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Abstract

Let R be a commutative ring with identity and let Z(R) be the set of zero-
divisors of R. The essential graph of R is defined as the graph FG(R)
with the vertex set Z(R)* = Z(R) \ {0} such that two distinct vertices
x and y are adjacent if and only if ann(zy) is an essential ideal. In this
paper, we classify all finite commutative rings with identity for which the
genus and crosscap of EG(R) are at most one.

1 Introduction

The study linking commutative ring theory with graph theory was started with the
concept of the zero-divisor graph of a commutative ring. Let R be a commutative
ring and Z(R)* be the set of all non-zero zero-divisors of R. The zero-divisor graph
of R, denoted I'(R), is the simple graph with Z(R)* as the vertex set such that two
distinct vertices x and y are joined by an edge if and only if xy = 0. This definition
was introduced by Beck, Anderson and Livingston in [1, 5] and later was studied
extensively in [2, 6, 9, 12, 17, 18, 19]. For a € R, let ann(a) = {d € R : da = 0}
be the annihilator of @ in R. In 2014, Badawi [3] introduced the annihilator graph
AG(R) as the simple graph with vertex set Z(R)* such that two distinct vertices x
and y are adjacent if and only if ann(zy) # ann(x) U ann(y). One can see that the
zero-divisor graph I'(R) is a subgraph of the annihilator graph AG(R). In view of
this, Nikmehr et al. [11] have introduced and investigated a graph called the essential
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graph of a commutative ring. A non-zero ideal I of R is called essential, denoted by
I <. R, if I has a non-zero intersection with any non-zero ideal of R. The essential
graph of R is defined as the graph FG(R) with the vertex set Z(R)* = Z(R) ~ {0}
such that distinct vertices  and y are adjacent if and only if ann(zy) is an essential
ideal. The authors in [11] discussed some basic properties of EG(R) and studied
the affinity between essential graph and zero-divisor graph. One can see that the
zero-divisor graph I'(R) is a subgraph of the essential graph EG(R).

The main objective of topological graph theory is to embed a graph into a surface.
There are many studies [2, 6, 9, 12, 14, 15, 16, 18, 19] concerning orientable and non-
orientable embeddings of the zero-divisor graph and other graphs. In this paper, we
classify all finite commutative rings with identity for which the genus and crosscap
of EG(R) are at most one.

Let S, and S, denote the sphere with g handles and k crosscaps respectively,
where g and k are non-negative integers, that is S, and Sy are the oriented and
non-oriented with ¢ handles and & crosscaps. The genus (G) of a simple graph G
is the minimum g such that G can be embedded in S,. Similarly, crosscap number
(@) is the minimum & such that G' can be embedded in S,. When considering
orientability, the surfaces S, and the sphere are orientable Sy is not orientable. A
graph G is planar if v(G) = 0. A graph G such that v(G) = 1 is called a toroidal
graph and 7(G) = 1 is called a projective graph. It is easy to see that v(H) < v(G)
and J(H) < 7(G) for all subgraphs H of G. One of the most remarkable theorems
in topological graph theory, known as Euler’s formula, states that if G is a finite
connected graph with n vertices, e edges and of genus g, then n —e + f = 2 — 2g,
where f is the number of faces obtained when G is cellularly embedded in S,.

Note that the zero divisor graph I'(R) is a subgraph of EG(R). In [11] it has
been shown that for any reduced ring R, EG(R) is identical to I'(R). Using this
result, one can establish that for any reduced ring, FG(R) is complete if and only if
['(R) is complete if and only if R = Zy X Z,.

