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Abstract

A graph is closed when its vertices have a labeling by [n] such that the binomial
edge ideal Jg has a quadratic Grobner basis with respect to the lexicographic order
induced by 1 > --- > x, > y1 > --- > yp. In this paper, we generalize this notion
and study the so called m-closed graphs. We find equivalent condition to 3-closed
property of an arbitrary tree T'. Using it, we classify a class of 3-closed trees. The
primary decomposition of this class of graphs is also studied.

Keywords: m-closed graph, binomial edge ideal, reduced Grébner basis, admissible
path

1 Introduction and Preliminaries

Suppose G is a simple graph on the vertex set [n] and R = k[z1,...,2,,y1,...,yn] is the
polynomial ring over the field k. The binomial edge ideal of GG is the ideal

Jo = (fiy: {i.j} € E(G) and i < j) C R,

where f;; = x;y; — x;y;. This notion was first introduced in [9] and independently in [13].

Note that any ideal generated by a set of 2-minors of a 2 xn-matrix X of indeterminates
may be viewed as the binomial edge ideal of a graph. In [9], the authors compute the
reduced Grobner basis of the binomial edge ideal with respect to the lexicographic order
induced by x; > -+ >z, > y; > --- > y, (we show this order by <). In particular,
they find the necessary and sufficient conditions in which J; has a quadratic Grobner
basis. Graphs whose binomial edge ideal has a quadratic Grobner basis are called closed
graphs and the Cohen-Macaulay property of these graphs is studied in [6]. Recently,
many authors studied the algebraic properties of some classes of binomial edge ideals. In
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particular the regularity and the depth are studied in [1, 6, 7, 10, 12, 15]. But the reduced
Grobner basis obtained in [9] has not been studied in more details.

In this paper, we study the Grobner basis of Ji where G is a simple graph. We call G
an m-closed graph when its vertices can be labeled by [n] such that the elements of the
reduced Grobner basis of Jg have degree at most m, and m is the least integer with this
property for G. Note that by this definition, a closed graph is a 2-closed graph.

In Section 2 we study some basic properties of m-closed graphs. In particular, we show
5+1 n is even,
”T“ +1 nisodd.
Using it we conclude that in each m-closed graph, any cycle with at least 2m — 1 vertices
has a chord.

The notion of weakly closed graphs has been introduced in [11] as a generalization
of closed graphs. The final result of section 2 shows that each weakly closed graph is
m-closed for some m < 4 (see Theorem 12). In Section 3 we study 3-closed property
of trees and we show that a tree T" with n vertices is 3-closed if and only if it is not a
path and there exists a labeling of its vertices such that d(i,i + 1) < 2 for each i < n
(see Theorem 13). The class of 3-closed trees and the number of elements of the reduced
Grobner basis of Jr for a 3-closed labeling is also studied by means of the bipartite graph
G* attached to a simple graph G corresponding to the generators of Jg (see Definition
16, Theorem 17 and Corollary 18).

In Section 4, we study a class of trees constructed from caterpillar trees. We charac-
terize the minimal primary decomposition of this class of trees (see Theorem 20). Also,
we show that they are 3-closed. For some other trees constructed by caterpillar trees we
show 3-closed property (see Theorem 21). To prove Theorem 21, we need an algorithm
to give a 3-closed labeling to the vertices of a caterpillar tree such that 1 is assigned to
an arbitrary vertex. This is provided in algorithm 22 presented in the Appendix section.

that a cycle C,, (n > 3) is m— closed where m = (see Theorem 8).

In the following, we review some definitions and results from [9] which we need in the
next sections.

Definition 1. Let G be a simple graph on [n], and let i and j be two vertices of G with

1 < j. A path i =1ig,4y,...,7. = j from ¢ to j is called admissible, if
(i) i # ip for k # ¢;
(ii) for each k = 1,...,7 — 1 one has either i, < i or iy > 7j;

(iii) for any proper subset {ji,...,js} of {i1,..., 4,1}, the sequence {i, j1,...,js,j} is not
a path.

Given an admissible path 7 : ¢ = 99, 41,...,7, = j from ¢ to j, where ¢ < j, we associate
the monomial

Ung = (H$1k>(Hy1£)

By [3, Chapter 2, Proposition 6], the reduced Grobner basis of Jg with respect to < is
unique. We have:
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Theorem 2. [9, Theorem 2.1] Let G be a simple graph on [n]. Then the set of binomials

g = U{uﬁfij . 7 is an admissible path from i to j}

i<j
1s the reduced Grébner basis of Jg.

