (1). If, for all » € P, y, | m, implies ¢ }f r, then, clearly, (3.7)
is true.

Case (2). If there is a t € P such that y, | m; but g||t, then
ged(my, mg) # 1. Thus, r(q) # 1 by condition (C2) of Theorem 3.5.
Let

xq|ri(q) and Cp={ue P:xy|my}

Then, ¢ € Cy and
Cy C{s e P:ged(riq), ms) # 1}.

Again, by Theorem 3.5 (C3), z }f y for any z,y € {s € P :
ged(re(q), ms) # 1}, ie., {s € P : ged(ri(q), ms) # 1} is a chain in P.
Thus, the condition C, C {s € P : ged(ri(q), ms) # 1} means that C,
is a chain in P. Note that x, | my. Therefore, by the construction of
Cy, we have that, for all » € P, x, | m, implies that ¢ }f r, i.e., (3.7) is
true. In view of Cases (1) and (2), (3.7) holds.

Now, let z, be a variable of m, such that (3.7) holds, and let
D, ={veP:z,| my} Then, ¢ € D, Suppose that p € [b]°
satisfies =, | m,. Then, p } ¢ by (3.7). Note that p # ¢. Thus, either
g<porp<gq. If g<p,thenqe |p|] C[b]°bype [b]°and Lemma
2.8, contrary to (3.6) such that p < ¢. Therefore, for all p € [b]¢, if
zq | mp, then p < ¢. Furthermore, from the construction of D,, we
know that, if z € D, N [b]¢, then z < ¢q. Note that ¢ € [a]® by (3.6).
Thus, z < ¢ € [a]¢, and it follows from Lemma 2.8 that z € [a]°. Thus,
D, N [b]® € D,N[al® Note that ¢ € [a]®,q € D, and ¢ ¢ D, N [b]°.
Therefore,

(3.8) D,N[b]¢ € D,N[al

Finally, let xg¢ be the highest power of z, dividing z(a). Then,
by the construction of D, and formulae (2.1) and (3.8), we know that
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a8t z(b). Note that A(b) | 2(b). Thus,

(3.9) wse f AD).

On the other hand, by statement (3.7), z, fulfills the conditions of
Lemma 3.4. Thus,

(3.10) xye is the highest power of z, dividing A(a).

Therefore, A(a) 1 A(b) by (3.9). Similarly, we can prove that A(b) ¢
A(a).
(B) Obviously, the map g is meet-preserving.

(C) The map g is join-preserving. Let p,q € P. Obviously, supp(p)
U supp(q) C supp(p V ¢). Now, let

Tpvq = supp(p V q) \ (supp(p) U supp(q)).

Then,
glpVq) =g Vg(q) Viem{A(a,) : ay € Tpyq}-

If Ty = 0, then g(pV q) = g(p) V g(q) V1Iem@ = g(p) V g(q). Next,
suppose that Tpyg # 0. Then, by Lemma 3.3,

lem{A(ay) : ay € Tpvg} | lem{A(a,) : a, € supp(p) Usupp(q)}

since supp(p) U supp(q) € Bpvq. Therefore, g(p V q) = g(p) V g(q), i.e.,
the map g is join-preserving.

(D) The map g is surjective. Assume that p’ € P’. Then, p’ =
lem{A(a;) : @ € I} with a; € atoms(P) for each i € I. Let
b= \V,crai € P. Then, {a; : i € I} € By. Thus, by Lemma 3.3,
A(aj) | lem{A(a;) : ¢ € I} for all a; € supp(b) \ {a; : ¢ € I'}. Therefore,

g(b) =lem{A(a;) : a; € supp(b)} = lem{A(a;) : i € I} =p/,

which means that g is surjective.

(E) The map g is injective. Equivalently, we only need prove that
a = bwhen g(a) = g(b). For any a,b € P, distinguishing two situations,
we can have either 0 € {a,b} or a,b € P\ 0. In the first case, we have
g(a) = g(b) = g(0) = 1. Obviously, a =0 = b by (3.5) and statement
(A). In the second case, the proof will be completed by two parts.



FINITE ATOMIC LATTICES 2517

(i) Suppose that b £ a. In this case, we easily see that

(3.11) g(b) = lem{A(a;) : a; € supp(b) Nsupp(a)}
Vilem{A(a;) : a; € supp(b) \ supp(a)}.

From b £ a, supp(b) \ supp(a) # 0. Now, let a, € supp(b) \ supp(a).
Then, a, < b; however, a, £ a, which, together with a, € atoms(P),
yields that a,||a. Thus, by Lemma 2.3, we have that

mi(P) N [a,] € mi(P)N[a] and mi(P)N [a] € mi(P)N [a,],
and consequently,
mi(P) N [a]® € mi(P) N [a,]¢ and mi(P)N[a,]® ¢ mi(P)N [a].
Hence, there exists an element ¢ such that ¢ € mi(P) N [a,.]¢, but

g ¢ mi(P)N[a]®. Let a,, € supp(a). Then, a,, < a, which implies that
[am ¢ Nmi(P) C [a]® Nmi(P). Thus, ¢ ¢ mi(P) N [an,]°. Therefore,

(3.12) ¢ ¢ mi(P) N [a;]°
for all a; € supp(a).

By statement (3.7), there exists a variable z, in m, such that, for
all r € P, z, | m, implies that ¢ Jf 7. Let x3"" be the highest power of

x4 dividing x(a,). Then, similarly to the proof of formula (3.10), we
have z3"" | A(a,). Thus,

g | lem{A(a;) : a; € supp(b) \ supp(a)}

Sa

since a, € supp(b) \ supp(a). Therefore, z"" | ¢(b) by (3.11).
Furthermore, similarly to the proof of formula (3.9), from (3.12) we
have that, for all a; € supp(a), zg*" t A(a;). Thus, 3" t g(a).
Consequently, g(b) 1 g(a), contrary to g(a) = g(b). This yields b < a.

(ii) Similarly to the proof of (i), the condition a ¢ b will show a
contradiction. With (i) and (ii), we know that a = b if g(a) = g(b) in
the case where a,b € P\ 0. Therefore, the map g is injective.

From (B), (C), (D) and (E), g is an isomorphism from P to P’.
Furthermore, by (3.5), M is a weak coordinatization of P. O

The following two examples will illustrate Theorem 3.5.
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Example 3.6. Let P be a finite atomic lattice with a labeling as in
Figure 5. It is easy to see that the labeling of P satisfies the conditions
of Theorem 3.5 and does not satisfy the conditions of Lemma 2.7.

ac €

a € m

FIGURE 5. The lattice P with labeling M.  FIGURE 6. LCM(Ip ).

