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ALMOST COMPLETE INTERSECTION BINOMIAL EDGE IDEALS AND
THEIR REES ALGEBRAS

A. V. JAYANTHAN, ARVIND KUMAR!, AND RAJIB SARKAR?

ABSTRACT. Let GG be a simple graph on n vertices and Jg denote the binomial edge ideal of
G in the polynomial ring S = K[z1, ..., Zn, Y1, - - , Yn). In this article, we compute the second
graded Betti numbers of Jg, and we obtain a minimal presentation of it when G is a tree
or a unicyclic graph. We classify all graphs whose binomial edge ideals are almost complete
intersection, prove that they are generated by a d-sequence and that the Rees algebra of
their binomial edge ideal is Cohen-Macaulay. We also obtain an explicit description of the
defining ideal of the Rees algebra of those binomial edge ideals.

1. INTRODUCTION

Let G be a simple graph with vertex set V(G) = [n] :={1,...,n} and edge set E(G). Vil-
larreal in [26] defined the edge ideal of G as I(G) = (z;x; : {i,j} € E(G)) C Klzy, ..., z,).
Herzog et al. in [10] and independently Ohtani in [20] defined the binomial edge ideal of
Gas Jog = (vy; —xjy; i<jand{i,j} € E(G)) C S =Klz1,...,Zn,Y1,-..,Yn). In the
recent past, researchers have been trying to understand the connection between combinato-
rial invariants of G' and algebraic invariants of I(G) and Ji. While this relation between G
and I(G) is well explored (see for example [1] and the references therein), the connection
between the properties of G and Jg are not very well understood, see [10, 13, 15, 16, 17, 24]
for a partial list. It is known that the Rees algebra of an ideal I, R(I) := @®,>0l"t", encodes
a lot of asymptotic properties of I. In the case of monomial edge ideals, properties of their
Rees algebra have been explored by several researchers (see [27] and the citations to this
paper). In [27], Villarreal described the generators of the defining ideal of the Rees algebra
of a graph. As a consequence of this, he proved that I(G) is of linear type, i.e., the Rees
algebra is isomorphic to the Symmetric algebra, if and only if G is either a tree or an odd
unicyclic graph. However, nothing much is known about the Rees algebra of binomial edge
ideals. In this article, we initiate such a study.

An ideal I in a standard graded polynomial ring is said to be complete intersection if
wu(I) = ht(I), where pu(I) denotes the cardinality of a minimal homogeneous generating set
of I. It is said to be almost complete intersection if p(I) = ht(I) + 1 and I, is complete
intersection for all minimal primes p of I. It is known that for a connected graph G, Jg is
complete intersection if and only if G is a path, [6]. Rinaldo studied the Cohen-Macaulayness
of certain subclasses of almost complete intersection binomial edge ideals, [23]. In this article,
we characterize graphs whose binomial edge ideals are almost complete intersections. We
prove that these are either a subclass of trees or a subclass of unicyclic graphs (Theorems
4.3,4.4).
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Understanding the depth of the Rees algebra and the associated graded ring of ideals has
been a long studied problem in commutative algebra. If an ideal is generated by a regular
sequence in a Cohen-Macaulay local ring, then the corresponding associated graded ring
and the Rees algebra are known to be Cohen-Macaulay. In general, computing the depth of
these blowup algebras is a non-trivial problem. If an ideal is almost complete intersection,
then the Cohen-Macaulayness of the Rees algebra and the associated graded ring are closely
related by a result of Herrmann, Ribbe and Zarzuela (see Theorem 4.5). We prove that the
associated graded ring, and hence, the Rees algebra of almost complete intersection binomial
edge ideals are Cohen-Macaulay, (Theorem 4.7).

Another problem of interest for commutative algebraists is to compute the defining ideal of
the Rees algebra. Describing the defining ideal not only gives more insight into the structure
of the Rees algebra, but it also helps in understanding other homological properties and
invariants associated with the Rees algebra. For example, the maximal degree occurring in a
minimal generating set of the defining ideal also serves as a lower bound for one of the most
important homological and computational invariant, the Castelnuovo-Mumford regularity.
In general, it is quite a hard task to describe the defining ideals of Rees algebras. Huneke
proved that the defining ideal of the Rees algebra of an ideal generated by a d-sequence
has a linear generating set, [11] (see [21] for a simple proof). We show that homogeneous
almost complete intersection ideals in polynomial rings over an infinite field are generated
by a d-sequence, Proposition 4.10. As a consequence, we derive that if J; is an almost
complete intersection ideal, then Jg is generated by a d-sequence, (Corollary 4.11). We also
prove that being almost complete intersection is not a necessary condition for the binomial
edge ideal to be generated by a d-sequence, by showing that Jg, , is generated by a d-
sequence (Proposition 4.9). We then describe the defining ideals of the Rees algebras of
almost complete intersection binomial edge ideals, (Corollary 4.13, Remark 4.14).

It is known that for an ideal I of linear type, the generators of the defining ideal of the Rees
algebra can be obtained from the matrix of a minimal presentation of I [12]. For describing
the generating set of the defining ideal of Rees algebras, we compute a minimal presentation
of ideals. In this process, we compute the second graded Betti numbers and generators of
the second syzygy of S/Jg when G is a tree or a unicyclic graph, (Theorems 3.1 - 3.7). Here
we do not assume that the binomial edge ideal is almost complete intersection.

The article is organized as follows. The second section contains all the necessary definitions
and notation required in the rest of the article. In Section 3, we describe the second graded
Betti numbers and first syzygy of the binomial edge ideal of trees and unicyclic graphs. We
study the Rees algebra of almost complete intersection binomial edge ideals in Section 4.

Acknowledgement: We would like to thank the anonymous referee for asking some perti-
nent questions which allowed to us improve some of the results in the initial draft.

2. PRELIMINARIES

Let G be a simple graph with the vertex set [n] and edge set E(G). A graph on [n]
is said to be a complete graph, if {i,j} € E(G) for all 1 < i < j < n. The complete
graph on [n] is denoted by K,. For A C V(G), G[A] denotes the induced subgraph of G
on the vertex set A, that is, for 4,5 € A, {i,j} € E(G[4]) if and only if {i,j} € E(G).
For a vertex v, G \ v denotes the induced subgraph of G on the vertex set V(G) \ {v}. A
subset U of V(G) is said to be a clique if G[U] is a complete graph. A vertex v of G is
said to be a simplicial vertex if v is contained in only one maximal clique. For a vertex v,
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Ng(v) = {u € V(G) : {u,v} € E(G)} denotes the neighborhood of v in G and G, is the
graph on the vertex set V(G) and edge set E(G,) = E(G) U {{u,w} : u,w € Ng(v)}. The
degree of a vertex v, denoted by deg.(v), is | Ng(v)|. A vertex v is said to be a pendant vertex
if deg,(v) = 1. Let ¢(G) denote the number of components of G. A vertex v is called a cut
verter of G if ¢(G) < ¢(G \ v). For an edge e in G, G \ e is the graph on the vertex set V(G)
and edge set F(G)\ {e}. An edge e is called a cut edge if ¢(G) < ¢(G\e). Let u,v € V(G) be
such that e = {u,v} ¢ E(G), then we denote by G., the graph on vertex set V(G) and edge
set B(G.) = E(G)U{{z,y}:x, y € Ng(u) or x, y € Ng(v)}. A cycle is a connected graph
G with deg,(v) = 2 for all v € V(G). A graph is said to be a unicyclic graph if it contains
exactly one cycle as a subgraph. A graph is a tree if it does not have a cycle. The girth of a
graph G is the length of a shortest cycle in G. A complete bipartite graph on m + n vertices,
denoted by K, , is the graph with the vertex set V (K, ) = {u1, ..., upn}U{v1,...,v,} and
edge set F( mn) = {{w,v;} : 1 <i<m,1<j< n} A claw is the complete bipartite
graph K 3. A claw {u, v, w, 2z} with center w is the graph with vertices {u, v, w, z} and edges
{{u, v}, {u,w}, {u,z}}. For a graph G, let Cg denote the set of all induced claws in G.

