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FINITE COMMUTATIVE RINGS WHOSE UNITARY
CAYLEY GRAPHS HAVE POSITIVE GENUS

HUADONG SU AND YIQIANG ZHOU

ABSTRACT. The unitary Cayley graph of a ring R is
the simple graph whose vertices are the elements of R, and
where two distinct vertices  and y are linked by an edge if
and only if £ — y is a unit in R. The genus of a simple graph
G is the smallest nonnegative integer g such that G can be
embedded into an orientable surface Sy. It is proven that, for
a given positive integer g, there are at most finitely many
finite commutative rings whose unitary Cayley graphs have
genus g. We determine all finite commutative rings whose
unitary Cayley graphs have genus 1, 2 and 3, respectively.

1. Introduction and preliminaries. This paper concerns the uni-
tary Cayley graphs of finite commutative rings, focusing on the genera
of unitary Cayley graphs. Let R be a ring with nonzero identity. We
use U(R) and J(R) to denote the group of units of R and the Jacobson
radical of R, respectively. The unitary Cayley graph of R, denoted
by T'(R), is the simple graph whose vertices are the elements of R,
and where two distinct vertices x and y are adjacent if and only if
x—y e U(R).

The unitary Cayley graph of a ring was initially investigated for Z,
by Dejter and Giudici [10] and has been the topic of many publications
(see, for example, [2, 3, 5, 6, 10, 11, 13]-[19]).
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We recall some necessary notation in graph theory. Let G = (V, E)
be a simple graph. For v € V, the degree of v, denoted by deg(v), is
the number of edges of G incident with v. For an integer £ > 0, the
graph G is called k-regular if the degree of each vertex of G is equal
to k. We use K,,, and K,, to denote the complete bipartite graph
with partitions of size m and n, and the complete graph of n vertices,
respectively. An orientable surface Sy is said to be of genus g if it is
topologically homeomorphic to a sphere with g handles. A graph G
that can be drawn without crossing on a compact surface of genus g,
but not on one of genus g — 1, is called a graph of genus g. A planar
graph is a graph with genus zero, and a toroidal graph is a graph with
genus one. We write v(G) for the genus of the graph G. Clearly, if H
is a subgraph of a graph G, then v(H) < v(G). Determining the genus
of a graph is one of the fundamental problems in topological graph
theory. In [23], Thomassen proved that the graph genus problem is
indeed NP-complete.

The genera of graphs associated with rings is an active research
subject. For instance, the planarity of zero divisor graphs was studied
in [1, 4, 21]. The rings with toroidal zero divisor graphs were classified
in Wang [24] and Wickham [26, 27]. Genus two zero divisor graphs of
local rings were investigated by Bloomfield and Wickham [7]. Recently,
Maimani et al. [20] determined all isomorphism classes of finite rings
whose total graphs have genus at most one, and Tamizh Chelvam and
Asir [22] characterized all isomorphism classes of finite rings whose
total graphs have genus two. In [2, Theorem 8.2], all finite commutative
rings having planar unitary Cayley graphs are completely classified.
The goal of this paper is to classify all finite commutative rings whose
unitary Cayley graphs have genus 1, 2 and 3, respectively. It is
also proven that, for a given positive integer g, there are at most
finitely many finite commutative rings whose unitary Cayley graphs
have genus g.

As is standard, Z,, and F; will denote the ring of integers mod n
and the field with ¢ elements, respectively. The cardinal of a set A is
denoted |A|. Throughout, graphs are finite simple graphs.

2. Unitary Cayley graphs with genus g¢. In this section, we
prove that, for any integer g > 0, there are only finitely many finite
commutative rings R with v(I'(R)) = g. Some lemmas are required.
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Lemma 2.1 ([25, Theorems 6.37, 6.38]). Letm >2, n >3 andp > 2
be integers. Then,

() = | g5t =3)n - 1),

1
W) = | 1= 20 -2)|
where [x] is the least integer that is greater than or equal to x.

Lemma 2.2 ([25, Corollary 6.19]). The genus of a graph is the sum
of the genera of its components.

Lemma 2.3 ([27, Proposition 2.1]). Let G be a graph with n (> 3)
vertices. Let §(G) be the minimal degree of G. Then

5(G) <6+ %)_1)

n

Lemma 2.4 ([2, Proposition 2.2]). Let R be a ring with |U(R)| =k <
0o. Then, T'(R) is k-regular.

