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REGULARITY AND FREE RESOLUTION OF IDEALS
WHICH ARE MINIMAL TO d-LINEARITY

M. MORALES, A. A. YAZDAN POUR and R. ZAARE-NAHANDI

Abstract

For given positive integers n > d, a d-uniform clutter on a vertex set [n] = {l,...,n}isa
collection of distinct d-subsets of [n]. Let C be a d-uniform clutter on [n]. We may naturally
associate an ideal /(C) in the polynomial ring S = k[xy, ..., x,] generated by all square-free
monomials x;, - - - x;, for {i, ..., iz} € C. We say a clutter C has a d-linear resolution if the ideal
I(C) has a d-linear resolution, where C is the complement of C (the set of d-subsets of [1n] which
are not in C).

In this paper, we introduce some classes of d-uniform clutters which do not have a linear
resolution, but every proper subclutter of them has a d-linear resolution. It is proved that for any
two d-uniform clutters Cj, G the regularity of the ideal 7 (C; U (), under some restrictions on
their intersection, is equal to the maximum of the regularities of 7 (C;) and I (Cy).

As applications, alternative proofs are given for Froberg’s Theorem on linearity of edge ideals
of graphs with chordal complement as well as for linearity of generalized chordal hypergraphs
defined by Emtander. Finally, we find minimal free resolutions of the ideal of a triangulation of a
pseudo-manifold and a homology manifold explicitly.

1. Introduction

Although the problem of classification of monomial ideals with d-linear resol-
ution is solved for d = 2, itis still open for d > 2. Passing via polarization, it is
enough to solve the problem for square-free monomial ideals. An ideal gener-
ated by square-free monomials of degree 2 can be assumed to be an edge ideal
of a graph and more generally, an ideal generated by square-free monomials
of degree d is the circuit ideal of a d-uniform clutter. R. Froberg [6] proved
that the edge ideal of a graph G has a 2-linear resolution if and only if in the
complement graph of G every cycle of length greater than 3 has a chord. In
this case, linearity of the resolution does not depend on the characteristic of the
ground field. To generalize Froberg’s result to higher dimensional clutters, we
face the problem that linearity of resolutions of a circuit ideal of a d-uniform
clutter for d > 2 depends on the characteristic of the ground field. For in-
stance, the ideal corresponding to triangulation of the projective plane has a
linear resolution in characteristic zero while it does not have a linear resolution
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in characteristic 2. In a new proof of Froberg’s Theorem in [13], the notion of
cycle plays a key role. That means:

(1) Cycles are exactly those graphs that are minimal to 2-linearity.

(2) The edge ideal of G does not have a 2-linear resolution if and only if G
contains a cycle of length > 3, as an induced subgraph.

Trying to find a similar notion for cycles, we introduce the notion of min-
imal to d-linearity in arbitrary d-uniform clutters. By Proposition 6.5, pseudo-
manifolds have the property of minimal to d-linearity. Also we know that,
if C is a d-uniform clutter which has an induced subclutter isomorphic to a
d-dimensional pseudo-manifold, then the ideal I (C) does not have a linear res-
olution. But, Example 6.6, shows that the class of pseudo-manifolds is strictly
contained in the class of minimal to linearity clutters. Another difficulty for
generalizing Froberg’s Theorem, is the term ‘induced’ in point (2) above. That
is, there are clutters which do not have a linear resolution and do not have
any induced subclutter minimal to d-linearity. For instance, consider C is a
triangulation of the sphere (with large enough number of vertices), which is a
pseudo-manifold, let vy, vy, v3 be vertices such that {v;, v,} belongs to a circuit
of C and neither {v;, vs3} nor {v,, v3} belong to any circuit. Then add a new
circuit {vy, vy, v3} to C. The new clutter does not have any induced subclutter
which is minimal to d-linearity, however its circuit ideal does not have d-linear
resolution.

In [4], [7], [16], [17] the authors have partially generalized Froberg’s The-
orem. They have introduced several definitions of chordal clutters and proved
that corresponding circuit ideals have linear resolution. In [12], the notion of
simplicial submaximal circuit is introduced and proved that removing such
submaximal circuits does not change the regularity of the circuit ideal. This
proves linearity of resolutions of a large class of clutters (Remark 3.10 in [12]).
To attack this problem from another direction, in the present paper we invest-
igate clutters which do not have a linear resolution, but any proper subclutter
of them has a linear resolution.

Section 2 is devoted to collect prerequisites and basic definitions which we
need in the next chapters. In Section 3, some homological behaviours of the
Stanley-Reisner ideal of a simplicial complex A with indeg(/,) > 1 +dim A
are investigated and some minor extensions are made for results of Terai and
Yoshida in [15].

Sections 4 and 5 contain the main results of this paper. Section 4 is about
uniform clutters and their circuit ideals. In this section, we prove that for
two d-uniform clutters Cj, G, the Castelnuovo-Mumford regularity of the
ideal 1(C, U (), is the maximum of the regularities of these two compon-
ents, whenever V(Cy) N V(G) is a clique or SC(C;) N SC(G) = & (See
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Definition 4.1). In Section 5, we define notions of obstruction to d-linearity,
minimal to d-linearity and almost tree clutters. These are clutters such that
their circuit ideals do not have a d-linear resolution but any proper subclutter
of them has a d-linear resolution. We compare these classes and then, com-
pute explicitly the minimal free resolution of clutters which are minimal to
d-linearity.

In Section 6, as some applications to the results of previous sections, we give
an alternative proof for Froberg’s theorem. Also a proof for linearity of resol-
ution of generalized chordal hypergraphs defined by Emtander in [4] is given.
Finally, we find minimal free resolutions of circuit ideals of triangulations of
pseudo-manifolds and homology manifolds.