By [9, Theorem 3.2], we can write Jg as a finite intersection of prime ideals. In fact,
corresponding to each subset S C [n] we have the prime ideal

Ps(G) = (i vs}) + o, + 4 Ja

€S

where G, ..., Gs) are the connected components of the induced subgraph on the vertices
[n] \ S, and Gy is the complete graph on the vertices of G, for all £. Then

Jo = ﬂ Ps(G). (1)

ScCn]

Moreover, dim R/Jg = max{(n — |S|) + ¢(S) : S C [n]} and hence dim R/Js = n + ¢(G),
where ¢(G) is the number of the connected components of G. Equation (1) also shows
that Jg is a radical ideal. If G is a connected graph then Py(G) = Jg, is a minimal
prime ideal of Jg. Note that if S is an arbitrary subset of [n] the prime ideal Ps(G) is not
necessary a minimal prime ideal of Jg. The next lemma detects the minimal prime ideals
of Jg when G is a connected graph. Note that for S C [n], by ¢(S) we mean ¢(Gp,)\s)-

Lemma 3. [9, Corollary 3.9] Let G be a connected graph on the vertex set [n] and S C [n].
Then Ps(G) is a minimal prime ideal of Jg if and only if S =0, or S # () and for each
i €S one has c(S\{i}) < ¢(9).

2 m-closed graphs

In this section we study the reduced Grobner basis of J;. As Theorem 2 shows the
reduced Grobner basis depends on the labeling of the vertices of G. We recall that a
labeling of G is a bijection V(G) ~ [n] = {1,...,n}, and given a labeling, we typically
assume V(G) = [n].

The graph G is called closed with respect to the given labeling if J; has a quadratic
Grobner basis with respect to <. By [9, Theorem 1.1] we have:

Theorem 4. Let G be a simple graph on the vertex set [n]. G is closed if and only if the
following condition is satisfied:

For every two edges {i,j} and {k,(} in E(G) withi < j and k < (,
one has {j, 0} € E(G) ifi =k, and {i,k} € E(G) if j = ¢.
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Let G be a graph, we recall that the cligue complex of G, denoted A(G), is the
simplicial complex on [n] whose faces are the cliques of G. The graph G is closed if and
only if there exists a labeling of G such that all facets of A(G) are intervals [a,b] C [n]
(see [6, Theorem 2.2]). Closed graphs are studied in more details in [2, 4].

Following the definition of closed graph we introduced m-closed graphs.

Definition 5. Let m be a positive integer. We say that a graph G with vertex set
V(G) = {v1,...,v,} is m-closed, if its vertices can be labeled by [n] such that for this
labeling all the elements of G are of degree < m, and m is the least integer with this
property for G.

Moreover, a labeling of the vertices of G is called an m-closed labeling if the reduced
Grobner basis of Jg is in degree m and less than m with respect to this labeling.

By the above definition a closed graph is a 2-closed graph. the cycle Cy (cycle with 4
vertices) is 3-closed and Cj is 4-closed.

By Theorem 2, a graph G is m-closed if and only if, there exists a labeling for its
vertices such that each admissible path in G has at most m vertices and in each labeling
of the vertices, there exists an admissible path of length ¢ where ¢ > m — 1.

We recall that a bridge is an edge whose removal from a graph increases the number
of components. If e is a bridge of a connected graph G, and H; and H, are the connected
components of G \ e, we write G \ e = Hy Ll Hs.

In the following we find some information about m-closed graphs.

Proposition 6. (i) Let G be a graph and { be the length of the longest induced path of
G. Then G is m-closed for some m < £+ 1.

(ii) Let G be a graph and H be an (-closed induced subgraph of G. Then G is m-closed
for some m > (.

(7ii) Let e be a bridge of a connected graph G and G\ e = Hy U Hy. If Hy is m-closed
and Hy is (-closed ({ = m), then G is {-closed provided that there exists an m-closed
labeling of Hy in which 1 is the label of the end point of e in Hy and there exists an
(-closed labeling of Ho in which 1 is the label of the endpoint of e in Hs.

Proof. Part (i) and (ii) follow from the definition of an admissible path and m-closed
property.

