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MATCHINGS, COVERINGS,
AND CASTELNUOVO-MUMFORD REGULARITY

RUSS WOODROOFE

ABSTRACT. We show that the co-chordal cover number
of a graph G gives an upper bound for the Castelnuovo-
Mumford regularity of the associated edge ideal. Several
known combinatorial upper bounds of regularity for edge
ideals are then easy consequences of covering results from
graph theory, and we derive new upper bounds by looking
at additional covering results.

1. Introduction and background. Let G be a graph with vertex
set {x1,...,2,}, and let R = k[z1, ... ,x,] be the polynomial ring over
a field k obtained by associating a variable with each vertex of G. We
consider the edge ideal of G in R, defined as

I(G) = (zixj : {4, 25} an edge of G).

The Castelnuovo-Mumford regularity of an ideal I, denoted by reg I,
is one of the main measures of the complexity of I. Several recent
papers [13, 19, 29, 30, 32, 34, 37] have related the Castelnuovo-
Mumford regularity of the edge ideal I(G) with various invariants of
the graph G.

The purpose of this paper is to give a new upper bound on reg(R/I(G)),
and to show that this new upper bound generalizes several other re-
cently discovered upper bounds.

A graph G is chordal if every induced cycle in G has length 3 and
is co-chordal if the complement graph G is chordal. It follows from
Froberg’s classification of edge ideals with linear resolutions [14] that
reg (R/I(G)) < 1if and only if G is co-chordal. (A direct proof using
the techniques in Section 3 is also straightforward). The co-chordal
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cover number, denoted cochord G, is the minimum number of co-chordal
subgraphs required to cover the edges of G.

Our main result is as follows.

Theorem 1. For any graph G and over any field k, we have
reg (R/I(G)) < cochord G.

We will see the proof to follow almost immediately from a result of
Kalai and Meshulam [22]. Nevertheless, Theorem 1 provides a fun-
damental connection between combinatorics and commutative algebra,
and it will help us give simple and unified proofs of both known and
new upper bounds for the regularity of R/I(G).

A particularly simple condition yielding a co-chordal cover (hence a
bound on regularity) is as follows.

Theorem 2. If G is a graph such that V(G) can be partitioned into
an (induced) independent set Jy together with s cliques J1,. .., Js, then
reg (R/I(G)) < s.

The following is a recursive version of Theorem 2:

Theorem 3. If G is a graph such that J C V(G) induces a clique,
then reg (R/I(GQ)) < reg(R/I(G\ J)) + 1, where G\ J denotes the
induced subgraph on V(G)\ J.

In plain language, Theorem 3 says that deleting a clique lowers
regularity by at most 1. The author hopes that Theorems 2 and 3
may be helpful to practitioners in the field for quickly finding rough
upper estimates of regularity of edge ideals.

The remainder of this paper is organized as follows. In the remainder
of this section we review terminology from graph theory. In Section 2,
we prove Theorem 1. In Section 3, we introduce the equivalent notion of
regularity of a simplicial complex. We then use topological techniques
to calculate regularity of several examples, and more generally, to
obtain lower bounds. In particular, we give a geometric proof of the
well-known fact (Lemma 7) that reg (R/I(G)) is at least the induced
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matching number of G. In Section 4, we combine Theorem 1 with
results from the graph theory literature to prove Theorems 2 and 3.
We recover and extend results of [19, 25], but show that the results of
[27, 34] cannot be proved using this technique.

1.1. Terminology and notation from graph theory. All graphs
discussed in this paper are simple, with no loops or multiedges. We
assume basic familiarity with standard graph theory definitions as in,
e.g., [10, 26], but review some particular terms we will use.

If F is a family of graphs, then an F covering of a graph G is a
collection Hi,...,Hy of subgraphs of G such that every H; is in F,
and such that | J E(H;) = E(G). Elsewhere in the literature this notion
is sometimes referred to as an F edge covering, to contrast with covers
of the vertices. The F cover number is the smallest size of an F cover.
We will mostly be interested in the case where F is some subfamily of
co-chordal graphs.

An independent set in a graph G is a subset of pairwise non-adjacent
vertices. Similarly, a clique is a subset of pairwise adjacent vertices.
We do not require cliques to be maximal.

