Journal of Algebraic Combinatorics (2022) 55:461-491
https://doi.org/10.1007/s10801-021-01058-2

®

Check for
updates

Algebraic invariants of weighted oriented graphs

Selvi Kara' - Jennifer Biermann? - Kuei Nuan Lin3@® - Augustine O’Keefe*

Received: 27 November 2020 / Accepted: 8 August 2021/ Published online: 4 October 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Let D be a weighted oriented graph and let I (D) be its edge ideal in a polynomial ring
R. We give the formula of Castelnuovo—-Mumford regularity of R/I(D) when D is
a weighted oriented path or cycle such that edges of D are oriented in one direction.
Additionally, we compute the projective dimension for this class of graphs.

Keywords Regularity - Projective dimension - Monomial ideals - Oriented graphs -
Hypergraphs
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1 Introduction

A vertex-weighted (or simply weighted) oriented graphisatriple D = (V (D), E(D), w)
where V(D) = {x1, ..., x,} is the vertex set of the graph, E (D) is a directed edge set,
and w is a weight function w : V(D) — NT. Specifically, E (D) consists of ordered
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pairs (x;, x;) € V(D) x V(D) where the pair (x;, x ;) represents a directed edge from
x; to x;. We consider finite simple oriented graphs, that is, graphs in which V(D) is
a finite set and there are neither loops nor multiple edges in E (D). Furthermore, we
simplify notation by setting w; = w(x;) for each i € {1, ..., n}. If the weight of a
vertex x; is equal to one, i.e., w; = 1, we say that the graph has a trivial weight at x;.
Otherwise, we say x; has a non-trivial weight.

Given a weighted oriented graph D = (V (D), E(D), w) and R = k[x1, ..., x,]
the polynomial ring on the vertex set V (D) over a field k, the edge ideal of D is defined
to be

(D) = (x,-x}"f L (xi, X)) € E(D)) CR.

The generators of /(D) are independent of the weight assigned to a source vertex.
Therefore to simplify our formulas, throughout this paper, we shall assume that source
vertices always have weight one. Furthermore, since isolated vertices do not contribute
to the generating set of the edge ideal of weighted oriented graph, we assume that our
graphs have no isolated vertices. When all vertices have weight one, I (D) is the edge
ideal of an unweighted unoriented graph which was introduced by Villarreal in [16]
and has since been studied extensively. The study of edge ideals of weighted oriented
graphs is much more recent and consequently there are many fewer results in this
direction. The Cohen—Macaulayness of edge ideals of weighted oriented graphs has
been studied in [5,7,15]. Related to our work in this paper, the authors of [18] consider
the Castelnuovo—Mumford regularity (hereafter referred to as just regularity), and the
projective dimension of a special case of weighted oriented paths and cycles.

The interest in studying edge ideals of weighted oriented graphs has its foundation
in coding theory, specifically in the study of Reed—Muller-type codes (see [13]). Such
codes arise as the image of a degree d evaluation map of a given set of projective
points over a finite field. The regularity of the vanishing ideal provides a threshold
for the degree of the map indicating when a Reed—Muller-type code has sufficiently
large minimal distance, and is thus considered “good.” The vanishing ideal is itself a
binomial ideal whose initial ideal is exactly the edge ideal of an appropriately defined
weighted oriented graph. It is well-known that the regularity of an ideal is bounded
above by that of its initial ideal. Given that invariants of monomial ideals are generally
much easier to compute than in the binomial case, deriving formulas for the regularity
of edge ideals of vertex-weighted oriented graphs is a practical strategy for eliminating
“bad” Reed—Muller-type codes.

In this paper, we study the regularity and projective dimension of edge ideals of
weighted oriented graphs with the goal of characterizing these algebraic invariants
in terms of the combinatorial data of our weighted oriented graphs. To describe the
generators of the edge ideal of a weighted oriented graph, one needs to consider
the structure of the underlying undirected graph, the orientation of its edges, and its
weight function. Thus it is quite a difficult problem to incorporate all of these data when
deriving general formulas for the regularity and the projective dimension of an arbitrary
weighted oriented graph. While the characteristic of the field can add complexity to
calculating regularity and projective dimension, our formulas are combinatorial and
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independent of characteristic. As a natural first step, we consider two basic structures:
paths and cycles. We further restrict our attention to weighted oriented paths and cycles
with the natural orientation of all edges pointing in the same direction. We call these
graphs weighted naturally oriented paths and cycles.

The main results of this paper provide formulas for the regularity of weighted natu-
rally oriented paths (Theorem 7) and weighted naturally oriented cycles (Theorem 9).
Our results place no restrictions on the weight function associated with these graphs
apart from the requirement that any source vertices have weight one. The case in which
all non-source vertices have non-trivial weights was considered in [18], the results of
which are recovered in this paper.

While the majority of this paper focuses on the regularity of these edge ideals, one
can also compute their projective dimension by viewing them as the ideals of string
hypergraphs and cycle hypergraphs as studied in [12]. We translate the necessary
notions from [12] in terms of weighted oriented paths and cycles and present the
formulas for their projective dimensions (Theorem 3 and 4), thus completing the
discussion on the projective dimension of weighted naturally oriented paths and cycles
where all non-source vertices can have arbitrary weight.

Our paper is organized as follows. In Sect. 2, we collect necessary terminology
and results from the literature. In Sect. 3, we discuss the connection between edge
ideals of weighted oriented graphs and labeled hypergraphs. In particular, we present
the formulas for the projective dimension of weighted naturally oriented paths and
cycles. Section 4 focuses on Betti splittings of monomial ideals in which we give a
large class of Betti splittings of edge ideals of weighted oriented graphs to be used in
later sections. In Sect. 5, we introduce our first main result Theorem 7, which gives a
formula for the regularity of weighted naturally oriented paths. In Sect. 6, we extend
this result to weighted naturally oriented cycles in Theorem 9.

2 Preliminaries

In this section, we collect the notation and terminology that will be used throughout
the paper. We follow the convention of the standard text [17].

Let R = k[xy,...,x,] be a polynomial ring over a field k and M be a finitely
generated graded R module. Then, the graded minimal free resolution of M is an
exact sequence of the form

00— @R(fj)ﬂp,j(M) N @R(ij)ﬁpfl,j(M)‘.. N @R(fj)ﬂovj(M) s M —> 0.
JEZL JEL JEL

Since the graded minimal free resolution of a module is unique up to isomorphism,
the exponents B; ; (M) are invariants of the module called the graded Betti numbers of
M. In general, computing Betti numbers explicitly is intractable so we focus instead
on coarser invariants which measure the complexity of the module. In particular,
this paper focuses on studying the (Castelnuovo—-Mumford) regularity and projective
dimension of M = R/I where I is an ideal of R. These invariants are defined as
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follows:

reg(M) = max{j —i : f; j(M) # 0}

and

pd(M) = max{i : B; ;(M) # 0}.

Calculating or even estimating the regularity or projective dimension for a general
ideal is a difficult problem. Thus, we restrict our focus to edge ideals of vertex-weighted
oriented graphs where we can exploit the combinatorial structure of the graph to give
us information about the regularity and the projective dimension of the associated
ideal.

Let I be a homogeneous ideal in R and m be a monomial of degree d with the
following standard short exact sequence

0— R/(I :m)(—d) — R/I — R/(I,m) — 0. 2.1)

One can then obtain the following well-known regularity relationships (see, for
example [14, Section 2.18]).

Lemma 1 Let I be a homogeneous ideal in a polynomial ring R = k[x1, ..., x,] and
let m be a monomial of degree d. Then,

reg(R/1) < max{reg(R/(I : m)) +d,reg(R/(I, m))}
reg(R/(I : m)) +d < max{reg(R/I), reg(R/(I, m)) + 1}
reg(R/(I,m)) < max{reg(R/I),reg(R/(I : m) +d — 1)}.

when m is a variable, we have the following special property regarding the regularity.

Lemma2 [2, Lemma 2.10] Let I be a monomial ideal, and x is a variable in
supp(I). Then, reg(R/(I,x)) < reg(R/I) and reg(R/I) € {reg(R/(I : x)) +
1,reg(R/(1,x))}.

When discussing algebraic invariants of the edge ideal of a weighted oriented graph
D, we simplify notation and use reg(D) (respectively pd(D)) to refer to reg(R /I (D))
(respectively pd(R/I(D)).

The following well-known results will be used throughout the paper. See [9, Lemma
3.2] for the proof.

