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Abstract

We define a total order, which we call rooted order, on minimal generating set of J(P,)* where
J(P,) is the cover ideal of a path graph on n vertices. We show that each power of a cover ideal
of a path has linear quotients with respect to the rooted order. Along the way, we characterize
minimal generating set of J(P,)* for s > 3 in terms of minimal generating set of J(P,)>. We
also discuss the extension of the concept of rooted order to chordal graphs. Computational
examples suggest that such order gives linear quotients for powers of cover ideals of chordal
graphs as well.

1. Introduction

Let § = k[xy,...,x,] be the polynomial ring over a field k and let G be a finite simple
graph with vertex set V(G) = {xi,...,x,} and edge set E(G). The cover ideal of G is a
squarefree monomial ideal of S defined by

JG) = (] Gixp.
{xi.x;}€E(G)
The cover ideal J(G) is the Alexander dual of the well-known edge ideal of G. Cover ideals
and their powers were studied in many articles, see for example [2, 5, 6, 7, 8, 9, 12, 15, 19,
20, 21] Herzog, Hibi and Ohsugi [15] showed that if G is a Cohen-Macaulay chordal graph,
then all powers of the cover ideal of G have linear resolutions. Moreover, they proposed the
following conjecture:

Conjecture 1.1 ([15, Conjecture 2.5]). All powers of the vertex cover ideal of a chordal
graph are componentwise linear.

Francisco and Van Tuyl [9] showed that cover ideals of chordal graphs are componentwise
linear. For a graded ideal I C S, being componentwise linear is an algebraic property which
requires that for all j, the ideal /;;,, generated by all homogeneous polynomials of degree j
belonging to /, has a linear resolution. Later, it was proved that chordal graphs in fact have
stronger combinatorial properties such as being shellable [22] and vertex decomposable
[23]. In [20] it was proved that powers of cover ideals of Cohen-Macaulay chordal graphs
have linear quotients. A graph G is called Cohen-Macaulay if the quotient ring S/I1(G) is
Cohen-Macaulay, where /(G) denotes the edge ideal of G. It is well-known [13, Lemma
9.1.10] that the cover ideal of a Cohen-Macaulay graph is generated in single degree. Since
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254 N. Erey

cover ideal of a path graph can have minimal generators of different degrees, paths are
not necessarily Cohen-Macaulay. In fact, using the recursive description of the minimal
generating set of J(P,) in Lemma 2.2, one can show that P, is not Cohen-Macaulay for
nx>S.

In a recent paper [19] Kumar and Kumar proved Conjecture 1.1 for all trees. Their main
tool is a result from [8] which says that for any graph G the polarization of k" symbolic
power of J(G) is the cover ideal of some graph denoted by Gy. Since symbolic powers and
ordinary powers of cover ideal of bipartite graphs coincide [11], their approach is to show
that Gy is vertex decomposable when G is a tree. Although trees contain the class of path
graphs, the methods in [19] cannot be applied to non-bipartite chordal graphs.

The main goal of this paper is to make a contribution to the problem in Conjecture 1.1
and bring up an idea that is applicable to all chordal graphs. We introduce the notion of
rooted order (Definition 2.7 and Definition 5.5) and we show that all powers of the cover
ideal of a path graph have linear quotients with respect to such order (Theorem 4.3). Our
results build on and extend the analogous results presented in [6] from second powers to
all powers. We analyze the minimal generating set of J(P,)* in relation to rooted order.
An interesting byproduct we obtain in the process is Corollary 3.12 which characterizes the
minimal generators of J(P,)* for s > 3 in terms of those of the second power. Although we
focus on the class of path graphs, the notion of rooted order naturally generalizes to chordal
graphs. In fact, examples we tested on chordal graphs led us to question if one can always
find a rooted order which gives linear quotients for powers of their cover ideals. We discuss
this in Section 5 and we think that the techniques developed in this article may be helpful to
further explore the problem at hand in a more general framework.

2. Preliminaries

Let S = k[xy, ..., x,] be the polynomial ring over a field k and let / be a monomial ideal.
We denote the set of minimal generators of I by G(I). We say [ has linear quotients if there
exists an order uy, ..., u; on the elements of G(/) such that for every i = 2,...,k the colon
ideal (uy,...,u;—1) : (u;) is generated by some variables. To simplify our notation, for any
pair of monomials u# and v we will write

B u
"7 scdw,0)’

If M is a subset of S and u is a monomial, then we define a new subset uM by
uM = {um : m € M}.

Similarly, if L = vy,...,v, is a list (or sequence) of monomials, then uL denotes a new list
obtained from L by multiplying each term by u. In other words,

ul = uvy,...,uv,.

To keep our notation simple and also to distinguish lists from ideals we will not put paren-
theses around lists.