Let R = Klzy,...,z,] be a standard graded polynomial ring over a field K and M be a
finitely generated graded R-module. Let

0— P R(=j)»M — - — P R(—j)* M — M — 0,

JEZL JEZ

be the minimal graded free resolution of M, where R(—j) is the free R-module of rank 1
generated in degree j. The number f; ;(M) is called the (i, j)-th graded Betti number of M.
Then, the exact sequence

B r(—5)"M — P R(—j) s — M -0
JEL JEZL

is called the minimal presentation of M.

Let G be a graph on [n]. For an edge e = {i,j} € E(G) with i < j, we define f, = f;; =
fii == ziy; — x;y;. For T C [n], let T = [n] \ T and ¢z denote the number of components
of G[T]. Also, let Gy,---,G,, be the components of G[T'] and for every i, G, denote the
complete graph on V (G, ) Let PT(G) = (iéJT{xi, Yit, Jg,, =JGCT)' A set T' C [n] is said to

have the cut point property if, for every i € T, i is a cut vertex of graph G[T U {i}].
We recall some results on the binomial edge ideal from [10] which are used in the subsequent
sections.

Theorem 2.1. Let G be a graph on [n]. Then, we have the following:

(a) (Corollary 2.2) Jg is a radical ideal.
(b) (Lemma 3.1) For T C [n], Pr(G) is a prime ideal and ht(Pr(G)) =n+ |T| — cr.
(c) (Theorem 3.2) Jg = Tﬂ[ ]PT(G).

Cln

(d) (Corollary 3.9) For T C [n], Pr(G) is a minimal prime of J if and only if either T = ()
or T has the cut point property.

Mapping Cone Construction: For an edge e = {i,j} € E(G), We consider the following
exact sequence:

5 oyt 5,5 (1)

0— —-2) —
JG\e : fe( ) JG\e JG
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By [19, Theorem 3.7], we have
Jove  fe = Jiave). + (gpy : P is a path of length s 4 1 between ¢, j and 0 <t < s),

where for a path P : 4,41,...,%5,J, gpo = Vi, ¥, and for each 1 < t < 5, gp; =
Ty TiYi o Yiy- Let (B dF.) and (G.,d®.) be minimal S-free resolutions of S/Jg.
and [S/(Jave : fe)](—2) respectively. Let ¢. : (G.,d%.) — (F.,d*.) be the complex
morphism induced by the multiplication by f.. The mapping cone (M(p).,d.) is an S-
free resolution of S/Jg such that (M(y)); = F; @ G;_1 and the differential maps are
Si(z,y) = (dF (x) + @i_1(y), —dZ,(y)) for x € F; and y € G;_;. It need not necessarily
be a minimal free resolution. We refer the reader to [5] for more details on the mapping
cone.

3. BETTI NUMBERS AND SYZYGY OF BINOMIAL EDGE IDEALS

In this section, we describe the first graded Betti numbers and the first syzygy of binomial
edge ideals of trees and unicyclic graphs. First, we compute the second graded Betti numbers
of S/Js when G is a tree.

Theorem 3.1. Let G be a tree on [n]. Then,
B _(n—1 degq(v)
(S 3e) = st i) = (") ) (=),

Proof. We prove this by induction on n. If n = 2, then G = P,, and hence, Jg is complete
intersection. Therefore, 55(S/Jg) = 0. Hence, the assertion follows. We now assume that
n > 2. Let e = {u,v} be an edge such that u is a pendant vertex. The long exact sequence
of Tor in degree j component corresponding to the short exact sequence (1) is:

S S S
e —> TOI'2SJ <f\e’ K) — TOrg’j (J—G,K) — TOrf’j (m(—Q),K) — . (2)

Since e is a cut edge and w is a pendant vertex of G, (G \ e). = (G \ u), U {u}. Thus, it
follows from [19, Theorem 3.7] that Jee : fe = J(g\w),- One can observe that

Since G \ e = (G \ u) U{u}, Jore = Je\u. Therefore, by induction, we obtain
_(n—2 degq(w) degn(v) —1
matstioa = ("5 70+ 5 (M) (M
weV(G)\{v}
and By ;(S/Ja\e) = 0 for j # 4. If j # 4, then

S
TOI'LJ'_Q (J(G\ : ,K) =0.

Hence, (5 ;(S/Ja) = 0, if j # 4. Since (22(5/Jc\w),) = 0 and B14(S/Jae) = 0, we
have 854(S/Ja) = B2.4(S/Jene) + B12(S/Jcvwy,)- Now, Br2(S/Jicvwy,) = |[E((G\ u)y)| =
n—2+ (deg"év)_l). Hence, 82(S/Jg) = B2.4(S/Jg) = ("51) + ZUEV(G) (degg(v)>. 0
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We now describe the first syzygy of binomial edge ideals of trees. To compute a minimal
generating set of first syzygy, we crucially use the knowledge of the Betti numbers of Jg. A
tree on [n] vertices has n—1 edges. For convenience in writing the list of generators, we need
some notation. For A C [n] and i € A, we define pa(i) = |{j € A | j < i}|. The function pu
indicates the position of an element in A when the elements are arranged in the ascending
order.

Theorem 3.2. Let G be a tree on [n] vertices. Then, the first syzygy of Jg is minimally
generated by elements of the form

(a) fijemny — fri€q sy, where {z Jih Ak, 1} € E(G) and {eg; ;3 : {i,j} € E(G)} is the
standard basis of S(—2)""1;

(b) ( )pA(] fk,le{zvj} -+ ( )pA( fj716{i,k} + (—1)pA fj,ke{i,l}, where A = {i,j, k, l} € Ca
with center at 1.

Proof. From Theorem 3.1, we have $5(S/Jg) = foa(S/Jc) = (";') + v (deae ),
Therefore, the minimal presentation of Jg is of the form

S(—4)Ra(8/7a) 2y g(_gyn=l Yy J. 0.

Note that |Cq| = ZveV(G) (degG(”) Since 32(S/Jc) = (";') + |Cql, we index the standard
basis of S(—4)%2(5/7¢) accordingly. Let

Si = {Euiymn {6,701k 1} € BE(G),i <j,k<land (i,)) 2 (k,1)}
Sy = {E{]kl} {i,j,k,1} € Cq with center at i}

and S = S, US, denote the standard basis of S(—4)%(9/7¢) For a pair of edges {4, 5}, {k,1} €
E(G), fijfri— frifi; = 0 gives a relation among the generators of Jg. Let {1, j, k,l} € Cq
be a claw with center at 7. Then, it can be easily verified that for A = {4, j, k, [},

(_1)pA(j)fk,lfi,j + (_1)pA(k)fj,lfi,k + (_1)pA(l)fj,kfi,l =0

which gives another relation among the generators of Jg. Define the maps ¢ and 1 as follows:

e (Eon) = fijemn — frieq;

e(Ben) = E0PA0 feq iy + (=1DPA® frieqny + (1240 firein;