A matching in a graph G is a subgraph consisting of pairwise disjoint
edges. If the subgraph is an induced subgraph, the matching is an
induced matching. The graph consisting of a matching with m edges
is denoted as mKo.

The independence number a(G), cligue number w(G) and induced
matching number indmatch G are, respectively, the maximum size of
an independent set, clique or induced matching.

A coloring of G is a partition of the vertices into (induced) inde-
pendent sets (colors), and the chromatic number X(G) is the smallest
number of colors possible in a coloring of G. A graph G is perfect if

a(H) = X(H) for every induced subgraph H of G. It is well-known
that the complement of a perfect graph is also perfect.

We denote by P, the path on n vertices (having edges {z122, x223, . . .,
Tn—1,Zn}), and by C,, the cycle on n vertices (having the edges of P,
together with zq,,).
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2. Proof of Theorem 1. As previously mentioned, Theorem 1 is an
easy consequence of the following deep result by Kalai and Meshulam
[22].

Theorem 4 (Kalai and Meshulam [22, Theorem 1.2]). If I1,..., I,
are square-free monomial ideals of a polynomial ring R = k[z1,... , Ty
(for some field k), then

S

reg (R/(h T IS)) <3 reg(R/1)).

j=1

Remark 5. Theorem 4 was conjectured by Terai [32]. Herzog [21]
later generalized the result to monomial ideals that are not square-free.

Remark 6. Kalai and Meshulam stated [22, Theorem 1.2] in terms of
reg (I;)’s, rather than reg(R/I;)’s. Theorem 4 is equivalent since, by
e.g., 28, Theorem 1.34], we have reg I =reg (R/I) + 1.

In the context of edge ideals, Theorem 4 says that if G1,... ,Gs are
graphs on the same vertex set {z1,...,z,}, then

1) ree (/1 L_JG)) < E_jg (R/I(G)).

Proof of Theorem 1. Recall from above that reg (R/I(H)) = 1 if and
only if H is co-chordal with at least one edge. The result then follows
immediately from (1) by considering the case where each R/I(G;) has
regularity 1.

We comment that (1) can more generally be applied to edge ideals of
clutters (i.e., to square-free monomial ideals with degree > 2), but that
in this case the set of ideals with linear resolution (that is, smallest
possible regularity) is not classified, giving more fragmented results. In
this paper we henceforth restrict ourselves to the case of graphs.

3. Lower bounds and simple examples. Before discussing
applications, it will be convenient to have lower bounds to compare
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with the upper bound of Theorem 1. As we will shortly see that
reg (R/I(H)) <reg(R/I(Q)) for every induced subgraph H of G, lower
bounds usually come from examples.

We will compute regularity through Hochster’s formula (see, e.g.,
[28]), which relates local cohomology of the quotient R/I of a square-
free monomial ideal with the simplicial cohomology of the simplicial
complex of non-zero square-free monomials in R/I. We refer to [20)]
for basic background on simplicial cohomology, or to [2] for a concise
reference aimed at combinatorics.

The Castelnuovo-Mumford regularity of a simplicial complex A over
a field k, denoted by regy A, is defined to be the maximum 4 such that
the reduced homology H;_1(T'; k) # 0 for some induced subcomplex T’
of A. Tt is well known to follow from Hochster’s formula (together with
the Betti number characterization of regularity) that regi A is equal to
the Castelnuovo-Mumford regularity of the Stanley-Reisner ring of A
over k. We remark that complexes with regularity at most d have been
referred to as d-Leray and have been studied in the context of proving
certain Helly-type theorems [22].

In the case of the edge ideal of a graph G, let Ind G denote the
independence complez of G, consisting of all independent sets of G. In
this case our above discussion specializes to the relation:

2) reg (k[xl, . / I(G)) — reg,(Ind G).

(Note that we write k[z1, ... ,z,] rather than R to emphasize the field
over which we are working.)

In particular, it follows immediately from the definition of regi A that
regr(Ind H) < regi(IndG) for H an induced subgraph of G. Thus,
for example, finding an induced subgraph of G whose independence
complex is a d-dimensional sphere would show that reg(R/I(G)) =
regr(IndG) > d + 1.