Let G be a finite simple graph with vertex set V(G) = {xi,..., x,} and edge set E(G). A
set C of vertices of G is called a vertex cover if e N C # ( for every edge e € E(G). A vertex
cover C is called minimal if no proper subset of C forms a vertex cover for G. The cover
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ideal of G is denoted by J(G) and it is defined by

G = [ Gxp.
{xi,x;}eE(G)

The set of minimal generators of J(G) is given by
GUJ(G)) ={xi, ... xi, : {xi,...,x;}1s a minimal vertex cover of G}.

If the graph G has no edges, then J(G) = (1).

If A is a subset of vertices of G, then G \ A denotes the graph which is obtained from G
by removing the vertices in A. We call a graph chordal if it has no induced cycle of length
greater than 3. We say x; is a neighbor of x; if {x;, x;} € E(G). The set of all neighbors of x;
is denoted by N(x;). The closed neighborhood of x; is denoted by N[x;] and it is equal to the
union N(x;) U {x;}. Every chordal graph has a vertex whose closed neighbourhood induces a
complete graph and such vertex is called a simplicial vertex.

A path on vertices xi, ..., x, is denoted by P,. Throughout the paper we will assume that
edges of P, are labelled as

E(G) = {{x1, x2}, {x2, x3}, . .., {xn1, X}

DermniTion 2.1 (RooTED LisT [6, Definition 2.2 ]). The rooted list of P,, denoted by R(P,,),
is recursively defined by the following formulas:
R(P) =1
R(P2) = x1,x2
R(P3) = x2, X1X3
forn > 4,if R(P,—2) = uy,...,u, and R(P,_3) = vy,...,v, then

R(Pn) = Xp—1ULy o oo s X1 Upy Xn X201, -« oy XpXp—2Us.
The motivation for this definition is the next lemma.

Lemma 2.2. Let R(P,) = uy,...,u, Then

(1) GUJ(Py) = {uy, ..., ug}.
(2) J(P,) has linear quotients with respect to uy, . .., ug.

Proof. Follows from [6, Lemma 2.1] and the recursive definition of rooted list. O

Based on the lemma above, a total order on minimal generators of J(P,) was defined.

DEerINITION 2.3 (ROOTED ORDER [6, Definition 2.2 ]). Let R(P,) = uy,...,u,. The rooted
order, denoted by >z, is a total order on G(J(P,)) such that u; >z u; wheni < j.

DeriNiTiON 2.4, Letu = (uy,...,u,), v = (v1,...,0,) be two elements in Z". Then we
write u >, Vv if the first non-zero entry in u — v is positive.

The following is a general version of Definition 2.4 in [6].

DEFINITION 2.5 (S-FOLD PRODUCT, MAXIMAL EXPRESSION). Let I = (uy,...,u,). We say that
ag « .« . . . . .
M = u}'...u," is an s-fold product of minimal generators of I if each a; is a non-negative in-
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. a b, .
tegerand a; +- - +a, = 5. We write u" ... uy" >ex u}]" ooy i (ar, ... ag) >ex (br, ..., by).

We say that M = u‘l“ . uZ“ is the maximal expression if (ay, ..., ay) >jex (b1, ..., b,) for any
other s-fold product M = ”1 . uzq.

Norarion 2.6. If G(I) = {uy,...,u,}, then the set of all s-fold products is denoted by
F(IS) = {M,‘l cel Ui T UG, U € G(I)}

We also generalize Definition 2.6 in [6] from second powers to all powers.

DEeFINITION 2.7 (ROOTED ORDER/LIST ON POWERS). Let R(P,) = uy, ..., u,. We define a total
order > on F(J(P,)%) which we call rooted order as follows. For M,N € F(J(P,)*) with
maximal expressions M = uf . uq and N = ”1 . .ugq we set M > Nif (ai,...,a4) >ex
(b1,...,by).

Let G(J(P,)*) ={Uy,...,U,}. Then we say Uy, ..., U, is a rooted list of minimal gener-
ators of J(P,)* if U; >% ... >x U,. In such case, we denote the rooted list of generators by
RUI(P,*) =Uy,...,U,.

Remark 2.8. If n = 1, then R(J(P,)*) = 1 for every s.

R(P,)

TnTpn—2Tp— 4R( n— o) l'nmn—?rn—Smn—SR(Pn—G)

C D

Lpn—1Tp— BR( n— 4) Ln—1Lp—2Tpn— 4R( n— o)

A B

Fig.1. R(P,) in 2 steps

Remark 2.9. If n = 6, then Figure 1 is still valid if we make the convention R(Py) = 1.
In this case, the lists B3, C, D each has only one term:

B = Xp-1Xp-2Xn-4, C = XpXp2Xp-4, D = XX 2Xp-3X-5.

3. Properties of rooted order and G(J(P,)*)

In this section, we will establish some properties of rooted order and minimal generating
set of J(P,)* which will be useful in the sequel.

ReMARK 3.1. Observe that if n > 2, then every minimal vertex cover of P, contains either
X, Or X,_1, but not both. Therefore if U, V € F(J(P,)*) such that U|V, then the highest power
of x, (respectively x,_;) dividing U is the same as that of x,, (respectively x,_;) dividing V.