By a graph G = (V, E), we mean an undirected simple graph with vertex set
V and edge set F. A graph in which each pair of distinct vertices is joined by the
edge is called a complete graph. We use K, to denote the complete graph with n
vertices. An r-partite graph is one whose vertex set can be partitioned into r subsets
so that no edge has both ends in any one subset. A complete r-partite graph is one
in which each vertex is joined to every vertex that is not in the same subset. The
complete bipartite graph (2-partite graph) with part sizes m and n is denoted by
Ky, It G = K, where n > 1, then G is a star graph. A split graph is a simple
graph in which the vertices can be partitioned into a clique and an independent set.
A graph G is said to be unicyclic if it contains a unique cycle. An undirected graph
is an outerplanar graph if it can be drawn in the plane without crossings in such a
way that all of the vertices belong to the unbounded face of the drawing. There is a
characterization for outerplanar graphs that says that a graph is outerplanar if and
only if it does not contain a subdivision of K, or Ks3. An edge e = uv of G is said
to be contracted if it is deleted and its ends are identified and is denoted by [u, v].
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Throughout this paper, we assume that R is a finite commutative ring with
identity, Z(R) its set of zero-divisors and Nil(R) its set of nilpotent elements, R* its
group of units, F, denote the field with ¢ elements, and R* = R — {0}. For every
ideal I of R, we denote the annihilator of I by ann(I). The following results are
useful in the subsequent sections.

Theorem 1.1. [1, Theorem 2.10] Let R be a finite commutative ring. If T'(R)
is complete, then either R = Zo X Zy or R is local with char R = p or p*, and
IT(R)| = p™ — 1, where p is prime and n > 1.

Theorem 1.2. [1, Theorem 2.13] Let R be a finite commutative ring with |I'(R)| > 4.
Then T'(R) is a star graph if and only if R = Zs x F, where F' is a finite field.

Theorem 1.3. [11, Theorem 2.2] Let R be a reduced ring. Then EG(R) =T'(R).

Theorem 1.4. [11, Lemma 3.1] Let R be a non reduced commutative ring. Then
the following statements hold.

(i) For every x € Nil(R)*, x is adjacent to all other vertices.

(1)) EG(R)[Nil(R)*] is a (induced) complete subgraph of EG(R).

In view of Theorem 1.4, if R is a local ring, then EG(R) is complete.

|Z(R)*| Local Ring R EG(R)

1 Z,, 2 K,
2 Zo, 5 K,
3 Ze, G5 @t 0h Ky

<2Z;,[;f;>> (xZQ?:LZZ}Q)’ (xgzﬁz[vxjd) K
4 Las, Zé[zgg] Ky
6 Zsg, s Kq
7 T, Zolx] _ Zalx] Za|x] K

<x4> Y <:)34,:)3272>’ <13,27x4>

Z4[z] Zs[z] Za[z,y] K
(o083 402 -2)7 (23,02 —2z) (23,2y,y2—a?) 7

Zgx] Zy[z,y] Z4x] K
(x7—42z)) (@ zya?—2,y2—2,4%) (a?) 7

Za[z,y] Za[xy]  Zalzy] K
(22,y2,2y—2)7 (22,y2)° (22,32,2y) 7

Za|x] Za[z,y] Zg[z]  Fg[z]
<x§172x>7 <x37124,2§y7y2>7 <12872x>7 <i2> K7

Zaz] Zaz,y] Za[2,y,2] K
(3 +a+1) (2z,2y,22,9%,2y) 0 (z,y,2)2 7

Table 1.1
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2 Basic Properties of an Essential Graph

In this section, we study some fundamental properties of the essential graph. Espe-
cially we identify when the essential graph is isomorphic to some well-known graphs.

Remark 2.1. Note that I'(R) is a subgraph of EG(R). Then by Theorems 1.1 and
1.4, R is a local ring or Zy X Zs if and only if EG(R) is complete. We list in Table
1.1, some small commutative rings R for which FG(R) is complete.

Remark 2.2. Let R be a reduced ring. Then EG(R) is a subgraph of AG(R).

Theorem 2.3. Let R be a finite commutative ring with identity but not a field. Then
EG(R) is a tree if and only if R is isomorphic to one of the following rings. Zi,

Zé[;;], Zy, Zé[;;}, or Zo x F, where F' is a finite field.