We can clarify that Ip e = (€2m,acm?, a’ce), and LOM(Ip ) is
isomorphic to P (see Figures 5 and 6). Moreover, we can verify that
M is a weak coordinatization and Ip ap = Mp .

Example 3.7. We consider the finite atomic lattice P, again with
labeling as in Figure 2. We can verify that the labeling of P satisfies
the conditions of Theorem 3.5 and does not satisfy the conditions of
Lemma 2.7. Moreover, the labeling M is a weak coordinatization, and

Ip s # Mp -

Remark 3.8. From Theorem 2.10, if the monomial ideal M = Mp
with the labeling M satisfies the conditions of Lemma 2.7, then
D = M. On the other hand, by Lemma 2.9, we know that, if the
monomial ideal M = Ip a4 with the labeling M satisfies the conditions
of Theorem 3.5 and does not satisfy the conditions of Lemma 2.7,
then M must induce a new labeling D which is different from M and
Dpp =1Ippm =M.

4. Finite super-atomic lattices. Let £(n) be the set of all finite
atomic lattices with n ordered atoms. L£(n) has a partial order where
@ < P if and only if there exists a join-preserving map which is a
bijection on atoms from P to @ (note that such a map will also be
surjective) [10].

In this section, we shall discuss the structure of lattice £(n). We
first define a finite super-atomic lattice and then give an algorithm to
find all of the finite super-atomic lattices in L(n).
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Definition 4.1. A finite atomic lattice P is called super-atomic if it
satisfies that, for each p € (P \ atoms(P)) \ 0, there exists a Ty =
{a1,a2} € B, such that Ty C T for any T € B,,.

For example, the finite atomic lattice P, shown in Figure 7, is super-
atomic.

/ AN

FIGURE 7. A finite super-atomic lattice.

Theorem 4.2. A lattice P is super-atomic if and only if, for each
p € (P\atoms(P))\ 0, there exists a {a1, a2} € B, such that supp(p) \
a1 € Sp and supp(p) \ az € Sp.

Proof. Suppose that P is super-atomic. Then, there exists a {a1,as}
€ B, for each p € (P \ atoms(P)) \ 0. Now, assume that supp(p) \ a1 ¢
Sp. Then,

supp(p) 2 \/  supp(@) = \/  {a} 2 supp(p) \ a1,

a€supp(p)\a1 a€supp(p)\a1

in which V/ is the join of (Sp, C). Thus,

(4.1) \/  supp(a) = supp(p).
a€supp(p)\a1

From the definition of Sp, (Sp, C) is the same as lattice P. Thus,
(4.2) supp(q) corresponds to ¢ for each g € P,
and,

(4.3) for any S € Sp, there exists a ¢ € P such that S = supp(q).
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Therefore, by formulas (4.1) and (4.2), we have \/ cqoina, @ = Py
which means that supp(p) \ a1 € B,. Since P is super-atomic, there
exists a Ty = {b1,b2} € Bp such that Ty C supp(p) \ a1 ({a1, a2}, a
contradiction; therefore, supp(p) \ a1 € Sp. Similarly, we can prove
that supp(p) \ as € Sp.

Conversely, let p € (P\atoms(P))\0. Then, by the hypothesis, there
exists a {a1,as} € B, such that supp(p)\a1 € Sp and supp(p)\az2 € Sp.
Note that T C supp(p) for all T € B,,.

Next, we prove that {ai,a2} C T for all T € B,. If there exists a
T € B, such that {a1,az} € T, then either \/,.p{a} = \/ crsupp(a) C
supp(p) \ a1 € Sp or \/ ,cpia} =V, ersupp(a) C supp(p) \ a2 € Sp.
From (4.2) and (4.3), in any case, we have that \/, ., a < p is contrary
to T € B,. Hence,

(4.4) {a1,a2} CT forall T € B,,.

Therefore, by Definition 4.1 and (4.4), P is a finite super-atomic
lattice. 0

From Definition 4.1 and Theorem 4.2, we obviously have the next
lemma.

Lemma 4.3. Let P be a super-atomic lattice in L£(n) with atoms(P) =
{1,2,...,n} and n > 2. Then, (Sp,C) satisfies the following state-
ments:

(D1) {0,{1},...,{n},{1,...,n}} C Sp.

(D2) If S € Sp \ {0,{1},...,{n}}, then there exist two different
atoms {i},{j} € Sp such that S = {i} V {j} and S\ k € Sp for any
ke {ij}.

(D3) Let 51,82 € Sp. If S1 = {u}V{v}, So = {k}V{h} and S1||S2,
then {u,v} € So and {k,h} ¢ Si.

In what follows, we shall suggest an algorithm to construct all finite
super-atomic lattices in £(n) with n > 2.
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Algorithm 4.4.

Input: X ={1,2,...,n}.

Output: S*.

Step 1. Take Sy = {0},8 = {{1},....{n}}, S, = {X}, & =
SgUSl USn and k := 0.

Step 2. If n — k = 2, then go to Step 7.

Step 3. For any S € Sp—k, take §(S) = {ig,js} C S satisfying
8(S)LT forallT € S,y \ S.

Step 4. Sn—k—l = USGSn,k{S\iS7S\j5}'

Step 5. k:=k+ 1.

Step 6. §* :=8*US,,_k, and go to Step 2.

Step 7. Stop.

Theorem 4.5. Fvery output (S*, C) in Algorithm 4.4 is a finite super-
atomic lattice in L(n). Furthermore, every finite super-atomic lattice
in L(n) can be constructed by Algorithm 4.4.

Proof. Throughout the proof, let \/§(S) = {is} Vv {js} for any
S € 8\ (So|JS1). First, we shall prove that every output (S*, Q)
in Algorithm 4.4 is a finite super-atomic lattice in four steps, below.

(B1) Obviously, (S§*, C) has a minimum element ) and a maximum
element {1,...,n}.

(B2) If S € §*\ (51 USop), then S =V §(S5).
Observe that there exists a t € {2,...,n} such that S € S, and

(4.5) 8S)ZLT
for all T € S§; \ S by Algorithm 4.4. Set
(4.6) D={DeS":6(5) CD}
and

D, ={D : D is a minimal element of D}.

Let D € D,. We claim that D ¢ S, for any integer v with 0 < u < t.
Indeed, if D € S,, then there exists a G € &; such that D C G by
Algorithm 4.4. Thus, §(S) C G, which, together with (4.5), yields that
G = S. Therefore, D C S\ig or D C S\ js by Algorithm 4.4, contrary
to 6(S) C D.
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Below, assume that D € S, with n > v > t. Now, we shall prove
v = t. Suppose that n > v > t. From Algorithm 4.4, there exists an
R € S, such that R 2 S. There are two cases.

Case (1). If D = R, then D D S, contrary to D € D, since S € D.

