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Abstract. Let G be a finite group. The power graph £(G) and its main supergraph S(G) are two simple
graphs with the same vertex set G. Two elements x, y € G are adjacent in the power graph if and only if
one is a power of the other. They are joined in S(G) if and only if o(x)|o(y) or o(y)lo(x). The aim of this paper
is to compute the characteristic polynomial of these graph for certain finite groups. As a consequence, the
spectrum and Laplacian spectrum of these graphs for dihedral, semi-dihedral, cyclic and dicyclic groups
were computed.

1. Basic Concepts

All groups and graphs considered here are assumed to be finite and graph means simple graph. Only
basic concepts about graphs will be needed for this paper. They can be found in any book about graph
theory, for example [34]. Our group theory notations are taken from [31] and we refer to [10, 11] for the
algebraic graph theory concepts and notations.

Suppose I' is a graph with edge set E(I'), vertex set V(I'), adjacency matrix A(I') and Laplacian matrix
L(I'). The cardinality of V(I') is called the order of I' and if e € E(I') has end points u and v, then we write
e = uv. Define Nr(u) = {v € V(G) : uv € E(I')}. It is easy to see that the cardinality of Nr(u) is the degree
of u in I'. If all degrees are equal to p then the graph I is called to be p-regular. The multi-sets of all
eigenvalues and Laplacian eigenvalues of I are denoted by o(I') and o (T'), respectively. We usually write
o) = {A(ls‘), e, /\S;”’)}, where A1, ..., A, are different '—eigenvalues and s; is the multiplicity of A;, 1 < j < m.
The polynomial ®(T, x) = det(xI — A(T')) is called the characteristic polynomial of I'. By an undirected graph
L, we mean a pair (V(Z), E(X)) in which V(X) is a non-empty set and E(X) is a subset of all unordered pairs
of distinct elements of V(X). If we consider the elements of E(X) to be ordered pairs, then the graph £ will
be directed.

A partition Vq U V, U --- UV, of the vertex set of a graph I is called equitable if for each i and for all
u,v € V;, INr(u) N Vj| = INr(v) N V|, for all j. The set of all positive divisors of an integer n is denoted by
D(n).
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Following Sabidussi [32, p. 396], the A—join of a set of graphs {I';},c4 is the graph A with vertex and
edge sets

V(4) {x,y) [xeV(A) &y e V(IL)},
E(A) = {(x, ), y)|xx" € E(A)orelsex = x" & yy' € E(T'y)}.

One can easily see that this graph can be constructed from A by replacing each vertex a € V(A) by the graph
I'; and inserting either all or none of the possible edges between vertices of I'; and I', depending on whether
or nota and b are joined by an edge in A. If A is an p—vertex labeled graph then the A—join of A1, Ay, ..., A,
is denoted by A[A1, Ay, ..., Ap].

Let G be a finite group. The order of x € G is denoted by o(x). The set of all element orders of G is
denoted by m.(G) and Q;(G) stands for the number of all elements of G of order i. The notation ¢ is used
for the Eulers totient function.

2. Power Graph of Finite Groups: A Literature Review
For a group G, there are two simple graphs with the same vertex set G as follows:

e The power graph £(G) with edge set
EP(G) = {xy | x,y € G & ((x) S (y) or (y) S ()
e The main supergraph S(G) with edge set

E(S(G)) = {xy | x,y € G & (0(x) | o(y) or o(y) | o(x))}.

The proper power graph #*(G) [4] and its proper main supergraph S*(G) are defined as graphs constructed
from P(G) and S(G) by removing identity element of G, respectively.