Lemma 3.2 ([6, Lemma 3.5]). Let n > 3 and let u € G(J(P,)) such that x,|u. Then there
exists v € G(J(P,_»)) such that v divides u/ x,,.
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Remark 3.3. Letn > 4 and let R(P,—2) = uy, ..., u,. Observe that by definition of rooted
order the expression u;, . .. u; is maximal with i; < --- < igifand only if (x,—1u;,) . . . (X—114;,)

is the maximal expression with x,_ju;, =g -+ 2r X,—1U;, in R(P).

Remark 3.4. Letn > 5 and let R(P,—3) = uy, ..., u,. Observe that by definition of rooted
order the expression u;, ...u; is maximal with i; < --- < i if and only if (x,x,—2u;,) ...

(xpX,—2u; ) is the maximal expression with x,x,ou;, =g -+ 2R XpXu—2u; in R(P,).

According to recursive definition of rooted list, for n > 4 each factor of an s-fold product
of minimal generators of J(P,) belongs to either x,,_R(P,_;) or x,x,_o R(P,_3). If all of the
factors are from x,_; R(P,_») or all of the factors are from x,x,,_»R(P,_3), then the s-fold
product is pure. Otherwise s-fold product is mixed. Now, we make some observations on
pure and mixed s-fold products.

Lemma 3.5 (Pure s-fold product divisible by x} ). Letn > 3. Then U,V € F(J(P,-2)*)
if and only if x)_ U,x) |V € F(J(P,)*). Moreover, in such case the following statements
hold.

() U>r Vifandonlyif x; U >r x;_ V.

(2) U € GU(P,—2)") ifand only if x) U € G(J(Py)*).

Proof. The fist statement is clear from the definition of rooted list and Lemma 2.2. To see
(1) let R(P,-2) = uy,...,u,. Suppose that U = u; ...u; and V = u; ...u; are maximal
expressions with i; < .-+ < igand j; < --- < j;. Then by Remark 3.3 the expressions
(Xp—1ttiy) - . (Xp—1u;,) and (x,—1uj,) . .. (x,—1uj,) are maximal as well. Suppose U # V and let
t be the smallest index such that i; # j;. Then

. . R s
U>rVe—= ii<j < x,_ | U>r x,_|V

n—1

as desired. For proof of (2), the direction (<) is straightforward and the direction (=)
follows from Remark 3.1. O

Lemma 3.6 (Pure s-fold product divisible by x;). Letn > 4. Then U,V € F(J(P,-3)°)
if and only if both x,x; ,U and x,x, ,V belong to F(J(P,)*). Moreover, in such case the
following statements hold.

() U >x Vifand only if x,x, ;U >r x,x; ,V.

(2) U € GU(P,-3)") if and only if x,x; U € G(J(Py)*).

Proof. Similar to proof of Lemma 3.5 using Remark 3.4. O

Lemma 3.7 (Mixed s-fold product). Let R(P,—) = uy,...,u, and let R(P,_3) =
Uls-..,0p forsomen>4. LetU =u;, ...u;, V=vj ...0; and W = xZ_le,xf;_zUV.

(D) W = (xp-1uiy) - - - (X1 U3, )X X205, ) - - . (X Xn—20;,) IS the maximal expression in
F(J(P)X ) with x,_1ui, 2r -+ 2r Xn—1Ui, >R XpXp-2Vj, 2R *** 2R XpXn-2Vj,, then
the expression U = w;, ...u;, is maximal in F(J(Py-2)?) with iy < --- < i, and the
expression V = vj, ...v;, is maximal in F(J(P,_3)%) with j; < --- < ji.

(2) If W € GJ(P,)T*%), then U € G(J(Py—2)?) and V € G(J(P,_3)").

Proof. Proof is straightforward and left to the reader. |
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Note that in the previous lemma, the converses of (1) and (2) are not true.

e Consider g = k = 1 and n = 7 with R(P7) = uy,...,u;. Then uy € x¢R(Ps) and
us € x7xsR(P4) but usus is not the maximal expression as usug = usus. Thus the
converse of (1) is not true.

e Considerg =k =1andn =5. Then U = x;x3 € G(J(P3)) and V = x, € G(J(P»))
but (x4U)(x3x5V) ¢ G(J(Ps)?). Thus the converse of (2) is not true.

3.1. Reduction to second powers. In this section we will reduce the problem of describ-
ing minimal generating set of J(P,)* to the case when s = 2. To this end, first we will
explicitly describe G(J(P,)*) for some small values of n. These results will then form the
basis step of inductive proof of Theorem 3.11 which will be our next goal.

Lemma 3.8. If2 < n < 4, then G(J(P,)*) = F(J(P,)®) for all s. Moreover, in that case
every U € F(J(P,)*) has a unique expression as an s-fold product of minimal generators of
J(Pp).