2. Preliminaries

Let K be a field and R be a standard graded K -algebra with irredundant ho-
mogeneous maximal ideal nt. Let M be a finitely generated graded R-module

and
i —> B — F — Fp— M —0

a graded minimal free resolution of M with F; = ®; R(— j)ﬁff foralli.

The numbers ,Bl.’fj (M) = dimg Tor,R(K , M); are called the graded Betti

numbers of M and
projdim(M) = sup{i : TorlR(K, M) # O}

is called the projective dimension of M. Throughout this paper, we fix the
field K and for convenience we write simply f; ; instead of ﬂi{(j. The Auslander-
Buchsbaum Theorem enables us to find the projective dimension in terms of
depth.

THEOREM 2.1 (Auslander-Buchsbaum [3, Exercise 19.8]). Let K be a field
and R be a standard graded K -algebra with irredundant homogeneous max-
imal ideal m. Let M be a finitely generated graded R-module with finite pro-
Jective dimension. Then,

proj dim M + depth(m, M) = depth(m, R).

The Castelnuovo-Mumford regularity reg(M) of M # 0 is given by
reg(M) = sup{j — i : i, ;(M) # O},
The initial degree indeg(M) of M is given by

indeg(M) = inf{i : M; # 0}.
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We say that a finitely generated graded R-module M has a d-linear resolution
if its regularity is equal to d = indeg(M).

A simplicial complex A over a set of vertices V = {vy, ..., v,} is a col-
lection of subsets of V, such that {v;} € A for all i, and if FF € A, then all
subsets of F are also in A (including the empty set). An element of A is called
a face of A, and the dimension of a face F of A is |F| — 1, where | F| is the
number of elements of F. The maximal faces of A under inclusion are called
facets of A. The dimension of A, dim A, is the maximum dimension of its fa-
cets. Let F(A) = {Fy, ..., F,} be the facet set of A. A simplicial complex I
is called a subcomplex of A if F(I') C F(A). The non-face ideal or the
Stanley-Reisner ideal of A, denoted by 14, is the ideal of S = K[x, ..., x,]
generated by square-free monomials {x;, ---x; | {vi,, ..., v;,} ¢ A}. Also we
call K[A] := S/1x the Stanley-Reisner ring of A. We have

where Py denotes the (prime) ideal generated by {x; | v; ¢ F'}. In particular,
dim K[A] =1+ dim A.

For a simplicial complex A of dimension d, let f; = f;(A) denote the
number of faces of A of dimension i; by convention f_; = 1. The sequence
f(A) = (f_1, fo,..., fq) is called the f-vector of A.

Let A be a simplicial complex with vertex set V. An orientation on A is
a linear order on V. A simplicial complex together with an orientation is an
oriented simplicial complex.

Suppose A is an oriented simplicial complex of dimension d, and F' € A
a face of dimension i. We write F = [vg, ..., v;] if F = {vy, ..., v;} and
Vg < ... < v,and F = [ ]if F = &. With this notation, we define the
augmented oriented chain complex of A,

G(A):0 2 o M e e e, 0.

by setting

G= P KF  and  8(F) =) (-D'F
FeA j=l1
dim F=i

forall F € Ashere F; = [vo, ..., Vj,...,vi]for F = [vo, ..., v;]. A straight-
forward computation shows that 9; o 9,11 = 0. We set
ker 0;

Hi(A: K) = Hi(€(8) = =
i+
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and call H;(A; K) the i-th reduced simplicial homology of A. Since C; ® K
is a vector space of dimension f;, elementary linear algebra yields

d d
(1) —1+ ) (=D'fi= ) (=) dimg H(A; K).
i=0 i=—1
If A is a simplicial complex and A and A, are subcomplexes of A, then
there is an exact sequence

(2) - — Hi(AIN A3 K) — Hi(Aj; K)® Hi(Ay; K)
— Hi(AJUAy; K) —> Hi1(AjN A3 K) —> -,

with all coefficients in K, called the reduced Mayer-Vietoris sequence of A
and A,.

Hochster’s formula describes the Betti number of a square-free monomial
ideal I in terms of the dimension of reduced homology of A, when I = [,.

THEOREM 2.2 (Hochster formula, [8, Theorem 8.1.1]). Let A be a simplicial
complex on [n]. Then,

IBII,{/‘(IA) = Z dimg Ij]j—i—Z(AWQ K),

WCln]
IWl=j

where Ay is the simplicial complex with vertex set W and all faces of A with
vertices in W.

The following theorem, extends the well-known Herzog-Kiihl equations [9]
in the case of B; 4., (M) = 0 forall i > 0.

THEOREM 2.3 ([1]). Let M be a N-graded S-module, and let p be its pro-
Jjective dimension. Supposed = (dy < d) < --- <d, <d,41) € NP2 s such
that M has a free resolution of the following form:
0= S(=dyps )%+ @ S(=d,)Pr4 — S(=d,)Prr @ S(—d,-1)Pr -1 —

s S(_dz)ﬂz,dz ey S(_dl)ﬂl,d, — S(—dl)ﬁo"" ey S(_do)ﬁo,do -~ M — 0.