Lemma3 Let Ry = k[x1,...,x,], Ro = k[y1,..., Ym] be polynomial rings over
disjoint variables and R = k[x1 ..., Xy, Y1, ..., Ym]. Suppose I C Ry and J C Ry
be two nonzero homogeneous ideals. Then,

1. reg(R/(I + J)) =reg(R1/1) +reg(R2/J),
2. reg(R/(1J)) =reg(Ry/I) +reg(Ry/J) + 1.
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Remark 1 There are situations where we want to consider the regularity of the quotient
of ideals of the form (I (D), x) where x ¢ supp(/(D)). The above lemma yields the
equality reg(R/(I(D), x)) = reg(R/I1(D)).

In our proofs, we often deal with the underlying graphs of weighted oriented paths
and cycles. The regularity of the edge ideals of these underlying graphs is known and
we recall the formulas of regularity for paths and cycles below.

Theorem 1 [10, Corollary 7.6.28 and 7.7.34] Let P denote a path on n vertices and
C denote a cycle on n vertices. Then, reg(P) = reg(C) = L%J

A useful tool in the study of monomial ideals is the process of polarization which
allows us to pass from a general monomial ideal to a squarefree monomial ideal. We
recall here the definition of polarization (for more information on the subject see for
example [14]).

Definition 1 [14, Construction 21.7] Let R = k[x{, ..., x,] be a polynomial ring

over a field k. Given a n-tuple a = (ay, ..., a,) € Z’%O, let x? denote the monomial

xi'oxp" € R.

1. The polarization of x? is defined to be (x2)P°!, where (8)P°' replaces xl.ai by a
product of distinct variables ]_[?’: | Xi -

2. Let I = (x™, ..., x%) CR be a monomial ideal. The polarization of I is defined
to be the ideal 7P = ((x®1)P°!, ... (x2)P°!) in a new polynomial ring RP°! =
klx; j |1 <i<n,1=<j < p;], where p; is the maximum power of x; appearing
inx®, ..., x%,

Note that for any monomial ideals J and K, we have (J + K)P°! = jpol 4 gpol,

Polarization is particularly useful as the polarized ideal shares the same Betti num-
bers as the original ideal, as stated in the following lemma from [8]. This allows us
to utilize the combinatorial structure of objects associated to the squarefree polarized
ideal, such as hypergraphs and simplicial complexes, to characterize the algebraic
invariants of the original ideal.

Lemma 4 [8, Corollary 1.6.3] Let I C R be a monomial ideal and 1P c RP°' its
polarization. Then,

L i j(R/I) = Bi j(RP/IP) forall i, j > 0,
2. pd(R/I) = pd(RP'/ 1™ and reg(R /1) = reg(RP°'/IP°1).

There are several ways to relate a squarefree monomial ideal / with a hypergraph.
The common association is obtained by defining the edges of the hypergraph from the
generators of the ideal so that I is the edge ideal of the hypergraph. However, in this
paper, we study the labeled hypergraph associated with a given squarefree monomial
ideal I by using the construction introduced in [11]. In this special construction,
generators of the ideal correspond to vertices of the hypergraph, and the edges of the
hypergraph correspond to variables which are obtained by the divisibility relations
between the minimal generators of the ideal. We refer an interested reader to [11] for
details on labeled hypergraphs.
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Fig.1 Labeled hypergraph of I = (x1x72, Xx2X3X4, X3X4X5, X5X2)

Construction2 [11] Let I C R = k[xy, ..., x,] be a squarefree monomial ideal with
minimal monomial generating set { f1,--- , fm}. The labeled hypergraph of I is the
tuple H(I) = (V(H), E(H), X(H)). The set V(H) = {1, ..., m} is called the vertex
set of H. The set E(H) is called the edge set of H(I) and is the image of the function
¢ {x1, ..., x,} = 2V defined by ¢ (x;) = {j : x; divides fj} where 2V represents
the power set of V(H). The set X(H) = {x; : ¢ (x;) # 0}.

The label of an edge F € E(H) is defined as the collection of variables x; €
{x1, ..., xn} such that ¢ (x;) = F. The number |X (H)| counts the number of labels
appearing in H(I).

It should be noted that the underlying hypergraph of H(I) is exactly the dual
hypergraph (see [1]) of the hypergraph whose edge ideal is /.

Example1 Let I = (x1x2, X2X3X4, X3X4X5, X5X2) < k[x1,...,x6]. Set f1 =
X1X2, fo = X2X3X4, f3 = x3x4x5, and fi = xsxp. Then, V(H) = {l1,2,3,4},
E(H) = {{1}, {1, 2,4}, {2, 3}, {3, 4}}, and X (H) = {x1, x2, x3, x4, x5}. See Fig. 1.

Given a weighted oriented graph D, we can associate the ideal IP°!(D) with a
labeled hypergraph by using Construction 2 and denote this labeled hypergraph by
H(D).

3 Labeled hypergraphs associated to edge ideals

In this section, we employ the labeled hypergraph construction as the main tool to study
the algebraic invariants of R/I (D) for a weighted oriented graph D. We collect results
from the literature on labeled hypergraphs and provide their immediate applications
to our objects. The first part of this section presents formulas for the regularity and
projective dimension of weighted oriented paths and cycles with non-trivial weights at
all non-source vertices. The second part presents a formula for the projective dimension
of any weighted naturally oriented path and cycle, thus completing the investigation
into projective dimension for these classes of weighted oriented graphs. Furthermore,
we provide a corollary that presents a closed formula for the regularity and projective
dimension of a large class of weighted oriented graphs.

We begin with the following result from [11] which relates the regularity and
projective dimension of R/I(D) to the graph-theoretical invariants of the labeled
hypergraph H (D). Here, we present a translated version of the original statement of
[11, Proposition 4.1].
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Proposition 1 Let D be a weighted oriented graph with associated labeled hypergraph
H = H(D).If{i} € E(H)foralli € [m] = V(H), thenteg(D) = |X(H)|—|V(H)|
and pd(D) = |V (H)|.

Taking D to be a weighted oriented path or cycle in the above proposition results
in explicit expressions for the regularity and projective dimension of the weighted
oriented graph. The following corollary is a special case of the above result. Recall
that a vertex x € V(D) is called a leaf in D if there is only one edge incident to x,
and we assume the source vertices all have weight 1.

Corollary 1 Let D be a weighted oriented graph with weight function w on the vertices
{x1, ..., x,} with the property that there is at most one edge oriented into each vertex.
Suppose that for all non-leaf, non-source vertices, x;, either w;j > 2 or the unique
edge (x;, x;) into the vertex x ; has the property that x; is a leaf. Then,

reg(D) = Y wi — |[E(D)|,
i=1
pd(D) = |E(D)|.

Proof Let I (D) be the edge ideal of the weighted oriented graph D and letmy, . .., m,
be the minimal generators of its polarization / (D)p"l. Foralll <s < r,letm; =
XiX; ]_[l;;l_l vj.¢-If xj is aleaf, then my is the only minimal generator of 1(D)P°! which
is divisible by x ; and therefore {s} € E(H (D)) withlabel {x;, y;j ¢ |1 <€ < w;—1}.

On the other hand, if x; is not a leaf, then by assumption since x; is not a source,
either w; > 2 or x; is a leaf. If x; is a leaf then as above m; is the only minimal
generator of I(D)P°' which is divisible by x; and {s} is in E(H(D)). If w; > 2,
then my = x;x; ]_[Z):’l_l vj¢. In particular, my is divisible by y; 1. The assumption
that there is at most one edge oriented into the vertex x; means that y; ; does not
divide any other generator of [ (D)P°!, Thus in this case, {s} € E(H(D)) with label
jell<tf<w; -1}

Since {s} € E(H (D)) forall 1 <s < r, by Proposition 1

reg(D) = |X(H(D))| = |V(H(D))| = Zwi — |E(D)|
i=1
and
pd(D) = |V(H(D))| = |E(D)|.