Proof. Case 1: Suppose n = 2 or n = 3. Then R(P,) = u;, up where x,_; divides u; and
X, divides u,. Let V = ufwg be an s-fold product which divisible by another s-fold product
U= u‘l‘ug Since the exponents of x, in U and V are respectively b and g it follows from
Remark 3.1 that b = . Similarly, since the exponents of x,_; are equal we get a = @ and
Uu=V.

Case 2: Suppose n = 4. Then R(P4) = uj, up, us where uy = xjx3, up = XpX3, Uz = X2X4.
Let U = ufulz’ug and V = u‘fugug be s-fold products such that U divides V. Remark 3.1
implies that ¢ = y and a+ b = a+ 5. Since the exponents of x; in U and V are respectively a
and « it follows that a < a. Similarly, comparing exponents of x, we get b < . Thus a = «,
b=Fand U =1V. |

Lemma 3.9. Let R(Ps) = uy,up, uz, uq. If U = u(fuguguﬁ € F(J(P5)*) \ G(J(Ps)®), then
B,0 > 0.

Proof. Let u; = xpx4, Up = X1X3X4, U3 = X1X3X5, Uy = XpX3X5. Let V = u‘l‘ulz’ugujf

G(J(Ps)®) such that V|U. First note that by Remark 3.1 we have

€

3.1) a+b=a+pBand c+d=y+09.

Moreover, since the degree of V is less than degree of U we have

3.2) 2a +3b+3c+3d <2a+ 36+ 3y + 30.

Combining (3.1) and (3.2) we obtain b < § and thus 8 > 0. Then we get a > @. Comparing

the exponents of x, in U and V we get a + d < @ + ¢ and thus ¢ > 0. O

Lemma 3.10. Let R(P,) = uy,...,u, withn > 2 and let s > 2.
D) If u, ...u;;, € G(J(P,)*), then upu, € G(J(P)?) forall p,q € {iy,...,ig).

(2) If uj, ...u;, is the maximal expression for some iy < --- < iy, then for all p,q €
{i1,...,ig} with p < q the expression u,u, is maximal.
Proof. To see (1) assume for a contradiction u;, ...u;, € G(J(P,)*) but there exist p,q €

{i1,...,is} such that upu, ¢ G(J(P,)*). Then there exists u,u, € G(J(P,)*) which strictly
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divides u,uy. Thenu;, ... u; upyuy [(u,uy) is an s-fold product and it strictly divides u;, ... u;,,
contradicting our initial assumption. Proof of (2) is similar. O

Theorem 3.11. Let G(J(Py)) = {uy,...,u,} withn > 2 and s > 2. Let U = ui' ...u;" be
an s-fold product in F(J(P,)*). If U ¢ G(J(P,)*), then there exist p and q with a,,a, > 0
such that u,u, ¢ G(J(P,)?).

Proof. We use induction on n. Suppose that U ¢ G(J(P,)*). If n < 4, then the statement
is vacuously true by Lemma 3.8. If n = 5, then u;us strictly divides upu4 and the statement
is true by Lemma 3.9. Therefore let us assume that n > 6.

Keeping Figure 1 in mind, observe that if x) | divides U, then the result follows from
Lemma 3.5 and the induction assumption on P,_,. Similarly, if x; divides U, then the result
follows from Lemma 3.6 and the induction assumption on P,_3. Therefore, let us assume
that U is divisible by x,x,_;.

If there exist p and g with a,,a, > 0 such that x,_4x,_|u, and x,_3x,|u,, then the result
follows from [6, Lemma 4.1]. Therefore, it suffices to consider the following cases:

Case 1: Suppose that U is product of factors from .A, /3, C in Figure 1 such that at least
one factor from A or 3 is divisible by x,,_4. Then we can write

U= (xnflxn73)av(xn71xn72xn74)ﬁW(xnxanxn74)yY

for some V € F(J(P,—4)*), W € F(J(P,_s)’), Y € F(J(P,_5)"). Let U" € G(J(P,)*) such
that U’ strictly divides U. Keeping Remark 2.9 in mind, suppose that

U = (xn—lxn—S)U/ V,(xn—lxn—an—4)ﬁ/ W,(xnxn—2xn—4)y/ Y,(xnxn—2xn—3xn—5)6/z,
for some V' € F(J(Pps)®), W € F(J(P,_s¥*), Y € F(J(P,_s)"), Z € F(J(P,—s)"). We
claim that
(@.B,7,0)=(.B.,7,5).

By Remark 3.1 we have @ + 8 = @’ + 8 and y = v’ + §’. Since the exponent of x,,_, in U’ is
less than or equal to that of U we have

B+y=pB +y +6.
Similarly, since the exponent of x,_3 in U’ is less than or equal to that of U we have
a>ad +¢.

Then adding up the inequalities we get ¢" = 0. Then y = " + ¢’ implies y = y’. Therefore
a =a’ and 8 = B as desired.

Therefore, VW'Y’ strictly divides VWY. By recursive definition of R(P,—,) (see Fig-
ure 2) observe that

U* = X33V (n2Xn -2 W(n2X0-4)'Y € F(J(Py-2)*) \ GU(Py2)").