Lemma 2.5. Let R be a finite commutative ring with v(I'(R)) = ¢g > 0.
Then, either |R| < 12(g — 1) or [U(R)| < 6.

Proof. We can assume |U(R)| > 6. From Lemma 2.3,

12(g — 1)
S(IT(R)) <6+ —m
By Lemma 2.4, 6(I'(R)) = |U(R)| > 6. Thus,
2lg=1) _ (g, 1260-1) _
R (6 + > 6>dT(R)—6>1,

giving 12(¢g — 1) > |R). O

If R is a finite commutative ring containing n zero divisors with
n > 1, then |R| < n? (see [12, Theorem 1]). For a finite local ring R
with maximal ideal m, there exists a prime p such that |[R/m| = p* for
some integers t > 1, and hence, |R| = p" for some integers n > ¢.
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Lemma 2.6 ([8, page 687]). Let R be a commutative local ring. Then:
(i) |R| = 4 if and only if R € {Fy, Zy, Zoa]/ (a2)}.
(ii) |R| = 8 if and only if R € {Fs, Zs, Lo[x]/(%), Za[z,y]/(x,y)?,

Zylx)/ (22, 22), Zylx]/ (22,22 — 2)}.
(iii) |R| =9 if and only if R € {Fg,Zg, Z3|x]/(x?)}.

Lemma 2.7 ([9, Proposition 3.4]). Let R be a finite commutative local
ring. Then:

(i) [U(R)| # 5.

(i) |U(R)| = 2 if and only if R € {Z3,Z4,ZLa[x]/(z*)}.

(iii) |[U(R)| =3 if and only if R =Fy.

(iv) [U(R)| = 4 if and only if Re {Zs, T, Zofa] (2%, Zafa] 2z, 2%~ 2),
Lolz,y)/(x,y)?, La[z]/(22,22)}.

(v) |U(R)| =6 if and only if R € {Z7,Zg, Zs|z]/(z*)}.

Let R be an Artinian ring. If R/J(R) has no summands isomorphic
to Zo, then I'(R) is connected by [18, Lemma 4.1]. If R/J(R)
has s (> 1) summands isomorphic to Zs, then I'(R) contains 251
connected components (see [18, Theorem 1.2]). Note that, for a finite
commutative ring R, I'(Zy X Zs X R) is two copies of I'(Z2 x R). Indeed,
suppose that a — b is an edge in I'(Zy x R). Then, (0,a) — (1,b) and
(1,a) — (0,b) are two disjoint edges in I'(Zy x Zo X R). This, together
with Lemma 2.2, gives

Lemma 2.8. Let R be a finite commutative ring and s a positive
integer. Then, we have v(I'((Z2)® x R)) = 257 14(I'(Zy x R)).

Lemma 2.9. Let R be a finite (commutative) ring. If [U(R)| < 3, then
T(R) is planar.

Proof. If |[U(R)| < 2, then the maximal degree of I'(R) is at most
two; thus, I'(R) must be planar.

Suppose that |[U(R)| = 3. Then, 2 =0 in R, and I'(R) is 3-regular
by Lemma 2.4. Write U(R) = {u1,u2,us3}. For a given r € R, r is
adjacent to u; +r (i = 1,2,3). Two situations now arise.

Case 1. uy +r is adjacent to us +r. Then, (u; +1) — (ug + 1) = us.
Thus, uw; + r is adjacent to uz + r. In fact, u; + r is adjacent to
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us + r < uy + r is adjacent to us +r < ug + r is adjacent to us + 7.
Hence, in this case, r, u; + 7, us + r, ug + r form a complete graph
K4, which is 3-regular.

Case 2. u; + r is not adjacent to u; + r whenever ¢ # j. Let the
neighbors of u; + 7 be r, a, b. We may assume u; + 7 — a = uy
and uy1 +7 —b = ug. Then, us +r —a = uy and uz +r — b = uy.
This means that a is adjacent to us + r and b is adjacent to ug + 7.
Let ¢ be the third neighbor of uy + r. It can easily be verified that
c ¢ {up +r, ug +r, us+r, a,br}. Moreover, it must be that
uy +1r —c¢ = ug; thus, us + r — ¢ = wuo. This means that c is
also a neighbor of ug + r. Now, consider the vertex a. Let x be
the third neighbor of a. Then, it must be that © — a = wus. Since
r—b=uz+a—b=u+r—b+a—b=wuy+r—a=us, x is adjacent to
b. Since z —c = (uz+a) — (us+7r—uz) = ug+7r—a = u, x is adjacent
to c. It can also be verified that « ¢ {a, b, uy +r, ua+r, ug+r, r, c}.
Thus, the vertices r, uy —r, us —r, us —r, a, b, ¢ and x form a cube
(see Figure 1), which is 3-regular.

r Ug + 1
uy +r A
b T
us +r c
FIGURE 1.