Let G be a group. The power digraph SB(G) is a digraph with the group G as its vertex set. There is
an arc from x to y if x # y and y = X, for some positive integer r. This graph was introduced by Kelarev
and Quinn in their seminal paper [24]. Kelarev and Quinn focused on the study of semigroups by directed
graph, but a very technical description of the structure of the power digraph of all finite abelian groups
can be found in [24]. The power digraphs of semigroups were also considered in [21-23]. Motivated by
the work of Kelarev and Quinn, Chakrabarty et al. considered undirected power graphs (power graph for
short) of semigroups [8]. In recent years, there has been considerable interest to the study of power graphs,
but the second graph introduced very recently by the present authors [19, 20]. In [19], the authors focused
on the relationship between power graph and its main supergraph and some basic properties of this graph
are studied. In [20], the automorphism group of this graph in general are computed, but this paper devotes
to the study of graph eigenvalues of main supergraph.

It is clear that the power graph of finite group is connected. Chakrabarty et al. [8] studied the
completeness of P(G) and proved that this graph is complete if and only if G is a finite cyclic p—group. It
were also proved that for n > 3, the power graph $(U,,) is not Hamiltonian, when n = 2"pp, ... px, where
U, denotes the unit group of the cyclic group Z,, p1, p2, ..., px are distinct Fermat primes, m and k are
nonnegative integers, m > 2 for k = 0,1 and k > 2 for m = 0, 1. They conjectured that P(U,,) is Hamiltonian
for all values of n > 3 except those listed above. Pourgholi et al. [30] presented several counterexamples
for this conjecture.

Cameron and Ghosh [5] proved that abelian groups with isomorphic power graphs must be isomorphic
and conjectured that two finite groups with isomorphic power graphs have the same number of elements
of each order. This conjecture is affirmatively proved by Cameron in [6].

In 2012, Mirzargar et al. proved that the power graph of cyclic groups of order p”, p is prime, has the
maximum number of edges among the power graph of all finite groups with the same order and conjectured
that among all finite groups of any given order, the cyclic group of that order has the maximum number of
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edges in its power graph [27]. They also conjectured that the clique number of the power graph of a finite
group and its largest cyclic subgroup are equal. The first conjecture was the starting point of a series of
papers by Curtin and Pourgholi. These authors have shown the first conjecture for both directed [15] and
undirected [12] power graphs. It is merit to mention here that Amiri et al. [3] was previously shown that
the directed power graph of the cyclic group of order n has the maximum number of edges, among the
directed power graphs of finite groups of order n. In [13], Curtin and Pourgholi studied the proper power
graph of finite groups and proved that the diameter of this graph is < 2 if and only if the group is nilpotent
and every Sylow subgroup is either cyclic or a generalized quaternion. They finally applied an elegant
number theory discussion to present an infinite family of counterexamples for the second conjecture [14].

Moghaddamfar et al. [28] considered the proper power graph of a finite group into account. Note that
the power graph will always contain at least one vertex that is connected to every other vertex. In this
paper, the authors established a number of ways in which the connectivity of proper power graph depends
on the structural properties of the group under consideration. They proved that the proper power graph of
a finite group G is connected if and only if G has a unique minimal subgroup. Moreover, if the order of the
center of G has at least two prime divisors then the proper power graph of G will be connected, and if the
center is a p—subgroup of G and the order of G has at least two prime divisors, then the proper power graph
of G is connected if and only if every non-central element of order p in G is connected to a non—p—element in
P*(G). In [29], the authors computed the number of spanning trees of power graphs of some finite groups.
A survey of recent works on this topic together with some open questions can be found in [1].

In [30], the authors asked the structure of all non-abelian simple groups with 2-connected power graphs.
Doostabadi et al. [16] computed the number of component in the proper power graphs of the alternating
groups which shows that the power graph of these simple groups can be 2—connected. This result recently
corrected by Bubboloni et al. [4] which again shows the existence of simple group with 2—connected power
graph. Akbari and Ashrafi [2] proved that the power graph of some classes of finite simple groups are not
2—connected and conjectured that a simple group with 2—connected power graph is of alternating type.
Doostabadi et al. [17], started the study of the automorphism group of power graph and presented a
conjecture about the automorphism group of P(Z,) that proved affirmatively in [25].