As a direct consequence of Corollary 1, one can immediately obtain the regularity
and projective dimension of a large class of weighted oriented graphs such as naturally
oriented paths, naturally oriented cycles, rooted forests, and unicyclic graphs with a
naturally oriented unique cycle. Thus, we recover the results in [18].
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Example 2 Let P be the naturally oriented path on the vertices {x1, x2, x3, x4} with the
edge ideal 1(P) = (xlxg’, xzxg‘ , xgxf). Since P is a path with non-trivial weights at
each non-source vertex, we have reg(P) = 1+3+4+2—3 =7 and pd(P) = 3 by
Corollary 1. However, if there exists at least one non-source vertex with trivial weight,
we cannot apply the formula given in Corollary 1. For instance, suppose instead that
vertex x3 in P has trivial weight so that I (P) = (xlxg, X2X3, xgxf). Computing via
Macaulay?2 [6] shows that reg(P) = 3, whereas applying the formula in Corollary 1
would give a result of 4.

In light of the above example, one needs to consider the existence of trivial weights
in order to be able to provide a general formula for the regularity and projective
dimension of any weighted oriented path and cycle. As an immediate result of applying
Construction 2 to weighted oriented paths and cycles one can see that their associated
labeled hypergraphs preserve the path and cycle structures. Following the terminology
introduced in [12], we see that the labeled hypergraph of a weighted oriented path is a
string hypergraph, and the labeled hypergraph of a weighted oriented cycle is a cycle
hypergraph (see [12, Definitions 2.13 and 4.1] for string and cycle hypergraphs).
Since formulas for the projective dimension of string and cycle hypergraphs are given
in [12], we focus on expressing their results in terms of weighted oriented graphs.
We conclude this section by giving a complete picture of the projective dimension of
weighted naturally oriented paths and cycles.

The projective dimension formulas given in [12] use the notion of modularity for
string and cycle hypergraphs. For convenience, we translate their definition of modu-
larity into the language of weighted naturally oriented paths and cycles.

Definition 2 Let P be a weighted naturally oriented path on the vertices xi, .. ., x, (in
order) with directed edges (x1, x2), (x2, x3), ..., (Xn—1, X,) such that vertex x; has
weight w; foreachi € {1, ..., n}. Further supposethat2 < p; < pp <--- < pr <n
are the positions of non-trivial weights in P for k > 1. We call p = (py, ..., pr) the

weight sequence of P.

Definition 3 Let P be a weighted naturally oriented path on n vertices with weight
sequence p = (p1, ..., px) where k > 1. If p; # 2 and/or p; # n then extend the
sequence (p1, ..., px) by appending 2 to its beginning and/or n to its end. Denote
this new sequence by (qo, - . ., gs) and call it the extended weighted sequence. Note
that the extended weighted sequence is equal to the weight sequence if p; = 2 and
pk =n.Foreachi € {0,...,s —2}letI'; o = I'(q, ..., gi+¢) denote the weighted
naturally oriented induced path of P on the vertices x4, 1, ..., X4, Where £ > 2.
Let I be the collection of special induced paths defined by

F={Fi,e|0§ifs—2, qi+1 = qi =qite — Gi+e—1 =2

(mod 3), gjr1 —q; =0 (mod 3) for i <j<i+1£—l].

Note that foreachi € {0, ..., s —2} there is at most one £ > 2 such thatI'; , € T.
Thus, we may simplify notation and drop the second index £, I'; =T'; , € I'.
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The modularity of P is the maximal number of induced paths in I" that overlap in
at most one edge. Symbolically, we have

M(P)= max [|{1“,<l ,,,,, T}l o IE(T) NET;, )l <lforl<j<nT;e F}.

i1 <ip--<iy

It follows from the definition that M (P) = 0if I' = .

Example 3 Let P; be a weighted naturally oriented path on the vertices xi, ..., X9
with non-trivial weights at vertices x4 and x7, i.e., p; = 4 and p, = 7. By following
the convention of Definition 3, we set g0 = 2, g1 = 4, g2 = 7, and g3 = 9. The only
induced path of P; satisfying the conditions given in the definitionof ['is " (2, 4, 7, 9).
Thus, the modularity of P is 1.

Let 7, be a weighted naturally oriented path on the vertices xi, ..., X9 with non-
trivial at vertices x3, x4, X¢, 1.6, p1 = 3, po = 4, p3 = 6. By setting ¢o = 2,91 =
3,q2 = 4,q3 = 6,and g4 = 9, one can see that there exists no induced path of P,
satisfying the conditions in the definition of I'. Thus, M (P;) = 0.

Let P; be a weighted naturally oriented path on the vertices xi, ..., x14 with non-
trivial weights at vertices x3, x5, X7, X9, X12, i.e., p1 = 3, p2 = 5,p3 = 7, ps =
9, ps = 12. By setting g0 = 2,91 = 3,92 = 5,93 = 7,94 = 9,95 = 12, and
ge = 14, one can see that there are two induced paths of P3 satisfying conditions in the
definition of I" and sharing {x¢, x7} as the commonedge: I'(3, 5, 7)andI'(7, 9, 12, 14).
Thus, M (P3) = 2.

The next result is obtained by rephrasing the statement of [12, Theorem 3.4] for
weighted naturally oriented paths.

Theorem 3 Let P be a weighted naturally oriented path on n vertices with the weight
sequence p = (p1, ..., px) where k > 1. Its extended weighted sequence defined in
Definition 3 is (qo, - . ., qs). Then,

s—1
pA(P)=n—1-Y {MJ + M(P).

, 3
i=0
Proof Since the associated labeled hypergraph of a weighted oriented path is a string
hypergraph on n — 1 vertices, the statement holds by translating each expression
appearing in [12, Theorem 3.4] to the language of weighted oriented paths.

Definition 4 Let C be a weighted naturally oriented cycle on the vertices xi, ..., x,
(in order) with directed edges (x1, x2), (x2,x3), ..., (Xp—1, Xn), (x5, x1) such that
vertex x; has weight w; foreachi € {1,....,n}.Letl < p;y < p2... < pr <n
be the positions of non-trivial weights in C. Similar to the weight-sequence definition
introduced in Definition 2, we call (p1, ..., px) the weight sequence of C.

In general, the modularity of the weighted naturally oriented cycle is defined sim-
ilarly to that of the path, in that we are counting the ways we can cover the cycle
with induced paths that satisfy certain conditions. We do not fully translate the results
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from [12] because it is more technical, and we encourage the interested reader to
refer to their paper for details. However, it should be noted that there are two main
differences between the modularity of the cycle and that of the path. The positions
of the non-trivial weights in C can start at any vertex with a non-trivial weight. By
reordering the vertices of the cycle, we may assume that | = p; < ... < py <n
where py, ..., pr are the positions of non-trivial weights in C. Secondly, when we
define the cycle analogue to I' in Definition 3, it is possible that one of its elements
has overlapping initial and terminal edges. In this case, the modularity would be equal
to 1.

Now, we are ready to rephrase the projective dimension formula of cycle hyper-
graphs from [12, Theorem 4.3] in terms of weighted naturally oriented cycles.

Theorem 4 Let C be a weighted naturally oriented cycle on n vertices and 1 = py <
P2 < -+ < px < n be the positions of non-trivial weights in C where k > 1. Then,

k—1

Z{Pi—i—l —3Pi+1J N LH+P;—PkJ> e

i=1

pd(C) =n — (

Proof Since the associated labeled hypergraph of a weighted naturally oriented cycle
is a cycle hypergraph on n vertices, statement holds by [12, Theorem 4.3].

Remark 2 As a consequence of the theorems above, one can obtain the depth formulas
for weighted naturally oriented paths and cycles using Auslander—Buchsbaum formula.
Let P be a weighted naturally oriented path and C be a weighted naturally oriented
cycle on n vertices. Then,

s—1
depth(P) = 1+ % Lq’“;—q’HJ — M(P), and
i=0

| pis1 — pi +1 n+p—
depth(C) = Z \‘pl-‘r] 31’1 J n \‘ P; PkJ — M(©).

i=1

4 Betti splitting

A common strategy used in the study of monomial ideals / in R is to decompose the
monomial ideal into smaller ideals and recover the invariants of / using the invariants of
the smaller pieces. Eliahou and Kervaire used this strategy in [3] when they introduced
the notion of a Betti splitting of a monomial ideal. The idea was developed further
by Francisco, Ha, and Van Tuyl in [4], where the authors studied when a monomial
ideal has a Betti splitting. We recall the definition of this notion along with relevant
important results from [4]. We then provide a large class of Betti splittings of edge
ideals of weighted oriented graphs to be used in later sections.

Given a monomial ideal 7, we denote by G(7) the set of minimal monomial gener-
ators of 1.
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Definition5 Let 7, J, and K be monomial ideals such that G(7) is the disjoint union
of G(J) and G(K). Then, I = J + K is a Betti splitting if

Bi,j(R/1) = Bi j(R/J)+ Bi j(R/K) + Bi-1,j(R/J N K)
foralli, j > 1.