Such bounds often do not depend on the choice of field k that we
work over, and in such cases we will suppress k from our notation.

Recall that an induced matching in a graph G is a matching which
forms an induced subgraph of G, and that indmatch G denotes the
number of edges in a largest induced matching. Induced matchings
have a considerable literature, see e.g., [1, 5, 6, 11, 16].
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The following is essentially due to Katzman; we will give a short
geometric proof.

Lemma 7 (Katzman [23, Lemma 2.2]). For any graph G, we have
reg (R/I(G)) > indmatch G.

Proof. Let m = indmatch G, so that G has mK> as an induced
subgraph. Notice that if H is the disjoint union of subgraphs H; and
Hj, then Ind (H) is the simplicial join Ind (Hy) % Ind (Hs). Thus, the
independence complex of the disjoint union of m edges is the m-fold
join of 0-spheres, hence an (m — 1)-sphere. (It is the boundary complex
of an (m — 1)-dimensional cross-polytope.) The result follows. O

A more general result follows immediately from the Kiinneth formula
in algebraic topology [2, (9.12)].

Lemma 8. For any field k and simplicial compleres A1 and As, we
have regr (A1 * Ag) = regr A1 + regrAs.

In the context of edge ideal quotients, if G; and Gy are any two
graphs, then over any field k, for their disjoint union G; Ll G5 we have

(3)  reg(R/I(G1UG2)) = reg (R/I(G1)) + reg (R/1(G2)).
Thus, Lemma 7 is the special case where we take the disjoint union of
graphs with a single edge.

Lemmas 1 and 7 admit the simple combined statement that, for any
graph G, we have

4) indmatch G <reg(R/I(G)) < cochord G.

Both inequalities can be strict, as the interested reader can quickly see
by examination of C5 and C7. Indeed, it follows easily that regularity
can be arbitrarily far from both indmatch G and cochord G:

Proposition 9. For any nonnegative integers r, s there is a graph G
such that

indmatchG =reg (R/I(G))—r and cochord G =reg (R/I(G))+s.
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Proof. Consider r copies of Cj disjoint union with s copies of C7. O

Another relevant construction can be found in Lemma 21 and the
discussion following.

More generally, Kozlov calculated the homotopy type of the inde-
pendence complexes of paths and cycles [24, Propositions 4.6 and 5.2],
from which the following is immediate:

Proposition 10. reg(R/I(Cy)) = reg(R/I(P,)) = [(n+1)/3] for
n > 3.

(Regularity of R/I(P,) was also calculated in [3] using purely alge-
braic methods.)

It is easy to see that the regularity is equal to the lower bound of
Lemma 7 in the P, case, and in the C,, case when n # 2 (mod 3); but
that reg (Ind (Cs3442)) = 7 + 1 = indmatch (Cs;42) + 1.

Since the graph formed by two disjoint edges is not co-chordal, we
see that cochordal subgraphs of P, and C,, (for n > 5) are paths with
at most three edges. Thus, regularity is equal to the upper bound of
Theorem 1 in the P, case, and in the C, case when n #Z 1 (mod 3);
but, for i > 1, we have reg (Ind (C3;+1)) = ¢ = cochord (Cs;41) — 1.

By combining Proposition 10 with Lemma 8, we can somewhat
improve the induced matching lower bound of Lemma 7:

Corollary 11. If a graph G has an induced subgraph H which is the
disjoint union of edges and cycles

n
H=mK, Ll H Csi; 12,
j=1

then reg (R/I(G)) > m+n+ 37, ij.

4. Applications. We can recover, and in some cases improve,
several of the upper bounds for regularity in the combinatorial commu-
tative algebra literature by combining Theorem 1 with covering results
from the graph theory literature. Theorem 1 thus seems to capture
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an essential connection between Castelnuovo-Mumford regularity and
pure graph-theoretic invariants.

4.1. Split covers. Although co-chordal covers per se have not
been a topic of frequent study, there are many results in the graph
theory literature concerning the F-cover number of graphs for various
subfamilies of co-chordal graphs. We will review several of these with
an eye to regularity.

A split graph is a graph H such that V(H) can be partitioned into
a clique and an (induced) independent set. It is easy to see that such
graphs are both chordal and co-chordal; see e.g., [26, Chapter 5] for
additional background. Covering the edges of G with split graphs allows
us to prove Theorem 2.