3. Main Results

One of the key tools to studying a graph I' is spectrum or Laplacian spectrum (L—spectrum for short) of
I'. In this field of study, there are two main questions that arise. Which set of algebraic integers can occur as
Sepc(I') or L — Sepc(I), for some graph I', and if there is some set X so that X = Sepc(I') or X = L — Sepc(I'), for
a graph I', what can be said about the structure of I'? To aid in the study of these questions for power graph
and main supergraph of a finite group we will compute the spectrum and L—spectrum of some important
classes of finite groups.

Chattopadhyaya et al. [9] started the study of the Laplacian spectrum of the power graph of cyclic and
dihedral groups and in [26], the authors investigated the spectrum of cyclic, dicyclic, dihedral groups. Our
results given this section generalize some results in the mentioned papers.

Suppose G is a finite group. Define the graph Ag with vertex set 1.(G), the set of all element orders of
G, and two vertices x and y are adjacent if and only if x|y or y|x. Then S(G) = AG[KQﬂl(G), ...,Kq, ], where
1.(G) = {a1,...,a,}. By definition of the main supergraph this gives an equitable partition for the S(G).

For the sake of completeness, we mention here some results which are crucial throughout this paper.

Theorem 3.1. [33] Let T bea graph and V1, V>, -+ , Vy, be an equitable partition for T. If forv € Vi, t;; = IN(v)N V|
and T is the matrix (t;;), then ®(T, x) divide O(T, x).

Theorem 3.2. [33] Let H;, 1 < i < p be all ri-regular. Then V(H;) U V(Hy) U ... U V(H,) is an equitable
partition of T[Hy, Hy, ..., Hp). If T is the matrix associated with this partition, then the characteristic polynomial of
[[Hi, Hy, ..., Hpy)is O(T[Hy, Hy, ..., Hyl, x) = (T, x). [T, ©(Hy)/(x — 7).
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Theorem 3.3. [26] The characteristic polynomial of the power graph of Z,, can be computed as ®(P(Z,),x) =
O(T, x)(x + 1)"*7, where d;, 1 < i < t, are all non-trivial divisors of n.

$(n) ¢(dr) ¢(d2) e Pld)

¢(n) +1 ‘P(dl) -1 Xdyd, © Oy d,

T= (75(”) +1 Qdydy ¢(d2) -1 T O(dzdf
ST aan  aw o o)~

and
gb(d]) dl‘ld]‘ or d]‘|di
QAdyd; =
0 otherwise

Theorem 3.4. [26] With notation of Theorem 3.3, the characteristic polynomial of P*(Z,) is as follows:

D(P(Zy), x) = D(T, x)(x + 1)" 72,

where
om) -1 ¢(d1) P(d2) ceP(dy)
o) @) -1 A dy e Oy,
T = (P(Tl) Xdyd, ¢(d2) -1 tt adzdt
qb('n) ad',dl ad.tdz <Z>(dt) -

In the next theorem, characteristic polynomial of the main supergraph S(G) is obtained.

Theorem 3.5. Let G be a group of order n with 1,(G) = {a1,...,ar}. Then the characteristic polynomial of S(G) is
as follows:
D(S(G), x) = (T, x)(x + )",

where
ch G)-1 Qaya, Xaya; o Omay
Xy Qtlz (G) -1 Xayay T Qg
T= Qazm QXazar Qﬂs (G) -1 T Qe
aakul Ofakaz a[lkﬂ:,\ e Qﬂk (G) - 1
and

Qg].(G) ajlaj or ajla;
Qgia; =
0 otherwise

Proof. By Theorem 3.2 and the structure of S(G),

(x - (Qal(G —1))(x + 1) ©-1
O(T, )[H SO ]

D(S(G), %)

(T, x) H(x +1)2(6)-1
i=1

O(T, x)(x + 1)25:1(0@(@)_1)
O(T, x)(x + 1),

proving the result. [
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The dihedral, semi-dihedral and dicyclic groups can be presented as follows:

Dy, = <abla" =0 =1bab=a"'>,
SDs, = <a,ba* =bv?>=1,bab=a"">,
T = <ablg® =1a"=b*blab=a'>.