Note that I'(R) cannot contain both K4 and a cube as subgraphs.
In fact, if r, uy + 7, ug + 7, ug+r, a, b, ¢, x form a cube (as
shown in Figure 1), then u; — us = (u1 + ) — (ug + r) is not a unit;
however, if s, u; + s, us + s, usz + s form a complete graph Ky, then
up —ug = (u1+5)— (uz+$) = ugz is a unit. Hence, as I'(R) is 3-regular,
either I'(R) is a disjoint union of copies of a cube, or I'(R) is a disjoint
union of copies of Ky. Since a cube and K, are planar graphs, I'(R) is
planar. O

We are ready to prove our first result.
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Theorem 2.10. For a given positive integer g, there are at most fi-
nitely many finite commutative rings whose unitary Cayley graphs have
genus g.

Proof. Let R be a finite commutative ring with v(I'(R)) = g. It
suffices to show that |R| is bounded above by a constant depending
only upon g.

If R is a field, then I'(R) is a complete graph K)g|. Thus,
(IR = 3)(|R| - 4)}

g=7((R)) =~(Kr) = { 12

by Lemma 2.1. This yields (|R| — 3)(JR| — 4) < 12g, or |R| <
(7T+ /49 +48(g — 1)) /2, as desired.

If R is a local ring which is not a field, then m = Z(R) is the maximal
ideal of R, and |R| < |Z(R)|?* by [12, Theorem 1]. Note that every
element in m is adjacent to each element in 1 +m := {1 + ala € m}.
Hence, K|m|,|m| is a subgraph of I'(R). Thus, we have

(Im| — 2)1

g=7T(R)) > vY(Kjm|,|m|) = { 4

by Lemma 2.1. This implies that (jm| —2)? < 4g or |m| < 2,/g + 2.
Therefore, |R| < (2,/g + 2)?, as desired.

Now, suppose that R is not a local ring. We may assume that
R = (Z9)® x Ry X -+ X Ry, where s > 0 and each R; is a local ring
with at least three elements. Since g > 0, we have s < 1 + log,g by
Lemma 2.8. If |R| < 12(g—1), we are done. Otherwise, by Lemmas 2.5
and 2.9, we have 4 < |U(R)| < 6. As |U(R)| = |U(R1)| x -+ x |U(R:)],
there are the following possibilities:

Case 1. |[U(R)| = 4. Then, either ¢ = 1 and |[U(R;)| = 4, or
t =2 and |[U(R1)| = |U(R2)| = 2. From Lemma 2.7, the former gives
R = (Z2)*® x Ry, where s > 1 and

Lolx] Zox,y]  Zalz] Zy[z] }
('TB) ’ (l‘,y)2 7 (21’,1‘2), (21‘73;2 _2) ’
(

Rl € {25; Z87

and the latter shows R =
{Z3, L4, Zao[z]/(2%)}.

Z5)® x Ry X Ry where s > 0 and Ry, Ry €
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Case 2. [U(R)| = 5. Thus, t =1 and |U(R;)| = 5. However, this is
impossible by Lemma 2.7.

Case 3. |U(R)| = 6. Then, either t =1 and |[U(Ry)| =6, or t = 2,
|[U(R1)| = 2 and |U(R2)| = 3. By Lemma 2.7, the former shows R 2
(Z2)* X Ry, where s > 1 and Ry € {Zz, Zo, Z3[x]/(x?)}, and the latter
yields R & (Z3)® x Ry xFy, where s > 0 and Ry € {Z3, Za, Zo|x]/(x?)}.