For part (iii), assume that H; is an m-closed graph on [n;], Hs is an ¢-closed graph
on [ng] and 1 is the label of the end points of e in each H; (i = 1,2). We give a labeling
to G by assigning to each vertex ¢ of H; the new label n; — ¢+ 1 and to each vertex 7 of
H; the new label ny + 4. So, by this labeling e = {ny,n; + 1}. It is easy to see that the
graph G = Hy U {ny,n; + 1} U Hy is an ¢-closed graph on [ny + na. O

A natural question to ask is that if the reduced Grobner basis of J; has an element
of degree m, can we conclude that it also has an element of degree ¢ for each 1 < ¢ < m.
This is not true in general, as the following example shows:
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Example 7. Let G be the path on [5] with E(G) = {{1,4},{3,4},{3,5},{2,5}}. Then
G has an element of degree 5 while it doesn’t have any element of degree 4.

For a simple graph G on [n], and m > 3, if the reduced Grobner basis of Jg has an
element of degree m, then it has an element of degree 3. In fact, G is not closed and
by Theorem 4, there exist two edges {i,7} and {i,¢} in E(G) with i < j, ¢ < ¢ and
{j, €} ¢ E(G), or there exist two edges {i,7} and {k,j} in F(G) with i < j, k < j and
{i,k} ¢ E(G). So j,i,0 or i, 7,k is an admissible path of length 2. So, G has an element
of degree 3.

Therefore, if G is an m-closed graph, in each labeling of its vertices, there exists an
admissible path of length 2. But as we have seen in the above example, we can not extend
Theorem 4 to check if a labeling is a 3-closed labeling or not.

We recall that if [ is an ideal of R, the leading term ideal of I with respect to < is
the monomial ideal of R which is generated by (LT<(f) | 0 # f € I) where LT.(f) is the
leading term of f with respect to < . We write LT- (/) for the leading term ideal of I.

If G is a graph, it is clear that for any arbitrary labeling of the vertices of G, |G| =
w(LT,(Jg)) = p(Je) (u(l) is the minimal number of homogeneous generators of I).
Moreover, G is a closed graph if and only if there exists a labeling in which pu(LT(Jg)) =
u(Jg). So If G is a non-closed graph on [n] and u(LT<(Jg)) = u(Jg) + 1, then G is
3-closed.

It is well known by [9, Proposition 1.2], that a closed graph is chordal. In the following
we find a generalization of this necessary condition for m-closed property. For this we
need the following theorem about cycles:

Theorem 8. Let C,, be the cycle on n > 4 vertices. Then C,, is m-closed where
24+1  niseven;
= +1 nis odd.

Proof. Let C), be the cycle on n vertices and m be as defined in the theorem. To show the
result, we first prove that in any labeling of the vertices of C,,, one can find an admissible
path with at least m vertices.

In an arbitrary labeling of the vertices of C,,, one of the following situation happens:

Case 1: Forall i € {1,...,n — 1}, d(i,i + 1) = 1. This case happens if and only
if we give successive integers to the vertices. i. e., (E(C,) = {{1,2},{2,3},...,{n —
1,n},{n,1}}). So P : 1,n,n —1,...,3 is an admissible path with n — 1 vertices and
n—1>m.

Case 2: There exists i € {1,...,n—1}, d(i,i+1) = ¢ > 2. So we have two admissible
paths

P1 : i,jl,...,jg_l,i+ 1 and PQ : Zlhji?"'?j;z—f—l’i—'_ 1
where {7, + 1} U{j1,...,Jer yU{4}, -, Jh_o_1} = [n], P. has £+ 1 vertices and P, has
n — ¢+ 1 vertices.

In the case that niseven, if {+1 < f+landn—{¢+1< 5+ 1, thenn+2<n+2

which is a contradiction. So, one of the paths P, and P, has at least m vertices.
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Now assume that n is odd. Since d(i,i+1) = ¢, we have ¢ < n—{. Moreover, { =n—/
if and only if n = 2¢ which is a contradiction. So, ¢ < n — /.

Ifn—0+1<2 +1 thenby l+0<n—(+1<™ 4+1wehaven+2<n+2
which is a contradiction. So P» has at least m vertices.

So in each labeling of the vertices of C,,, we have an admissible path with at least m
vertices.

Now, if we find a labeling of the vertices of C), such that each admissible path has at
most m vertices, the conclusion follows.

Suppose that:

V(Cy,) = A{v1,v9,...,0.}, E(C,) = {{v1,v2},{vo,v3}, ..., {vn_1, 00}, {vn, 1 }}
If n is even, we do as follows:
1. S ={v,va,...,0,},
2. label vy as 1,
3. i=1,
4. While i <n do

(a) Pick v; € S such that d(i,v;) = m — 1 and label v; as i + 1,
(b) If i +2 < n, label v;;; as i + 2,
(c) i:=1i+2.