Example 3.6. Consider the dihedral group D,y,. If n = 2, then the main supergraph of Dy, is isomorphic to the
complete graph Ky,. So, the characteristic polynomial of Dy, is ®(S(Day),x) = (x + 1> Y(x — 2n + 1). We now
assume that n is an odd number. If n is a prime power power then S(Dy,) = P3[Ky—1, K1, Ky,]. Apply Theorem 3.2 to
calculate the characteristic polynomial of S(Dy,) as follows:

D(S(Dyy), %) = (x + 1)*"3[x% + (=21 + 3)x* + (> — 51 + 3)x + (2n® — 4n + 1)].

In the case that n is an even number which is not a power of 2 or n is an odd number which is not a prime power, it is
easy to calculate the matrix T in Theorem 3.4.

Definition 3.7. If G and H are two rooted graphs with roots r and s, then a coalescence of these graphs is another
graph G.H obtained from G and H by identifying their roots.

In [26], the characteristic polynomial of P(D5,), P(Ts,) and P(SDs,) in some special cases are calculated.
In what follows, we will compute these polynomials in general. To do this, we state here a useful result of
[33].

Theorem 3.8. [33] If G and H are two rooted graphs with roots r and s, then the characteristic polynomial of
coalescence G.H can be computed as follows:

O(G.H, x) = D(G,x)D(H - s5,x) + D(G — 1, x)P(H, x) — xP(G — 1, x)D(H — s, X).
Theorem 3.9. The characteristic polynomial of P(D»,) can be computed as follows:
D(P(Dyy), x) = X" L(x + 1) 2[x(x + )D(T, x) — nd(T’, x)].

Where d;, 1 < i < t, are all non-trivial divisors of n,

$(n) ¢(dr) P(d2) o @(dy)
(P(TZ) +1 (P(dl) -1 Xdyd, Tt Oy,
T=| ¢M+1  ags  ¢d2)-1 -+ agg
d)(l’l) +1 ad'tdl ad.rdz e ¢(df) -1
dm) -1  ¢(dr) $(d>) e P(dy)
¢(H) (P(dl) -1 Adyd, o i,
T = ¢(1’l) Adyd, (P(dz) -1 T Oy,
O Gas o @)1

and
(p(d]) dildj or dj|di

Agd
0 otherwise
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Proof. By the structure of P(D,,) and Definition 3.7, P(Dy,) = S,.P(Z,), where S, is the star graph with
root vertex of degree n — 1 and P(Z,) is an induced subgraph of $(D,,) obtained from (a). Moreover,

(S, x) = (x* — n)x"~! and O(K,,, x) = x". Hence by Theorems 3.3,3.4 and 3.8,

DP(D2a),x) = DSuP(Zn),x) = DSy, )P (Zy), x) + D(Ky, X)D(P(Zyr), )
x®(K,,, x)D(P*(Z,,), x)

XN+ 1) 2 x(x + 1)D(T, x) — nd(T7, x)],

which completes the proof. [

We are now ready to compute the characteristic polynomial of £*(SDgy).
Theorem 3.10. The characteristic polynomial of P*(SDs,) is computed as follows:
D(P*(SDs), x) = x™"(x + D™ 2O(T, 1) (x = 1) + (T, )D(T”, %) = x(x = 1)'(T", )],

where d;, 1 < i < t, are all non-trivial divisors of 4n,

p@n) -1 P(dr) P(dz) o O(dy)
o@n)  Pp(d) -1  agg, Qg
T=| ¢@“n) Qapa,  Pd2) =1 - ag,
q>(4n) a:{,d] a;,dz qb'(dt)'—l
PMn) -2 P(dr) P(d2) e Q(dy)
on) -1 o¢(d)-1  aga, 7
T =| ¢(dn) -1  agy,  $d2) -1 - agg,
o -1  aps  aus - Gd)—1
o2 2 -2
110 --- 0
o101 0|
1 0 0 1

and
gb(d]) d,’ldj or dj|di
Qdd; = .
0 otherwise

Proof. Define the rooted graph B as B = K + (|-, K2) with root vertex r, where V(K;) = {r}. We also consider
P*(Z4n) as a rooted graph with root vertex a connected to all other vertices of $*(Z4,). To apply Theorem
3.8, we construct a graph A by identifying the vertex a in $*(Z4,) and the vertex r in B, i.e. A = P*(Z4,).B.
By the structure of £*(SDg,),