Case (2). Let D # R. We first claim that (D) = §(S5). Otherwise,
either §(S) C D \ip € Dor 6(S) C D\ jp C D, contrary to D € D,.
Hence, (D) = 6(S) € S C R, contrary to §(D) € R since R # D and
both R and D in S, (see (4.5)).

Cases (1) and (2) imply that v = ¢. Therefore, D = S by formulas
(4.5) and (4.6), which means that D, contains exactly one element S
and S =\/4(9).

(B3) If S1, 52 € S§*, then S; V Ss exists in S*. Obviously, if Sy }f Sa,
then 51 V SQ = Sl or Sl \/SQ = SQ.

Next, suppose that S1]|S2. Observe that S; and Sy are not in Sp.
There are three cases.

Case (i). If S1 = {i},S2 = {j} and i # j, then S; V S exists in S*.
In this case, set

M={SeS" :{i,j} CS}
and

M, ={S: S is a minimal element of M}.

Note that M # (. Hence, M, # (). Assume that S € M,. Then,
S eS8\ (S1USo). Thus, by (B2), S =\ 4(S5). If {i,5} # 6(S), then
{i,j} €S \is €S or {i,j} €5\ js €S by Algorithm 4.4, contrary
to the fact that S € M,. Therefore, {i,j} = 6(5), which means that
S1VSy=85¢€S8*.

Case (ii). If Sy = {i} and Sy € §*\ (S1JSo) with ¢ ¢ S5, then
Sy V Sy exists in S*. Indeed, by (B2), S = V §(S2). Suppose that
S1V Sy does not exist in §*. Then, §* contains two different minimal
elements containing Sy |J Sa, say Sg,Sp. Clearly, S,|Sp.

We claim that

(4.7) 6(Sa) € {isis,, js,} and  6(Sa) # 6(S2).
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Suppose that 6(S,) ¢ {i,is,, js,}. From Algorithm 4.4, {i,is,, js,} C
Sa \is, € S8* or {i,is,,js,} € Sa\ijs, € S*. From Sy = \/§(S2), if
{i7i527j52} C Sa \ 7;,5‘07 then

Sl JS2 € Sa\is, C Sa,

a contradiction. Similarly, we can prove that {i,is,,Jjs,} C S. \ Js, €
S§* will show a contradiction. Therefore, §(S,) C {i,is,,7s,}. Now,
assume that §(S,) = §(S2). Then,

Sa=\/0(Sa) = \/ 6(S2) = 52,

which implies i € Ss, a contradiction.

Arguing as in formula (4.7), we have
(48) (5(5[,) - {i,i327j52} and (5(51,) 7é 5(52)
Formulas (4.7) and (4.8) imply that both §(S,) and §(S,) are equal to
{i,is,} or {3, js,}. We claim that
(49) 5(S) # 6(5).
Indeed, if 6(S,) = 6(Ss), then

Sa=\/0(Sa) = \/ 6(Ss) = S,

contrary to Sg||Sy. Thus, if 6(S,) = {i,is,}, then 6(Sy) = {i,7js,}-
Clearly, {i,js,} C Sq \ is, € S*. Thus,

Sy =\ 6(S) = {i} V {is,} € Sa \is, & Sa,

contrary to S,|Sp. Similarly, we can prove that §(S,) = {i,js,} will
show a contradiction. Therefore, S7 V Sy exists in S*.

Case (111) If S1, Sy € §* \ (81 USO) and SlHSQ, then S; V Sy exists
in §*. First, if §(S1) C S, then \/ §(S1) = S1 C Ss, a contradiction.
Thus, §(S1) € So. Similarly, we can prove 6(S2) € S.

Assume that S7 V S> does not exist in §*. Then, S* contains two
different minimal elements containing S |JS2, say C1,Cs. Clearly,
C4]|Cs. Similarly to the proof of formula (4.7) in Case (ii), we can
prove that

(4.10)  8(Cy) C 6(S1)U(Sa),8(C1) # 6(S1) and  6(Cy) # 6(Ss).
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Using (4.10), we know that 6(C7) equals one of the four sets {is,is, },
{isi ds: b {Usiyise by {sisdss b

Similarly, we can prove that 6(Cs) also equals one of the four sets
{isisiso ), {isy,dso b {dsisisa} {dsesdsa }

Similarly to the proof of formula (4.9) in Case (ii), we can prove
§(Ch) # §(Cs). Now, suppose that §(C1) = {is,,%s,}. Then, Cy \ ig,,
C1\is, € 8* by Algorithm 4.4. If 6(Cs) = {is,, js, }, then

Co = {is, } V{js.} € C1\is,,

contrary to C1||Cy. All of the other cases may be similarly proven,
yielding a contradiction. Therefore, S7 V Ss exists in S*.

(B4) (8%, ©) is super-atomic. From (B1), (B2), (B3) and Definitions
2.1 and 2.2, (8%, Q) is a finite atomic lattice.

Next, we shall prove that (§*,C) is super-atomic. Suppose that
SeS*\(S1USy) and T € Bg. Note that \/ T = S. If {is} ¢ T, then
UT C S\ ig € 8*, which implies \/T C S\ ig, contrary to \/ T = S.
Thus, {is} € T.

Similarly, we have {js} € T. Hence, {{is},{js}} C T. Again, by
(B2), {is}V {js} =V d(S) =S, which means that {{is},{js}} € Bs.
Thus, by Definition 4.1, the lattice (§*, C) is super-atomic.

We shall finally prove that every super-atomic lattice in £(n) can be

constructed by Algorithm 4.4. Let (S, C) be a super-atomic lattice in
L(n). For each 0 < i < n, define

Ti={SeS:|S| =i}

s=nJnU U

In what follows, we prove that there is an output S* by Algorithm 4.4
such that §* = S. In fact, from Algorithm 4.4, we know that
S§* = SUSU---USn.  Therefore, in order to construct S* by
Algorithm 4.4 such that S* = S, we merely need to construct S; such
that 7, = S; for all 0 <7 < n.

First, by Algorithm 4.4 and (D1) in Lemma 4.3, we have

Then,

(4.11) T.=8; forallie{0,1,n}.
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Then, by (D2), there exist {i®},{j°} € 71 such that {i°} v {j°} = S
for each S € T, with n > 2. Since T, = S, by (4.11), we can take
§(8) = {i®,j°} in Step 3 of Algorithm 4.4 for all S € S,. Thus,
Tn-1 2 Sn—1, by Step 4 and (D2).