Proof of Theorem 2. (Essentially, e.g., [26, Lemma 7.5.2]). Let H;
be the subgraph consisting of all edges incident to at least one vertex
in J;. Each H; can be partitioned as the clique on J; together with
the independent set V(G) \ V(J;). Therefore, each H; is a split graph.
Thus, Hy, ..., Hy is a split graph covering, hence a co-chordal covering.
The result follows by Theorem 1. ]

To help clarify the meaning of the condition in Theorem 2, we notice
that when Jy = @, the sets Ji, ..., Js are exactly an s-coloring of G.

However, the bound reg (R/I(G)) < X(G) resulting from the Jy = @
case of Theorem 2 is trivial. Indeed, this bound follows from the

inequalities X(G) > a(G) and «(G) > reg(R/I(G)). (The latter
is immediate by Hochster’s formula, as discussed in Section 3, since
a(G) = dim Ind (G) + 1 and H;(A) always vanishes above dim A.)

The proof of Theorem 3 is entirely similar:

Proof of Theorem 3. Let H consist of all edges incident to J. Then H
is a split graph, with E(G) = E(H) U E(G \ J), and the result follows
from (1). O

We now recall two results of Ha and Van Tuyl, for which we will
give new proofs via Theorem 2. The matching number of a graph G,
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denoted v(G), is the size of a maximum matching; that is, the maximum
number of pairwise disjoint edges.

Theorem 12 (Ha and Van Tuyl [19, Theorem 6.7]). For any graph
G, we have reg (R/I1(G)) < v(G).

Proof. This is the special case of Theorem 2 where Ji,...,Js is a
maximum size family of 2-cliques. O

An easy (stronger) corollary of Theorem 2 is that reg (R/I(G)) is at
most the size of a minimum maximal matching. Indeed, we can regard
Theorem 2 as it is stated to be a strong generalization of Theorem 12.

We also give a new proof for:

Theorem 13 (Ha and Van Tuyl [19, Corollary 6.9]). If G is a chordal
graph, then reg (R/I(G)) = indmatch G.

Proof of Theorem 13. Cameron [5] observed that a chordal graph
G has split cover number (as in Theorem 2) equal to indmatch G; the
result follows by (4). O

4.2. Weakly chordal graphs, and techniques for finding
co-chordal covers. We can considerably extend Theorem 13
by considering more general covers. A graph G is weakly chordal if
every induced cycle in both G and G has length at most 4. (It is
straightforward to show that a chordal graph is weakly chordal.)

Theorem 14. If G is a weakly chordal graph, then reg(R/I(G)) =
indmatch G.

Proof. Busch, Dragan and Sritharan [4, Proposition 3] show that
indmatch G = cochord G for any weakly chordal graph G. (Abueida,
Busch and Sritharan [1, Corollary 1] earlier showed the same result
under the additional assumption that G is bipartite.)

The essential technique introduced in [5] and further developed in
[1, 4] is to examine a derived graph G*, with vertices corresponding
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to the edges of G, and two edges adjacent unless they form an induced
matching in G. Thus, an independent set of G* corresponds to an
induced matching of G. (In graph-theoretic terms, G* is the square of
the line graph of G.)

In a weakly chordal [4] (chordal [5], chordal bipartite [1]) graph, these
papers show that

i) G* is perfect, so that there is a partition of the vertices of G* into
a(G*) cliques, and

ii) that the subgraph of G corresponding to a maximal clique of G*
is co-chordal.

The equality of indmatch G and cochord G follows.

We use a modification of this approach to prove Theorem 16 below.

4.3. Biclique and chain graph covers. Following our terminology
from subsection 1.1, the biclique cover number of a graph G is the
minimum number of bicliques (complete bipartite graphs) required to
cover the edges of G. As a complete bipartite graph K, , is clearly
co-chordal, the biclique cover number is an upper bound for cochord G.
More generally, it is straightforward to show that a bipartite graph G
is co-chordal if and only indmatch G = 1. Bipartite co-chordal graphs
have been called chain graphs.