P"(SDs,) = A|_JKan.

Thus, ®(P*(SDs;), x) = O(A, x)(D(K_Zn, x) and CD(K_Zn, x) = x*". So for computing the characteristic polynomial
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of P*(SDsy,), it is enough to compute the characteristic polynomial of graph A. By Theorems 3.3, 3.4 and 3.8,

DA, x) = DOP(Z4).B,x)
= OP(Zy), x)PB —1,x) + O(P*(Z4y,) — a, x)D(B, x)
- xDOP(Z4y) — a,x)P(B —1,x)
= OT,x)(x+ D" 2(x—1)"(x+1)" + DT, x)(x + D)*" 1 2D(T", x)(x + 1)"
- xD(T", x)(x + D2 (x = 1)"(x + 1)"
= (x4 12T, x)(x = 1)" + DT, x)D(T", x) — x(x — 1)"D(T", x)].
Therefore,

D(P*(SDgy), x) = x*(x + 1) 2[D(T, x)(x = 1)" + D(T", x)(T’, x) — x(x — 1)"D(T", x)],
proving the result. [J
The characteristic polynomial of £*(T4,) is the subject of our next result. We have:
Theorem 3.11. The characteristic polynomial of P*(T4,) can be computed as follows:
D(P"(Tan), %) = (x + D)2 [D(T, x)(x = 1)" + (T, x)D(T’, x) — x(x — 1)"D(T", x)],

where d;, 1 < i < t, are all non-trivial divisors of 2n,

¢@2n) -1 ¢(dr) (d2) e ()
o@2n)  P(d) -1 Qdyd, S gy,
T=| ¢@n) QXiyd, Pd2) -1 - agy,
6N sy e ) -1
P@2n) -2 P(dr) P(d2) o Q(dy)
o@2n) -1 ¢d1)-1  amg, 7
T =| ¢Cn) -1  agy,  $d2)-1 - agg,
SO -1 agy  age o )1
o2 2 --- 2
1 10 --- 0
o101 0|
1 0 O 1

and
(p(d]) d,’ldj or dj|di
Add; = .
0 otherwise

Proof. Define the rooted graph B as B = Kj + (Uj~; Kz) with root r, where V(K;) = {r}. We consider *(Z,,) as
a rooted graph with root vertex a such that a is adjacent with all vertices of this graph and construct *(T4,)
by identifying the vertex a in $*(Z,,) and the vertex r in B, i.e. P*(T4n) = P*(Z24).B. By Theorems 3.3, 3.4
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and 3.8,
QP (Tan), x) = D(P(Zan)-B,x)

= O(P(Za), x)P(B —1,x) + D(P*(Z2,) — a,x)D(B, x)
- x®(P(Zyy) —a,x)®PB —r,x)
= O(T,x)(x+ 1) 2(x - 1)"(x + 1)"
+ (T, x)(x + 1) 20(T, x)(x + 1)"
- xD(T", x)(x + 1) 2(x = 1)"(x + 1)"
= (x+ 1) D(T, x)(x — 1)" + D(T", x)D(T", x)
- x(x - 1)"d(T",x)].

This completes the proof. O

We now state a result of [7] which is important in our next result.