Then by induction assumption on P,_,, one of V, W or Y contains a non-minimal 2-fold
product. By adding the suitable variables, one can see that U satisfies the desired condition.

Case 2: Suppose that U is product of factors from .4, C, D such that no factor from A is
divisible by x,,_4. Then we can write
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U= (xn—lxn—3)# V(xnxn—Z)VX

for some V € F(J(P,—4)"), X € F(J(P,-3)"), where u,v > 0 and u + v = s. We claim that U
is divisible by some U’ € G(J(P,)*) of the same form. Indeed, if

U = (-xn—lxn—3)ﬂ Vl(xn—lxn—an—4)ﬁ Wl(xnxn—2)v X’

for some V' € F(J(Pp_aY), W € F(J(P,_s)’) and X’ € F(J(P,—3)"), then we must have
W + B =pand v = by Remark 3.1. Then comparing the exponents of x,_, in U and U’
we see that 8/ = 0.

Therefore, V' X’ strictly divides VX. Then by recursive definition of R(P,_;) observe that

U™ = x, ) X(x-1 0030V € F(J(Py-1)") \ G (Py-1)*).

Then by induction assumption on P,_i, either V or X contains a non-minimal 2-fold product.
By adding the suitable variables, one can see that U satisfies the desired condition. O

R(Pn—Q)

T

xn73R(Pnf4) $n,2In,4R(Pn,5)
Fig.2. Recursive definition of rooted list of P,_,

As a consequence of Theorem 3.11 we characterize minimal generating set of J(P,)* for
s > 3 in terms of minimal generating set of second power of J(P,,).

Corollary 3.12. Let G(J(P,)) = {u1,...,u,} and let s > 2. The following statements are
equivalent.
(1) wj, ...u;, € GUJ(Py)*).
(2) upuy € G(J(P,)?) for all p,q € {iy, ..., is).

Proof. Immediate from Lemma 3.10 and Theorem 3.11. O

Given a monomial ideal 7, let (/) denote the cardinality of G(1). If G(I) = {uy, ..., u,},
then by counting the number of s-element multi-subsets of [¢] = {1,..., g} one can see that
ul®) < (q:;f]l). This upper bound may not be achieved in general for two reasons. Firstly,
a product of the form u;, ...u; may be equal to another product u;, ...u; with {if,... i} #
{j1,..., Js} as multi-sets. Secondly, u;, ...u; may be strictly divisible by another product
. -..uj. In fact, when I is generated by monomials of the same degrees, the latter cannot
happen. Therefore, although the computation of u(/*) is a challenging problem, one can
describe the set G(I*) explicitly when [ is generated in the same degree. On the other hand,
when [ is not generated in the same degree, description of G(I*) remains a difficult problem
as well as computation of u(/°).

It is well-known ([18]) that the function g(s) = u(I®) is a polynomial in s for s > 0. In
[4], the authors addressed the question of how small u(/?) can be in terms of (/) when [ is a
monomial ideal in polynomial ring with n = 2 variables. Behaviour of u(/*) was considered

uj
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in some other articles, see for example [1, 10, 16, 17]. Recently, Drabkin and Guerrieri [3]
studied Freiman cover ideals. Given a cover ideal J(G), it is a demanding task to find the
minimal generating set of J(G)* or u(J(G)*). Therefore, Corollary 3.12 might be of interest
in computation of u(J(P,)*).

We will next see how Theorem 3.11 will be useful to extend the following result to all
powers of J(P,).

Lemma 3.13 ([6, Lemma 4.5]). Let U € F(J(P,)?) \ G(J(P,)?). Then there exists V €
G(J(P,)?) such that V > U and V|U.

Lemma 3.14. Let U € F(J(P,)*) \ G(J(P,)®). Then there exists V € G(J(P,)*) such that
V >z U and V|U.

Proof. Let R(P,) = uy,...,u, withn > 2. Let U = u(f‘ .. uZ" be the maximal expression.
By Theorem 3.11 there exists u;u; with a;,a; # 0 and wu; ¢ G(J(P,)*). Without loss of
generality assume that i < j. Note that u;u; is the maximal expression by Lemma 3.10. Then
by Lemma 3.13 there exists v € G(J(P,)?) such that v strictly divides u;u jand v > wu;.
Let v = uiu, be the maximal expression with £ < £. Consider the s-fold product V =
(Uugue)/(uiuj). Observe that V > U and V strictly divides U. If V' is a minimal generator,
then we are done, otherwise this process can be repeated. O

4. Linear quotients of J(P,)* with respect to rooted order

In this section we will show that J(P,)* has linear quotients with respect to rooted order.
Before that, we prove the following result which will be crucial in the last case of proof of
Theorem 4.3.