For1 <i < p, put B/ = Bi.g, — Bi—1,4,- Then we have:
(1) Ifdepth(M) =dim M and B,4,,, =0, thenforall1 <i < p,

p+1

P
; dy — do
=m0 TT(5=5)
1[[1 dy — d;
ki
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(ii) If depth(M) = dim M, B, 4

- # 0anddy = 0, then forall 1 < i
p+1

A

ﬁo(ngi_l{k#i dk) —ple(M)
1020 i (e — i)

=0anddy =0, thenforalll <i <

Bl =(=D""

(iii) Ifdepth(M) =dim M — 1, B,.4

3
i1 ﬂo(nlle,k;éi di) — (p — Dle(M)

nlle,k;éi (dy — d;)

Bi = (=1

3. Simplicial complexes A with indeg(/,) > 1+ dim A

As we shall see later, the ideals which are minimal to linearity are located in
the class of square-free monomial ideals /5, with indeg(/5) = 1 +dim A (see
Definition 5.1). For square-free monomial ideal / with indeg(/) > d, we have
the following proposition.

PrROPOSITION 3.1. Let A be a simplicial complex on [n] and d be an integer
such that indeg(Ip) > d. Then,
() Hi(Aw: K) =0, foralli <d —2and W C [n].
(i) If Bi,j(Up) #0,then1 < j <nandd < j —i <dim A + 2.
ProOF. (i) Letdim A =r and

@(A): 0 c e e

0d—1 042 0 do

— Cd,z C() C,1 0

be the augmented chain complex of A. Let A“~2 be the pure (d — 2)-skeleton
of A, thatis A“» = {F € A | dim F < d — 2}. Then the augmented chain
complex of A€=? is:

G(AY):0 Cry 25 a2 - e 0.

So that H;(A; K) = H;(A“=Y; K) fori < d — 2. Since, indeg(I») > d, the
facet set of the complex A“~? isall (d —1)-subsets of [1]. Hence H; (A K) =
H;(AY=2;K)=0fori <d —2.

Moreover, if W C [r] and |W| > d, then all (d — 1)-subsets of W are again
in Aw. This implies that indeg(/5, ) > d. Hence by what we have already
proved, we conclude that H;(Aw; K) = 0 forall i < d — 2. This completes
the proof.
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(i) If B; j(Ia) # 0, thenby Theorem 2.2, there exists W C [n]with |W| = j
and ﬁj_i_z(AW; K)#0.Sothat, ] < j=|W|<nandj—i—2 <dimA.
Moreover, by part (i), we have j —i —2 >d — 2.

REMARK 3.2. Let A be a (d — 1)-dimensional simplicial complex such
that indeg(/p) > d. The main property of A is that it contains all faces of

dimension d — 2. Hence A contains all faces of dimension —1,0, ...,d — 2.
So that
(3) f=(." = 1...,d—2
[ . ) IL=—1,..., — 4.
i+1

For a monomial ideal /, let (/) denote the cardinality of a minimal set of
generators of I and e(/) denotes the multiplicity of /. As a consequence of
Proposition 3.1, we have:

COROLLARY 3.3. Let A be a (d — 1)-dimensional simplicial complex on [n]
such that indeg(I5) > d. Then,

) a1
dimg Hy—2(A; K) — dimg Hy-1 (A K) = ) (=DTH! (’f) —e(S/1n).
i=0

Proor. Using (1), Proposition 3.1 and (3), we have:

(=92 dimg Hy »(A; K) + (=1 " dimg Hy_1(A; K)
d—2
_ _yd—1 N n
=14 (=1 fd_1+l§( 1) (i+1).

Since e(S/In) = fq—1, we get the conclusion.
The following theorems extend some results of Terai and Yoshida (cf. [15]).
THEOREM 3.4. Let A be a (d — 1)-dimensional simplicial complex on [n]
such that indeg(Ip) > d. Then,
(1) ifBij(Ia) #0,thenl < j <nandd < j—i <d+1,
(i) d <reg(lp) =d +1,
(iii) indeg In < d+ 1, and equality holds if and only if 15 has (d 4 1)-linear
resolution,
@iv) (n —d) — 1 <projdim(Ip) <n —d.

Proor. () If B; j(In) # 0, thenby Theorem2.2, thereexists & # W C [n],
such that |W| = j and I:Ij_,-_z(AW; K) # 0.Sothat 1 < j < n and by
Proposition3.1,d —2 < j—i—2<d —1.Thatis,d < j—i <d+ 1.
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(ii) By part (i), we have
d <indeg(Ip) <reg(lp) =max{j —i: B;; #0} <d + 1.

(iii) If x;, - - - Xi; € Ia, then By ; # 0. Sothatby (i), j < d+ 1. In particular,
indeg(Ip) <d + 1.

Ifindeg(Ip) = d+1, thenreg(/p) > d+1and by (i), I has (d +1)-linear
resolution. On the other hand, if /5 has (d + 1)-linear resolution, then each
generator has degree d + 1. So that indeg(Ip) = d + 1.

(iv) Let p = projdim(/,). By Theorem 2.1,

S S S
p+1=projdim — =n —depth —— >n —dim — =n —d.
Ia Ia Ia

Hence p > (n —d) — 1.
On the other hand, B,(I») # 0. Hence, there exists 1 < j < n, such that
Bp,j #0.So,by (i), j — p > d. This implies that p < j —d <n —d.

THEOREM 3.5. Let S = K|[x1, ..., x,] be a polynomial ring over a field
K and let A be a (d — 1)-dimensional simplicial complex on [n] such that
indeg(Ip) > d. Then, S/1a is Cohen-Macaulay if and only if H;_»(A; K) =
0.

ProOF. We know that dim S/Ix = d. So that Theorem 2.1, implies that
S/IA is Cohen-Macaulay if and only if projdim S/In = (n — d).
In view of Theorem 3.4(iv), it is enough to prove that
projdim S/In = (n —d) + 1 <= Hy_»(A; K) #0.