Recall that a graph is well-covered if every maximal independent set
has the same cardinality. Kumini showed:

Theorem 15 (Kumini [25]). If G is a well-covered bipartite graph,
then reg (R/I(G)) = indmatch G.

We recover Theorem 15 as a corollary of the following chain graph
covering result:

Theorem 16. IfG is a well-covered bipartite graph, then indmatch G
= cochord G.

In order to prove Theorem 16, we will need two lemmas. First,
well-covered bipartite graphs have long been known to admit a simple
characterization:
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Lemma 17 (Ravindra [31], Favaron [12]; see also Villarreal [36]).
If G is a well-covered bipartite graph with no isolated vertices, then G
has a perfect matching. Moreover, in every perfect matching M of G,
the neighborhood of any edge in M is complete bipartite.

We will also need the following technical lemma. Two edges are
incident if they share a vertex; in particular, we consider an edge to be
incident to itself.

Lemma 18. Let G be a well-covered bipartite graph and M a perfect
matching in G. Let My be a subset of M so that no pair of edges in M
form an induced matching in G. Then the subgraph H of G consisting
of all edges incident to My has indmatch H = 1 and is, in particular,
co-chordal.

Proof. Since the neighborhood of any edge in M is complete bipartite,
it suffices to show that if e is an edge of H and ¢y an edge of My, then e
and ¢y do not form a 2K5; that is, that there is some edge of G incident
to both e and cg.

If e € My, then this is immediate by the hypothesis. Otherwise,
e = {x,y} where y is in some edge ¢; = {y, 2} of My. By the hypothesis
on M, either y or z is in some edge b incident to cg. If y € b, then we
are done. Otherwise, b = {z,w} with w € ¢y. But then w and x are
both neighbors of ¢;, hence adjacent by Lemma 17. ]

Proof of Theorem 16. Assume, without loss of generality, that G has
no isolated vertices, and let M be a perfect matching, as guaranteed
to exist by Lemma 17. We construct a new graph M™ with vertices
consisting of the edges of M, and with two vertices adjacent unless they
form an induced matching in G. Thus, M* is an induced subgraph of
the graph G* from the discussion following Theorem 14.

Any independent set in M* still corresponds to an induced matching
of G, so that o(M*) < indmatchG. On the other hand, if K* is a
clique in M*, then Lemma 18 gives the subgraph of all incident edges
to be co-chordal. Since every edge in G is incident to at least one edge
of M, we get that cochord G < x(M*).
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But Kumini shows [25, Discussion 2.8] that the graph obtained from
M* by identifying pairs of vertices v and w with N[v] = Nw] is a
comparability graph, hence perfect; so M* is perfect by, e.g., Diestel
[10, Lemma 5.5.5]. Hence, we have that a(M*) = X(M*), and the
result follows. O

We remark that, in Theorem 14, we apply a result from the graph
theory literature to prove a new result on regularity while, in Theo-
rem 16, a result from combinatorial commutative algebra guides us to
a new min-max result on well-covered bipartite graphs.

4.4. Co-interval covers and boxicity. An interval graph is a
graph with vertices corresponding to some set of intervals in R and
edges between pairs of intervals that have non-empty intersection. A
co-interval graph is the complement of an interval graph. Interval
graphs are exactly the chordal graphs which can be represented as the
incomparability graph of a poset. See [26] for general background on
such graphs.

The bozicity of G, denoted box G, is the co-interval cover number of
G. (The original formulation of boxicity was somewhat different, and
the connection with covering is made in [8].) Thus, by Theorem 1, we
have that reg (R/I(G)) < box G.

Since a planar graph G contains no K5 subgraph, we have that

reg (R/I(G)) < dimInd(G)) + 1 = «(G) < 4. The literature on
boxicity yields a stronger result:

Proposition 19. If G is a planar graph, then reg(R/I(G)) < 3.
This upper bound is the best possible.

Proof. Thomassen [33] proves that box G < 3. To see that the bound
is best possible, notice that the complement of 3K (that is, the graph
consisting of three disjoint edges) is the 1-skeleton of the octahedron,
which is well known to be planar. o

By way of contrast, we remark that the proof of Proposition 9 shows
that if G is a planar graph, then reg (R/I(G)) may be arbitrarily large.
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4.5. Very well covered graphs. In this subsection we present a
negative result. A graph is very well-covered if it is well-covered and
a(G) = |V]/2. Tt is obvious that every well-covered bipartite graph
is very well-covered. Mahmoudi et al. [27] generalized Theorem 15 to
show:

Theorem 20 [27]. If G is a very well-covered graph, thenregR/I(Q))
= indmatch G.