In conclusion, in each case, we always have |R; X --- x Ry| < 16. Tt
then follows that |R| < 2°-16 < 2(1+log8) . 16 = 32¢, as desired. O

3. The unitary Cayley graphs of genus at most three. In
this section, we determine the finite commutative rings whose unitary
Cayley graphs have genus at most three. This is a preparation for
the classification of the finite commutative rings whose unitary Cayley
graphs have genus 1, 2 or 3, respectively.

Lemma 3.1 ([25, Corollaries 6.14, 6.15]). Suppose a simple graph G is
connected with p > 3 vertices and q edges. Then, v(G) > q/6—p/2+1.
Furthermore, if G has no triangles, then v(G) > q/4 —p/2 + 1.

Lemma 3.2. Let R be a finite ring. If v(T'(R)) < 3, then |U(R)| < 8.

Proof. Let |R| = n and |[U(R)| = k. Then, I'(R) is k-regular
with n vertices. Thus, I'(R) has (kn)/2 edges. From Lemma 3.1,
Y(T'(R)) > kn/12—n/2+1. If k > 9, then y(I'(R)) > 4, a contradiction.
Thus, k£ < 8. O

Lemma 3.3. Let R be a finite commutative local ring. If v(T'(R)) < 3,
then |R| < 13.

Proof. Let m be the unique maximal ideal of R. Since every element
in m is adjacent to each element in 1 +m = {1l +a | a € m},
I'(R) contains a subgraph Ky |m|- If |m| > 6, then y(I'(R)) > 4
by Lemma 2.1, a contradiction. Therefore, |m| < 5. Thus, |R| =
|[U(R)| + |m| < 845 =13 by Lemma 3.2. O

Lemma 3.4. Let S and T be finite commutative local rings that are
not fields.
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(i) If R=7Zyx S with |S| =8, then v(I'(R)) = 2.
(iii) If R=S x T with |S| = |T| = 4, then v(I'(R)) = 2.

Proof.
(1) It is clear that |U(S)| = |J(S)| = 4. Thus, |[U(R)| = |J(R)| =4,
and hence, I'(R) is 4-regular. Since each element in J(R) is adjacent

to every element in U(R), we deduce that I'(R) comprises two copies
of K4 4. Hence, y(I'(R)) = 2 by Lemmas 2.1 and 2.2.

(ii) We have S € {Z4, Zo[z]/(2?)}. Note that ['(Z3z x Z4) and
['(Zs x Za|x]/(2?)) have the same graph structure. Clearly, I'(R) is
4-regular and contains no triangles. Thus, v(I'(R)) > 1 by Lemma 3.1.
On the other hand, we can embed I'(R) into Sy, as shown in Figure 2.
Hence, v(I'(R)) = 1.

0,0) 21 .0 Q1 2 o (©.0)

/ (2,3)

(1,2) 1.2)

23)

0.3)
03)
0.2)

2.2)
22)

(13) / =

00 @1 an .1 20 {10 00

FIGURE 2. ['(Zs x Z4).

(iii) It is clear that |U(S)| = |U(T)| = 2 and [J(S)| = |J(T)| = 2.
Thus, |U(R)| = |J(R)| = 4, and hence, I'(R) is 4-regular. Since each
element in J(R) is adjacent to every element in U(R), we deduce that
I'(R) comprises two copies of Ky 4. Therefore, v(I'(R)) = 2 by Lemmas
2.1 and 2.2. |
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Lemma 3.5. Let S be a finite commutative local ring that is not a
field.

(i) If R =7y x Z7, then v(T'(R)) > 5.

(i) If R=Zs x S with |S| =9, then v(T'(R)) > 6.

(iv) If R=T4 x S with |S| = 4, then v(I'(R)) > 5.

Proof.

(i) Since |U(R)| = 6, T'(R) is 6-regular. Note that T'(R) is a bipartite
graph; thus, it contains no triangles. As I'(R) contains 14 vertices and
42 edges, y(I'(R)) > 5, by Lemma 3.1.

(ii) It is clear that |U(R)| = |U(S)| = 6; thus, I'(R) is 6-regular.
Since I'(R) has 54 edges and 18 vertices and contains no triangles,
~v('(R)) > 6, by Lemma 3.1.

(iii) Since |U(R)| = 6, T'(R) is 6-regular. As I'(R) has 72 edges and
24 vertices and contains no triangles, y(I'(R)) > 7, by Lemma 3.1.