() If I:Id_z(A; K) # 0, then by Theorem 2.2, Bu—a)+1,,(S/1a) # 0. So
that projdim S/In > (n—d)+1. Hence by Theorem 3.4(iv), proj dim S/Ix =
n—d)+ 1.

(=) If projdim §/In = (n — d) + 1, then Bu—a)+1(S/1a) # 0. Hence
there exists 1 < j < n such that B,_4)4+1,;(S/1a) # 0. Using Theorem 3.4(i),
Jj > n.Hence j = n. Thus,

S . S
0 n— - ) = n— i\ 7
# B d)+1(IA> jZ_;& d)+1,,<IA)
S L~
= 13(nfd)+1,n (I_) = dim Hy»(A; K),
A

by Theorem 2.2.
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Now, let A be a (d — 1)-dimensional simplicial complex on [r] such that
indeg(/5) = d. As a consequence of Theorem 3.4, we conclude that:

COROLLARY 3.6. Let A be a (d — 1)-dimensional simplicial complex on [n]
such that indeg(Ix) = d. Then, I = I has a d-linear resolution if and only
if Hi—1(A; K) = 0.

PRrROOF. If I has a d-linear resolution, then by Theorem 2.2, we have:
0= Bua_1.(In) =dimg Hy_(A; K).
Assume that I does not have d-linear resolution, by Theorem 3.4(ii), we have:
d+1=reg(l) =max{j —i: B;;j(Ir) #0}.

Letd +1 = jo —ig and B;,;,(Ia) # 0. Then by Theorem 2.2, there exists
w C~[n] with |[W| = jj arld I:Id_l(AW; K) jé 0. This in particular implies
that H;_1(A; K) 20, for H;_1(Aw; K) C H;_1(A; K).

4. Clutters and clique complexes

DEFINITION 4.1. A clutter C on a vertex set [n] is a set of subsets of [n] (called
circuits of C) such that if ¢; and e, are distinct circuits of C then e; §Z e A
d-circuit is a circuit consisting of exactly d vertices, and a clutter is d-uniform
if every circuit has d vertices. A (d — 1)-subset e C [n] is called an submaximal
circuit of C if there exists F' € C such that e C F. The set of all submaximal
circuits of C is denoted by SC(C). For e € SC(C), we denote by deg(e), the

degree of e to be
deg.(e) =|{F € C:e C F}|.

For a subset W C [n], the induced subclutter of C on W, Cy, is a clutter with
vertices W and those circuits of C for which their vertices are in W.

For a non-empty clutter C on vertex set [n], we define the ideal I (C), as

follows:
I(C)=x7r:Tel),

where Xy = x;, ---x;, for T = {iy, ..., i;}, and we define /(&) = 0.
Let n > d be positive integers. We define G, 4, the maximal d-uniform
clutter on [n], as following:

Coa ={F C[n]:|F|=d).

One can check that (G, 4) has d-linear resolution (see also [12, Example
2.12)).
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If C is a d-uniform clutter on [r], we define C, the complement of C, to be
C=GCgy\C={FCln]:|F|=d, F¢C).

Frequently in this paper, we take a d-uniform clutter C and we consider the
square—iree ideal I = I(C) in the polynomial ring S = K[x, ..., x,]. We call
I = I(C) the circuit ideal of C.

DEFINITION 4.2. Let C be a d-uniform clutter on [n]. A subset V C [n] is
called a clique in C, if all d-subsets of V belongs to C. Note that a subset of [#]
with less than d elements is supposed to be a clique. The simplicial complex
generated by cliques of C is called cligue complex of C and is denoted by
A(C).

REMARK 4.3. Let C be a d-uniform clutter on [n] and A = A(C) be its
clique complex. Then by our definition, all the subsets of [n] with less than
d elements are also in A(C). In particular, this implies that indeg I > d. So
that by Proposition 3.1, we have:

(5) H(Aw; K) =0, forall i <d—2and W C [n].

PROPOSITION 4.4. Let C be a d-uniform clutter on [n] with I = I(C) C
K([x1, ..., x,] the circuit ideal. Let A = A(C) be the clique complex of C.
Then,

(i) €= F(A“D),

(i) forallu € G(Ip), deg(u) = d, and
(i) In = 1.

ProoF. We know that,

In= () P

FeF(A)

So that,
(6) Xr € In<—= TN (n]\F) # 9, forall F e F(A).

(i) Clear.

(i) Letu = x7 € G(I5). By Remark 4.3, we know thatdeg(u) = |T| > d.

If deg(u) = |T| > d, then for all d-subset T’ of T, X7+ ¢ IA. This means
that 7' € A for all d-subset T’ of T (i.e. T is aclique in C). Sothat T € A
which is contradiction to the fact that u = x; € G(Ip).
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(iii) Let T € C and x7 ¢ I. Then, by (6), there exist F € F(A) such that
T C F.Since T is a d-subset of F, so T € C which is contradiction. So that
1(C) C Ia.

For the converse, let Xy € G(IA). Then, T ¢ A. Using part (i), T ¢ C.
Moreover, by (ii), we have |T| = d. Since |T| = d and T ¢ C, one can say
T € C. This means that I, C I(C). This completes the proof.

DEFINITION 4.5. A d-uniform clutter C is called decomposable if there
exist proper d-uniform subclutters C; and G such that C = C; U G, and either
V(C) N V(G) is aclique or SC(C;) N SC(G) = 9.

In this case, we write C = C; W G. A d-uniform clutter is said to be
indecomposable if it is not decomposable. For d = 2, this definition coincides
with the definition of decomposable graphs in [8].

Below we will find the regularity of the circuit ideal of C in terms of circuit
ideals of C; and G,, whenever C = C; W G,. First we need the following lemma.