Proof. Since R is finite, R & Ry X --- X R,,, where each R; is a local ring. Suppose
EG(R) is a tree. Suppose n > 3. Then (1,0,...,0)—(0,1,0,...,0)—(0,0,1,0,...,0)
—(1,0,...,0) is a cycle in EG(R), a contradiction. Hence n < 2.

Suppose R = Ry x Ry. If Ry is local with my # {0}, then there exists x; € m] such
that ann(z;) = my. Let 2 = (0,1), y = (21,0) z = (21,1) and w = (1,0) € Z(R)*.
Then x —y — z —w — x is a cycle in FG(R), a contradiction. Hence R; and Ry are
fields and so EG(R) = K|g,|-1,|r,|-1- Since EG(R) is tree, |Ry| = 2 or |R| = 2 and
so R = Zsy X F, where F' is a field.

Suppose R = Ry. Since R is not a field, Z(R) # 0 and so EG(R) is complete.
Since EG(R) is a tree, we have |Z(R)*| < 2. Hence R = Z,, Z(gi—%}, Zg, or %Zgi}

Converse follows from Table 1.1 and Theorem 1.2. O

Theorem 2.4. Let R be a finite commutative ring with identity but not a field. Then
EG(R) s unicyclic if and only if R is isomorphic to one of the following rings: Zs,

Zs[x] Z4[z] Z4[z] Zo[zy]  Fafz] Z4[x]
<i3> ; <x3;2_2>; (2;1’902); <m2?xyz2>; <;2> ; <x2im+1>; Ly X L3, Ly X Ly X Ly.

Proof. Assume that EG(R) is unicyclic. Since R is finite, R = Ry X - -+ X R,,, where
each R; is a local ring. Suppose n > 4. Let 1 = (1,0,0,...,0), zo = (0,1,0,...,0),
23 = (0,0,1,0,...,0), 24 = (0,0,0,1,0,...,0), y1 = (1,1,0,0,...,0) € Z(R)*. Then
x1 — Ty — w3 — x1 as well as x3 — y; — x4 — w3 are two distinct cycles in EG(R), a
contradiction. Hence n < 3.

Case 1. Suppose n = 3. Suppose |R;| > 3. Then (1,0,0)—(0,1,0)—(0,0,1)—(1,0,0)
and (a,0,0)—(0,1,0) —(0,0,1) — (a,0,0) are cycles in EG(R) for some 1 # a € R,
a contradiction. Hence |R;| = 2 for all 7 and so R = Zy X Zo X Zs.

Case 2. Suppose n = 2. If my # {0}, then there exists © € m} such that ann(x) =
my. Then (1,0) — (z,0) — (0,1) — (1,0) and (u,0) — (z,0) — (0,1) — (u, 0) are cycles
in EG(R) for some 1 # u € R, a contradiction. Hence Ry and Rj are fields and so
EG(R) = K|g,|-1,|ry|-1- Since EG(R) is unicyclic, Ry = Z3 and Ry = Zj.

Case 3. Suppose n = 1. Now R is a local ring but not a field. Then EG(R) is

complete. Since FG(R) is unicyclic, |Z(R)*| = 3 and by Table 1.1, R is isomorphic
Lalz] _ Za[a] Zalw] _Zo[zy]  Fafz] _ Zala] ]
@) @t Gaa?) WRagy®’ (o) @ratl)”

to one of the following rings: Zs,
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Theorem 2.5. Let G be a connected graph. Then G is a split graph if and only if
G contains no induced subgraph isomorphic to 2K,, Cy, Cs.

Theorem 2.6. Let R be a finite commutative non-local ring with identity and |Z(R)*|
> 2. Then EG(R) is a split graph if and only if R = Zs x F, where F is a field or
ZQ X ZQ X ZQ.

Proof. Assume that EG(R) is a split graph. By the assumption on R, R = Ry X - - - X
R, where each R; islocal and n > 2. If n > 4, then (1,1,0,...,0)—(0,0,1,1,0,...,0)
and (1,0,1,0...,0)—(0,1,0,1,0,...,0) induce 2K, in EG(R) and by Theorem 2.5,
EG(R) is not split, a contradiction. Hence n < 3.