We claim that 7,_1 = S,,_1. Otherwise, there exists a W € T,,_1
such that W ¢ S,,_;. Let K € S with K > W. Then, by (D2), there
exist {i%},{j%} € 71 such that {i¥} v {j&} = K. If {i¥ j&} C W,
then

K={"}v{j"} W <K,

a contradiction. Thus, {i’,j5} ¢ W. It follows from (D2) that
WCK\if <K or WCK\j¥ <K,

which means that W = K \ i¥ or W = K \ j¥. Therefore, K € T,
which, together with 7,, = S,, yields that W € S, _; since §(K) =
{i¥, 75}, a contradiction.

Similarly, we can construct 7, = S, by taking §(T) = {iT, T} for
any T € Tp41, in which {iT}, {j7} € 71 and {i"} v {jT} = T for all
2 < h <n—2. Consequently, 7; = &; for all 0 <7 < n. O

The next example will illustrate Algorithm 4.4.

Example 4.6. Let n = 3. Then, by Algorithm 4.4, we have three
super-atomic lattices in £(n), as follows:

9 = {Q)v {1}7 {2}5 {S}v {172’3}’ {1’2}’ {1,3}}7
Qo = {Q)a {1}7 {Q}a {3}7 {172a3}a {1’2}7 {273}}7
Q3 = {@7 {1}7 {2}a {3}7 {17213}7 {173}7 {273}}'

It can easily be verified that (Qq,C), (Q2,C) and (Qz,C) are all the
super-atomic lattices in £(n).

5. Specific labelings. In [9], there are three specific coordinatiza-
tions, i.e., minimal squarefree, minimal depolarized and greedy; we can
see that all of them are based on the labeling described as in Lemma 2.7.

In this section, we shall give a type of labeling on a lattice P which
does not satisfy the conditions of Lemma 2.7 and show the conditions
that our labeling is either a coordinatization or a weak coordinatization.
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Let P € £(n) with atoms(P) = {a1,aq,...,a,}. We define a label-
ing C of P as C = {m, : p € P\ 0}, where

(5.1) my, = H ai,

a; Esupp(p)
in which every a; means both an atom in P and a variable in labeling C.

In what follows, let
b ={pePia<p<b} and N(fa,b]) =|[a,b]

for the purposes of convenience.

Theorem 5.1. Let P € L(n). For each p € (P\ atoms(P))\0, if there
exist a;, a; € supp(p) such that p = a;Va,; and N(larVag,1]) < N([p,1])
for a fized number r € {i,j} and all aj, € atoms(P) \ supp(p), then the
labeling C of P, as defined by (5.1), is a weak coordinatization.

Proof. For b € P, define g : P — LCM(Ip¢) to be a map such that
g(b) = lem{A(u) : u € supp(b)}.

The main part is to show that g is an isomorphism of lattices. Similarly
to (B), (C) and (D) in the proof of Theorem 3.5, we can prove that
the map ¢ is meet-preserving, join-preserving and surjection. Thus, we
only need show that ¢ is injective. The proof will be split into two
parts.

(%) Let ay,a, € atoms(P). Then, a, | A(ay,) if and only if a, # a,.
Suppose that a, | A(ay). From formula (5.1), a, | m, if and only if
p > ay. Thus, ay 1 z(ay) by (2.1). This means that a, 1 A(a,) since
A(ay) | x(ay). Therefore, a, # a,.

Conversely, assume that a,, € atoms(P) \ a,. Then, a, € [ay]°.
Thus, a, | z(a,) by equations (2.1) and (5.1). On the other hand, let

Fe |J B,

pP>ay

Then, \/ F > a, such that a, # \/ F since a,, # a,. Thus, there exists
an a, € F such that a, # a,. Hence, a, | lem{x(a;) : a; € F}. This,
together with equation (3.1), implies that a, | A(ay).



FINITE ATOMIC LATTICES 2527

(¥x) The map g is injective. Clearly, if 0 € {a,b} and g(a) = g(b),
then g(a) = g(b) = g(0) = 1, which implies that a = 0 = b. Next, let
a,b € P\ 0 and g(a) = g(b).

Now, we shall prove a = b. Suppose that b £ a. Then, we have
either a € atoms(P) or a € (P \ atoms(P)) \ 0. In the first case, we
have supp(b) \ supp(a) # (. Thus, there exists a ¢ € supp(b) \ supp(a).
By statement (x), a ¥ A(a) and a | A(e). Therefore, a | g(b) and
atg(a), a contradiction.

In the second case, let a; € atoms(P) \ supp(a). Then, by the
hypothesis of the theorem, there exist two elements a;,a; € supp(a)
such that a = a; V a; and N([a; V ax,1]) < N([a,1]) (set r = j). For
convenience, let a;” be the highest power of a; dividing z(a,) for each
ay € atoms(P). Clearly, by (2.1)

x(ag) = H my = H My, * H Mgy-
g€far]® q1€lar]°Nlay] g2€far]°N[a;]°

Thus, by (5.1), nr = |[ar]° N [a;j]|. On the other hand, [ax]°N[a;] =
[a;,1]—[a; V ax, 1] such that ny = N([a;, 1]) — N([a; Vak, 1]). Similarly,
n; = N([a;,1]) — N([a; V ai,1]). Therefore,

(52) nkfm:N([aj\/ai,l])fN([aj\/ak,l])
= N([av 1]) - N([aj Vag, 1]) > 1.

Let » > ag. Suppose that T € B,. We claim that there exists an
a; € T such that a; € atoms(P) \ supp(a). Otherwise, T" C supp(a),
which means that

ap <r= \/T < \/Stlpp(a) =a,
contrary to aj ¢ supp(a). Hence, ny —n; > 1 by (5.2). Thus,
(5.3) a?”‘l | lem{z(ay) : @, € T}.
Below, let a;-ny be the highest power of a; dividing A(a,) for each

a, € atoms(P). Thus, my > n;+1 by formulas (3.1) and (5.3). Clearly,
m; < n,; since A(a;) | x(a;). Therefore,
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Clearly, there exists an ay € supp(b) \ supp(a) C atoms(P) \ supp(a)
such that as V a. = b for some a., € supp(b). It follows that g(b)
= lem{A(as), A(ae)} since g is join-preserving. Now, let a7* be the
highest power of a; dividing g(b). Then, m > m,. Using formula (5.4),
mg > n; > m;. Thus, m > mg > m;.

On the other hand, g(a) = lem{A(a;), A(aj;)}. By statement (x),
we have a; { A(a;). Thus, a7" is the highest power of a; dividing
g(a). Since m > mg; > m;, we finally have that g(b) 1 g(a), a
contradiction. Therefore, the assumption of b £ a yields a contra-
diction. Consequently, b < a.

Similarly, we can prove that a < b; it follows from b < a that a = b
finally. a

Remark 5.2. The labeling C as defined by (5.1) need not satisfy
condition (C2) generally. For example, consider the lattice shown in
Figure 8.