LEMMA 4.6. Let C) and G, be d-uniform clutters on two vertex sets Vi and V;
and put C = C, U G. Let A (resp. Ay, Ay) be the clique complex of C (resp.
G, Q).

Q) IfG C ViUVawithGN (Vi \ Vo) # D and GN (Vo \ V) # O, then
GeA= |G| <d—-1

(i) Hi(A; K) = Hi(A\UAy; K), foralli >d —2.

PrOOF. (i) Let G be a subset of V| U V,, asin (ii). If |G| < d — 1, then by
definition, G is aclique in C and G € A.

Now, let |G| > dandx € GN(V1\V2),y € GN(V,\ V). If F be ad-subset
of G which contains x and y, then by Proposition 4.4(i), F ¢ C; U G = C.
Hence G ¢ A.

(i1) First note that for F € A, we have fori = 1, 2:

(7N FeAi< FcCV.
Now, let
A3=(GeA:GNV\ V) #2,GN(Va\ V) # D).
Then (i) and (7), imply that:
dim A3 =d — 2, A=A UAUA;.
It is clear that dim(A; N Az) = dim(A; N Az) = d — 3. In particular,

H (A{UA)N A3 K) =0, forall i>d—3.
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Hence from (2), for all i > d — 2, we have:

H/(A; K) = Hi (A1 U Ay K) @ Hi(As; K) = Hi (A1 U Ay; K).

COROLLARY 4.7. Let C = C; U G be a d-uniform clutter and A (resp.
A1, Ay) be the clique complex of C (resp. C1, G). If V(C) NV (G) is a clique
in C, then

H(A; K)Z H(A; K)® Hi (A K),  foralli >d —2.

ProOF. By our assumption, A{NA; isasimplex. So that I:I,- (A1NA,; K) =
0 for all i. Using (2), for all i > 0, we have:

H;(Ay U Ay; K) = Hi(A: K) @ Hi(Ay; K).
Combining with Lemma 4.6(ii), we get the conclusion.

COROLLARY 4.8. Let C = C; U G be a d-uniform clutter and A (resp.
A1, Ay) be the clique complex of C (resp. Ci, G). If SC(Cy) N SC(G) = 2,
then

H(A; K)Z Hi(A; K) ® Hi (A2 K),  forall i>d-—2.

PrOOF. By our assumption, dim(A; N Ap) < d — 2. So that I:Ii(Al N
Ay; K)y=0foralli > d — 2. Using (2), foralli > d — 1, we have:

Hi (AU Ag; K) = Hi(Ar; K) & Hi(A: K)
and Hy_1(A; K) @ Hy_1(Ag; K) <> Hy 1 (A1 U Ag; K).

We claim that H;_(A1; K) ® Hy_1(Ay; K) = Hyj_1 (A1 U Ay K).

PROOFOFCLAIM. Let@ (A, ) (resp. € (A1, 31V), €(A,, 3?)) be the chain
complex of A (resp. Ay, Aj). Since SC(Cy) N SC(G) = &, we have:

(8) @ KF=( @ KF)@( @ KF).

FeA FeA FeA;
dim F=d—1 dim F=d—1 dim F=d—1

Take 0 # F 4+ Imo,; € ﬁd_l(A; K). Then by (8), we can separate F as
F = (Fkh+ - +c¢F)+ (G + -+ c,Gy), where ¢;,c; € K and
F, e C,G; € G. Let

8d7](C]F] + - +CrFr) = (d]E] + - +dr’er’)a

0a—1(c1G1+ -+ .Gy =d fi +---+d. fy),
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where d;, d € K and ¢; € SC((), f; € SC((G). Since

0=204(F)=04—1(ciFi+ -+ ¢ F)+3_1(c{Gi + - - -+ ¢,Gy)
= (diey + - +dpey) + (dy fi + -+ dy i)
and SC(C;) N SC(G) = @, we conclude that
da—1(c1Fi + -+ ¢ F) =08;-1(c}G1 + - -+ c,Gy) = 0.
This means that the natural map
Hi-1(A1; K) @ Hao1(A03 K) > Hy—1 (A1 U A K)

is onto too, showing the claim.

By what we have already proved, we have:
Hi(A; K)® Hi(Ar; K) = Hi(A U A, K), forall i>d—2.

In combination with Lemma 4.6(ii), we get the conclusion.

REMARK 4.9. Let C;, G be d-uniform clutters on vertex set Vi, Vo with
ViUV, =[n]and C = C; U G. For all W C [n], one can easily check that:

1) Cw = (C)w U (Q)w,
(i) Aw = A(Cw),
(ii)) SC((Cw) NSC(G)w) C SC(G) N SC(G).
Hence, if V; NV, is a clique or SC(C;) N SC(G) = &, then (1)—(iii) and
Corollaries 4.7 and 4.8, imply that
) Hi(Aw: K) = H((A)w: K)@H(A)y: K),  forall i >d-2.

Now we present the main theorem of this section.

THEOREM 4.10. Let C = Cy W G be a d-uniform clutter and let I (resp.
1y, Ib) be the circuit ideals of C (resp. Ci, G;). Then,

W) Bi,;jU) = Bi, i) + Bi,j(I), for j —i > d.
(i) If I, and I, are non-zero ideals, then reg(l) = max{reg(l;), reg(l>)}.

PrOOF. (i) Let A (resp. A1, A;) be the clique complex of C (resp. Ci, G).
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Then, by (9) and Theorem 2.2, for j —i > d, we have:

Bija) = Y dimg Hii 2(Aw; K)

Wcl[n]
(W=

= Y [dimg H_i>((A)w: K) + dimg H__5((A2)w: K)]
wcCl[n]
(Wi=j

= Y dimg B 2((ADw: K)+ Y dimg B 2((A2)y; K)
wcln] WCln]
[Wl=j (Wi=j

> BijUa) + Bi,jUa,).