We will demonstrate, however, that the gap between indmatch G and
cochord G can be arbitrarily large for very well-covered graphs. In
particular, the proof via (4) of Theorem 15 cannot be extended to
prove Theorem 20.

If G is a graph on n vertices, then let W(G) be the graph on 2n
vertices obtained by adding a pendant (an edge to a new vertex of
degree 1) at every vertex of G. This construction has been previously
studied in the context of graphs with Cohen-Macaulay edge ideals [35],
where it has been referred to as whiskering; and has been studied in the
graph theory literature as a corona [15]. Because the pendant vertices
form a maximal independent set, it is immediate that W(G) is very
well-covered.

Lemma 21. For any graph G, we have indmatch W(G) = a(G) and
cochord W(G) = X(G).

Proof. For the first equality, we notice that if an induced matching
of W(G) contains an edge {v, w} of G, then we can get a new induced
matching by replacing {v,w} with the pendant edge at v. Since a
collection of pendant edges forms an induced matching if and only if the
corresponding collection of vertices of G is independent, the statement
follows.

For the second equality, we first notice that a coloring of G partitions
the vertices of G into cliques, inducing a covering of W(G) by split
graphs (as in Theorem 2). Hence, cochord W (G) < X(G). On the
other hand, any co-chordal cover {H;} of W(G) in particular covers
the pendant edges, and two pendant edges form an induced matching
if the corresponding vertices of G are not connected. Hence, a co-
chordal cover induces a covering of the vertices of G by cliques, and

thus cochord W (G) > X(G), as desired. O
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But then, for example, we have indmatch W (C5) = 2 and cochord W
(Cs) = 3. Moreover, it is well-known that the gap between the clique
number and chromatic number of G can be arbitrarily large, even if
w(G@) = a(G) = 2. (See, e.g., [10, Theorem 5.2.5].) Hence, the
gap between indmatch W (G) and cochord W(G) can also be arbitrarily
large.

Van Tuyl [34] has shown an analogue to Theorem 16: that if G is a
bipartite graph such that R/I(G) is sequentially Cohen-Macaulay, then
reg (R/I(G)) = indmatch G. (See his paper [34] for definitions and
background.) The following example, however, shows that indmatch G
and reg(R/I(G)) may also be strictly less than cochord G in this
situation.

Example 22. Let G be obtained from Cg by attaching a pendant
to vertices x1,x2,x3,x4. It is easy to see from the conditions given
in [34] that Ind G is sequentially Cohen-Macaulay. But, an approach
similar to that in Lemma 21 will verify that indmatch G = 2, while
cochord G = 3.

4.6. Computational complexity. An immediate consequence
of Lemma 21 is that calculating reg (R/I(G)) from the graph G is
computationally hard:

Corollary 23. Given G, calculating reg (R/I(QG)) is NP-hard, even
if G is very well covered.

Proof. One can construct W(G) from G in polynomial time, and
reg (R/I(W(G))) = indmatch W(G) = «(G). But, checking whether
a(G) > C is well known to be NP-complete! O

Since computing the independence complex of G is already NP-hard,
and as it is hard to imagine finding regularity without computing the
independence complex, Corollary 23 is perhaps not too surprising. It
might be of more interest to find the computational complexity of
computing reg (R/I(G)) from Ind G.

We remark that many of the results we have referenced are from
the computer science literature, and efficient algorithms for finding



MATCHINGS, COVERINGS, AND REGULARITY 301

indmatch G and cochord G in special classes of graphs are a main
interest of [1, 4, 5] and other papers. In particular, given a weakly
chordal graph G, we can calculate reg(R/I(G)) = indmatchG in
polynomial time [4, Corollary 8].