By this labeling of the vertices, for each i, d(i,i+1) = m—11if i is odd and d(i,i+1) =1
if 7 is even. So we have some admissible path with m vertices.

If n is odd, we do as follows:

For each 1 < i < m, label v; as 2i — 1 and for each m < i < n, label v; as 2(i —m +1).
By this labeling, for each i, d(i,i+ 1) = m — 2 and for each i there is a unique admissible
path with m vertices between ¢ and ¢ + 1 .

Now assume that P : ji,...,7 (t > m) is an admissible path in C,,. So, j; > j1 + 1.

If n is odd, by the fact that d(i,i + 1) = m — 2 for each i, we conclude j; +1 € V(P)
which is a contradiction.

Assume that n is even. If j; is odd, as above we conclude that j; +1 € V(P) which
is the desired contradiction. If j; is even and j; +1 ¢ V(P), then P' = 51 + 1, j1,. .., ji—1
is a path with ¢ vertices. Since d(j; +1,j1 +2)=m —1, 1 +2 € V(P'). So j > j1 + 2
and j; + 2 € V(P) again a contradiction. O

The next corollaries are the generalization of the fact that a closed graph is chordal.
These results are immediate consequences of Proposition 6 and Theorem 8.

Corollary 9. If G is an m-closed graph, then each cycle of G with 2m—1 or more vertices
has a chord.
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Corollary 10. Let G be an m-closed graph and
¢ = max{t | 3 an induced cycle with t vertices in G}.

g +1 ( is even,

Ift > 4, thenm}{ ,
B 41 (s odd.

A generalization of the notion of closed graph is weakly closed graph which has been
introduced in [11]. Let G be a graph. G is said to be weakly closed if there exists a
labeling which satisfies the following condition: for all ¢,j such that {i,j} € E(G), i
is adjacentable with j (for the definition of adjacentable see [11, Definition 1.2]. The
following theorem is a characterization of weakly closed graphs.

Theorem 11. [11, Theorem 1.9] Let G be a graph. Then the following conditions are
equivalent:

1. G is weakly closed.

2. There exists a labeling which satisfies the following condition: for all ©,7 such that
{i,j} € E(G) and j > i+ 1, the following assertion holds: for all i < k < j,
{i,k} € E(G) or{k,j} € E(Q).

In the following we relate the m-closed graphs to weakly closed graphs.
Theorem 12. Let G be a weakly closed graph. Then G is m-closed for some m < 4.

Proof. Suppose that G is a weakly closed graph on [n|. Then by Theorem 11, for all 4, j
such that {i,j} € E(G) and j > i + 1, the following assertion holds: for all i < k < j,
{i,k} € E(G) or {k,j} € E(G).

We prove that each admissible path of G has at most 4 vertices. Assume to the
contrary that there exists an admissible path P : 7 = 41,49,...,0,_1,%, = 7 with m > 5
vertices. Note that ¢ < j. If iy > j, then i < j < iy and {i,is} € E(G). So {i,j} € E(G)
or {is, j} € E(G) which is a contradiction. If i,, 1 < i, then i, 1 < i < j and {i;,_1,7j} €
E(G). So {im-1,i} € E(G) or {i,j} € E(G). Again, it is a contradiction. Therefore
19 < j and %,,_1 > . Since P is an admissible path, we have iy < i and i,,_1 > 7.

Let

t=min{r 2<r<m-—1,i, > j}.

So 1 <1 <j < 1; and {Z.t—hit} S E(G) Ift= 3, then {Zg,j} € E(G) or {], 7,3} c E(G)
which is impossible because m > 5 and P is an admissible path. If ¢ > 3, then {i;_1,i} €
E(G) or {i,i;} € E(G). This case also is impossible since P is an admissible path.

So, in any case we get a contradiction. Thus m < 4 and the result follows. O

Note that the converse of Theorem 12 is not true since Cj is 4-closed and not weakly
closed.
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3 3-closed trees

In the following we characterize 3-closed trees. Let GG be a simple graph on the vertex set
[n] and G has no element of degree more than 3, then d(i,7 + 1) < 2 for each i. But the
converse is not true in general. For example, let C' be the cycle on the vertex set [n] and
with the edge set {{1,3},{3,4},{2,4},{2,5},{1,5}}. Then for each i, d(i,i+ 1) < 2 but
C' is 4-closed.