Hence by Proposition4.4(iii), B; ; (1) > B j(11)+B;,;j(I>), whenever j—i > d.
(ii) If I has a d-linear resolution, B; ;(I) = 0 for all j —i > d. So that
(i) implies that g; ;(I1) = B; j({2) = 0, for all j —i > d. This means that,
both ideals /; and I; have a d-linear resolution and the equality reg(/) =
max{reg(l,), reg(l)} holds.
Assume that, I does not have d-linear resolution. Let

r=reg(l) = max{j —i : f;(I) # 0}

and jo, ig be such that r = jo — ip with B;, ;, () # 0. By Theorem 2.2, there
existsa W C [n], with |W| = jopand H, _»(Aw; K) # 0.Sincer —2 > d —2,
from (9) we conclude that

either  H,_>((A)y; K) #0
or 4, 5 ((A2)w: K) # 0.
Without loss of generality, we may assume that H,_»((A1)y; K) # 0 and we

put W =w N V(A1). Then, W’ is a subset of the vertex set of A; with the
property that H,_»((A1)w; K) # 0. Using Theorem 2.2 once again, we have:

Bwi—rwi(h) = > dimg H_((AD)r; K)

TCV(Ay)
IT|=IW’|

> dimg H,»((A1)w: K) > 0.
Hence, Bjw/|—r,jw/(I1) # 0 and,

max{reg(1)), reg(1)} = reg(l) = max{j — i : f;(I1) # 0}
= (WD —(WI=r=r
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The inequality, max{reg(l,), reg(l)} < r comes from (i). Putting together
these inequalities, we get the conclusion.

The following example shows that, the inequality g; ;(I) > B ;(11) +
Bi,j(I2), for j —i > d in Theorem 4.10, may be strict.

ExaMPLE 4.11. Consider the 3-uniform clutter

C = {123, 124, 134, 235, 245, 345, 347, 367, 467, 356, 456}.
7

v
N4

5
Cc

Let G = {123, 124, 134, 235, 245, 345} and & = {345, 347, 367, 467, 356,
456}. Then, C = (1 W G and a direct computation using CoCoA, shows that
the minimal free resolution of the ideal 7 (C) is

0 — S5(=7) — 59(—6) ® $*(—=7) — S%(—=5) @ $*(—6)
— S (—4) @ S2(=5) — S*(=3) — I —> 0.

Note that 85, (I1(C1)) = BXs(I1(C2)) = 0, while 85, (I1(C)) = 4.

REMARK 4.12. Let C = C} W G, be a d-uniform clutter on [#] with I (resp.
Iy, I) be the circuit ideals of C (resp. Ci, ;). Let A (resp. Ay, Aj) be the
clique complex of C (resp. Ci, G).

e Ifbothof /] and I, are zero ideals, then A| and A, are simplexes and they
have zero reduced homologies in all degrees. So that ﬁ,-(AW; K)=0
forall W C [n] and i > d — 2 by (9). So that 8; ;(1) = 0 for all
Jj — i > d. That is, the ideal I has a d-linear resolution.

o Ifonly one of theideals /; or I, is azero ideal, say /1, then A is a simplex
and all the reduced homologies of A, is zero. Using (9), we conclude
that H;(Aw; K) = H;((Ay)y; K) forall W C [n] and i > d — 2. This
implies that reg(/) = reg(/).

e If I; and I, are non-zero ideals, then Theorem 4.10(ii) implies that

reg(l) = max({reg(/), reg(l>)}.
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5. Minimal to d-linearity

In this section, we define three classes of clutters for which their circuit ideals
do not have d-linear resolution but the circuit ideal of any proper subclutter of
them has a d-linear resolution.

A clutter C is said to be connected if for each two vertices v; and v,, thereis a
sequence of circuits Fi, ..., F, suchthatv, € Fj,v; € F,and F;NF; | # @.
A connected d-uniform clutter C is called a tree if any subclutter of C has
a submaximal circuit of degree one. A union of trees is called a forest. By
Remark 3.10 of [12], the circuit ideal of any d-uniform forest has a d-linear
resolution.

DEerINITION 5.1. Let C be a d-uniform clutter on [r], A = A(C) its clique
complex. Suppose that I = I(C) C K[x, ..., x,], the circuit ideal of C, does
not have d-linear resolution.

(i) The clutter C is called obstruction to d-linearity if for every proper
subclutter C' & C, the ideal 1 (E/) has a d-linear resolution.

(i) The clutter C is called minimal to d-linearity if it is obstruction to d-
linearity and dim A =d — 1.

(iii) The clutter C is called almost tree if every proper subclutter of C has a
submaximal circuit of degree 1.

Let Qﬁ’bs, Qﬁ“i“ and € ["j"“ee denote the classes of clutters which are obstruction
to d-linearity, minimal to d-linearity and almost tree, respectively.
Note that if C € €"" and A = A(C) is its clique complex, then we have:

(10) indeg I, =indegI(C) =d =1+ dimA.

LEMMA 5.2. Let C be a d-uniform clutter on [n] which is minimal to d-
linearity and A = A(C) be the clique complex of C. Then,

(i) dimg Hy_1(A; K) = 1.
(i) If W & [n], then Hy_(Aw; K) = 0.

PROOF. (i) Let0 # F = ¢ F) +---+ ¢, F, € Hy_(A; K) where ¢; € K
and F; € C. Then, Supp(F) := {F; : ¢; # 0} is equal to C, because every
proper subclutter of C has linear resolution.