Y(egisy) = fijs
where A = {4, j, k,[}. Observe that ©(S;) is the collection of elements of type (a) in the state-
ment of the Theorem and ¢(Ss) is the collection of elements of type (b). Also, for any pair of
edges {7, j}, {k,} and a claw {u, v, w, z} with u as a center, we have ¢ (¢(Efi j}.(x1)) = 0 and
»(p (Ef{‘vzw})) = 0. Since B, = 0 for all j # 4, it follows that the first syzygy is generated
in degree 4. Moreover, as 52(S/Ja) = P24(S/Ja) = |S|, to prove the assertion, it is enough
to prove that the elements of ¢(S) are K-linearly independent, equivalently, the columns
of the matrix of ¢ are K-linearly independent. For this, note that for each {i,j} € F(G),
the entries of the corresponding row are the coefficients of ey; ;; in the expression for the
images of elements in S under ¢. The coefficient of e ;3 in W(Eg iy k1) oF ©(Eriy fij))
is & fi,;. Moreover, the entry will be zero in the column corresponding to ¢(Eqy, v}, 1w,2}) for
{u,v} # {i,5} and {w, z} # {i,j}. Therefore, among the first (",") column entries in the
row corresponding to ey; j3, there will be (n—2) non-zero entries, namely the binomials corre-
sponding to all the edges other than {4, j}. In (EY, , ), the coefficient of e; ;; is non-zero if
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and only if either ¢ = w and j € {v,w,z} or j =wand i € {v,w,z}. If i = wand j = v (sim-
ilarly any one of the other three), then the coefficient of ey; ;3 is £, .. It may be noted here
that f, . does not correspond to an edge in G. If £} (on w121} and F}? (on,w,75) AT€ TWO distinct
basis elements {i, 7} in both the claws, then {uy, vy, wy, 21} \ {7, 5} # {ua, vo, we, 22} \ {4, 7}
Hence, the corresponding coefficients of eg; ;3 in p(Ey, , .) and o(E .) will not be
the same. From the above discussion one concludes that in the row corresponding to ey j1,
each nonzero entry is of the form +f;; for some k,l € [n], {k,(} # {i,j} and no two are
equal. Therefore, the entries of this row can be seen as the minimal generating set of bino-
mial edge ideal of a graph on [n], possibly different from G, and hence, they are K-linearly
independent. Therefore, the assertion follows. O

We now study the first graded Betti numbers and syzygy of binomial edge ideal of unicyclic
graphs. Let G be a unicyclic graph on the vertex set [n] of girth m. First, we compute
P2(S/Jg), where G is a unicyclic graph of girth 3.

Theorem 3.3. Let G be a unicyclic graph on [n] of girth 3. Let vy, vq,v3 be the vertices of
the cycle in G. Then,

B2(S/Je) = Ba3(S/Ja) + Baa(S/Ja) = 2+ P24(S/Ja),

Br4(S/ i) = <Z)+ Z)(dega ) S deses(n)

veV (G 1=1,2,3

Proof. We prove this by induction on n. By [24, Theorem 2.2], for any graph G, B23(S/Jc) =
2k3(G), where k3(G) denotes the number of K3’s appearing in G. If n = 3, then G = K3,
and hence, the assertion follows from [24, Theorem 2.1]. We now assume that n > 3. Let
e = {u,v} be an edge such that u is a pendant vertex. Since e is a cut edge and u is a
pendant vertex of G, (G'\ e). = (G \ u), U {u}. Thus, Jee : fe = Jig\u),- By [24, Theorem
2.2], we get 353(S/Je\e) = 2. Therefore, by induction, we get

Boa(S/Jee) = (n ; 1) + Z\{ } (degg(w)) + (degG ) Z degen(vi) + 3

weV (G)\{v =1,2,3

and 55 ;(S/Jene) = 0 for j > 4. If j # 4, then Tory ;o (J(c—fu)v’ K) = 0. Hence, the long exact
sequence (2) gives that 85 ;(S/Jg) = 0,if 7 > 4. Since B22(S/Jc\u),) = 0 and 514(S/Je\e) =
0, it follows from the long exact sequence (2) that 854(S/Ja) = B2,4(S/Jene)+51,2(S/ Jc\u).)-
If v = v; for some i, then B12(S/Ji\w).,) = |[E((G\ u)y)| = |E(G)] — 1+ (degg( v)— ) —1=

-2+ (deg@( V)= 1). Moreover, for this i, degg(vi) = degg(v;) — 1. Hence, we get the
requlred expression for 5 4(S/Jg). If v # v; for all i, then B 2(S/Jic\w),) = [E(G \ u),)| =
n—1+ (%71, Hence, 24(5/J6) = (5) + Loeve) (“%") = Licias dega(vi) +3. O

We now compute the second graded Betti numbers of S/Jg when G is a unicyclic graph
of girth at least 4.

Theorem 3.4. If G is a unicyclic graph on [n] of girth m > 4, then

| Bau(S/Jg), if m =4,
ﬁ2<S/JG) o { 52,4(S/Jg> + /82,m<S/JG) me > 4’
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where
() + Xevie (“5¢™) +3  ifm=4,
S/Ja) = ’ :
Fual5/76) { (5) + Zoevie (55 ifm >4,

and Bom(S/Ja) =m —1, if m > 4.

Proof. Let e = {u,v} be an edge of the cycle in G. Then, after removing the edge e, G \ e
becomes a tree. Therefore, from Theorem 3.1, we have

525 Tns) = Boa(S) o) = (n;l) S (degg(w)) s (degc(;)ﬂ)—l)'

weV(G)\{u,v} we{u,v}
Note that (G \ e). = ((G'\ €)y)u-
It follows from [19, Theorem 3.7] that Ja\c : fe = Ji(c\e)o). + I, Where
I=(gps: P :u,iy,... 050 is a path between v and v in G\ e and 0 <t < s).

In G'\ e, there is only one path between v and v and the corresponding gp; has degree m — 2
for all ¢. Since B22(S/(Jy\e)o) + 1)) = 0 and S14(S/Ja\e) = 0, we have 354(S/Jg) =
Boa(S/Jene) + Br2(S/(Juerey) + 1)). For m =4, I = (yays, 2ys3, x223). Therefore,

deg(v) — 1) n (degG(U) - 1)'

a8/ U@, + 1) =3+ G\ )] =3 + (= 1)+ (*5 :

Hence,

Boa(S/Jc) = B2,4(S/Jae) + B12(S/(Jare). + 1)) = (Z) s | (degg(u)> s

veV (G

Also, B5;(S/Jene) = 0 and 51 ;2(S/(Jig\e). +1)) = 0, if j # 4. Therefore, 5, ;(S/Ja) = 0,
if 7 # 4. Now assume that m > 4. Note that for j # 4, 7 # m,

S S
Tory ;5 (— K) — 0 and dimg <Tor1,m_2 <— K)) R
T\ @, 1 J(@\ep) + 1

Hence, it follows from the long exact sequence (2) that £, ;(S/Je) =0, if j ¢ {4, m}. Since
B1,;(S/Jene) = 0 for j # 2, we have

S S
Tory o | ——2— K ) =~ Torg,, [ —,K).
. 2<J((G\e>v>u+f ) > (JG )

Thus, for m > 4, fom(S/Je) = m — 1. Now, B12(S/(Jua\e))) 1) = [E(((G\ €)v)u)]
n—1+ (“eel=1) 4 (986l Hence, 854(S/Jc) = (3) + > eV (@) (dee ™)),

O
Now, we obtain a minimal generating set for the first syzygy of Jo, for n > 4. Let G = C,
be a cycle on [n] with edge set E(C),) = {{i,i +1},{l,n}:1 <i<n-—1}.

Theorem 3.5. Let C, be the cycle on n vertices, n > 4. Let {eqyp41},eq1n) 1 <k <n—1}
denote the standard basis of S™ andY = yy---y,. Fori=1,...,n—1, define b; € S™ as
follows:

Y
for1<k<n-—1,(b), =

(bl)k == )
YrYk+1 Y1Yn
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O 2 if k<,

fO’f’lS’éSn—Q, (bz’+1)k: (bz)z+1% ka:Z+1,
(bi)e - 2L if k> i+ 2.