FIGURE 8. The lattice P with a labeling C.

Clearly, the lattice P satisfies the conditions of Theorem 5.1, and its
labeling C yields that Ipc = {b*c*d,acd?, a®b*d?, a®b*c®}. It can be
verified that LCM(Ip¢) = P. Obviously, the labeling C is a weak
coordinatization, and it does not satisfy condition (C2).

Theorem 5.3. Let P be a super-atomic lattice. Then, the labeling C
of P as defined by (5.1) is a coordinatization if and only if, for each
p € (P \ atoms(P)) \ 0, either

N(las V ak, 1) < N(ja, V g, 1])
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N([a; V ag,1]) < N([a, V ag, 1])

for any ax,a, € supp(p), where {a;,a;} € B,.

Proof. Let C be a coordinatization. Then, there exists an isomor-
phism
g: P— LCM(CP’(:),

with g(a) = z(a) for each a € atoms(P). Suppose that p € (P \
atoms(P)) \ 0 and there exist ag, a, € supp(p) such that

N(lai V ag,1]) > N([a, V ax, 1])
and
N(la; V ag, 1]) > N([a, V ax, 1]),

where {a;,a;} € B,. Let aZy be the highest power of a; dividing
x(ay) for any a, € atoms(P). Then, similarly to the proof of (5.2),
we have n, > n; and n, > n;. Thus, a;” { lem{z(a;),z(a;)}, ie.,
z(ar) tlem{x(a;), z(a;)}. Note that g(p) = lem{z(a;), z(a;)}. Hence,
z(ar) { g(p). However, a, € supp(p) yields that g(a,) = z(a;) [ g(p), a
contradiction.

Conversely, suppose that, for all p € (P \ atoms(P)) \ 0, either
N([a; V a, 1]) < N([ar V ag, 1])

or
N(la; V ag,1]) < N([a, V ax, 1])
for any ay,a, € supp(p), where {a;,a;} € By.

In what follows, we first prove that A(a) = z(a) for all a € atoms(P).
The proof will be completed in two parts.

(E1) Let p € (P \ atoms(P)) \ 0 and {a;,a;} € B,. Now, we prove
that

(5.5) z(as) | lem{z(a;), z(a;)} if as € supp(p) \ {ai,a;}.
Since P is super-atomic,

(5.6) a;Vas, <p and a;Vas<p.
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Ny

Let a; € atoms(P) and a,” be the highest power of a; dividing x(ay)
for any a, € atoms(P). We claim

lem{z(a;), x(a;)}.

If a; = as, then, clearly, ny = 0. It follows that (5.7) holds. If a; # as,
then there are two cases.

(5.7) am

Case (1*). Suppose that a; ¢ supp(p). Then, a; Va; Va; V as =
pVa; > p. Thus,

a;Va; #a;Va;VaVas,
a;Vas #a; Va;VarVag

and
a; Vas#a;VajVaVag

by (5.6). We claim that as V a; # a; V a; V a; V as. Otherwise, as V a;
=a;Va;Va since a; Va;Va, =a;VajVagVas, which, together with
P is super-atomic, yields s = ¢ or s = j, a contradiction. Therefore,
either a;Va;VagVas=a;Vagora;Va;VaVas=a;Vag.

Obviously, a; V a; V a: V as = a; V a; implies that
asVag <a;Va;VaVas=a;Va.

Thus, N([as V at,1]) > N([a; V at,1]). Similarly to the proof of (5.2),
we have ng < n;. It follows that

lem{x(a;), z(a;)}

Similarly, we can prove that a}'* | lem{z(a;), z(a;)} when a; Va; Va, VvV
as = a; V a;. Therefore,

a;* | lemf{z(as), z(a;)}

in the case of a; ¢ supp(p).

N
ay

Case (2*). Suppose that a; € supp(p). From the hypotheses, either
N([a; V at,1]) < N([as V az, 1])

N([a; Vat,1]) < N([as V at, 1]).
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In the first case, similarly to the proof of (5.2), we have ny < n;. Thus,
ay* | lem{z(a;),x(a;)}. Similarly, we can prove a;* | lem{z(a;), z(a;)}
when N([a; V ai,1]) < N([as V a,1]). Hence,

lem{z(a;), z(a;)}

in the case of a; € supp(p). Therefore, from Case (1*) and Case (2%),
we know that (5.7) holds if a; # as.

From the definition of C, we have that, if z is a variable of z(as),
then z € atoms(P). Thus, by formula (5.7)

ng
ay

z(as) | lem{z(a;), z(a;)} if as € supp(p) \ {a:, q;},
ie., (5.5) is true.
(E2) We shall prove that

(5.8) A(a) = z(a)
for each a € atoms(P). Indeed, let ¢ € P and g > a. We claim that
(5.9) z(a) | lem{z(r) : r € T}

for any T' € B,. If ¢ = a, then, clearly, (5.9) holds.

If ¢ > a, then there exist a,,a, € supp(q) such that a, V a, = q.
Since P is super-atomic, a,, a, € T for any T € B,. Using (5.5),
we have that z(c) | lem{z(ay),z(a,)} for all ¢ € supp(q). Note that
a € supp(q). Thus, z(a) | lem{x(ay), z(ay)}. Therefore, (5.9) is true.

Formula (5.9) implies that
x(a) | lem{z(r) : r € T}
for any T' € By if ¢ > a. Thus, z(a) | A(a) by (3.1). Note that
A(a) | x(a). Therefore, A(a) = x(a), i.e., (5.8) holds.

In order to prove that C is a coordinatization, by Lemma 3.2, it
suffices to prove that C is a weak coordinatization. For ¢ € P, define

g: P— LCM(Ipc)
to be a map such that
(5.10) 9(q) = lem{A(w) : w € supp(q)}.

Obviously, ¢ is meet-preserving, join-preserving and a surjection by
(B), (C) and (D) in the proof of Theorem 3.5. Thus, we only need
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prove that g is injective. Clearly, if g(u) = g(v) and 0 € {u,v}, then
u=0=nwv.
Next, suppose that g(u) = g(v) and w,v € P\ 0. We shall

prove u = v. Indeed, if v £ wu, then supp(v) \ supp(u) # 0. Let
a; € supp(v) \ supp(u). There are two cases.

Case (k1). If u € atoms(P), then by statement () in the proof of
Theorem 5.1, u 1 A(u) and v | A(ay). Hence u | g(v) and u 1 g(u),
contrary to g(u) = g(v)

Case (k2). If uw € (P \ atoms(P)) \ 0, then, there exists an
{ai,a;} € By,. Thus,

(5.11) g(u) =lem{A(a;), A(aj)}.