Theorem 5 [4, Corollary 2.7] Suppose that I = J + K where G(J) contains all the
generators of I divisible by some variable x; and G(K) is a nonempty set containing
the remaining generators of 1. If J has a linear resolution, then I = J + K is a Betti
splitting.

When I = J 4 K is a Betti splitting, important homological invariants of / are
indeed related to the corresponding invariants of the smaller ideals J, K . The following
corollary is a direct consequence of the formulas for the Betti numbers.

Corollary2 Let I = J + K be a Betti splitting. Then,

reg(R/I) = max{reg(R/J),reg(R/K),reg(R/J N K) — 1}
pd(R/I) = max{pd(R/J), pd(R/K),pd(R/J N K) + 1}.

One can generalize the notion of splitting edge of a graph from [4] to splitting edge
of a weighted oriented graph. Let e = (x;, x;) be an edge in a weighted oriented
graph D. If I(D) = J + K is a Betti splitting when J = (xix;.ﬂj ) is the monomial
ideal associated with e, the edge e is called a splitting edge of D. The edge (x;, x;) in
Proposition 2 is a splitting edge of D.

Proposition 2 Let D be a weighted oriented graph on vertex set {x1 ... xn}. Suppose
that w; > 1 and that (x;, x;) is the only edge of D oriented into the vertex x;. Let
J = (x,-x}uj ) and let K be the ideal generated by G(I (D))\{xix;uj }. Then, 1(D) =
J + K is a Betti splitting and further

reg(D) = max {wj, reg(R/K), reg(R/(J N K)) — 1},
pd(D) = max {pd(R/K),pd(R/(J N K)) + 1}.

Proof Let I(D) be the edge ideal of D and let I (D)P?' be its polarization. The polar-
ization of the generator x,-x;.uj of I(D) ism = x;x; ]_[le_1 yj.e. Since w; > 2, m is
divisible by y; 1. In particular, since (x;, x;) is the only edge which is oriented into
xj, m is the only minimal generator of [ (D)P°! which is divisible by y j,1. Thus by
Theorem 5, 1(D)?°! = J’ 4+ K’ is a Betti splitting where J' = (m) and K" is the ideal
generated by G (I (D)P°M)\ {m}. Note that J' = JP*' and K’ = KP°' where J = (x,-x}uj )
and K is the ideal generated by g(I(D))\{xix;.”j }. Furthermore, (J NK)P' = J' N K’
as both J and K are monomial ideals. Since polarization preserves Betti numbers by
Lemma 4, this implies that / = J + K is a Betti splitting.

The formulas for regularity and projective dimension are a direct application of
Corollary 2 since reg(R/J) = w; and pd(R/J) = 1.
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Corollary3 Let D be a weighted naturally oriented path or cycle on vertex set
{x1...x,}. Let x; be a vertex in D with w; > 1. Let J = (xi_lxl.'”’) and K be
the ideal generated by Q(I(D))\{xiflxiw" }. Then, I1(D) = J + K is a Betti splitting
and

reg(D) = max {w;, reg(R/K), reg(R/(J N K)) — 1}.

Proof This follows immediately from Proposition 2 since (x;_1, x;) is the only edge
oriented into the vertex x; in a weighted naturally oriented path or cycle.

Remark 3 1f J N K = JL for some ideal L such that J and L have disjoint supports,
then, by Lemma 3, reg(R/J N K) — 1 =reg(R/J) +reg(R/L).

5 Weighted oriented paths

In this section, we focus on computing the regularity of weighted naturally oriented
paths. If the weight of each vertex is trivial, the edge ideal of a weighted naturally
oriented path is the same as the edge ideal of an unweighted path and its regularity is
given in Theorem 1. At the other extreme, if the weight of each vertex is non-trivial,
the regularity and projective dimension of a path P can be computed explicitly via the
labeled hypergraph of P as observed in Corollary 1. Our main result in this section is
Theorem 7 which gives a formula for the regularity of a weighted naturally oriented
path with any combination of trivial and non-trivial weights. This formula depends
both on the weights of the vertices and the distances between successive non-trivial
weights.

Before proving our main result, we introduce two lemmas which give the regularity
of naturally oriented paths with special arrangements of non-trivial weights.

Lemma5 Let P denote the weighted naturally oriented path on n vertices x1, . .., X,
such that w, = w > 2 for some p € {2,...,n}and w; = 1fori #p, 1 <i <n.
Then

reg(P)zw—FLn;pJ—i—LP—;lJ—l.

Proof By Corollary 3, J = (xp,lxpw) and K = (X1x2, ..., Xp—2Xp—1, XpXpils-n-s
Xn—1Xn) is a Betti splitting of 7 (P). We can view the ideal K as the edge ideal of the
disjoint union of two paths with trivial weights. Thus by Theorem 1, we have

reg(R/K) = LP_T]HJ + L#J =[5+ Ln_sﬁj

Let L = (x1x2,...,Xp_4Xp_3,Xp_2, Xp41, Xp+2Xp43, ---» Xn—1X,), then J N

K = JL. Since L can be viewed as the sum of an edge ideal of the disjoint union
of two paths and an ideal generated by variables not in those paths, by Remark 1, we
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have

reg(R/L)=Lp—§+1j+tn—(P:l)+lJZLP;QJ_'_VZQPJ.

) _
Thus by Remark 3, reg(R/(J N K)) — 1 = w + V’ . J + L” . pJ since
reg(R/J) = w. Observe that

reg(R/JﬂK)—lZw_i_LP—ZJdI_VI_pJ

3 3
> | 2]+ ]| —— HJ = reg(R/K).
Therefore, reg(P) = reg(R/JNK)—1 = w+ LPT_zJ + Ln g pJ by Corollary 3.
Since w+ LPTJJ + Ln ; pJ =w+ LPT—HJ + Ln ; pJ —1, the lemma is proved.

Lemma 6 Let P be a weighted naturally oriented path on n-vertices with wy = wy =
co=wy—y=landw; > 1forall ¢ < j <n— 1. Then,

reg(P) = {%J +3 Wi — =1+ 1),
=0

Proof The edge ideal of P is I(P) = (xix2, ... ,X[_z)Cg_l,xZ_lxz)l,xeZﬁ—l, ey
Xp—1xpy"). Let J = (x¢—1x,*) and and K = (x1x2,...,Xe—2X¢—1, xgxfﬁ‘,

oe.s Xn—1Xy"). By Corollary 3, one can see that / (P) = J + K is a Betti splitting and
therefore reg(P) = max{reg(R/J), reg(R/K),reg(R/(J N K)) — 1}.

The ideal K is the sum of the edge ideal of a path on (£ — 1) vertices with trivial
weights and a weighted naturally oriented path on (n — € 4 1) vertices where the
weights of all non-leaf vertices are non-trivial. Then, by Lemma 3, Theorem 1, and
Corollary 1, we get

reg(R/K) = {gJ + 1+ Z w; — (n—4¢).

i=0+1
Let L = (x1x2, ..., Xp—4X¢—3, X¢—2, x;ﬁ] , xg+1xﬂ52, oy Xp_1x2), then J N
K =JL.
The ideal L is the sum of the ideal L; = (xé”ﬁ' , xg+1xZ’fJ2rz, e Xpe1 X2, the

edge ideal of a path on (¢ — 3) vertices with trivial weights which has no variables
in common with L1, and a variable x,_;. Further, the generator x,_, does not effect
the regularity of R/L by Remark 1. The ideal L has the same polarization as the
ideal (xgxg}ﬁl_l, xg+1x2”fi§2, vy Xp_1X2") after a relabeling of the variables. The
regularity of this latter ideal can be computed using Corollary 1 and thusreg(R/L;) =
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Y imeq1 Wp; — (n — £). Tt follows from Lemma 3 that

reg(R/L) = L%J + 3wy — -0,
i={+1

By Remark 3, we have

wg—i-LgJ—i- ; w; —(n—4)

3 .
i={+1

- LK 2J+1 1+ we + f (n — )
=|— — w w; — (n —
3 ¢ . i n
i=0+1

=LEJ (we — 1) + Xn: wi — (n—10)

3 i=(+1

{§J+1+ i w; — (n — ©)

i=l+1

reg(R/(JNK)) —1

v

= reg(R/K)

where the last inequality follows from the assumption that wy, > 2. One can see that
reg(R/(J N K)) — 1 > reg(R/J) = wg. Therefore, reg(P) = reg(R/(J N K)) — 1
by Corollary 3, and the desired equality holds.