We recall that by [9, Corollary 1.3], a tree is a closed graph if and only if it is a path.
Next result shows that a 3-closed labeling for a tree T is a labeling in which d(i,i+1) < 2
for each 1.

Theorem 13. Let T be a tree with n vertices and assume that T is not a path. Then T
is 3-closed if and only if there exists a labeling for V(T') such that d(i,i+ 1) < 2 for each
i.

Proof. Assume to the contrary that there exists a tree T' on the vertex set [n] such that
d(i,14+ 1) < 2 for each 4, and T has an admissible path of length at least 3. Let

m — 1 = max{/(P) | P is an admissible path}
and
i1 = max{t | there exists an admissible path of length m — 1 starting from ¢}.

Then m > 3 and we can consider an admissible path like P : i1,49,...,,,. Since T is a
tree, d(iy,4m) = 3. So, i1 + 1 # i,, which shows that i; <i; +1 < 4, — 1 < i,,. Therefore
in+ 1 ¢ {ig,i3,...,im_1}. Moreover, by d(i1,i; + 1) < 2, one of the following situations
happens:

Case a: {iy,i; + 1} € E(T). In this case, iy + 1,4y,...,4, is an admissible path of
length m which is a contradiction by our choice of m.

Case b: {i; + 1,4} € E(T). In this case, iy + 1,149,143, . .., i, is an admissible path of
length m — 1 which is a contradiction by our choice of 7.

Case c: There exists j € [n|\ {is,..., iy} such that i1 + 1, j,4; is a path. In this case,
consider the path P’ : iy +1, 7,141,149, ..., %,. Since {(P") = m+1, by our choice of m, P’ is
not an admissible path. So, i; < i1+ 1 < j < i,,. It is easy to see that P" : j,i1,49,...,0m
is an admissible path of length m which is again a contradiction by our choice of m. [

Remark 14. By Theorem 13, a labeling of a tree 71" is a 3-closed labeling if and only if
d(i,14+ 1) < 2 for each 1 < i < n. This is not true for an arbitrary 3-closed graph. For
example, Let G be a graph with

V(G) =A{v1,...,v5} and E(G) = {{v1,va}, {ve,vs}, {v1,v3},{vs, v}, {v2,v5}}.

Then G is a bipartite 3-closed graph. If we assign i to each vertex v;, then d(i,7+ 1) < 2
for each 1 <7 < 5 but this is not a 3-closed labeling of G.
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Figure 1:

Next we give an example of a tree which is not 3-closed.

Example 15. Consider the above tree on 16 vertices (Figure 1).  We prove that T is
not 3-closed. By contradiction assume that there exists a labeling of V(T') such that

d(k,k+1)<2 forall ke {1,...,15). 2)
Without loss of generality, we can assume that {1,16} N {ir,is, ..., 415} = 0. So,
{i;—1,i;+1} c {1,2,...,16} forall j € {7,8,...,15}. (3)

If i7 < ig and they are not two successive integers, then by (2) {ir — 1,i7; + 1,ig+ 1} C
{i9, 416} which is a contradiction. So, we can assume that is = iz + 1. By a similar
argument, we should also have, i11 = 419 + 1 and 714 = 713 + 1.

Again, by (2) and (3) we can easily see that

i16:i7—1 or i16:i7+2,
and
116 = 110 — 1 Or 116 = 110 t+ 2,
and
’ilﬁ = le3 —1lor 7;16 = i13 + 2.
So, i7 = 119 Or 17 = i3 Or 119 = 113 which is a contradiction.

Definition 16. Let G be a graph on the vertex set [n], we associate to G a bipartite
graph G* where

V(G") ={z1, ...,z U{yr, - un), E(GY) ={xy; | {i,j} € E(G) and i < j}.

Note that if G is a closed graph, for a closed labeling of G, LT.(Jg) = I(G*) where
I(G*) is the edge ideal of the graph G*.

Conversely, if H is a bipartite graph on the vertex set {z1,...,z,} U{y1,...,yn} such
that for each {z;,y;} € E(H) we have i < j, then we can associate to H a simple graph
H, on the vertex set [n] in a natural way ((H,)* = H).
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Note that if T is a tree, then T is also a tree. In the following, we give a characteri-
zation of 3-closed trees by means of Definition 16.