Proposition 4.1. Let R(P,) = uy,...,u, and let R(J(P,)*) = Y1,...,Y,. Suppose that
Y, = u;, ...u; is the maximal expression for some 2 <r < pwithi; <--- < .
(1) Foreach1 <t < swith2 < i, we have
(i, us . ui1) () € (Yr,..., Yo) 0 (7).
(2) Ifxnlyr; then Xn-1 € (Yl’ R Yr—l) : (Yr)

Proof. (1): First note that by Lemma 2.2 the ideal (u;, ua, ..., u;-1) : (u;) is generated
by variables. Let ¢ < i, with uy : u; = x, for some variable x,. Consider the s-fold product
M = Y,u¢/u;. Then M : Y, = x, and M>rY,. If M is a minimal generator, nothing is left
to show. Otherwise, by Lemma 3.14 there exists M’ € G(J(P,)*) such that M’ > M and
M’|M. Then since M’ # Y, and M’ : Y, divides M : Y, it follows that M’ : Y, = x, and
Xz € (Ylw . -,Yr—l) : (Yr)

(2): Suppose that x, divides u;, for some k € {1, ..., s}. Then by definition of rooted list
i, > 2. By part (1) it suffices to show that

Xp—1 € (U1, U2, .. Uj—1) = (U4,)

which is immediate from [6, Lemma 3.6]. m|

We will also need the following result from [6].
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Proposition 4.2 ([6, Proposition 4.2]). Let R(P,) = uy,...,u; wheren > 2. Let 1 <i <
J < k. Suppose u; contains a variable from (uy,...,ui—1) : (w;). Then either uu; is not a
minimal generator of J(P,)* or u;u j is not the maximal 2-fold expression.

We can now prove the main result of this section.

Theorem 4.3. Let R(J(P,)*) = Y1,...,Y,. Then J(P,)* has linear quotients with respect
tOYl,...,Yp.

Proof. We will proceed by induction on n + 5. We will show that (Y,...,Y,—) : (¥,)is
generated by variables, for all r > 2.

Basis step (n < 3 or s = 1): The case when s = 1 is Lemma 2.2. If n = 2 orn = 3
with R(P,) = uy,u,, then by Lemma 3.8 we have R(J(P,)°) = uj, ui"luz, ..., uy and it is
straightforward to show that (Yi,...,Y.—1) : (Y}) = (u1) : (u2) = (x,-1) holds for every r > 2.

Induction step: Let us assume that n > 4 and s > 2. We set some notation for the
following rooted lists.

o R(P,2)=ui,..., U,
(] R(Pn_’;) =0U1,...,0p
L R(J(Pn_z)s) = Ul,..., UA
e R(J(P,—3)")=Vy,..., V3.
Case 1: Suppose that x; divides Y,. Assume that Y, has the maximal expression

Y, = (XnXn-20i) )(XpnXn-20i) - . . (XpXp-20;,)

for some i; < --- < i;. From Proposition 4.1 (2) we know that x,_; is a generator of
Y1,.... Y1) : (Y;). From Lemma 3.6 we can set V; = v;v;,...v;, for some ¢ € {1,..., B}.
If t = 1, then by definition of rooted order we have

Y1,.... Y1) (Y)) = (x4-1)

and nothing is left to show. Therefore let us assume that # > 1. Observe that because of
induction assumption on P,_3 it suffices to show the equality

(-1 + V1, Vo, oo, Vie) (V) = (Y, .. V) £ (7).
Because of Lemma 3.6 we already have the inclusion
(Xn-1) + V1, Vo, oo, Vie) 1 (V) € (Y1, -0 Yoo) 2 (F)).

We now prove the reverse containment. For any ¢ < r — 1, if x,_1|Y,, then it is clear that
Yr: Y, € (x,-1). Otherwise, (x,-2x,)*|Y, and by Lemma 3.6, we have Y,/(x,-2x,)* = Vj for
some k. Moreover, since Y, >z Y, Lemma 3.6 implies that V;, >z V,. Hence Y, : Y, = V; :
V., proving the reverse containment.

Case 2: Suppose that x7_, divides Y,. Let
Y, = (xn—luil)(xn—luiz) cee (xn—luij)

be the maximal expression for some i; < --- < i;. Then the expression u;, ...u;, is also
maximal by Remark 3.3. By Lemma 3.5 we can set U; = u;, ...u; forsomet > 1asr > 1.
By induction assumption on P, it suffices to show that
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(Ul’ e Ut—l) : (U[) = (Yh EII) Yr—l) : (Yr)

By Lemma 3.5 the inclusion C is clear. To see the reverse, let £ < r — 1. By definition of
rooted list, ¥ is divisible by either x7_, or x,-;x,. Because of Lemma 3.5 we may assume
that Y, is divisible by x,_;x,. Let Y, have the maximal expression

Yo = (Xn-11tjy) -+ (K11 ) (Xn Xn—20, ) - - - (XnXn—2Uk,)
forsome 1 < ji <---<j.<aand1 <k <---<kg<b.