Our next result is general in the sense that we consider weighted naturally oriented
paths with arbitrary numbers of non-trivial weights. Both the values of the weights
and their positions factor into our formula for the regularity of a path, motivating the
following definition.

Notation 6 Let P be a weighted naturally oriented path on n-vertices with the

weight sequence (p1, ..., pr). In what follows we will abuse notation and write
q1,---.q9:) < (p1,...,px) to mean that (qi,...,q:) is a subsequence of
(p1s---\ P

Let S be the collection of subsequences of the weight sequence (py, . .., pi) where

the difference between any consecutive elements of the subsequence is not equal to
two, i.e.,

S={q1,---,q9) S(P1,---, k) : Gi+1 —qi #2foreachi €{l,....1 —1}}.
Example 4 Let P; be a path on the vertices x1, ..., x7 and (2, 3, 5, 6) be the weight
sequence of Py, i.e., w2, w3, ws, we > 2 and wq, w7 = 1. In what follows, we are

interested in the elements of S which are maximal with respect to inclusion. The
maximal elements of S are

{(2,3,6),(2,5,6)}.
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Let P, be a path on the vertices xp, ..., x7 and (2, 4, 6, 7) be the weight sequence
of Py, i.e., wa, wy, wg, w7 > 2 and w3, ws = 1. Then, the maximal elements of S
are

{2,6,7),4,7)}.

As the previous example illustrates, the maximal elements of the set S always begin
with pj or p; + 2 with the latter only occuring if pr» = p; + 2.

Definition 6 For a weighted naturally oriented path P on n-vertices with the weight
sequence (pi, ..., px), we define weight-position sum of ¢ = (q1,...,q;) € S as
follows:

3 t—1 o
YITED SUNIES SO o CEE It
i=1 i=1

. . . —q 1
We will be interested in the largest element of the set {Z q+ L%J + L%J

| q € S}. To simplify the proof of our main result Theorem 7, we present the following
lemma which states that the maximum element of this set always occurs at a maximal
(with respect to inclusion) element of S.

Lemma?7 If P is a weighted naturally oriented path with weight sequence p and
q C (' are elements of S, then

X e 3 R e

Moreover,
m S [ [ M = e ([ Sar S50 ][5 ])
q1=pr1,p1+2

Proof First note thatif q = (q1....,¢:) €4 = (q1,....4j. 7. qj+1,--..9:1) S P
then since r is a position of a non-trivial weight of P, we have w, —1 > 1. In addition, it
follows from the properties of floor functions that Vj - J < Vj = _rJ + L%J +
1. Therefore

t j—1 t
qi+1 — 4i qdj+1 —4;j qdi+1 — 4i
Ya= Y wg || | A |
i=1 i=1

i=j+1

t j—1 t—1
di+1 — d4i qj+1—T r—4q; di+1 — 4qi
Szw‘fﬁw’_HZL 3 J+L 3 J+L 3 JJFZL 3 J_’
i=1 i=1 i=j+1

t j—1 t
_ qi+1—4i qj+1—7T r—qj di+1 — 4i
_lgw"ﬁw"JFEL 3 J“{ 3 JJ{ 3 J+ > [ 3 J_(’H)

i=j+1
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4 2 3 3

Pi: e ° ° ° ° ° ° °
T1 T2 T3 T4 s T x7 s

2 4 3 3

Py: e ° ° ° ° ° ° °
T x2 z3 T4 Z5 Z6 g €8

Fig.2 Same weight sequence, different weight functions

=Zq’

Then, for any such q, ¢’ € S, we have

Yot |52+ 1 = Ba+ 5+ [ 157

Similar arguments can be made when q' = (r,qi1,...,q;) and when ¢ =
(q17~'-7qtvr)'
Extending this idea we can see thatif q = (¢1,...,¢,) and q' = (g}, ..., g;) are

any elements of S with q C ¢’ then

Mo |25+ [25 = X ¢ |75+ 57

The final part of the lemma follows from the above inequality and the observation
that the maximal elements of the set S begin with p; or p; 4+ 2 where the latter occurs
if pp = p1+2.

Example 5 Let P and P, be as shown in Fig. 2.

These graphs have the same weight sequence (2, 4, 5, 8) and the same total weight
sum. Note that since the two graphs have the same weight sequence, the set S as
defined in Notation 6 will be the same for both graphs.

Given q € S define f(q) =Y q + L%J + L%J, the expression introduced

in Lemma 7. For each of the graphs P and P, the following tables provides the value
of f(q) for each maximal element q € S.

D - q((2,5,8) 4,5,8) Py (258)(458)
Yo f@] 10 7 f(q) 9

Here, we see that the maximum of value of Y q + %J + L@J could come
from gy = p; =2 asinP; or from g1 = p; +2 =4 asin Ps.

Furthermore, using Macaulay 2 [6], we see that reg(P1) = 10 and reg(P>) = 9,
providing evidence that the regularity of the graphs is given by f(q) which, in turn,
depends on both the positions of weighted sequence and the values of the weights.
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5 4 3 4

Pir: e ° ° . . ° ° . ° ° ° °
x1 x2 x3 x4 x5 Ze x7 xrg x9 10 11 12

5 4 3 4

Po: e ° ° ° ° ° ° ° ° ° ° °
x1 x2 x3 x4 x5 xe x7 T8 x9 10 11 12

Fig.3 Two weighted oriented paths with the same non-trivial weight values and different weight sequences

Theorem 7 Let P be a weighted naturally oriented path on n-vertices x1, . . . , X, with
the weight sequence (p1, ..., px). Then

reg(P) =I;1£${Z(QI,---,%)+ Ln;%J + qug-lj}.

Before we proceed to the proof of the main theorem, we present examples to show
that the formula of regularity depends not only on the weights of the vertices but also
on the weight sequence.

Example6 Let P; and P, as shown in Fig. 3. These two paths each have four
vertices with the same weight values 5,4, 3,4, but at different positions. Their
weight sequences are (2,5,9, 12) and (2,4, 8, 12), respectively. Define f(q) =
f(q1,--.,qy) asin Example 5. Using Macaulay 2 [6], one can calculate reg(P;) = 16
and reg(P>) = 13. We can see that 16 = f(2, 5,9, 12), i.e., the regularity for P
comes from the entire weight sequence. On the other hand, regularity for P, is given
by 13 = f(2, 8, 12) where (2, 8, 12) and (4, 8, 12) are the maximal elements of S for
P, with values f(2,8,12) =13 > f(4,8,12) = 11.

Proof of Theorem 7
We proceed by induction on the number of non-trivial weights k. The base case
k = 11is proved in Lemma 5. Recall that by Lemma 7 that the maximal element of the

set
(S 15225

will occur at a maximal (with respect to inclusion) element of S. Suppose k > 1.
If w; > 2 foreachi € {2,...,n}, the statement holds by Corollary 1. If w; = 1
forall 1 <i <mand w; > 2forallm + 1 <i < n — 1, the statement holds by
Lemma 6. Thus, we may assume that there exists a non-trivial weight at position p;
forsome j € {1, ..., k} suchthat w1 = 1. Let pg be the smallest such position in
the weight sequence. Note that it is possible that £ = 1. These assumptions imply that
pe+1 = pe+2ifl #kand pg_; = pg —iforeachi € {1,...,¢—1}.
Under these assumptions, the edge ideal of P is

wy Wpy Wpy+2 w
I(P) = (X1Xy °5 oo o, Xpp—1Xpy s XppXpytls Xpet1Xp, 0 s Xn—1Xp )
where wy, ..., wp, > 2 and wp,,,, ..., wp, may be anything.
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By Lemma 1 and 2, we can bound reg(’P) from above and below with the following
inequalities

max{reg(R/(1(P), xp,)), reg(R/(I(P), xp,+1))} < reg(P)
< max{reg(R/(I(P), xp,)), reg(R/(I(P) : xp,)) + 1}.

The remainder of the proof will consist of proving that these upper and lower bounds
coincide by showing that reg(R/(I(P), xp,+1)) = reg(R/(I(P) : xp,)) + 1. We will
then conclude by showing that max{reg(R/(I (P), xp,)), reg(R/(I(P), xp,+1))} has
the desired form.