Yi+1

Then, the first syzygy of Jo, is minimally generated by

n—1

{ fraeqigy—figewan  {i, 5}, {k, 1} € E(C,,)} U {Z Dkeikkr1y — (bi)neiny @ 1<i<n— 1} :

k=1

9 if n = 4;
Proof. By [29, Corollary 16], 82.4(S/Jc,) = { (;L 0> 4

and fs;(S/J¢,) = 0 for all j # 4, n. Therefore, the minimal presentation of Jg, is

Ban(S/Jc,) =n—1forn >4

S(—4)5) @& S(—n)"t — S(=2)" — Jo, — 0. (3)
Note that Jo, = Jp, + (f1.,). Consider the following exact sequence

S fin S S
0— 2) — — — — — 0
JP n f 1 n( ) JP n Jcn

and apply the mapping cone construction. Since Jp, is complete intersection, the Koszul
complex (F.,d¥.) gives the minimal free resolution for S/Jp,. Let {eg 1w | {i,7} #

{k,l} € E(P,)} denote the standard basis of s("2") and {egj+1y | 1 < j < n— 1} denote
the standard basis of S"™'. Set df (egjj+13) = fjj+1 for 1 < j <n—1and d (e jy (b1y) =
frieqijy — fijeqen for {i,j} # {k,1} € E(P,). It follows from [19, Theorem 3.7] that

JPn : f1,n = JPn + (yz o Yn—1,T2Y3 Yn—1,- -, T2 '%-1)-

Let (G.,d%.) be the minimal resolution of Tr f )( 2) with the differential maps given by
dS(Eiiy1) = fiimfor 1 <i<n—1and d¥(E,) = Ta- TmYms1 - Yn_1 for 1 <m <n—1,
where {E; 41, Fp 01 <i<n—1,1<m <n—1} denotes the standard basis of G;. Clearly
the map from Gy to Fp in the mapping cone complex is the multiplication by f;,. Define
the map 1 : Gy — F} by

01(Eiip1) = fl,flze{i,i+1} 1<i<n—-1,
Sol(Em> = Z;l (bm)ke{k,k—l—l} 1 S m S n— 17

where (b,)’s are as defined in the statement of the Theorem. We show that the map ¢,
satisfies the property that for all x € Gy, df (p1(z)) = fi, - d¥(x). It is enough to prove
the property for the basis elements. Clearly df (<p1(E{Z iv1})) = finfiir1 = fin- (E{i,i-i-l})-

Now df(spl (El)) = df ( Z;i(bl)ke{k,k—kl}) Zk 1 ykyk+1 .fk kt1- Note that Skt — %_%.

YkYk+1 Yk Yk+1

Now, taking the summation over k, we get d¥ (p1(E1)) = fin(yo  Yn1) = fin - dS(Ey).
Let m > 2. Then, d¥ (o1 (E,,)) = d¥ ( Z;i(bm)ke{k,kﬂ}) = Z;i(bm)k‘fk’k_i_l. It can be seen
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that
m—1 _
(b )ifrpn = YV |22, Imot Tmit (931 xm)}
m K+ = B i om ’
k=1 L Y2 Ym—1 Ym+1 \Y1  YUm
oo fomes = ¥ |24 Tt (w_m_ xm)}
’ LY Ym—1 \¥Ym  Ym+1 ’
n—1 _
z Tm [ Tm Tn
Z (bn)kfrpt1 = Y 2. Im (_+1 _ _)} .
k=m+1 L Y2 Ym \ Ym+1 Yn

Summing up these three terms together, we get

x T (X1 Tp
dll?(spl(Em)) =Y |iy_§ e y_ (_1 - _):| =2 TmYm+1 " 'yn—lfl,n = fl,n : d?(Em)

U Yn
Therefore, by the mapping cone construction, we get a presentation of Jg, as

FQEBGl —>F1@G0 —>Jcn — 0.
Since Fr ® Gy ~ S (3)+n-1 and F; ® Gg ~ S™ whose ranks coincide with the corresponding

Betti numbers of Jg,, we can conclude that this is a minimal presentation. Hence, the first
syzygy of Jeg, is minimally generated by the images of the standard basis elements under

F
the map @ : F, & G; — F} ® Gy, where & = [dg ZIG} Then, we have
—a

Dleqiymny) = db(epmn) = feeqn — fijepn for {i,j} # {k,1} € E(B,),
P(Eiir1) = (p1— le)(Ei,i—i—l) = fin€{ii+1y — fiitreqny fori=1,...,n—1, and

n—1
O(En) = @1(En) —dF(E) = (bm)seipmrty — (bm)neiny fori=1,...,n—1.
k=1
Hence, the assertion follows. O

We now describe a minimal generating set for the first syzygy of binomial edge ideals of
unicyclic graphs. The syzygy structure is slightly different for unicyclic graphs of girth 3.
We first deal with that case.

Theorem 3.6. Let G be a unicyclic graph on [n| of girth 3. Denote the vertices of the unique
cycle of G by v1 < v < wv3. Let the standard basis of S(—2)" be denoted by {eqijy : {i,j} €
E(G),i < j}. Then, the first syzygy of Jo is minimally generated by the elements of the
form

(a’) Ty €{va,v3} — TugC{ug,v3} T xvseb{m’,vz}v Yo1 €{va,v3} — Yvo€lvr w3} T Yoz €{v1,00}> o

(b) fi,je{p,l} - fp,le{ivi}’ where {{Zvj}v {pv l}} §Z {{Ulv U2}7 {Ulv U3}7 {U27 U3}}7 {7'7.]} 7£ {p7 l}
nd (. 3. {p.1} € E(G).

(c) (—1)pA(‘])fk7l6{i7j} + (—l)pA(k)fjvle{i,k} + (—1)”A(l)fj,ke{i,l}, where A = {i,7,k,l} € Cg
with center at 1.

Proof. We proceed by induction on n = |V(G)| = |E(G)|. For n = 3, G is a complete graph
i.e., Jg is the ideal generated by the set of all 2 x 2 minor of a 2 x 3 matrix. Then, it follows
from Eagon-Northcott complex that the first syzygy of Js is minimally generated by

{Ivl e{vg,vg} — Loy e{vl,vg} + Lyg e{vl,vz}a yv16{v2,v3} - yv2€{v1,v3} + yv3e{vl,v2}} .
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Now, we assume that n > 3. From Theorem 3.3, we know that the minimal presentation
of Jg is of the form

S(—4)P2a(8196) gy §(—3)Pa(5/Ja) £y g(_g)m BN Jo — 0,

n deg. (v
where 854(5/Jg) = ( ) + ) ( gl )) — ) degg(v) +3and By3(5/Jc) = 2.
2 3 .
veV (GQ) i=1,2,3

Let e = {u, v} be an edge in G such that u is a pendant vertex of G. Since e is a cut edge and
u is a pendant vertex of G, (G \ ). = (G \ u), U{u}. Thus, Joe : fe = Jig\w),- Since G\ e
is also a unicyclic graph having the unique cycle of girth 3 and Jeo\. = Jg\u, by induction
we get that the first syzygy of Jg\. is generated by elements of the form

(a) xvle{vg,vg} - Ivge{vl,vg} + Ivge.{m’,vzb yv1e{v2,v3} - yvge{vl,vg} + yv3e{v1,v2}> o

(b) fijeipry — foaeqijy, where {{7, 5}, {p,1}} & {{v1,v2}, {v1, v}, {v2,vs}}, {3, 5} # {p, (}
and {i, j}. {p.1} € E(G \ ),

() (=1)P20) frieqn + (=1)PAR) £ e 4+ (—1)PAO e, where A = {i,j,k,1} € Coe
with center at 1.