Ifdimg Hy_1(A; K) > land F = ¢, Fi+...4+¢,F,, G = d\Fi+.. .+d, F,
be two basis element of I:Id_l(A; K), then 0 # ¢;G — d,F € I:Id_l(A; K)
and Supp(c;G — d; F) & C which is a contradiction.

(i1) One can easily check that Ay, = A(Cy) forall W C [n]. By definition,
for all W & [n], the induced clutter Cy has linear resolution. So that by
Theorem 2.2, I:Id_l(AW; K)= ﬁd_l(A(CW); K)=0.
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The following is the main theorem of this section which gives an explicit
minimal free resolution for the circuit ideal of a clutter which is minimal to
d-linearity.

THEOREM 5.3. LeLC be a d-uniform clutter on [n] which is minimal to d-
linearityand I = 1(C) C K|[xy, ..., x,] be the circuit ideal. Then the minimal
free resolution of I is

(11) 0 —> SP-tr(—n) —> S(—n) & S~ (=(n — 1))
s Sﬂn—a—z,n—z(_(n —2) — - —> SBra+1 (=(d+1))

— Sha(—d) — 1 — 0,

where
d—1
(@) Bu—an(D) =1—e(S/D)+ ;}(—1)“"‘1(’}),
(i) BiivaD) = (7)) (35 () —e(S/D), for0 < i <n—d—1and
e(S/1) = () — (D).

PrOOF. Let A = A(C) be the clique complex of C. Since indeg(/p) =
indeg I (C) = d = 14dim A, by Theorem 3.4(i) and Lemma 5.2(ii), Bi,j() =
Oeither j—i <dorj—i>d+1orj—i =d+1andj < n. Moreover, we
have B,_+1).,, = dimg I:Id_l (A; K) = 1. Hence the minimal free resolution
of I has the form (11). The equation (ii) comes from Theorem 2.3. Using
Theorem 2.2 once again, we have §,_4,(I) = dimg I:Id,z(A; K). Hence (i)
comes from Corollary 3.3. In order to find the multiplicity, note that e(S/1) =
faa () = 1€l = (}) = ().

Let C be a d-uniform clutter. The clutter C is called strongly connected (or
connected in codimension one) if for any two circuits F, G € C, there exists
a chain of circuits F = Fy, ..., F;, = G in C such that |F; N Fi1 | =d — 1,
fori =0,...,s — 1.

Besides the algebraic properties of the clutters C € (éjbs, a combinatorial
property of such clutters is that they are strongly connected.

PROPOSITION 5.4. If C € €°* be a d-uniform clutter, then
(i) C is indecomposable, and
(ii) C is strongly connected.
PRrOOF. Let C = (i, W G where C; and G, are proper subclutters of C. By
definition, the ideals I; = I(C;) and I, = I(C,) have d-linear resolutions.

In view of Remark 4.12, the ideal 7(C) has d-linear resolution which is a
contradiction.
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(i1) Let C; C C be the maximal subclutter (with respect to inclusion) of C
which is strongly connected. Clearly, C; # &, because every clutter with one
circuit is strongly connected.

Assume that C; & C andlet G, = C\ (. By the maximality of C;, SC(Cy) N
SC(G) = @, that is C = C; W G which contradicts to (i). So that C; = C is
strongly connected.

LEMMA 5.5. Let C be a d-uniform clutter which is a tree or almost tree and
A = A(C) be the clique complex of C. Then, dim A = d — 1. In particular,
(gg.tree C (génin.

Proor. If G € A and |G| > d and V is the vertex set of G, then Cy =
{F € C: F C G}. Hence for all e € SC(Cy), deg, () > 2. This contradicts
to the fact that Cy has submaximal circuit of degree 1. So that all faces of A(C)
have at most d elements. Since C C A, we conclude that dim A =d — 1.

If C € ", then by what we have already proved, we know that
dim A(C) = d — 1. Also, the argument before Definition 5.1 implies that
for every proper subclutter C' & C, the ideal 1 (C) has a linear resolution.
Hence C € %”;‘i“.

We have shown that €™ C €, ;‘i“ cé€ g‘,’bs. All our evidence and computa-
tions lead us to make the following conjecture.

CONJECTURE 5.6. €31 = @min — @9bs,

6. Some applications

6.1. Froberg’s Theorem

Let G be a simple graph (2-uniform clutter). Froberg [6] proved that the ideal
1(G) has 2-linear resolution if and only if G is a chordal graph. A graph is
called chordal if each cycle in G has a chord, i.e. any minimal induced cycle
in G is of length 3. In this section, we will present an alternative proof for this
theorem.

Let C,, be a cycle of length n > 3. Though the Betti numbers of the circuit
ideal of C,, are well-known (see e.g. [5, Proposition 3.1] or [10, Theorem 1]),
we can recover them using results of this paper.

Let A = A(C,) be the clique complex of C, and [ = [ (C,) be the circuit
ideal. Thenindeg /o = 14dim A and by Corollary 3.3, dim I-L (A;K)=1.In
particular, I does not have linear resolution (Corollary 3.6) and C,, is minimal
to 2-linearity (Lemma 5.5). Moreover, By Theorem 5.3, the minimal free
resolution of 7 is

0 — S(—n) —> SPs2(—(n—2)) — - -
N Sﬁ“3(—3) N Sﬂo,z(_z) — 7 —0
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where B;i12(I) = n("%)(%5352) for0 < i <n —4.