Case 1. Suppose that n = 3. If |Ry| > 3, then (1,0,0)—(0,1,1)—(u,0,0)—(0,1,0)—
(1,0,0) is a cycle of length 4 in EG(R) for some 1 # u € R, a contradiction. Hence
|R;| = 2 for all i and hence R = Zy X Zg X Zs.

Case 2. Suppose n = 2. If my # {0}, then there exists z € m} such that ann(x) =
my. Consider Q = {x1, 9, x3, 24} where z; = (1,0), 25 = (0,1), 23 = (v,0), x4 =
(z,1),1 #v € Ry. Clearly x129 = xox3 = 0. Also ann(zixy) = my X Ry = ann(zzxy),
which is essential. Hence x; — 25 — 3 — x4 — 27 is a cycle of length 4 in EG(R),
a contradiction. Thus R, and R, are fields and so EG(R) = K|g,|-1,r,-1. Since
EG(R) issplit, |[Ri]—1=1or |Ry|—1=1and so R = Zy x F where F'is a field. O

Theorem 2.7. Let R be a finite commutative ring with identity. Then EG(R) is

outerplanar if and only if R is isomorphic to one of the following rings: Z,, Zé[;i},
ZQ; Zi[f}; ZS; Z(i[;;}7 <m3z:4x[2xl2 ’ <mz22ﬂ[f;’?;]2>7 <2Z;’[;?;>’ ]122[22;}7 <x2Z-i£ﬂ—1>’ Z’Q X F> Z’3 X Z’37 where

F is a field or Zo X Zy X Zo.

Proof. Since R is finite, R = Ry X - - - X R,,, where each R; is a local ring. Assume that
EG(R) is outerplanar. Suppose n > 4. Consider 2 = {x1,xq, 23,24} where z; =
(1,0,0,...,0), zo» = (0,1,0,...,0), 3 = (0,0,1,0,...,0), 4, = (0,0,0,1,0...,0).
Then the subgraph induced by © in FG(R) is isomorphic to Ky, a contradiction.
Hence n < 3.

Case 1. Assume that n = 3. Suppose |R;| > 3. Consider ' = {1, xo, T3, T4, x5}
where z; = (1,0,0), zo2 = (a,0,0), z3 = (0,1,0), z4 = (0,0,1), z5 = (0,1,1),
1 # a € R;. Then the subgraph induced by €’ in EG(R) contains K5 3 as a subgraph,
a contradiction. Therefore |R;| = 2 for all i and R = Zy X Zg X Zs.

Case 2. Assume that n = 2. If my # {0}, then there exists z € mj such that
ann(z) = my for some z € R;. Consider the set Q" = {y1,ys, Y3, Ys, y5} where
y1 = (1,0), y2 = (2,0), y3 = (4,0), ya = (2,1), y5 = (0,1), 1 # v € R. Then
the subgraph induced by Q" in EG(R) contains K, 3 as a subgraph, a contradic-
tion. Hence R; and R, are fields and so FG(R) = K|g,|-1,|r,|-1- Since EG(R) is
outerplanar, R is isomorphic to Zs X F' where F' is a finite field or Z3 x Zs.

Case 3. Suppose that n = 1. Since R is local, EG(R) is complete. Since EG(R)
is outerplanar, 1 < |Z(R)*| < 3 and hence R is isomorphic to one of the following
rings:
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A S 1 0 5 1 1 15

(22) (@%) 2 (23,22=2)7 (@%ayy?)’ Qua?)’ (2?) 7 (@P+at+l)’ (x2)

3 Planarity of FG(R)

In this section, we characterize all finite commutative rings R with identity whose
essential graph FG(R) is planar. The followings results are useful in this section.

Theorem 3.1. ([8], Kuratowski) A graph G is planar if and only if it contains no
subdivision of K5 or Ks .