By Lemma 3.2 we can form the s-fold product

P = (Xp1ujy) - o Copogttj, )Xy ttge) - - (Xn—124,)
where ug, divides x,_ovy, foreachi = 1,...,d. By definition of > we now have
P> Y, > Y, in F(J(P,)).
Lemma 3.5 implies that

Ujp oo Uj U - U >R Ujp .. UG in F(J(Pn_z)s).
Observe that
PeGU(PY") = uj, ... ujuy ...uy = Uy for some ' <t by Lemma 3.5

= P:Y, eU,...,U_):(U)asP:.Y.=U,: U,

= Y,: Y, € U,...,U;y):(U)as P: Y, divides Y, : Y,
as desired. On the other hand, if P ¢ G(J(P,)®), then by Lemma 3.14, there exists Y, €
G(J(P,)*) such that Y|P and Y, >z P. Since Y,/|P it follows from Remark 3.1 that x) _,|Y,.
Since Y, > Y, by Lemma 3.5 we get ¥, : Y, € (Uy,...,U,—1) : (U;). Since Y, : Y,
divides P : Y, and P : Y, divides Y, : Y,, we have Y,, : Y, divides Y, : Y, and Y, : Y, €
(Uy,..., U1 : (Uy) as desired.

Case 3: Suppose that Y, is divisible by x,x,_; and it has the maximal expression
Yy = (p-1ttiy) - oo (X1, )(Xn X —205,) -+« . (X Xn—20j,)

forsomel <ij <---<i,<aand1 < j; <--- < ji < b. Firstnote that from Proposition 4.1
we have

(4.1) Yoot € Y1y Yo 1 (X)),

Let ¢t < r. Since Y; >z Y, and because of (4.1) we may assume that Y; has the maximal
expression

Y, = (xn—lum) cee (xn—luaq/)(xnxn—ZUﬁl) cee (ann—zvﬁk,)

forsome 1 < @) < - <ay <aand1 < By <--- < B < bwith g < g. We will now
consider the following cases.

Case 3.1: Suppose that iy = a, forall £ = 1,...,4". Then ¢’ = g since Y; > Y,. This
implies k = k’. By Lemma 3.7 we get vg, ...vg, >g vj, ...V, in R(J(P,_3)X). Observe that

Y,IYrIUﬁl...Uﬁkil)jl...l)jk.

By the induction assumption on J(P,_3)* there exists a variable x, such that
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x; divides vg, ...vg, 1 vj ...vj, and x; = vy, ...y, 1 V) ...V
for some vy, ... v, >x vj, ...0j, in R(J(P,-3)"). Therefore it suffices to show that
x, € (Yy,...,Y—1): (Y)).

Consider the s-fold product P = (x,-14;,) - . . (Xp-11; )(Xn Xn—20y,) - . . (XnXp—20y,). By defini-
tion of rooted order P >% Y,. Clearly P : Y, = x,. If P € G(J(P,)*) nothing is left to show.
Otherwise, the result follows from Lemma 3.14.

Case 3.2: Suppose that there is a smallest index ¢ among 1,...,¢" such that i, # a,.
Since Y; >r Y, we have iy > a,. Then according to Lemma 2.2 there exists a variable in
(U1, ... uij—1) : (u;,), say x,, which divides u,, : u;,. Note that x;, # x,_, because of recursive
definition of R(P,—,). Also, it is clear that x, # x,, x,—; because x; is a vertex of P,_,. From
Proposition 4.1 we see that

X, € (Xp—tttys ooy Xpoatip—1) * (K1) € (Y, .00, o) 0 ()
and thus it suffices to show that x, divides Y; : Y,. From Lemma 3.10 and Proposition 4.2
we see that

Xz 'f (xn—luig)(xn—luiml) s (-xn—lui,,)(xnxn—Zvjl) o (xnxn—ZUjk)-

By the choice of ¢ since u;, ...u;,_, = Uq, ... Uy, the result follows. O

Using Theorem 4.3 one can obtain an exact formula for the regularity of powers of J(P),)
as in the next corollary.

Corollary 4.4. Foranyn >2and s > 1

2ks ifn=3k+1o0orn=3k

J(P,)*) =
reg(J(Pu)’) {2ks+s ifn=3k+2

Proof. Similar to proof of [6, Corollary 5.3]. m|

5. Rooted order for chordal graphs

In this section we will see how to generalize the concept of rooted list to chordal graphs.
To simplify the notation we will use a set A of vertices of G interchangeably with the square-
free monomial [],.c4 x;.

Nortarion 5.1. For each i = 1,...,r let L; be the list L; = a"l,...,a;'{_. Then by L =
Ly, Ly,...,L, wedenote a new list L which is obtained by joining the lists in the given order.
More precisely,

1 1 2 2 r r
L=al,...,akl,al,...,akz,--- Ay ..., dy .

r

DEermNiTiON 5.2 (ROOTED LIST FOR CHORDAL GRAPHS). Suppose that G is a chordal graph
with a simplicial vertex x; such that N[x;] = {xi, ..., x,,} for some m > 2. We say R(G) is
a rooted list of G if it can be written in the form

R(H)N(x1), R(H2)N(x2), . ..., R(Hp)N(Xpn)
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where the list R(H;) is a rooted list of the subgraph H; = G \ N[x;] foreachi=1,...,m. If
G has no edges, then we set R(G) = 1.