5330

Theorem 3.12. [7] Let G;’s be graphs of order nj, with j € {1,...,k}, with Laplacian spectrum o1(G;). If His a
graph such that V(H) = {1,...,k}, then the Laplacian spectrum of H[G1, Ga, . .., Gi] can be computed as follows:

k
oL(HIG, Go, ..., Gi) = ||_J v, + (aL(Gp\{O}»] |Jo©),
j=1

where '
Yienypi Nu(j) #0
N, =
0 otherwise
\amg if lg € E(H)
Pirg = Pql = .
otherwise
and
N1 —-pip - —pix
-p21 N cee = Pok
C= . . .
— Pk-1k

—P1k  —P2k <o+ Ng

The following result is an immediate consequence of Theorem 3.12 and the fact that o1.(K,) = {0, nt=11,

Corollary 3.13. Suppose S(G) = AlKq, ), ---,Ka, )] Then the Laplacian spectrum of the main supergraph is

computed as follows:

k
au(S©G) = |V + 0, )| Jo(0),

j=1
where
Za,‘ENA(ﬂ/‘) Qai(G)’ NA(a]) ;é @
N} = ’
0, otherwise
/Qu,(G)Qaq(G) alag or agla
Prg = Pgi = ¢

0 otherwise
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and
N1 —pi2 =Pk
-p21 N cee = Pok
C= ) ) .
. . — Pk-1k
—PLk  —P2k -+ N

In [9], the authors computed Laplacian spectrum of the power graph of cyclic and dihedral groups. In the
following example, the Laplacian spectrum of the power graph and main supergraph of Ty, and SDg, are
computed in some special cases.

Example 3.14. In this example, the Laplacian eigenvalues of S(Do,) in the case that n is a prime power is computed.
Suppose n is odd. Since S(Dyy,) = P3[K,-1,K1, Ky], by Theorem 3.12,

1 -Vn—-1 0
C=| -Vvn-1 2n-1 —+n
0 —+n 1

Now by computing eigenvalues of the matrix C, it follows that o(C) = {0,1,2n}. Therefore, 61.(S(D2y)) =
{0,1,2n, "2, n + 177D}, If n = 2, then S(Day) = Koy and o1.(S(Day)) = {0,211},

In the next two examples, the Laplacian spectrum of the power graphs of T4, and SDs, are computed.
Example 3.15. Consider the dicyclic group T4y. If n is power of 2, then

P(Tan) = W[Kzn—2, K, Ko, Ko, -+ , K],

—_—
where the graph W is depicted in Figure 1.
3
4
2
. *5
n+2

Figure 1: The Graph W in the Power Graph of Ty,

By Theorem 3.12,
or(P(Ta)) = (41,47, 2n%", 6(C)),

where elements of the matrix C are Ny = 2,N; = 4n—2,N3 = ... = Nyyp = 2, p12 = P21 = 2Vn -1, p13 =
P31 = P14 =041 = .- = Pps21 =0, p23 = P32 =2, 024 = Pap2 =2, P25 = P52 = P26 = P62 = -+- = Pus22 = 2,

P34=pP43= .= P23 =0,p45 =psa=... = Pus24=0,..., pus1,ns2 = 0.



A. Hamzeh, A.R. Ashrafi / Filomat 31:16 (2017), 5323-5334 5332

Example 3.16. Consider the semi-dihedral group SDg,. If n is power of 2, then
P(SDSH) = U[K471—21 Kl/ Klr K_an K2/ KZ/ Tt KZ]/

————
n
where U is depicted in Figure 2.

4

5

3 . 6

1 S i
2
n+4

Figure 2: The Labeled Graph U in the Power Graph of SDg;,.

By Theorem 3.12,
oL(P(SDsy)) = {47, 409,100, 5(C)),

where elements of the matrix Care Ny =2,N; =6n—1,N3 =81 —-1,Ny =1,N5s =... = Nyyu =2, p12 = p21 =
Van -2, 013 =p31 = VAN =2, 014 = pa1 = ... = Pura1 = 0, p23 = P32 =1, P24 = P12 =0, p25 = p52 = P26 =
P62 = .. = Pu+d2 = ‘/E, P34 = P43 = \/2_71, P35 = P53 = «-. = Pn+a3 = ‘/Z P45 = P54 = «ov = Pusss = 0,
P56 = P65 =+ = Pusas5 =0, ... Prs3n+a = 0.