In general graphs, however, computing indmatch G or cochord G is
NP-hard. It follows from, e.g., the proof of Corollary 23 that determin-
ing whether indmatch G > C' is NP-complete; while Yannakakis showed
[38] that determining whether cochord (G) < C' is NP-complete. The
corresponding problem for split graph covers (as in Theorem 2) is also
NP-complete [7]. An overview of these and similar hardness results can
be found in [26, Chapter 7].

4.7. Questions on claw-free graphs. Nevo [30] showed that, if
G is a (2K3, claw)-free graph, then reg (R/I(G)) < 2. Dao, Huneke
and Schweig [9] have recently given an alternate proof. Can the same
be shown using Theorem 17

Question 24. If G is (2K3, claw)-free, then is cochord G < 27

We notice that a cover by split graphs will not suffice; for example,
the Petersen graph P has girth 5. Hence, P is (2K3, claw)-free. But
it is easy to verify that no two cliques in P satisfy the condition of
Theorem 2.

Andras Gydrfds points out [18] that, in [17, Problem 5.7], he has
asked whether every graph G with cochord G = 2 has X(G) bounded
by some function of a(G). We observe that the complement of a graph
with girth > 5 is (2K5, claw)-free, with «(G) = 2. Since a graph with
girth > 5 can have an arbitrarily large chromatic number [10, Theorem
5.2.5], a positive answer to Question 24 would imply a negative answer

to Gyarfas’s question.

If the answer to Question 24 is negative, then the following might
still be of interest.

Question 25. If G is claw-free, then does G have a (2K3,claw)-free
cover by at most indmatch G subgraphs?
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If Question 25 has a positive answer, then a direct application of (1)
would then imply that, for a claw-free graph G, we have reg (R/I1(G)) <
2 - indmatch G.

After acceptance of this paper, Shahab Haghi and Siamak Yassemi
pointed out to me in an email communication (March, 2013) that
Question 25 has a negative answer for the cyclic graph Cgs. So far as
I am aware, the question remains open as to whether reg (R/I(G)) <
2 -indmatch G for any claw-free graph G.

Acknowledgments. I am grateful to R. Sritharan for making me
aware of the relevance of [1, 4], as well as for several stimulating conver-
sations. Chris Francisco, Andrds Gyarfas, Huy Tai Ha, Craig Huneke
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Shareshian.

REFERENCES

1. Atif Abueida, Arthur H. Busch and R. Sritharan, A min-maz property of
chordal bipartite graphs with applications, Graphs Comb. 26 (2010), 301-313.

2. Anders Bjorner, Topological methods, in Handbook of combinatorics, Volumes
1, 2, Elsevier, Amsterdam, 1995.

3. Rachelle R. Bouchat, Free resolutions of some edge ideals of simple graphs, J.
Comm. Alg. 2 (2010), 1-35.

4. Arthur H. Busch, Feodor F. Dragan and R. Sritharan, New min-max theorems
for weakly chordal and dually chordal graphs, Comb. Optim. Appl. Part IT (Weili
Wu and Ovidiu Daescu, eds.), Lect. Notes Comp. Sci. 6509, Springer, Berlin, 2010.

5. Kathie Cameron, Induced matchings, Discr. Appl. Math. 24 (1989), 97-102.

6.
1-9.

7. Arkady A. Chernyak and Zhanna A. Chernyak, Split dimension of graphs,
Discr. Math. 89 (1991), 1-6.

8. Margaret B. Cozzens and Fred S. Roberts, Computing the boxicity of a graph by
covering its complement by cointerval graphs, Discr. Appl. Math. 6 (1983), 217-228.

, Induced matchings in intersection graphs, Discr. Math. 278 (2004),

9. Hailong Dao, Craig Huneke and Jay Schweig, Bounds on the regularity and
projective dimension of ideals associated to graphs, J. Alg. Combin. 38 (2013),
37-55.

10. Reinhard Diestel, Graph theory, third ed., Grad. Texts Math. 173, Springer-
Verlag, Berlin, 2005.

11. R.J. Faudree, A. Gyarfas, R.H. Schelp and Zs. Tuza, Induced matchings in
bipartite graphs, Discr. Math. 78 (1989), 83-87.



MATCHINGS, COVERINGS, AND REGULARITY 303

12. O. Favaron, Very well covered graphs, Discr. Math. 42 (1982), 177-187.

13. Christopher A. Francisco, Huy Tai Ha and Adam Van Tuyl, Splittings of
monomial ideals, Proc. Amer. Math. Soc. 137 (2009), 3271-3282.