Obviously, v = a; V a; # a; V a; V a; since a; f u. Thus, either
a;Va; =a;Va;Va;oraVa; =a;Va;Va;. In the first case, note
that a; V a; > a; V a;. Then,

N([aj V a;,1]) > N([at V a;, 1]).

Let a;? be the highest power of a; dividing z(a;) and a}'* the highest
power of a; dividing z(a¢). Similarly to the proof of (5.2), ny > n;.
Thus, z(a;) t z(a;). Again, by statement (x) in the proof of Theorem
5.1, a; 1 z(a;) since x(a;) = A(a;), and this means that x(a:) 1 z(a;).
Therefore, x(a;) t lem{z(a;),z(a;)}. As Aa) = z(a) for any a €
atoms(P), we have

Aar) flem{A(aq), A(az)}-

From formulas (5.10) and (5.11), we have A(a¢) 1 g(u), but A(ay) | g(v)
since a; € supp(v), contrary to g(u) = g(v). In the second case, with
an analogous proof to the first case of a; V a; = a; V a; V aj, we can
deduce a contradiction.

Cases (k1) and (k2) tell us that the assumption of v £ u will yield
a contradiction. Hence, v < u. Arguing as above, we can prove that
u < wv. Therefore, u = v. Consequently, g is injective. O

Using Theorem 5.3, we can determine whether the labeling, defined
by (5.1), of a super-atomic lattice is a coordinatization.

As a conclusion of this section, we shall consider when the labeling,
defined by (5.1), of a non-super-atomic lattice is also a coordinatization.
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Lemma 5.4. Let P,Q € L(n) with atoms(P) = atoms(Q) = {1, 2,
oot If Sp\ Sg = {S}, then S is meet-irreducible in (Sp, C).

Proof. If S is not meet-irreducible in (Sp,C), then there exist two
different elements Sy, Sy € Sp such that S| > S and S5 > S in lattice
(Sp,C). Note that S, S> € Sg. We claim that \/,.¢{t} = S; in lattice
(Sg, ). Otherwise, we have

v{t}:R§S1

tesS

for some R € Sg in lattice (Sg, C). Clearly, S € R C S;. Since S ¢ Sg,
S # R, which means that S C R. Therefore, S C R C S;, which,
together with S, R, S; € Sp yields that S; # S in lattice (Sp,C), a
contradiction. Consequently,

\Vith =51 i (Sq.C).
tes

Similarly, we also have
Vit} =5 i (Sq.C).
tes

Therefore, S; = So, contrary to S; # Ss. O

Let P € L(n) with atoms(P) = {a1,as,...,a,}. Next, we denote
by Cp the labeling of P defined by (5.1), that is,

me = H a;

a;Esupp(c)

for any ¢ € P\ 0. Note that (Sp, Q) is the lattice corresponding to P,
see Section 2. Then, for any C' € Sp \ ), we have that

mc = H A,

a; €C

where C' corresponds to ¢. Again, we denote by xp({a;}) the monomi-
als corresponding to (Sp, C) defined by (2.1). Then, we define Cs, ¢,
as the ideal generated by monomials zp({a;}) for each i € {1,2,...,n}.
We denote by Ap({a;}) the monomials corresponding to (Sp,C) de-

fined by (3.1), and define Is, ¢, as the ideal generated by monomials
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Ap({a;}) for each i € {1,2,...,n}. Then, we have the following theo-
rem.

Theorem 5.5. Let (Sg, <), (Sp,<),(Sr,C) € L(n) and (Sg,C) be a
super-atomic lattice. If Sp C Sr, Sp \ Sg = {S} and Cp are a coor-
dinatization, then Cq 1is a coordinatization if and only if Ag({ak}) =
zg({ax}) for any k € {1,2,...,n}.

Proof. We only need show the sufficiency of the theorem since
the necessity is obvious. First note that Is,c, = Csgyc, since
AgHar}) = zg({ax}) for any k € {1,2,...,n}. Define a map

h: (SQ, g) —> LCM(ISQ’CQ) = LCM(C‘SQ’CQ)
as
h(C) =lem{Ag({a;}) : a; € C} =lem{zg({a;}) : a; € C}

for any C' € Sg. According to Lemma 3.2, we merely need to prove
that Cg is a weak coordinatization, i.e., we only need prove that h is
an isomorphism. By (B), (C) and (D) in the proof of Theorem 3.5, we
can verify that h is meet-preserving, join-preserving and surjective.

Now, we shall prove that A is injective. For C' € Sp, we define a
map

g: (Sp, g) — LCM(OSP,CP)

such that
9(C) =lem{zp({a;}) : a; € C}.

Obviously, g is an isomorphism from (Sp, C) to LCM(C's, ¢, ) since Cp
is a coordinatization.

By Lemma 5.4 there exists exactly one element T' € Sp such that
T > S in lattice (Sp,C). Clearly, S ¢ atoms(Sp) J{0}. If a; €
{a1,a9,...,a,}\ S, then S & [{a;}]p since {a;} € S. Thus, [{a;}]p
= [{a;}]q, which implies that
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(5.12) roa;})= ] me= IT me

Cel{a; 11§ CeSo\[{a;}e

_ Heespnarme _ zp({ay})

ms [la,esai’

Ifa; € S, then S € [{a;}]p since {a;} € S. Thus, [{a;}]r = [{a;}]0
U {S}, which implies that

(5.13) zo{a;h)= J[ me= J[ mc

Cel{a; 1§ CeSo\[{a;}a
= [T  me==r{a}).
ceSp\[{a;}1p

The proof is completed using three parts.

(I) Let Cl, Dy € SQ If h(Cl) = h(Dl) and Cq C D+, then Cy = Ds.
Suppose that Cy # D;. Then, C; € D;. Thus, there exists a C € Sg
such that

(514) Cl =< CZ - D1 in (SQ, Q),
and
(5.15) h(C1) = h(C2)

since h is meet-preserving. Clearly, if C; = ), then A(Cy) =1 = h(Dy),
which implies that Cy = Dy.

Next, we suppose that C; € Sg \ 0. If C; € atoms((Sg, C)), then let
Cy = {ay}. Clearly, there exists an {a,} C Cy such that {a,} # {a,}
by (5.14). From statement (%), we know that a, { Ag({a.}) and
ay | ANg({an}). Hence, a, | h(Cy) and a, { h(C:), contrary to
formula (5.15). If C; € (Sg \ atoms((Sg, C))) \ 0, then there exist
{a;},{a;} € atoms((Sg, C)) such that

(5.16) C1 ={a;} V{a;}

in (Sg, Q) since (Sg, C) is super-atomic and Sg C Sg. Furthermore,
by (5.14), there exists an {ay} € atoms((Sg, C)) such that

(5.17) Cy ={a;} V{a;} V{ar}
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in (Sg,C). Using formulas (5.15), (5.16) and (5.17), we have

(5.18) h(Cy) = lem{zq({ai}), zq({a; })}
= lem{zq({ai}), zo({a;}), xo({axn })}
= h(Cs).
Thus, we shall distinguish the six types, as follows. For convenience,

let a, “* be the highest power of a, dividing zp({a,}) and ay™ the
highest power of a,, dividing zg({a;}) for any =,y € {1,2,...,n}.