Theorem 17. Let T, be the set of all bipartite graphs H on the vertex set {xq,...,x,} U
{y1, .-, yn} with the following properties:

2. foralli € {1,...,n— 1} one of the following conditions holds:
o {2, yis1} € E(H).
o There exists j > i+ 1, {x;,y;},{xit1,y;} € E(H).
o There exists j < z',{xj,yi}7 {xjyyi-i-l} € E(H).

3. |[E(H)|=n-1

Then a tree with n vertices is 3-closed if and only if T is not a path and there ezists
H €7, such thatT = H,.

Proof. 1f T is a 3-closed graph on [n], then, by Theorem 13, d(i,i + 1) < 2,V1 < i < n.
So T* satisfies condition 2. Since |E(T)| = |E(T*)| = n — 1, the conclusion follows from
the fact that T' = (T%)..

Conversely, if H satisfies condition 1 then H, is defined and is a graph on [n]. By
condition 2, in H,, d(i,7 + 1) < 2 for each ¢ and moreover H, is connected. Now since
|E(H.)| =n—1=|V(H,)|—1, H, is a tree. So, by Theorem 13, H, is a 3-closed tree. [

In the next corollary, we find the number of elements of the reduced Grobner basis of
a 3-closed tree.

Corollary 18. Let T be a tree on the vertex set [n] and d(i,i + 1) < 2 for all i €
{1,....,n—1}. Then |G| =n— 1+ [13(L(T%)).

Proof. Let G be a simple graph on [n] and K3(G) =the number of triangles of G. Then
by [15, Theorem 2.2], f13(Jg) = 2K3(G). So, for an arbitrary tree T', S15(Jr) = 0.

Now, if d(i,i 4 1) < 2, then by Theorem 13, LT (Jr) is generated in degrees 2 and 3.
So, Bag(LT<(Jr)) = 0 and

513(LT<(JT)) = 513((951%' ’ 1 <7, {iaj} € E(T)>) = 513(I<T*))-

Moreover, by [14] the graded Betti numbers of Jr is obtained from the graded Betti
numbers of LT.(Jr) by a sequence of consecutive cancelations. So

Bos(LT<(Jr)) = Bis(LT<(Jr)) = Bis(L(T™))

and the conclusion follows. O

We remark that if G is an arbitrary 3-closed graph, for a 3-closed labeling, the same
argument as the proof of Corollary 18 shows that |G| = |E(G)| + S13(I(G*)) — 2K3(G).
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4 Binomial Edge Ideals of Caterpillar Trees

In this section, we study the binomial edge ideals of caterpillar trees and some trees
constructed from this kind of trees. First we recall its definition.

Definition 19. A caterpillar tree is a tree T" with the property that it contains a path P
such that any vertex of T is either a vertex of P or it is adjacent to a vertex of P.

VAN AVAYS

U1 Vg U3 Uy Vs Vg vr
Figure 2:

Note that the path P in the definition of a caterpillar tree is a longest induced path
of T" and we call it the central path of T'. Figure 2 is an example of a caterpillar tree with
the central path P : vy, v9,...,v7.

Caterpillar trees were first studied by Harary and Schwenk [8]. These graphs have
some applications in chemistry and physics [5].

Let T be a caterpillar tree and ¢ be the length of its longest induced path. By [6,
Theorem 1.1] depth(R/Jr) = |V(T)| + 1 and by [1, Theorem 4.1] reg(R/Jr) = {. In
the following we describe the minimal primary decomposition of Jy. We recall that since
Jr is a radical ideal, to know the minimal primary decomposition of Jr, it is enough to
characterize its minimal prime ideals.

Theorem 20. Let T be a caterpillar tree, P : vy,...,v; be the central path of T and
S c V(T). Then Ps(T) is a minimal prime ideal of Jr if and only if S = 0 or S =
{vigs -0, } SH{or,. .o, u} where 1 < iy < -+ < iy < satisfy the following conditions:

o [fdeg(vy;) = 2, then d(v,,vi;,,) = 2 and d(vy;,vi,_,) = 2
o [fdeg(vy;) = 3, then d(v,,vi;,,) = 2 or d(vy;,vi;_,) = 2.

Proof. We prove that each prime ideal corresponding to a set S, where §' is satisfying in
the mentioned conditions, is a minimal prime ideal by induction on the number of vertices
in the set S.