Case-1: We assume that v # v; for all 1 < ¢ < 3. Now, we apply the mapping cone
construction to the short exact sequence (1). Let (G.,d®.) be a minimal free resolution
of [S/(Jave : fe)](—2). Then G; ~ SIE@)-14 ("6 ), Also, let (F.,d*.) be a minimal
free resolution of S/Jg.. Then, Fy ~ SE@I-1 and F, ~ §%(5/Ja\e) . By Theorem 3.3,
Ba(S/ Jene) = 2+ Ba4(S/ Jane), where Boa(S/Jene) = ("51) + Eueviano (“55) + (5577
Set Sy = {Enjy: {i,7} € BE(G\u)} and Sy = {Epijy 14, € Ng(v)\u}. Then, |S| = |E(G\
e)]=n—1and |Sy| = |E((G\e)e) \ E(G\¢e)| = (ngGév)_l). Let S US, denote the standard
basis of Gy and set d¥(Ey; j3) = fi; for Egjy € S USs. Also, let {eg; jy : {i,j} € E(G\ u)}
be the standard basis of F;. By the mapping cone construction, the map from Gq to Fy is
multiplication by f, ,. Define ¢; : G3 — F} by
ww " €{ij leZGS,

p1(Eigy) = {_71)PA{(JZ§‘}|‘PA(u)‘f‘lfi’ue{j’v} + (_1)PA(i)+PA(“)-l—lfj’ue{i’v} if E;ﬁ c S;

Then, to prove that ¢; is a lifting map from G; to F; in the mapping cone construction,
it is enough to show that the corresponding diagram commutes i.e., d¥ (o1 (z)) = fu. - d¥(z)
for all z € G;. 1If i,j € Ng(v) \ u, then {v,u,i,j} is an induced claw with center v and it
can be easily seen that

(_1)pA(j)+pA(“)+1fi’ufj’U + (_1)pA(i)+PA(u)+1fj’ufi7v — fijifuw = 0.

Therefore, it follows that for Eg ;1 € S U S, df (p1(Egijt)) = fuw - AT (Egjy). Hence, the
mapping cone construction gives a S-free presentation of Jg, which is

HLeG — PGy — Jg — 0. (4)
Since Fy @ Gy ~ §%2(8/76) and Fy @ Gy ~ S™, the above presentation is a minimal one.

Case-2: Let v = v; for some 1 <1 < 3. Assume that v = v;. Then, {vy,v3} € E((G\ €).) N
E(G\ e). Hence, 12(5/Jc\w),) = rank Gy = (n — 1) + (degcg’)_l) — 1. Also, it follows from
Theorem 3.3 that

3
ausiiad = 24 ("5 )+ X (") - S denanetw) 43
zeV(G)\u =1
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Note that degg(vi) = degg(v1) + 1 and degg(z) = degg(z) for all z # u and = #
v. Substituting these values in the above expression and taking summation with rank G,
we see that rank [, + rank Gy = (2(S/Jg). Let &1 = {Epu; : {i,7} € E(G\ u)} and
Sy = {E{M} 21,5 € Ng(v)\u,{i,j} # {vg,vg}}. Define ¢; : G; — F} as in Case-1 and
proceeding as in there, it can be proved that the mapping cone construction gives a minimal
S-free presentation of Jg as in (4). The first syzygy is minimally generated by the images
of the standard basis under the map ® : Fy, & G; — F} @ Gy which is given by the matrix

F
{%2 SZIG . Now, as done in the proof of Theorem 3.5, one concludes that the images under
—ay
® are precisely the elements given in the assertion of the theorem. U

Theorem 3.7. Let G be a unicyclic graph on [n] of girth m > 4. Also, let the vertex set of
the unique cycle in G be {1,...,m}. Let {eqi;y : {i,7} € E(G)} denote the standard basis
of S™. Then, the first syzygy of Jo is minimally generated by elements of the form
((I) fi,je{k,l} - fk,le{i,j}; where {Z>]}> {k>l} € E(G) and {Z’]} 7& {k>l};
(b) (—1)“(”)]‘2@6{”,@} + (—1)”A(z)fv,we{u,z} + (—1)pA(w)fU,ze{u7w}, where A = {u,v,w,z} €
Cq with center at u,
(c) Z;nz_ll(bi)ke{hkﬂ} — (bi)meqimy, where 1 <@ < m —1, and b;’s are as defined in
Theorem 3.5.

Proof. We prove the assertion by induction on n —m. If n = m, then G is a cycle and the
result follows from Theorem 3.5. Now, we assume that n > m. From Theorem 3.4, we know
that the minimal presentation of Jg is of the form

§5S/Je) _y gn s Jo — 0,

where

| Bau(S/Jg) ifm=4
B2(S/Ja) = { BE:(S/JE) + Bom(S/Jg) if m >4, and

O+ e () +3 itm=4
Pl = { () + Toeviey (“5) it >4

Let e = {u,v} be an edge in G such that u is a pendant vertex of G. Since e is a cut edge
and u is a pendant vertex of G, (G \ e). = (G \ u), U {u}. Thus, Ja\. : fe = Jg\u),- Since
G\ e is also a unicyclic graph having the unique cycle C,, and Jo\. = Je\w, by induction we
get a minimal generating set of the first syzygy of Jg\. as

(a) fi,je{k,l} - fk,le{i,j}a where {Zuj}v {ku l} S E(G \ 6) and {7'7.]} % {ku l}v

(b) (=1)PAD) fiieqigy + (=1)PAR) freq 1y + (=1)PAD £ reqi 1y, where A = {i,j, k, 1} € Cae

with center at 7,
(c) ;nz_ll(bi)ke{hkﬂ} — (bi)meq1,m}, where 1 <i <m — 1.

and fo,,(S/Jg) = m — 1.

Now, we apply the mapping cone construction to the short exact sequence (1). Let
(G.,d%.) and (F.,d¥.) be minimal free resolutions of [S/(Je. : fo)](—2) and S/Jg\. re-
spectively. Then, G| ~ S"_1+(degc2(v)7l), Fy ~ 8" and F, ~ S5/ c\e),

Denote the standard basis of G; by & U S,, where S = {Ep; ;5 : {i,j} € E(G\ e)}
and Sy = {Epyy ¢ k.l € Ng(v) \ u}. Note that |Si| = n—1 and |S,| = (degf’év)_l). Set
d¢(Ey ;1) = fij for a basis element E; jy. Also, let {eg; ;1 : {i,7} € E(G\e)} be the standard
basis of F). By the mapping cone construction, the map from Gy to F{ is given by the
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multiplication by f.. Now, we define ¢; from Gy to Fy by ¢1(Eyij3) = fe-eqjy for Epjy € S
and 1(Egyy) = (—1)PaWFPaFL £ er, iy + (—1)Pa@ipatitlp ey for By € S We
need to prove that d¥ (p;(z)) = f.-d¥(z) for any element # € G;. For a claw {v, u, k, [} with
center at v, we have the relation (—1)Pa®)FPall g (¢ p (1 palFpal)+ls o £ = £ f, ..
This yields us the equality d} (¢1(Efijy) = fuw - Y (Egijy) for a basis Ey jy of Gi. So the
mapping cone construction gives us a S-free presentation of Jg; as

FQ@G1—>F1@GQ—)FQ—)J(;—>0.

Since Fy & Gy ~ S75/76) and Fy, @ Gy ~ S, this is a minimal free presentation. Hence,
the first syzygy of Jg is minimally generated by the images of basis elements under the map
®: F,d G — Fi; ® Gyg. Now, the assertion can be proved just as done in the proof of
Theorem 3.5. 0

If e = {u,v} is a cut-edge in G such that both u and v are simplicial vertices, then the
mapping cone construction on the exact sequence (1) gives a minimal free resolution of S/ Jg,
[14, Proposition 3.2]. However, this is not a necessary condition as we see below.

Proposition 3.8. Let n > 3. Then, the minimal free resolution of S/ Jk,, is given by the
mapping cone of S/ Jg,,_, and S/Jk,(—2).