Type 1. a;,a;5,a, € S. We first claim that Cy # T'. If C; =T, then
{a;}Vv{a;} = Sin (Sp, Q) since a;,a; € S. Thus, {a;}V{a;}V{ar} =5
in (Sp,Q) since ar € S. From formula (5.17), Cy = T such that
Cy; = (1, a contradiction. Hence, C; # T and C; C T since
{ai,a;} CT. Therefore,

(5.19) {a}via}=CiCs
in (Sp7 Q)
Using formula (5.13), we have zg({a:}) = zp({a:}) for any t €
{4,4,k}. Then,
(5.20)
lem{zp({ai}), zp({a;})} = lem{zp({a:}), 2p({a;}), zp({ax})}

by formula (5.18). There are two subcases.

Subcase (1) (i). If Cy =T, then {a;} V {a;} V{ax} = S in (Sp, Q)
since a;,a;,ar € S, which, together with formulas (5.19) and (5.20),
implies that g(C1) = g(S). However, g(C1) < ¢(S) since C1 € S, and
g is isomorphic, a contradiction.

Subcase (2) (i). If Cy # T, then {a;} V {a;} V {ar} = C5 in
(Sp, Q). From formulas (5.19) and (5.20), g(C1) = ¢g(C3), contrary
to g(C1) < g(C2).

Type 2. a;,aj,ar ¢ S. From formula (5.12),

zp({at}) = ( H ar> xxg({ar}) for anyt € {i,7,k}.

a,.€S

Then, h(Cy) = h(Cy) implies that
h(Ch) = H ar = h(Cq) * H ay.

ar€S ar€S
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Furthermore, by formula (5.18),

lem{zp({ai}), xp({a;})} = lem{zp({ai}), zp({a;}), zp({ax})}-

On the other hand, as a;,a;,ar ¢ S, {a;}V{a;} = Cy and {a;}V{a;}V
{ax} = C2 in (Sp, Q), obviously. Therefore, g(C1) = g(Cs), contrary
to g(C1) < g(Cs).

Type 3. a;,a; ¢ S and a € S. By formulas (5.13) and (5.18), we
have that

lem{zq({ai}), zo({a;})} = lem{zq({ai}), zo({a;}), xp({ar})}-

Thus, zp({ax}) | lem{zg({a:}),zqo({a;})}. Similarly to the proof of
Type 2, we know that

{CLZ‘} V {aj} =1, {az} \Y {aj} \Y {ak} =(Cy in (SP, g)

and

se(ad) = (T o) ootfod) forany t € fi.j)

a,-€S

Thus, zp({ar}) | lem{zp({a;}),zp({a;})}, which implies that

lem{zp({ai}), zp({a;})} = lem{zp({a:}), xp({a;}), zp({ax})}-
Therefore, g(C1) = g(Cs), contrary to g(C1) < g(Ca).

Type 4. a; € S, a; ¢ S and a, € S. Using (5.13) and (5.18), we
have that

lem{zp({a:}), ro({a;})} = lem{zp({a:}), 2o({a;}), 2p({ax})}-

Similarly to the proof of Type 3, we have that 2p({ax}) | lem{zp({a;}),
zp({a;})} and g(C1) = ¢g(C>) with {a;} V {a;} = Cy and {a;} VvV {a;}V
{ar} = Cs in (Sp, C), contrary to g(Cy) < g(Cs).

Type 5. a;,a; € S and a, ¢ S. Using (5.13) and (5.18), we have
that

lem{zp({ai}), vp({a;})} = lem{zp({ai}), vp({a;}), zo({ar})}.
Then,

(5.21) zQ({ax}) [ lem{zp({ai}), xp({a;})}.
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Using (5.12), we have

ee(h) = ( T o) woaltan))
ar€S
Thus, ng, +1 = my, since a; € S. We note that {a;} V{a;}V{ar} = Co
in (Sp, C) since ay ¢ S. Then,

{a;} V{ar} =Cy or {a;}V{ar}=0C

in (Sp, C) since Sp C Sg and (Sg, C) is super-atomic. There are two
subcases.

Subcase (1). If Cy = T, then {a;} V {a;} = S in (Sp,C). Thus,
S CCy =T C Cy. Assume that {a;} V{ar} = Cs2 in (Sp,C). Then,
we have that

N([{ai} via;},1]) = N([{ai} V {ar},1]) +2
in (S§p,C) since S € T C Cy. Similarly to the proof of (5.2), we
have that my, > m;, +2. Thus, ng, > m;, + 1, which implies that

zo({ax}) t zp({a;}). From Lemma 3.2, Ap({a;}) = zp({a;}) since
Cp is a coordinatization. Furthermore, by statement (%), we know

that a; { xp({a;}). Therefore, zg({ar}) 1 lem{zp({a;}), zp({a;})},
contrary to (5.21).

If {a;} V{ar} = Cs in (Sp, C), then, with an analogous proof to the

case of {a;} V {ar} = C in (Sp, C), we may obtain a contradiction.

Subcase (2). If C1 # T, then C; € S and {a;} V {a;} = C1 in

=

(Sp,C) by the proof of Type 1. Suppose that {a;} V {ax} = C3 in
(Sp, C). Then,

N({ai} v {a;},1]) > N([{a:i} V {ax}, 1])
in (Sp, Q) since C; ¢ Cs. Note that Cy € S since a;, ¢ S. Thus,
N([{ai} v {a;},1]) = N([{ai} V{ar},1]) + 2
in (Sp, C) since C; C S. Similarly to Subcase (1), we can prove that

zo({ax}) tlem{zp({ai}), zp({a; D)},

contrary to (5.21). If {a;} V {ar} = Cs in (Sp,C), then with an
analogous proof to the case of {a;} V {ar} = C3 in (Sp,C) , we may
get a contradiction.
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Type 6. a; € S and a;,a, ¢ S. By (5.13) and (5.18), we have that

lem{zp({a:}),zq({a;})} = lem{zp({a:i}), zo({a;}), 2o ({ar})}.
Thus,

(5.22) zq({ar}) |lem{zp({ai}), zo({a;})}-
Clearly, {a;} V{a;} = Ci and {a;} V{a;} V{ar} = C5 in (Sp, C) since
aj,ar ¢ S. From the proof of Type 5, we know that
{a;} V{ar} = Cs or {a;} V{ar} = Co

in (Sp,C). There are two subcases.