Thus, if a graph G has a cycle as an induced subgraph, then by Theorem 2.2,
the ideal 1 (G) does not have linear resolution. This means that, the ideal / (G)
does not have linear resolution if G is not chordal.

Conversely, if G # G, » is chordal, then by Dirac’s Theorem [2] (see also
[8, Lemma 9.2.1]), there exist proper induced subgraphs G| and G, such that
G = G Y Gs. Since G| and G, are induced subgraphs of a chordal graph G,
we conclude that G; and G, are chordal. Hence induction and Remark 4.12,

implies that the ideal I (G) has a 2-linear resolution.

6.2. Generalized chordal clutters

E. Emtander [4] has defined generalized chordal clutters as the following.

DEFINITION 6.1. A generalized chordal clutter is a d-uniform clutter, ob-
tained inductively as follows:

(a) G,.q 1s a generalized chordal clutter.

(b) If G is generalized chordal clutter, then so is C = G Ug,, G, 4 for all
0<i<n.

(c) If G is generalized chordal and V C V(G) is a finite set with |V| = d
and at least one element of {FF C V : |F| = d — 1} is not a subset of
any element of G, then G U V is generalized chordal.

Emtander proved that the circuit ideal of generalized chordal clutters have
d-linear resolution over any field K (cf. [4, Theorem 5.1]). We can recover this
result as a special case of Theorem 4.10.

Let C be a generalized chordal clutter. If C has a circuit F, with property
(c) in the above definition, then Remark 3.10 of [12] together with induction,
implies that 7(C) has a d-linear resolution. So we may assume that C =
G Ug,, Gi.q. Again, in this case, Remark 4.12 together with induction, implies
that the ideal 7 (C) has a d-linear resolution over the field K.

6.3. Resolution of pseudo-manifolds

DEFINITION 6.2. A d-uniform clutter C is called a pseudo-manifold if C is
strongly connected and each e € SC(C) has degree 2.

For more details on pseudo-manifolds and the concept of orientability, we
refer the reader to [11, Chapter IX].

LEMMA 6.3. Let C be a d-uniform clutter such that deg-(e) = 2 for all
e € SC(C). Then, every proper subclutter of C has a submaximal circuit of
degree 1 if and only if C is strongly connected. In particular, every proper
subclutter of a pseudo-manifold is a forest.
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PrOOF. (=)Let F € C and C; be a maximal subclutter of C which consists
of all G € C such that there is a chain F = Fy, Fy, ..., F, = G of circuits of
Cwith |F;NFy|=d—1fori=0,...,r —1.

If C & C,then C; has a submaximal circuit e of degree 1. By the maximality
of Ci, we have

1 = deg, (e) = deg,(e).

This contradicts to our assumption on C.

(<) Let ¢’ & C such that deg(¢) = 2 = deg,(e) for all e € SC(C').
Take F € C’ and G € C\ C'. By our assumption, there exist a chain F =
Fy, Fy, ..., F, = G of circuits of C such that |F; N Fi| =d — 1fori =
0,...,r—1.

Since Fp = F € C' and |Fy N Fi| = d — 1, we conclude that Fy N F; €
SC(C’). Hence, by our assumption, deg. (Fp N F;) = 2 which implies that
F) € C'. The same argument shows that Fy, Fi, ..., F, are in C'. This is a
contradiction by our choice of F, = G.

REMARK 6.4. Let C be a d-uniform pseudo-manifold and A = A(C) be
the clique complex of C. In view of Lemmas 6.3 and 5.5, we have:
(a) every proper subclutter of C has a submaximal circuit of degree 1,
(b) indeg(Ip) = 1 4+ dim A.
Putting these results together, Corollary 3.6 implies that

I(C) is minimal to d-linearity if and only if I:Id_l(A; K) #0.

PROPOSITION 6.5. Let C be a d-uniform clutter.
(1) If C is oriented pseudo-manifold, then C is minimal to d-linearity.
(i) If C is non-oriented pseudo-manifold, then C is minimal to d-linearity
if and only if Char(K) = 2.

ProOOF. Let C be a d-uniform pseudo-manifold and A = A(C) be its clique
complex. In view of Lemma 5.5, we know that dimA = d — 1 and C =
F(A). Inparticular, I:Id,] (A K) = Hd,l ({(C); K), where (C) is the simplicial
complex generated by C. But we know that (see [11, Chapter X, Exercise 6.5]
or [14, §43, Exercise 5]):

- K, if C is oriented,
H;1({(C); K) = { o ,
Tor(Z,, K), if C is non-oriented,

where Tor(Z;, K) = {a € K : 2.a = 0}. Now, the conclusion follows from
Remark 6.4.
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Note that if A is a triangulation of a connected compact d-manifold (or
homology d-manifold), then C = F(A) is a d-uniform pseudo-manifold (see
[14, §43, §63]). So that we may use Theorem 5.3 to find the minimal free
resolution of the ideal 7 (C). Itis worth noting that pseudo-manifolds are strictly
contained in €7, as the next example shows.

EXAMPLE 6.6. Let A be a triangulation of the following shape and C =
F(A). That is:

A= (a23, bl4,abl, al2, ab4, a34, 236, 367, 125, 256,
145, 458, 348, 378, a67, b58, ab5, a56, abs§, a78).

3

Then, C is not a pseudo-manifold, because deg.(ab) = 4, but C is almost tree
and hence minimal to linearity.

ExaMPLE 6.7. Let A be a triangulation of a torus and A, be a triangulation
of a projective plane such that they intersect in one triangle. Let C = F(A;)U
F(A;) be the corresponding 3-uniform clutter on the vertex set [n].

In view of Theorem 4.10(ii), reg(/) = 4 in any characteristic of the base
field.
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