(iv) We have |U(S)| = 2; thus, [U(R)| = 6, and hence, I'(R) is 6-
regular. Note that I'(R) contains no triangles. Indeed, if (ai,b1) —
(ag,b2) — (as,b3) — (a1,b1) is a triangle in T'(R), then by — bs, by — b3
and bz — b; comprise three units in Zy or Zs[x]/(z%). Thus, 0 =
(by — ba) + (by — b3) + (bs — by1) is a sum of three units in Z4 or
Zs[]/(x?). This is impossible. Since I'(R) has 48 edges and 16 vertices,
v(I'(R)) > 5, by Lemma 3.1. O

Proposition 3.6. Let R be a finite commutative ring. If 1 <
~v(T'(R)) < 3, then R is isomorphic to one of the following rings:

(i) Zs, Z7, Fg, Fo;

(11) Ls, ZQ[QE]/(Z‘S), Zg[x,y]/(x,y)Q, Z4[£]/(2$,1‘2), Z4[$]/(2$,$2 - 2);
Zo, Toa]/(2%);

(111) ZgXZg, ZgXZ4, Zg XZQ[%]/(SL’Q), Z3 ><]F4, Z4 XZ4, Z4XZQ[£L’]/(£L’2),
Zslo)/(2?) x Zsla)/(2?);

(IV) ZQXZ5, ZQ XZQXZ5, ZQXZS, ZQXZQ[SC]/(IS), ZQ XZ4[CI)]/(2$,ZE2 — 2),
ZQ X Zg[x,y]/(x,y)Q, Zg XZ4[JZ]/(2$,JZ‘2), Z2 X Z3 X Z3, ZQ X Z2 X
Z3 X Z3, Z2 X Z3 X Z4, Z2 X Zg X ZQ[I‘]/(JCZ)

Proof. Suppose that R is a field. In view of the proof of Theo-
rem 2.10, the assumption that v(I'(R)) < 3 implies |R| < 9. Moreover,
R ¢ {ZQ’Z37F4} by Lemma 2.9; thus, R € {Z5,Z7,]F87]F9}.
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Suppose that R is a local ring that is not a field. The assumption
that v(I'(R)) < 3 implies |R| < 13 by Lemma 3.3. Note that, in
this case, |R| = p™ for some prime p and some n > 1. We deduce
|R| € {4,8,9}. However, |R| # 4 by Lemma 2.9; thus, |R| € {8,9}.
Hence, by Lemma 2.6,

Zolw] Zslw,y]  Za[z] Lofr] Zs[ff]}
@) (29?2 (2e2?) 2e2?-2) " (@?) [

Suppose that R is not a local ring. Since y(I'(R)) < 3, in view
of the proof of Theorem 2.10, we either have |R| < 24, or R &
(Z3)* x Ry X +++ X Ry with 0 < s < 2 and |[U(R; X -+ X Ry)| = 4
or 6.

Case 1. |R| < 24. We write R = (Z3)® x Ry x -+ X Ry, where each
R; is a local ring with at least three elements. If s =0, then ¢t = 2. It
follows that R is one of the following rings:

Zg X Zg, Zg X Z4, Zg X ZL[:E],
(z?)
Ly x By, Ly X L5, L3 X Lz, Ly X Ly, Lg X Fy,
Zsolx] Zslz] " Zo[x] Zslz]
(%) (%) = (2?7 (2?)
IF4 X ]F4, Z4 X Z5.

Since |U(R)| < 8 by Lemma 3.2, we have R # Zz x Z7 and
R #TFy xFy. If R =73 x Zs, then I'(R) is a graph with 15 vertices
and 60 edges; thus, v(I'(R)) > 4, by Lemma 3.1. If R = Z4 X Zs, then
I'(R) is a graph with 20 vertices and 80 edges; thus, v(I'(R)) > 5, by
Lemma 3.1. If R = Z4 x F4 or R = Zs[z]/(2?) x Fy, then v(I'(R)) > 5
by Lemma 3.5 (iv). Hence, we obtain

Z
RG{ZgXZg, Zi3 X Ly, ngﬂ

re {2,

Z4 X X F47

(x2)
Zg X ]F4, Z4 X Z4, Z4 X

ZQ[Z‘] ZQ[I‘] « Zg[l‘]
(%) (%) (2?)
If s=1, thent =1 or 2. It follows that R is one of the following rings:

(1) Z2 X le;
(11) ZQ X Fg, Z2 X Zg, ZQ X Zg[$}/($2),
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(ili) ZoxZg, ZoxZolz]/(x3), Zox La[])/ (27, 2% —2), ZoxZa[z,y]/ (7, )3
Zo x ZL4lx]/ (22, 2%);

(.V Z2 X Z7;

Z2 X Z5;

Z2 X IF4, ZQ X Z4, ZQ X ZQ[QJ}/((EQ), ZQ X Zg;

ZQ X Zg X Zg;

ZQ X Zg X Z4, Zg X Z3 X ZQ[.CL‘]/(.’L‘Q)7 ZQ X Zg X F4.

From Lemma 3.2, the ring Zs x Zi; should be ruled out. By
Lemma 357 the rings Zg X Zg, ZQ X Zg [Jf]/(.ﬁl}g), ZQ X Z7 and ZQ X Zg X F4
should be ruled out. Note that T'(Zs x Fg) is an 8-regular graph. Thus,
Y(T'(Z2 x Fg)) > 4, by Lemma 3.1.

If s =2, then t = 1. Hence, |R1| < 6. It follows that R is one of the
following rings:
ZQXZQXZ5, ZQXZQXF4,
ZLo|x]
CON
Applying Lemma 2.9, we have R = Zo X Zo X Z5 in this case.

If s = 3, then ¢ = 1. Thus, |R| < 3. It follows that R &
7o X Lo X Ly X Z3. However, in this case, I'(R) is planar by Lemma 2.9.

Case 2. R = (Z3)° X Ry X -+- X Ry with 0 < s < 2 and
[U(Ry x ++- x Ry)| =4 or 6. If s =0, then t = 2. Thus, |U(Ry)| =
|[U(R2)| =2 or [U(Ry)| = 2 and |[U(R3)| = 3. From Lemma 2.7, R is
one of the following rings:

ZQXZ2><Z4, ZZXZZX

Z
ZgXZg, Zg><Z47 Z3Xﬂ

(22)
Z2 [l‘] Z2 [Jf] ZQ [JT]

7 Ly, 7.

AR S BT 0?) T )
Z

Zg ><IF‘47 Z4 XF4, ﬂ X]F4.
(a?)

As shown in Case 1, the rings Z4 x Fy and Zs[z]/(2?) x F4 should
be ruled out. If s =1 or 2, then R is one of the following rings:
(a) ZQ X Z5, ZQ X ZQ X Z5;
(b) ZQXZg, ZQ XZ2[$]/($3)7 Z2 XZ4[Z‘]/(2$, ],‘2 — 2), ZQ XZQ[]}, y}/(ﬂ?, y)2,
Zo X Ly[z)/ (27, 22);
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—
o
~

X ZQ X Zg, ZQ X ZQ X ZQ[.%‘]/(CL'?’), ZQ X ZQ X Z4[$]/(2$7$2 — 2),
X Zg X Zg[l‘,y}/(.ﬁ,y)z, Z2 X Z2 X Z4[$]/(21‘,.’I)2),

Z3
Zy
(d) ZgXZ3XZ3,Z2XZ2XZgXZg;
(e) ZQ X Zg X Z4, ZQ X Zg X ZQ[I]/(IQ),
(f) ZQXZQXZgXZ4, ZQXZQXZgXZQ[(E]/(QL’Q);
(g) ZQXZ4XZ4,Z2XZ2XZ4XZ4;
(h) ZQ X Z4 X ZQ[$]/<$2>, Zg X Zg X Z4 X ZQ[$]/<$2),
(i) Zs x Zofe)/(s%) X Zafa]/(@2), Za x Ly x Zala]/(2?) x Zafa]/(a?);
(J) ZQ X Z7, Z2 X ZQ X Z7;
(k) Zo X Zg, Lo X Ly X Zg,
(1) Zo X Zg[l’]/($2)7 Ly X Loy X Zg[x]/(il,'Q),
(m) ZQXZgXF4,ZQXZQXZgXF4;
(1’1) ZQXZ4XF4,Z2XZ2XZ4XF4;
(O) Zg X ZQ[I‘]/(IQ) X IF4, ZQ X ZQ X Zg[m]/(ﬂj‘Q) X F4.