ReMARK 5.3. Observe that one can construct rooted lists in different ways as they depend
on the choice of simplicial vertex. In Definition 2.1 we always picked the last vertex x,, of
P, as a simplicial vertex.

Lemma 5.4. Let G be a chordal graph with a rooted list R(G) = uy, ..., u,. Then
(1) GU(G) ={ur, ..., ug}
(2) J(G) has linear quotients with respect to uy, .. ., ug.

Proof. Proof follows from [5, Theorem 3.1] and [22, Theorem 2.13]. O

DerNiTION 5.5 (ROOTED ORDER/LIST FOR POWERS). Let G be a chordal graph with a rooted
list R(G) = uy, ..., u,. We define a total order >% on F(J(G)*) which we call rooted order as
follows. For M, N € F(J(G)*) with maximal expressions M = u‘f‘ ...uf]" and N = ull" ...uZ
we set M >r Nif (ai,...,ay) >px (b1,...,by).

Let GUJ(G)*) ={Uy,...,U,}. Then we say Uy, ..., U, is a rooted list of minimal genera-
tors of J(G)* if U; > ... > U,. In such case, we denote the rooted list of generators by
RUJG))=U,,...,U,.

q

The following lemma is a version of Proposition 4.1.

Lemma 5.6. Let G be a chordal graph with F(J(G)*) = G(J(G)*). Let R(G) = uy, ..., u,
and let R(J(G)*) = Yi,...,Y,. Suppose that Y, = u;j, ...u; is the maximal expression for
some?2 <r < pwith j; <--- < jg. Foreach 1 <t < swith?2 < j, we have

(ur ug, o yuj—1) - (u)) € (Yi, .., Yeoy) 1 (Yy).

Proof. The ideal (u,us,...,uj_1) : (u;,) is generated by variables since the rooted order
gives linear quotients by Lemma 5.4. Let £ < j, with uy : u;, = x; for some variable x..
Consider the s-fold product M = Y,u¢/u;,. Then M : Y, = x, and M>gY,. By assumption

M is a minimal generator of J(G)® and the proof follows. |
T2 L1
Ly T3

Fig.3. Diamond graph

In the next chordal example, we construct a rooted list R(G) such that rooted order >x
on the generators of J(G)* yield linear quotients for all s > 1.

ExawmpLE 5.7. Let G be the chordal graph in Figure 3. As in notation of Definition 5.2
the vertex x; is a simplicial vertex and N(x;) = {x»,x3}. Observe that H; is the graph
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consisting of the isolated vertex x4. Also, H, and H3 are empty graphs. Therefore we take
R(Hy) = R(H,) = R(H3) = 1. Then the rooted list of G is R(G) = uy, uy, u3 where

Uy = XpX3,Up = X1 X3X4, U3 = X1 X2X4.
It is not hard to see that
FJ(G)') = GUJ(G))

and every s-fold product has a unique expression. Let R(J(G)*) = Yi,...,Y,. Now we
will show that J(G)* has linear quotients with respect to the order Yy,...,Y,. Suppose that
Y, = u‘fugug with r > 2. Consider the ideal / defined by

(x2,x3) ifB#0andy #0
I =1{(x3) iff=0andy #0
(x2) ifB#0andy =0

Since r > 2, we claim that I = (Yy,...,Y.—1) : (¥,). It is clear from Lemma 5.6 that
I € (Yy,....,Y,_1) : (Y,) because (u;) : (u2) = (xp) and (uy,up) : (u3) = (x3). To see
the reverse, assume for a contradiction there exists £ < r such that no variable in I divides
Ye: Y, Let Yr = ulul ul .

Case 1: Suppose 8 # 0 and y # 0. Comparing exponents of x, and x3 in Y, and Y, we see
thato’ +y < a+vyand o +f < a + B. Since both Y, and Y, are s-fold products we have
a+pB+y=a + +v and thus @’ < a. Since Y, >% Y, by definition of rooted order we
get @’ = . This implies 8 = 8" and y = ¥’ and ¢ = r, contradiction.

Case 2: Suppose 8 = 0 and y # 0. Comparing exponents of x3 in Y, and Y, we see that
o +f < a. In particular @’ < @. By definition of rooted order @’ = @ must hold. This
implies 8’ = 0 and y’ = y. Therefore ¢ = r, contradiction.

Case 3: Suppose  # 0 and y = 0. Comparing exponents of x; in ¥, and Y, we see that
a’ +v" < a. In particular @’ < a. By definition of rooted order @’ = o must hold. This
implies ¥’ = 0 and 8/ = . Therefore £ = r, contradiction.

We do not know any example of a power of a chordal graph which does not give linear
quotients with respect to a rooted order. Therefore this led us to the following question.

QuesTioN 5.8. Given a chordal graph G, does there exist a rooted list R(G) such that the
rooted order >% on the minimal generating set of J(G)® yields linear quotients for every
s>17
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