To see that reg(R/(I (P), xp,+1)) =1eg(R/(I(P) : xp,)) + 1 note that

w Wp Wpy+3
(L(P), Xpp1) = (312575 ooy Xppm1Xp, )+ (pytt) + (ppa ) (370 oy X1 X, ™)
and
I(P) : _ w2 wp,—1 Upg+3 wy
(P) 1 xp, = (X1X5 75 ooy Xpy—1Xp, )+ (Xppa1) + (xpz+2xp@+3 e Xpo1 X, ).

Since each of these ideals is the sum of three ideals whose generators have
disjoint supports, we can calculate their regularities by summing the regularities
of the component ideals by Lemma 3. The regularity of (xlx;” Z, ...,xm_lxz}f )

and (xlxéuz, .. .,xm_lx;)f“_l) can be calculated using Lemma 6, and since the
only difference between these ideals is the exponent of x,,, it is easy to see that
reg(R/(I(P), xp,4+1)) =1eg(R/(I(P) : xp,))+1.Thus,reg(P) = max{reg(R/(I(P),
Xp,)), 1€g(R/(I(P), X p,+1))}. It remains to show that this maximum is of the form
given in the statement of the theorem. To do this we must consider several cases.
Case I First suppose that £ = k. In this case, by our assumptionson ¢, p; 1 —p; = 1

o ) — iti 2: n—4q: g1 +1
foralll <i < k—1anditisclear that e L J+L J
Tra =1 = andaitis clear thai r&ax{ (111 qt)—|- 3 3

will occur when q1,---,9:) = (p1, ... pr). Thus we wish to show that reg(P) =

3Ry S LY

Note that the ideals

Wp—1
(I xp) = (xixy 2, ..., xl,k_zxpkpil )+ (Xp) + Kt 1Xpp42, oy Xn—1Xp)
and
W,
U, Xpea1) = X152, o Xp—1 X0, ) + (1) + (Xpt2Xp 435 - - Xn1Xn)
are both written as the sum of the edge ideal of a weighted naturally oriented path as
in Lemma 6, the edge ideal of a path with trivial weights, and the ideal generated by a

variable where the supports of all three ideals are disjoint. We can then use Remark 1,
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Lemma 6 and Theorem 1 to obtain

p1+1
3

n—pk+1J

k—1
rea(R/(1, %)) = Y wp, + | 3

i=1

- p1+1 n— pk
§Zwm+t —k+1+t 3 J+1
i=1

—k-1+|

3

- p1+1 n— pg
szwpﬁ{ 3 —k—I—L 3 J+wpk
i=1 N

=reg(R/(I, Xp,+1)).

k
+1 -
Therefore, reg(P) = reg(R/(I, Xp,+1)) = Z Wy, + LPIS J —k+ Ln 3ka
i=1

as desired.
Case 2 Now suppose that 1 < ¢ < k. Then, this means that p» = p; + 1 and
therefore every maximal element of S has p; as it’s first element. In this case,

w Wpy—1 Wp,+2
(I(P), xp,) = (x1x, 2., xperpefl )+ (xp,) + ()Cp[+1xpz_f_2 e xn,lxé“n)

is the sum of an ideal of the form of Lemma 6 and the edge ideal of a naturally oriented
path with fewer than k non-trivial weights. By Lemma 6 and the induction hypothesis,
we have

reg(R/(I(P), xp,)) =

o > @ qz)+Ln_3th+qu_§’+1J}

q1=pe+2

|
=
+
R
w

n—q p1+1
- Yo ST 5% |+ | 252
gﬂeaé (p1 De q1 qr) + 3 + 3

q1=pe+2

n—qz p1+1
N T e,
max (p1 Pe—1,91 qr) 3

q1=pet2

where the equalities use the fact that p;_; = p; — 1 Similarly,

w Wp Wpp+3
(I(P), xpy41) = (x1x, 2., Xpy—1Xp, 0y + (Xpe+1) + (xm+2xm_ﬁ3 e ,x,,_lx;”n)

is also the sum of an ideal of the type in Lemma 6 and the edge ideal of a naturally
oriented path with fewer than k non-trivial weights. Thus, again by Lemma 6 and the
induction hypothesis,
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reg(R/(I(P) Xpi+1))
_Z w, + Lpl +1J ;

+ max {Z(Cll,...,q,)+Ln;q’J_i_L‘h—PlS—l—!—lJ}

CZI>I’H'3

: p1+1 n—gq q1— pi
B s[5 252
pr,+L 3 J + Itileag {2(41 qr) + 3 + 3
=1 Q= pet3
_ n—th LPH—IJ
= I(ileag {Z(Pl,m,m,m,..-,q:)-i-L 3 + 3 .

q1=pe+3

Observe that for any q € S, we must have g; = p; foreach 1 <i < ¢ — 1 and
either g¢ = p¢ (which implies that g¢+1 > p¢ + 3 since our choice of £ implies that
qe+1 # pe+ 1 and the definition of S then implies that g¢y1 # pe+2)orge > pe+2.
Hence, the maximal elements of the set S are contained in the set

{(p1s-- . peqi,-...q) - q€8,q1 = pe + 3}
U{(p1,---s pe—1-q15---,q1) : € S,q1 > pe + 2}

and we deduce that

max{reg(R/(I(P), xp,)), reg(R/(I(P), Xp,11))}

zgleag{Z(ql,...Qz)‘F LH;QtJ + Lpl;lJ}.

Case 3 Suppose finally that £ = 1. Then, p» > p1 + 2 by our assumptions. Then,

+2
(I(P),xp)) = (X1X2, ..., Xp,—2Xp — 1,xp1,xp1+1xp1’12 e X1 X))

and by Lemma 3 and the induction hypothesis

reg(R/(1(P), xp,))
=LPI_T1+1J+ max {2(41,...,Qz)+Ln;q[J+LQI_§1+1J}

!11>171+2

Z\;I;IJ_}— max {Z(Ql,...,ql)+LnEQtJ+qu_;)I_FIJ}.

ql>P1+2

Similarly, for the ideal

Wpy Wpy+3 w
U(P), xp;+1) = (x1x2, ..., Xp1=2Xp1 =1 Xpy=1Xp; > Xpy+1> Xp 42X 5,43 > -+ Xn—1%n")
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again by Lemma 3, 5, and the induction hypothesis, we have

1
reg(R/((P). xpy 1)) = wp, + | 2= | =1

. maX {Z(q],...,qt)+{n_3qtj+{ql_p]3_1+lJ}

1>P1+3

= max {Z(Pl C]lv--wqt)"i_Ln;,QIJ+Lp1;—1J}.

611>P|+3

Since p» > p; + 2, observe that any maximal element q of S with ¢ = p; must
have g2 > p1 + 3. Thus, we get

T ) S LE N LRy

q1=p1

Our goal is to show that the maximum of the above expressions obtained for
reg(R/(I(P), xp,+1)) and reg(R/(I(P), xp,)) is of the desired form. We make
the following useful observations to achieve this goal. If p» = p; + 2, for any

=(q1,...,q:) € S where g = p>, observe that

L%JJFZQJrV;q'JJFVH—?JrlJ
ZLm_ J+Z(pz,qz,...,q,)+L”;%JJFVZ_?JHJ
:L J+Z(P2,qz,...,q,)+L”;%JJH
ZZ(pz,qz,...,qt)Jr{";thJﬂpz;lJ'

If p» > p1 + 2, then for any (q1, ..., q;) € S where g > p; + 2, we have
7 5 [
{3 LR el s 3
p1+1J L J qu—le
< 1
<w, + L +Y q+ +| 73

:Z(Plvﬂl,...,qt)_kt SCItJ_FLPI;_IJ

since wp, > 2. Therefore, by putting all of the observations together, we see that

reg(P) = max {reg(R/(I(P), xp,+1)). reg(R/(I(P), xp)))}

_maxl max {Sa+ 5% ]+ | 2],

qeS
q1=P1
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3 3 2
Ps3: e ° ° ° ° ° ° °
1 T2 x3 T4 Ts5 T6 T7 T8
3 3 2
Py: o ° ° ° ° ° ° °
T T2 T3 T4 x5 X6 x7 xs
Fig.4 Two paths with the same total weights but different weight sequences
ﬂJ Lnfqtj LQI*P1+1J
I;leaé H 3 + Zq+ 3 =+ 3
q1zp2
n—q g1 +1 n—q q1+1
= max { max +L7J+L “,max{ +L7J+L J
qeS {Zq 3 3 qeS Zq 3 3
q1=r1 q1=p2
n—q pitl
= e (a1 P57
qeS {Zq 3 3
q1=P1.P2
where g1 = pp occurs only when py = p1 + 2.
Corollary 4 Let P be a weighted naturally oriented path on vertices xy, . . ., X, with

the weight sequence (p1, ..., px).If pix1 — pi # 2foreachi € {1,...,k — 1}, then

‘ - Pi+1 — Di n— p p1+1
reg(P)zl;mer;L 3 Jjﬂ 3 J+L 3 J_k

where k > 1.