Proof. Let V(Ky,) = {1,...,n,n + 1} with E(K,,) = {{i,n+1} : 1 < ¢ < n}. For
G = K, and e = {n,n + 1}, note that Jo\. = Jk, ., and Jg,,_, : fo = Jg,. Since Ky, is
a tree, it follows from [6, Theorem 1.1] that pd(S/Jk,,) = n. Also, by [24, Corollary 2.3],
Biiv1(S/Jk,,,) = 0 for 2 < i < n. Since reg(S/Jk,,) = 2, [25], and reg(S/Jk,) = 1, [24],
Bii+i(S/Jk,,) = 0 for j # 2 and f;;4;(S/Jk,) = 0 for j # 1. Corresponding to (1), we have
the long exact sequence for all j > 1,

S S S
T S K T S K T S K
o Ori’i—i_j (JKl,nl 7 ) 0ri7i+j (JKl,n’ ) Ori_l’i+j_2 (JKn’ ) o

Hence, f3;;(S/Jk,.,.) = Bi;(S/Jk, . 1) + Bic1,j-2(S/Jk, ). If G. denotes a minimal free reso-
lution of S/Jk,(—2) and F. denotes a minimal free resolution of S/Jk, ,_,, then the above
equality implies that 3;(S/Jk,,) = rank F; + rank G;_;. Hence, the mapping cone gives a
minimal free resolution of S/Jk, . O

4. REES ALGEBRA

Let G be a graph on [n| and Jg be its binomial edge ideal. Let R = S[Ty; ;1 : {i,j} €
E(G) with i < j]. Let 0 : R — S[t] be the S-algebra homomorphism given by §(Ty; ;1) = fijt.
Then, Im(9) = R(Jg) and ker(9) is called the defining ideal of R(Jg). We first characterize
graphs whose binomial edge ideals are almost complete intersection. We begin by proving
couple of simple lemmas which are useful for our main results.

Lemma 4.1. Let I be a radical ideal in a Noetherian commutative ring A. Then, for any
feAandn>2,1:f=1:f".

Proof. Let f € A be an element. Observe that forany n>2, I : fCI: f" Letgel: f™
Then, gf" € I which implies that ¢"f" € I. Therefore, gf € VI =1. Hence, g I: f. O

Lemma 4.2. If I C A = Klt,...,t,] is a homogeneous ideal such that I = J + (a),
where J is generated by a homogeneous reqular sequence, a is a homogeneous element and
J:a=J:a?% then I is either a complete intersection or an almost complete intersection.
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Proof. The proof for Theorem 4.7(ii) in [8] is for the local case for the same statement, but
it can be easily seen that it goes through for homogeneous ideals in A. 0

We first characterize the trees whose binomial edge ideals are almost complete intersec-
tions.

Theorem 4.3. If G is a tree which is not a path, then Jg is an almost complete intersection
tdeal if and only if G is obtained by adding an edge between two vertices of two paths.

Proof. Suppose G is obtained by adding an edge e between paths P, and F,,. Then, Ja\.
is a complete intersection ideal and Jg = Jee + feS. By Theorem 2.1(a), and Lemma 4.1,
we get Jeve ¢ f2 = Jeve ¢ fe. Therefore, it follows from Lemma 4.2 that J; is an almost
complete intersection.

Now, assume that G is not a graph obtained by adding an edge between two paths.
Therefore, either there exists a vertex v such that deg,(v) > 4 or there exist z,w € V(G)
such that degq(z) > 3, degq(w) > 3 and {z,w} ¢ E(G). Let T'= {v} in the first case and
T = {z,w} in the second case. By Theorem 2.1, ht(Pr(G)) = n — cp + |T|. Since z and w
are of degrees at least 3, {z,w} ¢ E(G) and G is a tree, ¢ > 5. Hence, ht(Pr(G)) < n — 3.
Now, if "= {v}, then ey > 4 so that ht(Pr(G)) < n — 3. Note that in both cases T" has the
cut point property so that Pr(G) is a minimal prime, by Theorem 2.1. Thus, ht(Jg) < n—3.
Since u(Jg) =n —1, u(Jg) > ht(Jg) + 1. Hence, Jg is not an almost complete intersection
ideal. U

Now, we have characterized the almost complete intersection trees, we move on to graphs
containing cycles.

Theorem 4.4. Let G be a connected graph on [n] which is not a tree. Then, Jg is an almost
complete intersection ideal if and only if G is obtained by adding an edge between two vertices
of a path or by attaching a path to each vertex of Cs.

Proof. First assume that Jg is an almost complete intersection ideal. Therefore, u(Jg) =
ht(Jg) + 1. Since ht(Jg) < n — 1, it follows that u(Jg) < n. Since G is not a tree, we have
u(Jg) = n. Therefore, G is a unicyclic graph and ht(Jg) = n — 1. Let u be a vertex which
does not belong to the unique cycle in G. If degy(u) > 3, then for T = {u}, by Theorem
2.1(d), Pr(G) is a minimal prime of Jg of height < n — 2 which contradicts the fact that
ht(Jg) = n—1. Hence, deg.(u) < 2. Now, we claim that deg,(u) < 3, for every u belonging
to vertex set of the unique cycle in G. If degy(u) > 4 for such a vertex u, then G \ u has
at least three components so that for 7' = {u}, Pr(G) is a minimal prime of Js of height
< n — 2 which is a contradiction. Hence, deg,(u) < 3. If the girth of G is 3, then clearly
it belongs to one of the categories described in the theorem. We now assume that girth
of G is > 4. Suppose u,v be two vertices of the unique cycle in G with degg(u) = 3 and
degi(v) = 3. If {u,v} ¢ E(G), then for T = {u,v}, Pr(G) is a minimal prime of Jg of
height < n — 2 which is again a contradiction. Therefore, {u,v} € E(G). Thus, the number
of vertices of the cycle having degree three is at most 2 and if two vertices of the cycle have
degree three, then they are adjacent. Therefore, G is obtained by adding an edge between
two vertices of a path.

Now assume that G is a graph obtained by adding an edge between two vertices, say u
and v, of a path. Let e = {u,v}. Observe that Jg\. is a complete intersection ideal. By
Theorem 2.1(a) and Lemma 4.1, Je : 2= Jave © fe. Thus, it follows from Lemma 4.2 that
J is an almost complete intersection ideal.
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Now, suppose G is a graph obtained by adding a path to each of the vertices of a C5. Then,
by [6, Theorem 1.1], S/ Jg is Cohen-Macaulay of dimension n+1. Therefore, ht(Jg) = n—1 =
1(Je) —1. Now, we have to prove that if p is a minimal prime of J¢, then (Jg), is a complete
intersection ideal of Sy, i.e. p((Ja)y) = ht((Jg)p) =n — 1. Let p be a minimal prime of Jg.
It follows from [10, Corollary 3.9] that there exists T C [n] having cut point property such
that p = Pr(G). By Theorem 3.3, the minimal presentation of Jg is

S(_4)62,4(S/JG) D S(_3)62,3(5/JG) LN S(—2)" — Jg — 0.

Moreover, the linear relations given in Theorem 3.6(a) show that (Z,,, Y, Tvy, Yoy Tuss Yos) C
I (), the ideal generated by the entries of the matrix of ¢. Now, if I;(¢) C p, then
(T s Yoy s Tugs Yvgs Tugs Yus) C P. Thus, {vy,ve,v3} C T, which is a contradiction to the fact
that 7" has the cut point property. Therefore, I;(¢) ¢ p, and hence, by [2, Lemma 1.4.8],
w((Ja)y) < n—1. If p((Jg)p) < n —1, then by [18, Theorem 13.5], ht(p) < n — 1, which
is a contradiction. Thus, p((Jg),) = n — 1. Hence, Ji is an almost complete intersection
ideal. U

Below, we give representatives of four different types of graphs whose binomial edge ideals
are almost complete intersection ideals.

*r—9 L ]

r———O

We now study the Rees algebra of almost complete intersection binomial edge ideals. We
prove that they are Cohen-Macaulay and we also obtain the defining ideals of these Rees
algebras. We first recall a result which characterizes the Cohen-Macaulayness of the Rees
algebra and the associated graded ring.