Theorem 3.2. [17, Theorem 3.5.1] Let (R,m) be a finite local ring and T'(R) be
the zero-divisor graph of R. Then I'(R) is planar if and only if R is isomorphic to
one of the following rings:

Zso|x] Zs|a] Zso|x] Zy|x] Za[w,y] Zylz]  Fylz] Zy|x] Zs[x]
Z47 a2y’ ZQ; (x2) ZS; @3y 7 (@3,22=2)" (@2ay,y2)’ (20,22)’ (22) ’ (e2+a+1)’ Z257 (w2’
T L2l2] Z4x] Z4x] Z4x] Za[z,y Z4x] Zgx]
165 Ay 7 (@2=2,2%) (23227 (@P+a2—2,2%) 7 (23zyy2—x2)’ (a3,02—2x)’ (a2—4,2x)’
Zyz,y] Z4]7] Z4[z,y) L[zl Lsle] Zy[x] Zy[x]
(@322 2y y?—2,y%) 7 (22) ’ (@2,y2,2y—2) (x2,y2)’ 27, @3y 7 (@2—323)" (#2+3,23)"

Theorem 3.3. [12, Theorem 3.7] Let R = Fy x - -+ X F,, be a finite ring, where each
F; is a field and n > 2. Then I'(R) is planar if and only if R is isomorphic to one
of the following rings: Zo X F', Zig X F, Zig X Ly X Lg, Lo X Lo X Lg where F is a
finite field.

Theorem 3.4. Let (R,m) be a finite commutative local ring with identity. Then

EG(R) is planar if and only if R is isomorphic to one of the following rings: Zi,
Lo[z] 7 Ls[z] o L2l Zy ] Za[z,y] Zylz]  Falz] L[] Zs|x]
@2y 7 &9 g2y H8r (3) 1 (23 22-2) (2myy?)’ (2w,22)7 (x2)’ (#2+z+1)’ (@?) *

Z25 or

Proof. Since EG(R) is complete, the proof follows from Theorem 3.1 and Table 1.1.
O

Theorem 3.5. Let R = Fy X --- X F,, be a finite ring, where each F; is a field and
n > 2. Then EG(R) is planar if and only if R is isomorphic to one of the following
rings: Lo X F, Zg X F, Lo X Ly X L, Lo X Lo X Lg where F is a finite field.

Proof. Since R is reduced and by Theorem 1.3, I'(R) = EG(R). Now the proof
follows from Theorem 3.3. O

Note that if R = Ry x --- X R, is a commutative ring with identity where each
(R;,m;) is a local ring with m; # 0 and n > 2, then K55 is a subgraph of EG(R)
and hence v(EG(R)) > 3. Hence if v(EG(R)) = 0 or 1, then one of the component
R; must be a field.
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Theorem 3.6. Let R = Ry x--- xR, X F| X---XF,, be a finite commutative ring with
identity, where each (R;,w;) is a local ring but not field, F; is a field and m,n > 1.
Then EG(R) is planar if and only if R is isomorphic to one of the following rings:

Z4 X Zg, Zé[;;} X ZQ.

Proof. Suppose EG(R) is planar. Note that |mf| > 1 and |R}| > 3 for all i,
1 < i < n. Suppose n+m > 3. Consider Q = {x1, 9, x3,y1,Y2,y3}, where
T = (&1,0,...,0),1‘2 = (ag,o,...,O),fL'g = (CLg,O,...,O), Y1 = (0,1,0,...,0), Yo =
(0,0,1,0,...,0), y3 = (0,1,1,0...,0) € Z(R)*, where a; € Rj. Then the sub-
graph induced by © of EG(R) contains K33 as a subgraph, a contradiction. Hence
n+m=2and so R R; x F}.