Let G be a group and C(G) = {Cy, ..., Ci} be the set of all cyclic subgroups of G. Set L to be the graph
with vertex set C(G), and two cyclic subgroups are adjacent if one is contained in the other. Let K, be the
complete graph of order a; = ¢(|Ci|). If K¢ = {Kyla; = ¢(ICil), C; € C(G)}, then the power graph P(G) is
isomorphic to Lg—join of K,,, Ky, . .., Ko, (Lg[Kay, Ky, - - ., Kq, 1), see [18] for details.

Theorem 3.17. The Laplacian spectrum of P(G) = Lg[Ka,, Ko, - . ., Ky ] can be calculated as follows:

k
UL(P(G)) = U(N] + ﬂj)(ul_l)] U G(C),
j=1
where
ZC,ENLG(C/) a;i N (Cj)#0
N] = 7
0 otherwise
Vaa; CCCpor G CC
Prg = Pgl= ’
0 otherwise
and
N1 —pi2 - =Pk
_p2,1 N2 oo —_— pz’k
C= . . .
— Pk-1k

—PLk  —P2k -+ N
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Proof. The proof follows from the Theorem 3.12, the graph structure of £(G) and the fact that o1(K,) =
{o,n® M} O

The Laplacian polynomial of P(Z,) is obtained in [9]. We now apply the previous theorem to find a
complete description of the Laplacian spectrum of P(Z,,).

Corollary 3.18. Suppose {dy, ..., dx} is the set of all divisors of n, d; = 1 and dy = n. Then C(G) = {Cy,...,C},
P(Zy) = LclK1, Kowmy, Ko@syr -+ - Kol N1 = () + ¢(ds) + -+ + p(dx), N2 = 1+ ¢(dz) + -+ + p(dy), N; =
Yaja, () + Layg, ¢dr) —20(d),3 < j<k1<i<k1<r<kpip=pr1= Vo), p1j = pj1 = \JPd),3 <
j<k p2j=pj2= Pj)p(n),3 <j<k. If4<j<kthen

VO)P(ds)  dald; or djlds
P3,j = pPj3 = )

0 otherwise
For5<j<k,
\NOE)P(ds) dald; or djlds
p4/] = p]’4 = °
0 otherwise
Finally,

\NOE)P(dr-1)  dildx—1 or dx_1ldk
Pk-1k = Pkk-1 = ’

0 otherwise

andfor1 <i<kand1<r<k,

k
oL P(Z) = n D O o)+ Y o) - o@d )@@} o(©).
=3

=3 dild d;ld,

Corollary 3.19. (See [9, Corollary 2.3]) If n is a prime power then the Laplacian spectrum of P(Z,) is o1.(P(Z,)) =
{0, n=D}.

Proof. By Corollary 3.18, 01.(P(Z,)) = {n"""2}J 6(C), where the matrix C is as follows:

C= n—1 - (n—l))
“\ =Jn-1 1 '

The proof now follows from the fact that 6(C) = {n,0}. O

Corollary 3.20. (See [9, Theorem 2.5]) If n = pq, p and q are distinct primes, then the Laplacian spectrum of P(Z,)
is as follows:
OL(P(Zy) =10, () + 1, n —p + 1972 n — g + 1072 no0+1)

Proof. By Corollary 3.18, 61.(P(Z,)) = (n— p +192,n — g + 1772, n¢®-1}| J 5(C), where

n-1 S s R g _ 71
co| ~VimP=a+T  prg-1 —p-DNF-1 ~G-Dyp-1 |
-yp-1 ~p-Dyg-1 n-p-q+2 0

—sqrtq —1 -(g-1D+p-1 0 n—-p—q+2

Now the proof follows from the fact that o(C) = {0, ¢(n) + 1, n®). O
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