Proof Since p; 11 — p; # 2 foreachi € {1,...,k — 1}, the maximal element under
containment of sets in S is (py, ..., pr) and the statement holds by Theorem 7.

Example 7 This example serves to illustrate that changing the positions of the nontriv-
ial weights can change the regularity of the graph. Let P3, P4 be the weighted oriented
paths pictured below in Fig. 4 where the two graphs each have three vertices with the
same nontrivial weight values but in different positions in the graphs.

By using the formula in Corollary 4, we can compute reg(P3) = 7, whilereg(Ps) =
8. Here, the added distance between the nontrivial weights in Py results in the regularity
going up by one.

The following lemma is a consequence of the previous theorem and will be used in
Section 6. In this lemma, our objects are ideals obtained by taking the sum of an edge
ideal of a weighted naturally oriented path on n vertices xp, ..., x, and monomial
ideal (x;” ) where wy > 1. Even though we introduce the term weight sequence for
weighted oriented paths, we can adopt this notion for these special ideals as they can be
seen as an extension of edge ideals of weighted oriented paths. Let I = (xf”) +1(P)
be a monomial ideal where w; > 1 and P is a weighted naturally oriented path. We
call (1 = p1, p2,..., px) the weight sequence of the ideal I where (pa, ..., px) is
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the weight sequence of P. By abusing notation, we can define the set S in a similar
way for these type of ideals. In the next lemma, we again take q = (g1, ..., g;) to be
a subsequence of (1 = py, p2, ..., px) in S.

Lemma8 Let L = (xi”l,xlxéuz, o Xn_1X0 ") be an ideal in R with the weight
sequence (1 = p1, ..., px). Then, we have

reg(R/L) = max, {Z(ql,..-,qt) + V ;q’J + LCIS—IJ}

Proof Let L' = (xoxiﬂl_l, xlxévz, e, Xn—1x2"). Note that L and L’ have the same
polarization (up to a relabeling vertices) and thus have the same Betti numbers. In
particular,reg(R/L) = reg(R/L’) and we can use Theorem 7 to calculate the regularity
of R/L’. The ideal L’ is the edge ideal of a weighted naturally oriented path on n + 1
vertices with weight sequence p1+1, ..., pr+1if w; # 2, and with weight sequence
p2+1,..., pr + 1if w; = 2. We therefore have two cases to consider.

Case I Suppose first that w; # 2. Then by Theorem 7, we have

ma {32+ 5%+ 22 ]},

=1 S+ 20 50 [ 2]
g [T+ [0 +[252).

S+ T 2 15[ 220

—max fmax {3+ 252 |+ [ 22 [} |00+ [ 5%+ | 257 ]

reg(R/L") = max

= max

q1=1

Note that if g; = 1 then L‘%;IJ = L%IJ and if g; = 3 then L#J = Lq—‘J. So

ree(R/1) = max (Y | 5%+ |4 ]].

Case 2 Suppose now that w; = 2. Then, L’ is a path of length n + 1 with weighted
sequence pp + 1, ..., px + 1. By Theorem 7

reg(R/L') =  max {Zq+tn;q1J+ Lq13+2”

q1=p2,p2+2

If (q1,...,q:) € S withq; # 3 then (1,q1,...,q;) isin S also. Recalling that in
this case w; = 2, we have

d G — n—gq q1+2
wo + 3| e [5T + |P
; 4 ; 3 3 3
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d | it —q n—gq q1+2
ZZWWFZL%J‘”‘L 3tJ+V3 JFwr—2
i=l1 i=l1
d — gi+1 —q1 n—gq q1—1
=wi+ ) wy + L’*—J—t+[ ’J+L J—l
d — gi+1 — q1 q1—1 n—gq 1
i+1 — - — Yt
SRS v 50
wl+§wa+g e R e e Rk

Further, if g; = 3 then, as before, Lq‘THJ = L’é—‘J Therefore, we have

L[S0 |15+ (22

q1=p2,p2+2

mx [T 52+ %)

reg(R/L")

6 Weighted oriented cycles

Our main theorem of this section calculates the regularity of the edge ideal of a
weighted naturally oriented cycle and presents a formula similar to the one obtained
for weighted naturally oriented paths in Theorem 7. We begin with an analogous setup
as in the weighted naturally oriented path case.

Let C be a weighted naturally oriented cycle on the vertices xi, ..., x, (in order)
with directed edges (x1, x2), (x2, x3), ..., (Xn—1, Xn), (Xn, X1) such that vertex x; has
weight w; for each i € {1, ..., n}. If all the weights of C are trivial, i.e., w; = 1 for
eachi € {1, ..., n}, then studying /(C) is the same as studying the edge ideal of the
unoriented cycle /(C) for which the regularity is known, as discussed in Theorem 1.
Thus, we shall assume that w; > 2 for some i.

In contrast to the path case, one has more freedom when it comes to determining
the positions of non-trivial weights of a weighted oriented cycle as one can reorder
the vertices of the cycle without changing the structure of the graph. Thus, without
loss of generality, when the cycle contains at least one non-trivial weight, we assume
that p; = 1 for the remainder of the paper.

Notation 8 Similar to the path case, our formula for the regularity of the cycle will be
given in terms of subsequences of the weight sequence in which no two consecutive
entries are distance two apart. Due to the structure of the cycle, we modify the set we
previously called S as follows:

S:{(ql,...,q,)g(pl,...,pk) D giv1 —qi #2foreachi e {l,...,t—1},
and q; — q1 #n — 2}.

We are again using the subset symbol to denote the subsequence relation.
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Cr - 3 4 6 3 2 3

1- ° ° ° ° ° ° ° ° ° °
xr1 €2 xrs3 ) T Te i xs X9 1o

C, : 3 4 6 3 2 3

2. ° ° ° ° ° ° ° [} ° °
T To xrs3 T4 s e xT7 T T9 10

Fig.5 Two naturally oriented weighted cycles on 10 vertices

The formula for the regularity of the cycle will be quite similar to that of the path
and will include the weight-position sum defined in Definition 6 where instead we take

qes:
t t—1 . .
Ya=Y @ ar =Y+ [P - 6
i=1 i=1

The formula for the regularity of the weighted oriented cycle will differ from the
weighted oriented path as one needs to take into account the difference between the
positions of the first and last non-trivial weights for weighted oriented cycles.

Example 8 Let C; and C; be weighted oriented cycles as shown in Fig. 5, with the
weight sequences (1,3,4,6,7,9) and (1,2,4,6,7,9), respectively. Denote by S|

and S, their corresponding sets as defined in Notation 8.
Then, the maximal elements with respect to inclusion of C; in S} are

{(1,4,7),(1,6,7),3,4,7),(3,4,9),(3,6,7),(3,6,9)}.

Note that each of the maximal elements satisfy either g1 = 1, or g1 = 3. On the
other hand, the maximal elements of C, in S, are

{(1,2,6,7),(1,4,7),(2,6,9), (4,9)}.
Here, we see that each of the maximal elements satisfies either gy = 1 or ¢, = 9.

Furthermore, we see how different S; is from S, although their weight sequences
differ by only one entry.

Theorem 9 Let C be a weighted naturally oriented cycle on n-vertices x1, . . . , x,, with
the weight sequence (p1, ..., px). Then,

n+qr—q
reg(C) = r;lg;c {Z(ql, ceqr) + LT“

Before we prove the theorem, we begin with a lemma analogous to Lemma 7.
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Lemma9 [f C is a weighted naturally oriented cycle with weight sequence p and
q C q € Sthen

n+q1—qu , Vl+q{—q{J
T T | < - .
Z‘HL 3 =) 4+ 3

Moreover, we have

max{Zq+LW”= max {Zq—i—{%” (6.2)

qeS qeS
q1=1orq=3
or q;=n—1
Proof We again ﬁrst consider the situation with q = (g1,...,9/) € (q1,...,4q;,7,
qj+1,---.q1) € S. If g1 <r < qy, then the proof proceeds exactly as in the proof of

Lemma 7 so that
”"‘Cll—fItJ ’ {”"‘ql—ChJ
- T | < - .
>a+| 3 = d+ 3

For the case where r < ¢ the proof follows from the fact that VJ”%;‘”J <

LW%J + LW%J + 1. Similarly, when r > ¢, we have Lrﬁqu;J < L"+%'7rj +

Lﬂj +1
3 .