Suppose |mi| > 2. Then |Ry| > 3. Note that |Fi| > 2. Since R; is local,
ann(x) = my for some x € mi. Consider Q' = {ay,as,as, by, bs, b3}, where a; =
(Ul,O), az = (u270)7 as = (Ug,O), bl = (07 1)7 b2 = (.’L’,O), 63 = (.’L’, 1) € Z(R)*v where
uy, up and ug are distinct units in R;. Then a;b; = 0 in R for ¢« = 1,2,3. Clearly
ann(a;b;) = my X Fy, which is essential and so a; is adjacent to b; in EG(R) for
i=1,2,3 and j = 2,3. From this, we get K33 is a subgraph of (€?') in EG(R), a
Zo|x
&5

Suppose |Fi| > 3. Let a € m} such that a? = 0. Consider Q" = {1, T, 3, Y1, ¥2,
ys}, where 21 = (1,0), 22 = (a,0), 23 = (u,0),y1 = (0,1),y0 = (0,v), y3 = (a,1) €
Z(R)*, where 1 # u € Ry and 1 # v € F}. Then the subgraph induced by Q"
in EG(R) contains K33 as a subgraph, a contradiction. Hence |Fi| = 2 and so
Fl = ZQ. ]

contradiction. Hence |mf| =1 and so R = Z, or

4 Genus of FG(R)

In this section, we characterize all finite commutative rings R with identity whose
essential graph EG(R) is toroidal. The following results are useful in this section.

Lemma 4.1. [20] v(K,) = [%W if n > 3. In particular, v(K,) = 1 if
n=2>5,6,7.

Lemma 4.2. [20] v(K,,,) = (W-‘ if myn > 2. In particular, v(Ky4) =

Y(Ks3n) =11ifn=3,4,5,6. Also v(Ks54) = v(Kea) = 7(Kmnsz) =2 if m=7,8,9,10.

Theorem 4.3. [17, Theorem 3.5.2] Let (R, m) be a finite local ring and T'(R) be the
zero-divisor graph of R. Then v(I'(R)) = 1 if and only if R is isomorphic to one of
the following rings:

7 Vded Za[z,y] Za[z] Za[z,y] Zglz]  Fsla] Zy[x] Zy[z,y]
49: )0 @layy?)’ (@82x)7 (@3a?-2ayy?)’ (222z) (2)’ (@ta+l)’ (222ya%zy.y2)’
Zalz,y,7] Zax] Za[z] Z4[] Zg[x] Zg[x] Zg ]
(x,y,2)2 7 32 (28 7 (@3—225)7 (@¥—225)7 (22-2,25)’ (22—22+22°)’ (22+2z—2,25)"

Theorem 4.4. [19, Theorem 3.1] Let R = Fy x ---F, where each F; is a finite
field. Then v(I'(R)) = 1 if and only if R is isomorphic to one of the following rings:
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F4XF4, F4XZ5, Z5XZ5, F4XZ7, ZQXZQXF4, ZQXZQXZg), ZQXZQXZ'y,
ZQXZgXZg,ZgXZgXZg,ZQXZgXF4 or Lo X Lig X Ly X Zis.

Theorem 4.5. Let (R,m) be a finite commutative local ring with identity. Then
Y(EG(R)) =1 if and only if R is isomorphic to one of the following rings:

T L2la] L[] Zs[] Zy[z] Z|x] Za[w,y] Zg[z]
16, () 7 (@%,22-2)" (@#3—2,2%)7 (a4 23+22-2)" (¢3,22—2x)’ (23,xy,y2—x2)’ (a2—4,2z)’
Zy[z,y) Z4]x] Zy[x,y] Zy [m,y} Za[z,y] Z4]x] Z4[z,y] Zglz]  Fslx]

(03,0y,02—2,y2—2,y3) " (2?) 7 (a2 32,0y—2)7 (x2,y?)’ (2y%,zy)’ (x3,22)’ (x3,22—-2,my,y?)’ (x22z)’ (x2)’
Z4[z] Zy[z,y] Zs[z,y,?] Tona OF Z7[I]
(z+z+1)7 (222922 y%2y)’ (zy,2)2 0 49 (%)

Proof. Since EG(R) is complete, by Lemma 4.1, 5 < |Z(R)*| < 7. Now the proof
follows from Table 1.1. O

Theorem 4.6. Let R = Fy X --- X F,, be a finite ring, where each F; is a field and
n > 2. Then y(EG(R)) = 1 if and only if R is isomorphic to one of the following
rings: Wy Xy, By X Zs, Zs X L5, Ky X Ly, Lig X g X Fy, Zig X Lig X L, Lo X Liy X L7,
Zig X Uz X Ly, Ty X Lz X L3, Hig X Uiz X By 01 Zig X Ly X Tig X Zis.