From Lemmas 2.8 and 3.4 (i), (ii), the rings appearing in (c) and (f)
should be ruled out. By Lemmas 2.8 and 3.4 (iii), the rings appearing
in (g)—(i) should be ruled out. From Lemma 3.5, the rings appearing in
(j)—(o) should be ruled out. Therefore, R is one of the rings appearing
in (a), (b), (d) or (e). This completes the proof. O

4. The classification. Akhtar, et al. [2] gave a list of finite commu-
tative rings whose unitary Cayley graphs are planar (see [2, Theorem
8.2]). In view of their proof, the list should include the rings Zs[z]/(x?)
and Zs[z]/(x?) x B, where B is a finite Boolean ring. We restate the
result as follows.

Theorem 4.1 ([2]). Let R be a finite commutative ring. Then, I'(R)
is planar if and only if R is isomorphic to one of the following rings:

ZQLL‘
<x[2>]XB’

ZLa|x]

Z3a ]F47 Ba Z3XBa ]F4XBv Z47 ﬁ
T

7Z4><B7

where B is a finite Boolean ring.

The goal is to classify the finite commutative rings whose unitary
Cayley graphs have genus 1, 2, 3, respectively. In order to do so, we
merely need to determine the genera of the unitary Cayley graphs of
the rings appearing in Proposition 3.6.
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Lemma 4.2. The following statements hold:

(i) (D(Zs)) = /(D (Z7)) = 1.
(ii) v(I'(Fg)) = 2.
(iii) ¥(T(Fy)) = 3.

Proof. Note that the unitary Cayley graph of a field is a complete
graph. The claims follow by Lemma 2.1. ]

A graph G is said to be complete 3-partite if the set of vertices of G
can be partitioned into three disjoint sets V;, Vo and V3 such that no
two vertices within any V; are adjacent, but, for ¢ # j, every a € V; is
adjacent to every b € V. The complete 3-partite complete graph with
partitions |V;| = k;, i = 1,2, 3, is denoted by Kk, ky ks-

Lemma 4.3 ([25, Theorem 6.39]). Y(Kpmnnn) = [(mn —2)(n —1)]/2.
In particular, v(Ks33) = 1.

Lemma 4.4. Let R be a finite commutative local ring that is not a
field. If |R| =8 or 9, then v(T'(R)) = 1.

Proof. If |R| = 8, then |U(R)| = |J(R)| = 4. Thus, I'(R) is the
complete bipartite graph K, 4. Hence, v(I'(R)) = 1, by Lemma 2.1.
If |R| = 9, then I'(R) is a complete 3-partite graph K3 33. Hence,
¥(T'(R)) =1, by Lemma 4.3. O

Lemma 4.5. The following statements hold:

() A(T(Zs x Za)) = 1.

(i) Y(0(Zs x Za)) = 1.
(i) 1(D(Zs x Fa)) = 1.

Proof.

(i) From Theorem 4.1, T'(Z3 X Z3) is not planar. Thus, v(I'(Z3 x

Z3)) > 1. Figure 3 shows that I'(Z3 x Z3) can be embedded into Sy.
Hence, ’V(F(Zgg X Z3)) =1.

(ii) By Theorem 4.1, I'(Zy X Zs) is not planar. However, we can
embed I'(Zy X Z5) into Sy as shown in Figure 4. Hence, v(I'(Z2 X Z5))
=1.
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©0 (1.4) ©02) 1.3) 0.0

FIGURE 4. T'(Zs x Zs).
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(iii) By Theorem 4.1, T'(Z3 xF,) is not planar. Write Fy = {0, 1, a, b}.
Then, we can embed I'(Z3 xF4) into Sy as shown in Figure 5. Therefore,

2.}

(2.5)

FIGURE 5. T'(Zs x Fy).
We now prove the main result of this paper.

Theorem 4.6. Let R be a finite commutative ring. Then:

(i) v(D(R)) = 1 if and only if R is isomorphic to one of the following

rIngs:
Lslz] Zolz,y|  Zylz] ZLy|x]
Zs, L7, Z
5y LT, 48, ($3) ’ (x,y)2 ) (21‘73;‘2)7 (233,$2 _2)’
Z Z
Ly, 3[;:]7 L3 X Ls, L3 X L, L3 X @, Lz x By,
(x?) (2?)

ZZ XZ5, ZZ XZ3 XZg.