Theorem 4.5. [9, Corollary 1.8] Let A be a Cohen-Macaulay local (graded) ring and I C A
be a (homogeneous) almost complete intersection ideal in A. Then,

(a) gr(I) is Cohen-Macaulay if and only if depth(A/I) > dim(A/I) — 1.

(b) R(I) is Cohen-Macaulay if and only if ht(I) > 0 and gr,(I) is Cohen-Macaulay.

Therefore, in our situation, to prove that R(Js) is Cohen-Macaulay, it is enough to prove
that depth(S/Jg) > dim(S/Jg) — 1.

4.1. Discussion. Suppose G is a unicyclic graph such that Jg is almost complete intersec-
tion. We may assume that G is not a cycle. If girth of G is 3, then by Theorem 4.4 and [6,
Theorem 1.1}, S/J¢ is Cohen-Macaulay. Thus, grg(Jg) is Cohen-Macaulay, and hence, so is

R(Je). Now, we assume that girth of G is at least 4 and n > 5.
Let G; and G5 denote graphs on the ver-

tex set [n] with edge sets given by E(G;) =
{{1,2},{2,3},...,{n—2,n—1},{n—1,n},{2,n—1}}
and E(G9) = {{1,2},{2,3},...,{n — 1,n},{2,n}}.
If G is a unicyclic graph on [k], & > 5, which is not
a cycle and having an almost complete intersection
binomial edge ideal, then by Theorem 4.4, GG is ob-
tained by attaching a path to each of the pendant e e
vertices of G or (.




ALMOST COMPLETE INTERSECTION BINOMIAL EDGE IDEALS AND THEIR REES ALGEBRAS 15

Let G denote the graph obtained by identifying the vertex 1 of G; and a pendant vertex of
P,,. Then, by [22, Theorem 2.7], depth(S/Jg) = depth(S;/Jg,) +depth(Sp/Jp, ) — 2, where
S; denotes the polynomial ring corresponding to the graph G; and Sp denotes the polynomial
ring corresponding to the graph F,,. Since Jp,, is generated by a regular sequence of length
m — 1, depth(Sp/Jp,) = m + 1. Also dim(S/Jg) = n + m. Therefore, to prove that
depth(S/Js) > n+ m — 1, it is enough to prove that depth(S;/Js,) > n. Similarly, if
G is obtained by attaching a path to each of the pendant vertices of 1, then to prove
depth(S/Jg) > dim(S/Jg) — 1, it is enough to prove that depth(S,/Jg,) > dim(S,/Jg, ) — 1.
We now proceed to prove this.

Let G be a graph on [n] with binomial edge ideal Jg C S = Klz1,..., 20, y1, .., Ynl-
We consider S with lexicographical order induced by z; > -+ > x, >y > -+ > y,. It
follows from [10, Theorem 2.1] that in.(Jg) is a squarefree monomial ideal so that by [3,
Corollary 2.7, we get depth(S/Js) = depth(S/in.(Jg)). Hence, to compute depth(S/Jg),
we compute the depth of S/in_(Jg).

Now, consider the graphs GG; and G, as defined above. It follows from the labeling of
the vertices of G; that the admissible paths in G; are the edges and the paths of the form
ivi—1,...,3,2,n—1,n—2,...,j with 2 < j —i < n—4, [10, Section 2]. Similarly the
admissible paths in G5 are the edges and the paths of the form i, —1,...,3,2,n,n—1,...,7
with 2 < j —i < n — 3. Consequently, the corresponding initial ideals are given by

in.(Jg,) = <{x1y2, s T 1Yn, T2Yn—1, TiTjg1 ** * Tpe1Yo - Yi1Yj 2 < J—1<n— 4}) and

in.(Jg,) = <{x1y2, ey T Yn T2Yn, Tt Tl Yi1l; 2 < J — 1 <n — 3})

We denote these monomials of degree > 3 by vy, ..., v,. We order these monomials such that
i < j if either degv; < degv; or degv; = degv; and v; > v;. Set J = (T1Y2, ..., Tp_1Yn),
[O(Gl) = J+ (x2yn_1), [o(GQ) = J+ (xgyn) and, for 1 S k S P, Ik(GZ) = Ik—l(Gz> + (Uk) for
i = 1,2. Then I,(G;) = inc(Jg,) for i = 1,2. We now compute the projective dimension,
equivalently depth, of these ideals.

Lemma 4.6. For 0 < k <p andi=1,2, pd(S/I;(G;)) < n.

Proof. We prove the assertion by induction on k. If £ = 0, then consider the following exact
sequences:

S Toyn_1 O S
e — H J—

00— —2 — —0
J: (S(Zgyn_l) ) J [0(G1>
and g g g
0 — ———(—2) 2% = — 0.
J: ([L’gyn)( ) J I()(Gg)
Note that J is generated by a regular sequence of length n — 1. Moreover
J oy = (I1y2,y3, T3Y4y - - - ,$n—3yn—2,$n—2,$n—1yn) and
i xoyn = (T1Y2,Y3, T3Yas - - -y Tn—3Yn—2y Tn—2Yn—1, Tn—1)

which are generated by regular sequences of length n — 1. Therefore
pd(S/J) = pd(S/(J : xoyn_1)) = pd(S/(J : x2y,)) =n — 1.

Hence, it follows from the long exact sequence of Tor that pd(S/Iy(G;)) < n fori = 1,2.
Now, assume that £ > 0 and pd(S/Ix_1(G;)) < n for i = 1,2. For i = 1,2, consider the
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short exact sequences

S . S S
0— LG ) (— degvg) — 711@_1(6&) — T(Gi) — 0. (5)

We first prove the assertion for (G;. It can be seen that the monomials v;’s are of the form

ToTj41 """ Tpn—1Yj for 4 S j S n — 2,
U =4 Y2 Yio1Yn—1 for 3 <i<n -3,
Tiljq1: Tp—1Y2 - Yi—1Yj for 3 S ’L7j S n—2 and 2 S]-Z

If v = xowjiy - - p_1y; for some 4 < 7 < n — 2, then
Ik—l(G1> LV = (Io(Gl) : Uk) + (Ul, ce 7Uk—1> LUk
= ($1y2,$3y4> sy Tj—2Y5—15 TjYj4+1, Lj—1, Y3, Yj+2, - - - >yn) + (Ul, ceey Uk—l) Uk

It can be seen that (vi,...,vk—1) : v C (Io(G1) @ v) + (yj41) and yjvx € (v1,. .., Vk—1).
Hence,
I—1(Gh) s v = (21Y2, T3Ys, - - - y Lj—2Yj—1,Lj—1, Y3, Yj+1, - - - s Yn)-

This is a regular sequence of length n — 1. The proof that I;_1(G;) : vy is generated by
a regular sequence of length n — 1 if v, is of the other two types is similar. Therefore
pd(S/(Ix-1(G1) : vx)) = n — 1. Hence, it follows from the short exact sequence (5) that
pd(S/Ix(G1)) < n.

In a similar manner, using the short exact sequence (5) and the colon ideal, one can prove
that pd(S/Ix(G2)) < n. O

We now show that the associated graded ring and the Rees algebra of almost complete
intersections binomial edge ideals are Cohen-Macaulay.

Theorem 4.7. If G is a graph such that Jg is an almost complete intersection ideal, then
gre(Ja) and R(Jg) are Cohen-Macaulay.