Proof. Since R is a reduced ring, by Theorem 1.3, EG(R) = I'(R). Then the proof
completes by Theorem 4.4. O

Theorem 4.7. Let R = Ry X --- X R, X F} X --- X F,, be a finite commutative
ring with identity, where each (R;,m;) is a local ring with m; # 0, F; is a field and
m,n > 1. Then v(EG(R)) = 1 if and only if R is isomorphic to Z, X Zs, Lole] o 7.,

(2?)
Ly X F4, Zé[;;] x Fy.

Proof. By Fig. 4.2 and Fig. 4.3, v(FG(R)) = 1 where R is isomorphic to Z, X Zs,

Zé[gf] X ZLs, Zy % Fy, or Zé[;;] x TFy.

Assume y(EG(R)) = 1. Suppose n +m > 3. Since Ry is local, there exists
a € m} with ann(a) = my. Consider Q = {x1,..., 210}, where z; = (1,0,...,0), 25 =
(a,0,...,0),z3 = (u,0,...,0), x4 = (0,1,0,...,0),25 = (0,0,1,0,...,0), x¢ =
(0,1,1,0,...,0), 27 = (a,1,0,...,0),25 = (a,0,1,0...,0),29 = (a,1,1,0,...,0),
10 = (1,0,1,0,...,0), 1 # u € Ry. Consider G; = (2). Then G is a subgraph of
EG(R) and G contains G’ in Fig. 4.1 as a subgraph. By Fig. 4.1, K34 is a subgraph
of G" and hence by Theorem 4.2, v(G') > 1.

Assume that 7(G’) = 1. Fix an embedding of K34 on the surface of torus. By
Euler’s formula, there are 9 faces in the embedding of K3g¢, say {FY,...,Fj}. Let

fi be the length of the face F!. Note that Z fi = 2e = 36 and f; > 4 for every .

Thus f; = 4 for every i. Let S = {x7, s, [x4, :Elo]} C V(G'). Further, the subgraph
H of G’ induced by the vertices in S is K3, E(H)NE(K36) = (). Since K3 cannot be
embedded in the torus along with an embedding with only rectangles as faces, one
cannot have an embedding of H and K3g together in the torus. This implies that
v(G") > 2. Since G’ is a subgraph of FG(R), v(EG(R)) > 2. Hence n+m = 2,

R~ R, x F; and by Theorem 3.6, R 2 Z, x Zs and %;[;;] X Zs.




K. SELVAKUMAR ET AL./AUSTRALAS. J. COMBIN. 74 (1) (2019), 74-85 82

(%4, 10] = xg
1 x3
o) 2 Te

5

Fig. 4.1 Graph G’

Now we claim that if |[mj| > 2, then y(EG(R)) > 2. Suppose |m}| = 2. Then
Ry = Zg or Zgj;g} and hence |Ry‘| = 6. Let a,b € mj such that ab = 0 and ann(a) = m;.
Consider Q' = {x1,...,27,91,¥2,y3} € Z(R)* where 1 = (u,0), 22 = (us,0),
r3 = (u3,0), x4 = (uyg,0), 5 = (us5,0), ¢ = (ug,0), z7 = (b,0), y1 = (0,1),
Y2 = (a,0), y3 = (a,1). Then the subgraph induced by ¥ of EG(R) contains K37
as a subgraph and by Lemma 4.2, v(EG(R)) > 2, a contradiction.