For k = 1 the statement is obvious. Now assume theorem is true for each S with
S| = m and S" = {v;,,...,v;,.,} has the mentioned conditions. If S = {v;,,..., v, },
by induction hypothesis, Pg(T) is a minimal prime ideal of Jp. Let d = deg(v;,, ,) and
d = deg(v;,,).

Depending on d(v;,,, v;,, ., ), we distinguish the following cases:

Case 1: d(v;,,vi,,) = 2. In this case it is easy to see that ¢(S') = ¢(S) +d — 1 and for
all j € {1,---,m}, C(S/ \ {vij}) = C(S\{Uij}) +d—1.
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Case 2: d(v;,,,v;,,,) = 1. In this case, d > 3 and d’ > 3. A straightforward observation
shows that ¢(S) = ¢(S) +d —2 and for all j € {1,...,m — 1}, ¢(S"\ {vi;}) =
c(S\ {vi;}) +d — 2. Moreover for deleting the vertex v;,,, one of the following
situations happens:

(a) m=1ord(vs,, ,,v;,)=2. One can see ¢(S" \ {v;, }) = c(S') — (d' —2).
(b) d > 4. In this case, ¢(5") = ¢(S"\ {v;,, }) + (d' —3).

It is obvious that in all of the above situations, ¢(S" \ {v;,}) < ¢(S) for all j €
{1,---,m+1}. So, Lemma 3 implies P (7T) is a minimal prime ideal of Jr.

Now assume that S C V(T') is not as described in the theorem. So, one of the following
situation happens:

1) There exists a vertex v of degree 1 in S. In this case, ¢(S \ {v}) > ¢(S). So, by
Lemma 3, Ps(7') is not a minimal prime ideal of Jr.

2) For some j, deg(v;;) = 2, and (d(v;;,vs,,,) = 1 or d(v;;,v;;,_,) = 1). Without loss of
generality assume that d(v;,_,,v;;) = 1. Since v;,_, and v;; are connected through
just one edge, removing the vertex v;, doesn’t change the number of connected
components of Ty(r)g, meaning that c(S \ {v;,}) = ¢(S). Again, by Lemma 3,
Pg(T) is not a minimal prime ideal of Jy.

3) For some j, deg(v;;) = 3, d(vy;,vi,,,) = 1 and d(v;;,v;;_;) = 1. In this situation
also straightforward observation shows that c¢(S'\ {v;; }) = ¢(S). So, Ps(T) is not a
minimal prime ideal of Jr.

So the conclusion follows. O

For example, if T' is the caterpillar tree described in Figure 2, then by Theorem 20, it
is easy to find all minimal prime ideals of Jr and see that dim(R/.Jr) = 19.

Finally, we prove that caterpillar trees and some trees constructed by caterpillar trees
are 3-closed.

Theorem 21. (a) Let T be a caterpillar tree. Then T is 3-closed.

(b) Let T = Ty U BU Ty where Ty and Ty are two caterpillar trees and B is a bridge
between T7 and Ty, and the endpoints of B are chosen from the vertices of the central
paths of Ty and Ty respectively. Then T is 3-closed.

More generally,

(c) Let T be a tree and T = TYUBUT, where Ty, Ty and B are caterpillar trees, and the
endpoints of the central path of B are chosen from the vertices of T and Ty respectively.
Then T is 3-closed.

Proof. (a) Let n = |T, it is enough to find a labeling of V(T) such that d(i,7 + 1) < 2
for each 1 <7 < n.
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Let P : vy,...,v; be the central path of T, and for each 1 < j < ¢, Ni(v;) =
Nr(v;) \ V(P) is determined the leaf neighbors of the vertex v,.

We do as follows:

label v as 1;t =2; j = 2;
While j </ do
label v; as t; t =1+ 1;
S = Np(v;);
While S # () do;
v:= pick v € § such that v is the rightmost leaf of v;;

label v as t;
t=t+1;,5=5\{v}h
end;
J=J+1L

end

It is easy to see that by this labeling of V(T'), d(i,i + 1) < 2 for all 1 < i < n.

(b) By proposition 6, it is enough to show that for each caterpillar tree 7" and each
vertex v of its central path, there exists a 3-closed labeling in which 1 is assigned to v.
This fact follows from Algorithm 22.

(¢) Without loss of generality, we can assume that the endpoints of the central path
of B are chosen from the vertices of the central paths of 77 and T, respectively. Because
if this is not the case and for example {v} = V(T1) N V(B) where v is not a vertex of
the central path of T, then there exists a vertex w of the central path of T} such that
e = {v,w} € E(T1). So we can replace 77 with 7 \ e and B with B Ue. We can also
assume that F(T), E(T,) and E(B) are pairwise disjoint sets.