Extending this idea, we again see that the maximum element of
{Z q+ LWJ lqe 8} will be attained at an element of S of maximal length.

Let us now consider when (g1, ..., q:) € Sis pf maximal length. Suppose g; # n—1
and g1 # 3 then we have (1,q1,...,q/) € Sasqi —1 #2and g, — 1 #n —2.
Thus, we see that sequence ¢ € S of maximal length will satisfy ¢g; = 1, g1 = 3, or
qr=n—1.

Example 9 Let C; and C, be weighted oriented cycles with corresponding sequence
sets Sy and S, as defined in Example 8. These cycles have the same number of vertices,
orientation, and total weight sum with their only difference being that the weight of
vertex x3 in Cj is moved to vertex x, in Cp.

Given q = (q1,...,q;) € S; fori = 1,2, define g(q) = Y. q + LMJ, the
expression introduced in Lemma 9. For each of the graphs C; and C,, the following
tables provides the value of g(q) for each maximal element of q € S; fori = 1, 2.

(1,4,7) (1,6,7) (3,4,7) 3,4,9) (3,6,7) (3,6,9)

c. 4
Ce(@| 11 7 2 12 9 10

q((1,2,6,7) 1,4,7) (2,6,9) (4,9)

Q@ 10 11 10 9
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Here, we see that the maximum value of Y q + LWJ for C; comes from

two maximal subsequences, namely (3,4, 7) and (3,4, 9). The maximum value of
g(q) comes from the subsequence (1, 4, 7) for C,. Using Macaulay 2 [6], we see that
reg(C1) = 12 and reg(C2) = 11, providing evidence that the regularity of the graphs
is given by g(q) which, as in the path case, depends on both the weight sequence and
the values of the weights.

We now prove the main theorem of this section.

Proof of Theorem 9 If w; > 2 for all 1 < i < n, then the statement holds from
Corollary 1. Suppose that there exists at least one j € {2, ..., n} such that w; = 1.
Since k > 1, we can always find at least one pair of consecutive vertices on the cycle
such that one has trivial weight, and the other has nontrivial weight. Without loss of
generality, let x,, and x; be such a pair with w,, = 1, and w; > 2.

We proceed by using a Betti splitting to calculate the regularity of the cycle. Taking
i = 1 in the statement of Corollary 3 results with a Betti splitting where J = (xnx;” D
and K = (x1x52, ..., Xq—2x," 7", Xp—1x,). Then,

reg(C) = max{wi, reg(R/K),reg(R/(J N K)) — 1}.

Our goal is to show that maximum of wy, reg(R/K), and reg(R/(J N K)) — 1 is
equal to

n+q1—qr
max q-+ L—J}
qes {Z 3
g1=1orq =3

or g;=n—1

It can be immediately verified that / N K = JL where

w2 w3 Wp—-2 .
_ {(xz S X2X3 7, Xn=3X, S Xp—1) i wp #

(x2, x3x%, .., xn_3x:)f§2, Xn—q) ifwp=1"
By Lemma 3, we have
reg(R/(JNK)) —1=w; +reg(R/L). (6.3)
Note at this point we have that reg(R/(J N K)) — 1 > wj and thus
reg(C) = max{reg(R/K),reg(R/(J N K) — 1}.

We first focus on reg(R/(J N K)) — 1. By Remark 1, we can ignore the single
variable generators and compute reg(R/L) by Lemma 8 when wy # 1, i.e., p2 = 2,
and by Theorem 7 when wy = 1, i.e., p» > 3. Then, by Eq. 6.3, we have
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reg(R/(JNK))—1
max Z +L”—3—(Qt—1)

(q1--,9)€S
q1=p2 and g; #n—1

|
- max Z‘HV_ (q’_z)JJqu‘_ZHJ} if py > 3
J

(q1,...91) €S
241
+Lq‘ + J} if py =3

+[q13_1J} if pr =2

q1=p2 and g; #n—1

max Zq-f-vl_ — @ =2

(q1,---,91) €S
q1=p3 and g #n—1

max {w1+2q+v_2 th+th3_1“ if py #3
L

(q1,--,g1) €S
q1=p2 and g;#n—1

n—2— —1 .
max {w1+zq+ th_{_L‘]t J} 1fp2:3
(q1,--,g1) €S 3

q1=p3 and g, #n—1

Note that above expressions of which the maximums are taken are identical. Fur-

thermore, none of the (¢1, ..., q;) € S over which the maximums are taken can hav_e
g1 = 3norcanthey have g, = n—1, whichis equivalenttosaying (1, g1, ..., ¢;) € S.
By expanding the weight-sum formula in Equation 6.1 forany (g1, ..., ¢/) € S where

q1 # 3 and q; # n — 1 (so that (1,¢q1,...,q;) € S), one can verify the following
equality.

w1+Z(ql,---,qt)+Ln_i_qtfrv]s_w

=Yg g+ | (64)

Thus, we can simplify reg(R/(J N K)) — 1 to the following desired form

rg(R/(J N K)) = 1 _max{zq+ LM“

qes 3
q=1

We now consider reg(R/K). Since K is the edge ideal of a weighted oriented path
on n vertices with the weight sequence (p», ..., pr), by Theorem 7, we get

n—q q1+1
reg(R/K) = max {Z(ql,...,qaﬂ |+ |15 J} (6.5)

q1zp2

where g; = n — 1 is possible.

Next, we show that maximums of the expressions computing reg(R/K) and
reg(R/(J N K)) — 1 yield the desired form as in the statement of the theorem. In
order to do that we consider the following expressions:
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Zq—i— L%J withgq; =1, and

— F1y
Zq+tn 3q'J+LC“3 quhq] >

where ¢ € S and ¢; = n — 1 is possible in the second form. Again note that the
first expression is already of the desired form. If g1 > p> but ¢; # n — 1 then it is
possible that (1, ¢g1,...,¢q:) € S as long as p» # 3. In this case, Case 2(a) below,
we can directly compare the two expressions and show that the larger of the two is
of the desired form. In each of the other cases where the expressions are not directly
comparable (Case 1 being g; = n — 1 and Case 2(b) being p, = 3 withgq; = n — 1),
we show that the second expression can also be written in the desired form.

Case 1 Suppose q € S such that qg: = n — 1. In this case, we see that
n+q1—q q1+1 n—dq .
L 3 J = L 3 Jandt 3 J = 0 giving us

PRI ML !

Case 2 Suppose q € S such that qr #n — 1.

Case 2(a) We first consider the subcase p, # 3.

Note that (q1,...,q;) € S where g1 > pr and ¢; # n — 1 is equivalent to
(,q1,...,q:) €S and

Sae |75 [ = Ko [0

where the last inequality follows from the assumption that w; > 2. )
Case 2(b) We next consider the subcase pp = 3. Then, for (¢, ..., q;) € S where
q1 = p2 = 3, we have

Z(qlv-“’qt)"'V;,qIJ+Lq1:1J ZZ(ql,...,q,)+L#J.
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All the cases are now completed and we conclude the following:

reg(C) = max{reg(R/K),reg(R/(J N K)) — 1}

= max max{Zq-ﬁ- LM%J} I;‘:é‘ {Z(ql """ ) + L";JJ + qu37+1“

qes
q1=1 qzp2

T | O e | Pl e

qES qes

Q=1 qr=n—1 @1=3
qr#n—1
n+q1—q
= mayx {Zq+L7J .
qesS 3
g1=1orq =3
org;=n—1

thus completing the proof.

Computer experiments suggest that it is a difficult task to provide a closed formula
for the regularity and projective dimension of the edge ideal for an arbitrary weighted
oriented graph. All evidence indicates that the positions of the non-trivial weights
and the orientation of the graph play essential roles in obtaining formulas for these
invariants. Even if we restrict to weighted oriented paths and cycles, but allow any
orientation, the problem remains a difficult one.
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