Suppose |mi| > 3. Then |R;| > 4. Let x,y,z € mj] such that xy = yz = 0 and
ann(y) = my and let {vy,..., 0} € Ry. Consider Q" = {ay,...,a5,b1,...,bs} C
Z(R)*, where a; = (v1,0), ag = (v9,0), az = (v3,0), ay = (v4,0), a5 = (z,0), by =
(0,1), b = (,0), by = (y,1), by = (2,0), b5 = (z,1). Then a;by =0for 1 <7 <5
and asby = asbs = 0. Since by € Nil(R)*, by Theorem 1.4, ann(a;by) = (y) X Fi
is essential for 1 < i < 5. Also ann(a;bs) = my; x F; = ann(a;bs) for 1 < i < 4.
Then the subgraph induced by Q" of EG(R) contains K45 as a subgraph and by
Lemma 4.2, v(EG(R)) > 2, a contradiction.

Hence we conclude that |mf| = 1 and so Ry = Z4 or Zé[;;] By Theorem 3.6,
Fy % Zy and so |Fy| > 3. Suppose |Fi| > 5. Let a € m} with o> = 0. Consider
S = {x1,...,z11} C Z(R)*, where z; = (u1,0), 2 = (u2,0), 3 = (a,0), 4 =
(0,v1), 25 = (0,v2), g = (0,v3), x7 = (0,v4), x5 = (a,v1), Tg = (a,vs), x10 = (a,v3),
z11 = (a,vs4) and uy,us € Ry, v; € FY. Then the subgraph induced by S of EG(R)
contains K3g as a subgraph and by Lemma 4.2, v(EG(R)) > 2, a contradiction.
Hence Fj is isomorphic to either Zs or Fy.

(0,1) (0, w)

o (2,0) (2,0)

o (2,2) (0, w?)

(2,1) ¢ 0 (2,1) (2,1)

(2,1)

(2,0) & S o b (2,0) (2,0) (2,0)
(0,1) (0,2) (0,1) (0, w)
Fig. 4.2 : EG(Z4 X Z3) & EG (?2[2‘; x Z3> in S, Fig. 4.3 : EG(Z4 x F4) & EG <Z27[;>] x ]F4> in Sq
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5 Crosscap of EG(R)

In this section, we characterize all finite commutative rings R with identity whose
essential graph FG(R) is projective. The following result is very useful for further
reference in this section.

Theorem 5.1. [7] Let m,n be integers and for a real number x, [z] is the least
integer that is greater than or equal to x. Then

i)t~ =3O in =3 endn £

36 ifn =7
(it) Y(Kpn) = [3(m —2)(n — 2)|, where m,n > 2.

Theorem 5.2. [9] Let R = Fy x --- x F,, where each F; is finite field. Then
F(['(R)) = 1 if and only if R is isomorphic to one of the following rings: Fy x Fy,
JF4><}F5, ZQXZQXF4, ZQXZQXFE), ZQXZgXZg, ZgXZgXZg, ZQXZQXZQXZQ.

Theorem 5.3. Let R be a finite local ring with identity. Then ¥(EG(R)) =1 if and
only if R is isomorphic to one of the following rings: Zg, %;—Ei}.
Proof. Since EG(R) is complete, proof follows from Theorem 5.1. O

Theorem 5.4. Let R = Fy x---Xx F,, where each F; is finite field. Then¥(EG(R)) =
1 if and only if R is isomorphic to one of the following rings: ¥y x Fy, Fy x Fg,
ZQXZQXF4, ZQXZQXF5,Z2XZ3XZg,ZgXZ3XZ3, ZQXZQXZQXZQ.

Proof. The proof follows from Theorems 1.3 and 5.2. O

By slight modifications in the proof of Theorem 3.6 with Lemma 5.1 and Fig. 5.1,
one can prove the following theorem.

Theorem 5.5. Let R = Ry X -+ X R, X Fy X --- X F,,, where each (R;,m;) is a
local ring and Fj is finite field and n,m > 1. Then J(EG(R)) = 1 if and only if R
18 1somorphic to either Zy X Zs or %j}—éﬂ X 3.

Fig. 5.1 Embedding of EG(Zy x Zs) = EG (%;[;;] x Zg) in S,
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