(ii) v(T(R)) = 2 if and only if R is isomorphic to one of the following
TiNgs:
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Lolx] Zaolz]  Zol7]

Fg, Zy X Zy, Z
8y Lug X Luy, Lag X @2 (22) X @2)

Zo|x] Za|x]
Lo X Lo X Ly, Lo X Lg, L Ly X ——————
2 X Lig X L5, Lg X Ly, Lz X @3) 2X(2x,m2—2)’
7,y Bl o Tl
(z,y)? (22, 22)
Zox]

ZQXZQXZgXZg, ZQXZ3><Z4, ZQXZgX (2)
€T

(iii) v(T'(R)) = 3 if and only if R = Fy.

Proof. Tt suffices to classify the rings appearing in Proposition 3.6.

From Lemmas 3.4, 4.2, 4.4 and 4.5, the classification is settled as
claimed, except for the rings

ZQXZQXZ57 ZQXZ3><Z4,

Z
Z2XZ3XM, ZQXZgXZg
(x?)

and
ZgXZQXZgXZg.

However, y(I'(Z2 X Za X Zs)) = 2v(I'(Za X Zs)) = 2 by Lemma 4.5 (ii)
and Lemma 2.8. Note that I'(Zs x Zs x Z4) comprises two copies of
T(Z3x7Zs4). Thus, y(I'(ZoxZ3xZ4)) = 2, by Lemma 3.4 (ii). Similarly,
Y([(Zg x Z3 x Za[z]/(2?))) = 2.

Since I'(Zy x Zs x Zs3) has 36 edges, 18 vertices and no triangles,
YT (Zg x Z3 x Z3)) > 1, by Lemma 3.1. However, we have I'(Zy x
Zs3 x Z3) 2 T(Z3 x Zg), which can be embedded into S;, as shown in
Figure 6. Therefore, v(I'(Za X Zs x Z3)) = 1.

Thus, by Lemma 2.8, we have y(I'(Za X Za x Z3 x Z3)) = 2v(I'(Z2 x
Zs3 x Z3)) = 2. This completes the proof. O
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We conclude this paper with a remark. The unitary Cayley graph
of a ring R was generalized in [14], as follows: let S be a non-empty
subset of U(R) such that s7! € S for all s € S. The graph I'(R, S)
is a simple graph with vertex set R and where two distinct vertices x
and y are adjacent if z 4+ sy € U(R) for some s € S. When S = {—1},
I'(R,S) =T'(R) is the unitary Cayley graph.

Remark 4.7. When finalizing the paper, we noticed the online paper
[3], where the authors characterized the commutative Artinian rings R
with T'(R, S) toroidal, i.e., having genus one (see [3, Theorem 4.2]). As
its application, they presented a complete list of commutative Artinian
rings whose unitary Cayley graphs are toroidal ([3, Corollary 4.5]).
However, the proof of [3, Theorem 4.2] contains several incorrect
arguments, and it turns out that their list in [3, Corollary 4.5] is
incorrect. To be precise, the proof of [3, Theorem 4.2] contains the
following wrong arguments:

(1) Case 3.1 for R = Zy x Fy. The claim that “I'(R) is a subgraph of
K44 and so g(I'(R)) = 17 is wrong. Indeed, it can easily be verified
that T'(R,.S) is a cube; thus, I'(R, S) is planar.

(2) Case 3.2 for R = Zy X Z3 X Z3 and S = {(1,1,1)}. The contracted
technique is used to obtain a minor subgraph whose genus is greater
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than one (see [3, Figure 5]), and this was accomplished by merging
the three vertices 002, 121 and 001. However, this is wrong since
002 is not adjacent to either of 121 or 001.

(3) Case 3.2 for R = Z3 x F4. A similar argument was used to claim
that the graph as shown in [3, Figure 7] has genus at least 2.
However, this claim is wrong since I'(Z3 x F4) can be embedded
into S; as shown in Figure 5 (so I'(Z3 x F4) has genus 1).

~

As a matter of fact, we can also embed the graph I'(Zs x Zg) (&
I'(Zo x Zs x Z3)) into S1, as shown in Figure 6. Therefore, the complete
list in [3, Corollary 4.5] should include the two rings: Zs X Zs x Z3 and
Zsz x Fy, and exclude the ring Zs x Fy.

Acknowledgments. We would like to thank the referee for a careful
reading of the paper and for his/her valuable comments.
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