Subcase (i). If {a;} V{ax} = Cs in (Sp, ), by the proof of Type 5,
we have that

N([{a} v {as},1) > N(lfaid v (), 1)

in (Sp, Q). Clearly, my, > mj,, ie., zp({ar}) f xp({a;}). Using (5.12),

we have

erllo)) = (] o) wsalla)

ar€S

and

eo((d) = ( I] o) *oatian)

a,.€S

Hence, zq({ar}) f zq({a;}).
From Lemma 3.2, Ap({a;}) = zp({a;}) since Cp is a coordinatiza-
tion. Furthermore, by statement (x), a; f xp({a;}). Thus,

zQ({ar}) tlem{zp({ai}), zo({a; })},
contrary to formula (5.22).
Subcase (ii). If {a;} V{ar} = Cz in (Sp, C), then, we note that
N([{ai} V{a;},1]) > N([{a;} v {ax}, 1])

in (Sq,C). Clearly, n, > n;;. Again, we know that n;;, = m,, since

zp({ai}) = zq({ai}). Hence, zq({ax}) f xp({ai}). Since Ag({aj})
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=xzo({a;}), we have a; { xg({a;}), by statement (x). Therefore,

z@({ax}) flem{zp({ai}), zq({a;})},
contrary to formula (5.22).

Types 1-6 tell us that, if h(Cy) = h(D;) and C; C Dy, then
C, =D,.

Similarly to (I), we can prove that

(I1) If h(Cy) = h(D1) and Cy D Dy, then Cy = Dy,

(IT1) If A(Cy) = h(D1), then Cy C Dy or C1 D Dy.

Assume that C1||D. Let {a;} V{a;} = Cy and {ax}V{a.} =D; in
(Sq,<). Then,
C =CVvDy ={a;}V{a;}V{ar}V{ac} 2 {a;}V{a;} =Ci in (Sg, ).
Thus, by (I), we have that A(Cy) < h(C). It follows that

lem{zq({ai}), zq({a;})}
<lem{zq({ai}), zq({a;}), vo({ar}), zo({ac})}

Therefore,
(5.23) zq({ar}) tlem{zq({ai}), zo({a; 1)}

or

zq({ac}) tlem{zg({ai}), zo({a;})},

and formula (5.23) implies that

h(D1) = lem{zq({ax}), zo({ac P} flem{zg({ai}), o ({a;})} = h(Ch),

i.e., h(C1) # h(Dy), a contradiction. From (I), (II) and (III), we know
that the map h is injective. O

The following example will illustrate Theorem 5.5.

Example 5.6. Let Sp = {{a1,a2,as3,a4}, {az,as,a4}, {a1,as,a4},
{as,as}, {az,a3}, {a1,a4}, {a1}, {a2}, {as}, {as},0}. It is easy to see
that (Sp, C) is a super-atomic lattice in £(4). Denote Cp as a labeling of
Sp defined by (5.1). Then, Cs, ¢, = {a3aja3, atajal, atasa?, a1a3a3}.
Clearly, the labeling Cp is a coordinatization. Let Sg = Sp \ {{as,
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as,aq}}. Clearly, zg({a:}) = ANg({a;}) for any i € {1,2,3,4}. Then,
by Theorem 5.5,

2392 334 2 2 2 2

Cso.co = {aza3ay, ajazay, ajazay, ayazaz}.
Furthermore, it can be verified that LCM(Cs, c,) = (Sq, ©), i.e., Cq
is a coordinatization.

6. Conclusions. In this paper, we studied monomial ideals by their
associated lem-lattices. First, we introduced notions of weak coordina-
tizations which have weaker hypotheses than coordinatizations, and
next we showed the characterizations of all such weak coordinatiza-
tions which partly answer the problem given by Mapes in [10]. We
then defined a finite super-atomic lattice in £(n), used to investigate
the structures of £(n) and to identify that a specific labeling, given
by us, of a finite atomic lattice is a weak coordinatization. It should
be very interesting in the future to study a minimal free resolution of
R/M by our results.

Acknowledgments. The authors thank the referees for their valu-
able comments and suggestions.

REFERENCES

1. D. Bayer, 1. Peeva and B. Sturmfels, Monomial resolutions, Math. Res. Lett.
5 (1998), 31-46.

2. G. Birkhoff and O. Frink, Representations of lattices by sets, Trans. Amer.
Math. Soc. 64 (1948), 299-316.

3. J.R. Biichi, Representation of complete lattices by sets, Portugal. Math. 11
(1952), 151-167.

4. Timothy B.P. Clark, Poset resolutions and lattice-linear monomial ideals, J.
Algebra 323 (2010), 899-919.

5. P. Crawley and R.P. Dilworth, Algebraic theory of lattices, Prentice Hall,
Englewood Cliffs, NJ, 1973.

6. S. Eliahou and M. Kervaire, Minimal resolutions of some monomial ideals,
J. Algebra 129 (1990), 1-25.

7. V. Gasharov, I. Peeva and W. Volkmar, The lcm-lattice in monomial resolu-
tions, Math. Res. Lett. 6 (1999), 521-532.

8. L. Katthan, Stanley depth and simplicial spanning trees, J. Alg. Combin. 42
(2015), 507-536.

9. S. Mapes, Finite atomic lattices and their relationship to resolutions of mono-
mial ideals, Ph.D. dissertation, Columbia University, New York, 2009.



2542 PENG HE AND XUE-PING WANG

10. S. Mapes, Finite atomic lattices and resolutions of monomial ideals, J.
Algebra 379 (2013), 259-276.

11. S. Mapes and L. Piechnik, Constructing monomial ideals with a given
minimal resolution, Rocky Mountain J. Math. 47 (2017), 1963-1985.

12. J. Phan, Order properties of monomial ideals and their free resolutions,
Ph.D. dissertation, Columbia University, New York, 2006.

13. A.B. Tchernev, Representations of matroids and free resolutions for multi-
graded modules, Adv. Math. 208 (2007), 75-134.

14. M. Velasco, Minimal free resolutions that are mot supported by a CW-
complez, J. Algebra 319 (2008), 102-114.

SICHUAN NORMAL UNIVERSITY, COLLEGE OF MATHEMATICS AND SOFTWARE SCI-
ENCE, CHENGDU, SICHUAN 610066, P.R. CHINA
Email address: 443966297Q@qq.com

SICHUAN NORMAL UNIVERSITY, COLLEGE OF MATHEMATICS AND SOFTWARE SCI-
ENCE, CHENGDU, SICHUAN 610066, P.R. CHINA
Email address: xpwangl@hotmail.com