14. Ralf Froberg, On Stanley-Reisner rings, in Topics in algebra, Part 2 (Warsaw,
1988), Banach Center Publ. 26, PWN, Warsaw, 1990.

15. Roberto Frucht and Frank Harary, On the corona of two graphs, Aequat.
Math. 4 (1970), 322-325.

16. Martin Charles Golumbic and Moshe Lewenstein, New results on induced
matchings, Discr. Appl. Math. 101 (2000), 157-165.

17. A. Gyarfas, Problems from the world surrounding perfect graphs, Proc. Inter.
Conf. Combin. Anal. Appl. 19 (1988), 413—441.

18.

19. Huy Tai Ha and Adam Van Tuyl, Monomial ideals, edge ideals of hypergraphs,
and their graded Betti numbers, J. Alg. Combin. 27 (2008), 215-245.

20. Allen Hatcher, Algebraic topology, Cambridge University Press, Cambridge,
2002.

21. Jirgen Herzog, A generalization of the Taylor complex construction, Comm.
Alg. 35 (2007), 1747-1756.

22. Gil Kalai and Roy Meshulam, Intersections of Leray complexes and reqularity
of monomial ideals, J. Combin. Theor. 113 (2006), 1586—1592.

23. Mordechai Katzman, Characteristic-independence of Betti numbers of graph
ideals, J. Combin. Theor. 113 (2006), 435—454.

24. Dmitry N. Kozlov, Complexes of directed trees, J. Combin. Theor. 88 (1999),
112-122.

25. Manoj Kummini, Regularity, depth and arithmetic rank of bipartite edge
ideals, J. Alg. Combin. 30 (2009), 429-445.

26. N.V.R. Mahadev and U.N. Peled, Threshold graphs and related topics, Ann.
Discr. Math. 56, North-Holland Publishing Co., Amsterdam, 1995.

27. Mohammad Mahmoudi, Amir Mousivand, Marilena Crupi, Giancarlo Ri-
naldo, Naoki Terai and Siamak Yassemi, Vertexr decomposability and regularity of
very well-covered graphs, J. Pure Appl. Alg. 215 (2011), 2473-2480.

28. Ezra Miller and Bernd Sturmfels, Combinatorial commutative algebra, Grad.
Texts Math. 227, Springer-Verlag, New York, 2005.

29. Somayeh Moradi and Dariush Kiani, Bounds for the regularity of edge ideals
of wertex decomposable and shellable graphs, Bull. Iran. Math. Soc. 36 (2010),
267-277.

30. Eran Nevo, Regularity of edge ideals of C4-free graphs via the topology of the
lem-lattice, J. Combin. Theor. 118 (2011), 491-501.

31. G. Ravindra, Well-covered graphs, J. Combin. Inform. Syst. Sci. 2 (1977),
20-21.

32. Naoki Terai, Eisenbud-Goto inequality for Stanley-Reisner rings, Lect. Notes
Pure Appl. Math. 217, Dekker, New York, 2001.

33. Carsten Thomassen, Interval representations of planar graphs, J. Combin.
Theor. 40 (1986), 9-20.

, personal communication, September 2011.



304 RUSS WOODROOFE

34. Adam Van Tuyl, Sequentially Cohen-Macaulay bipartite graphs: Vertezr de-
composability and regularity, Arch. Math. (Basel) 93 (2009), 451-459.

35. Rafael H. Villarreal, Cohen-Macaulay graphs, Manuscr. Math. 66 (1990),
277-293.

36. , Unmized bipartite graphs, Rev. Colomb. Mat. 41 (2007), 393-395.
37. Gwyn Whieldon, Jump sequences of edge ideals, arXiv:1012.0108.

38. Mihalis Yannakakis, The complexity of the partial order dimension problem,
SIAM J. Alg. Discr. Meth. 3 (1982), 351-358.

DEPARTMENT OF MATHEMATICS & STATISTICS, MISSISSIPPI STATE UNIVERSITY,
MS 39762
Email address: rwoodroofe@math.msstate.edu




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [432.000 648.000]
>> setpagedevice