Proof. Suppose Jg is an almost complete intersection ideal. By Theorem 4.5(b), it is enough
to prove that grg(Jg) is Cohen-Macaulay, if one wants to prove that R(Jg) is Cohen-
Macaulay. Now, grg(Jg) is Cohen-Macaulay if depth(S/Jg) > dim(S/Jg) — 1, by Theo-
rem 4.5(a). If G is a tree, then it follows from [6, Theorem 1.1] and Theorem 4.3 that
depth(S/Jg) = n+ 1 =dim(S/Jg) — 1. If G = C,, then it follows from [28, Theorem 4.5]
that depth(S/Je,) = dim(S/J¢g,) — 1. Now, we assume that G is a unicyclic graph other
than cycle. It follows from Discussion 4.1 that it is enough to prove that depth(S;/Jg,) > n
for i = 1,2. From [3, Corollary 2.7], we get depth(S;/Jg,) = depth(S;/ins(Jg,)). It fol-
lows from Lemma 4.6 that depth(.S;/ in~ (Jg,)) = depth(S;/1,(G;)) > n. This completes the
proof. O

We now study binomial edge ideals which are of linear type. Since complete intersections
are of linear type, binomial edge ideals of paths are of linear type. Now, we show that the
JK,, is of linear type. For this purpose, recall the definition of d-sequence.

Definition 4.8. Let A be a commutative ring. Set dy = 0. A sequence of elements dy, ..., d,
is said to be a d-sequence if (do,dy, ..., d;) - diad; = (do,dy, ..., d;) : d; for all0 <i<n-—1
and for all j > 1+ 1.

We refer the reader to the book [12] by Swanson and Huneke for more properties of
d-sequences.
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Proposition 4.9. The binomial edge ideal of K, is of linear type.

Proof. Let K, denote the graph on [n + 1] with the edge set {{i,n+1} : 1 <i<n}. We
claim that Jg, , is generated by the d-sequence di,ds,...,d,, where d; = 2;yp41 — Tny1¥i-
Let 1 <i <n—1and K;;; denote the complete graph on the vertex set {1,...,4,n+ 1}.
Then, for 5 > i+ 1,

(do,dl,...,di) . di+1dj = ((do,dl,...,di) :di—‘,-l) . dj = JKi+1 Idj = JKi+1>

also (do,d1,...,d;) : dj = Jk,,, where the last two equalities follow from [19, Theorem 3.7].
Therefore, Jg, , is generated by a d-sequence. Hence, by [12, Corollary 5.5.5], Jk, , is of
linear type. U

We now prove that in the polynomial ring over an infinite field, almost complete intersec-
tion homogeneous ideals are generated by d-sequences.

Proposition 4.10. If I C A =K]t,...,t,] is a homogeneous almost complete intersection,
where K is infinite, then I is generated by a homogeneous d-sequence fi,..., frni1 such that
fi,-- -, fn is a reqular sequence, where h = ht(I).

Proof. Since [ is an almost complete intersection ideal, by [4, Proposition 5.1(i)], there exists
a homogeneous system of generators {fi,..., fnr1} of I such that fi,..., f, is a regular
sequence. Let J = (fi,...,fn). Since A is regular, J is unmixed. It follows from [4,
Proposition 5.1(ii)] and the proof of [8, Theorem 4.7] that J : fr41 = J : fi ;. Therefore,
f1,--+, fany1 is a homogeneous d-sequence. O

In the above Lemma, the assumption that K is infinite is required in Proposition 5.1 of
[4]. We assume that K is infinite for the following result as well.

Corollary 4.11. Let G be a graph on [n]. If Jg is an almost complete intersection ideal,
then Jg is generated by a d-sequence. In particular, Jg is of linear type.

Proof. It Jg is an almost complete intersection, then it follows from Proposition 4.10 that Jg

is generated by a d-sequence. The second assertion that Jg is of linear type is a consequence
of [11, Theorem 3.1]. O

If G is a tree or a unicyclic graph of girth > 4 such that Jg; is an almost complete
intersection, then one can show that the minimal generators consisting of the binomials
corresponding to the edges of GG form a d-sequence.

Remark 4.12. Suppose G is a tree such that Js is almost complete intersection. Then, by
Theorem 4.3, G is obtained by adding an edge between two paths, say P,, and P,,. Let e
denote the edge between P,, and P,,. Note that G \ e is the disjoint union of two paths.
Assume now that G is a unicyclic graph with unique cycle C,,, m > 4, such that Jg is
almost complete intersection. Then, by Theorem 4.4, GG is obtained by adding an edge e
between two vertices of a path. Thus, in both the cases, Jg\. is complete intersection, by [6,
Corollary 1.2]. Since Jg\ is a radical ideal, by Lemma 4.1, Je : 2= Jane @ fe. Hence, Jg
is generated by a d-sequence. It may also be observed that we do not require the assumption
that K is infinite in this case.

If G is obtained by adding a path each to the vertices of a C3, then, it can be seen that Jg\.
is not a complete intersection for any edge e € E(G). Thus, the binomials corresponding to
the edges of G do not form a d-sequence with first n — 1 of them forming a regular sequence.
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But at the same time, Proposition 4.10 ensures the existence of such a generating set. We
have not been able to explicitly construct one such.

As a consequence of Remark 4.12, we obtain the defining ideal of the Rees algebra of
binomial edge ideals of cycles.

Corollary 4.13. Let ¢ : S[Trny, Thiiry 11 =1,...,n — 1] — R(J¢,) be the map defined
by o(T ) = figt. The defining ideal of R(Jc,), t he kernel of ¢, is minimally generated by

n—1

{fiiTeny — fraTyigy - {65} # {k,1} € E(G {Z el er1y — (bi)n Ty 1 <d<n— 1} ;

k=1

where b;’s are as defined in Theorem 3.5.

Proof. Let

S(—4)&) @ S(—n)"t 25 S(—2)" — Jo, — 0
be the minimal presentation of Jg, given in the proof of Theorem 3.5. Since J¢, is of linear
type (Remark 4.12), it follows from [12, Exercise 5.23] that the defining ideal of R(J¢,) is
generated by T'A, where A is the matrix of ¢ and T' = [T{1 93, ., T{n-1,n}, T1,n}y]- Hence,
the assertion follows directly from Theorem 3.5. U

Remark 4.14. Suppose G is a unicyclic graph of girth m > 4 or a tree. If Jg is almost
complete intersection, then by Remark 4.12, Jg is of linear type. Therefore, as in Corollary
4.13, we can conclude that the defining ideal of R(Jg) is generated by T'A, where T is the
matrix consisting of variables and A is the matrix of the presentation of Js. Hence, we
obtain a minimal set of generators for the defining ideal of R(Js) by replacing the eg; ;s
by TY; ;3’s in the list of generators given in the statements in Theorems 3.2, 3.7. In a similar
manner, using Proposition 4.9 and using a minimal presentation of Jk, ,, one can obtain the
minimal generators of the defining ideal of the Rees algebra, R(Jk, ). If K is infinite, then
one can derive similar conclusions for unicyclic graphs of girth 3 as well.

Remark 4.15. We have shown that if G is a tree with an almost complete intersection
binomial edge ideal Jg, then Jg is of linear type. It would be interesting to know whether
binomial edge ideals of trees, or more generally all bipartite graphs, are of of linear type.
Here we give an example to show that Jg need not be of linear type for all bipartite graphs.
Let G be the graph as given on the right. Then, it can be seen

(for example, using Macaulay 2 [7]) that the defining ideal of J is 1 3 5 7
not of linear type. If 0 : S[TY; ;3 : {4,7} € E(G)] — R(Jg) is the

map given by 5<T{2,]}) = fi,jta then LUgT{LG}T{gA} — $6T{178}T{374} +

xsT{1,4}T{3,6} —$4T{1,8}T{3,6} —SCGT{1,4}T{3,8} +SC4T{1,6}T{3,8} Is a min-

imal generator of ker(9). 24 4% 6 8

It will be interesting to obtain an answer to:
Question 4.16. Classify all bipartite graphs whose binomial edge ideals are of linear type.

Note that the above bipartite graph is not a tree. We have enough experimental evidence
to pose the following conjecture:

Conjecture 4.17. (a) If G is a tree or a unicyclic graph, then Jg is of linear type.
(b) Rs(Jo,) = R(Je, ), where Rs(Je,) denote the symbolic Rees algebra of Jo, .
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