Let v € V(B)NV(Ty) and w € V(B)NV (Ty). By Algorithm 22, there exists a 3-closed
labeling of V' (71) that assigns ny = |[V(T1)| to v. By part (a) of the proof there exists
a 3-closed labeling of V(B) with integers ny,...,ny = ny + |V(B)| — 1 that assigns n;
to v and ny to w. Again by Algorithm 22 there exists a 3-closed labeling of V(73) with
integers na, ..., ng = ny + |V (Ty)| — 1 that assigns ny to w. All together we get a 3-closed
labeling of T" and the conclusion follows. O]

By [11, Proposition 3.2], a tree T is weakly closed if and only if 7" is a caterpillar tree.
So, by Theorem 21, If T is a weakly closed graph, then 7" is m-closed for some m < 3.

5 Appendix
In the following we introduce an algorithm to label the vertices of a caterpillar tree T’
with integers 1,...,n such that d(i,i + 1) < 2 for all 1 < i < n. Suppose that the central

path of Tis P : vy,...,v and for each 1 < j < ¢, Nj(v;) = Nr(v;) \ V(P) is determined
the leaf neighbors of the vertex v;.
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The algorithm works as follows. First a candidate for 1 is found by choosing an
arbitrary vertex of the central path which is called v;,. We then go through the vertices
in the central path. If v; 1, has some leaf neighbors, we label them 2, ... ¢ from right to
left, and then we label v; 5 as t+1. Otherwise we label v;, 12 as 2. Then we set j = ip+2
and this process is repeated for the next vertices of the v; until we reach the endpoint of
P. In the return path from v; to v; and then from v; to v;, the similar process is repeated

until every vertex is labeled.

Algorithm 22. Labeling algorithm of caterpillars trees:
Input: A caterpillar tree T" with the central path P : vy,...,v.
Output: A 3-closed labeling of T’
v;,:= one of the vertices on the central path;
J:=1o; label v, as 1; t:=2;
While j </ —1do

S = Np(vjs1);

While S # () do;

v:= pick v € § such that v is the rightmost leaf of v;;1; label v as ¢;
t=t+1,5=25\{v}

end,;

label v, as t;

j=J+2t=t+1;
end
If j==/0-1

label v, as t;

j=Lt=t+1;
Otherwise

label v,_q as t;

j=0—-1;t=t+1;

end
While j > 2 do
S = Np(vj-1);

While S # () do;
v:= pick v € § such that v is the rightmost leaf of v;_;; label v as ¢;
t=t+1,5=95\{v}
end;
label v;_5 as t;
j=7—2;t=1t+1;
end
If j==2andip > 1
label v; as t;
j=Lt=t+1;
Otherwise
label vy as t;
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j=2t=t+1;
end;
end ;
While j < iy —2 do
S = Np(vyan);
While S # () do;
v:= pick v € § such that v is the rightmost leaf of v;;1; label v as ¢;
t=t+1;,5=95\{v}
end;
label vj,9 as t;
j=7+2t=1t+1;
end
If j==1i9—2
S = Np(vip-1);
While S # () do
v:= pick v € S such that v is the rightmost leaf of v;,_1; label v as t;
t=t+1;5=5\{v};
end;
end;

Remark 23. If one wants to give a 3-closed labeling to a caterpillar tree 7" in such a way
that 1 is assigned to v € Nk (v;,) for some 1 < iy < ¢, it is enough to label v as 1, v;, as
2, set NJj(vi,) = Np(vy,) \ {v} and start with ¢ := 3 instead of ¢ := 2.

Moreover, if one wants to give a 3-closed labeling to a caterpillar tree 7" in such a way
that n = |V(T)] is assigned to an arbitrary vertex v, it is enough to apply Algorithm 22,
by labeling v as 1 and at the end changing the label ¢ of each vertex to n — 7 + 1.

Example 24. Here, we give an example of a labeled caterpillar tree using Algorithm 22.
Note that 12 is the label of v, 11 is the label of vy, 1 is the label of v3 and so on .

10 9 8 2 4

12 11 1 7 3 6

ot

Figure 3:

Finally, we give an example of a 3-closed tree described in Theorem 21(part b). Note
that the labeling is given by Algorithm 22, and Proposition 6.
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[ )
Figure 4:
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