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Abstract

Consider a simple, undirected graph G = (V, F), where A represents
the adjacency matrix and @) represents the Laplacian matrix of G. The
second smallest eigenvalue of Laplacian matrix of GG is called the algebraic
connectivity of G. In this article, we present a Python program for studying
the Laplacian eigenvalues of a graph. Then, we determine the unique graph
of minimum algebraic connectivity in the set of all tricyclic graphs.
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1. Introduction

Let G = (V, E) be a simple graph (that is undirected and finite graph without
multiple or loops) on edge set E = {ey,...,en} and vertex set V = {vy,...,vn}.
The size of a graph is its number of edges m =| E(G) | and the order of a graph
is its number of vertices n =| V(G) |. For each v; € V(G), the degree of v; is the
number of edges incident with v;, which is denoted by d; or d(v;). Suppose that
0 and A are minimum and maximum degree among all vertices, respectively. For
any e € E(G), we use G — e to denote the graph G which one edge is removed.
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Spectral graph theory [1-3] investigates properties of graphs using the spectrum
of related matrices. Adjacency matrix and Laplacian matrix, widely studied, are
frequently used in computer science. Adjacency matrix for a graph is denoted by
A = (a;;). The adjacency matrix is an n x n matrix related to the graph’s vertices.
The value of the a;; is equal to the number of edges between vertex ¢ and vertex
j- Another much studied matrix is the Laplacian matrix, defined by Q@ = D — A,
where D is the n x n diagonal matrix whose ith diagonal entry is D, ; = deg(v;).
The matrix D is called the degree matrix of G (see [4-6]).

Furthermore note that Q = C7C, where C is the matrix whose rows are indexed
by the edges of G and columns are indexed by its vertices, in which each row cor-
responding to the edge e = {u, v}, (u < v), has a (1) in the column corresponding
to u, a (—1) in that corresponding to v and 0 in every other place. Thus, @ is a
symmetric and positive semi-definite matrix. The eigenvalues of a real symmetric
matrix M, are real numbers. The eigenvalues (or spectrum) of A and @ which
are real eigenvalues, are called A-spectrum and Q-spectrum respectively. These
eigenvalues will be shown by

An(G) < ... < 2a(G) < M(G), (1)

and
0=1in(G) < ... <p2(G) < a(G)=p, (2)

respectively.

Fiedler [7] showed that the second smallest Laplacian eigenvalue G discon-
nectes if and only if p,—1(G) equals 0. Thus, p,—1(G) is commonly referred to
as the algebraic connectivity of G and is denoted by a(G). Recently, the alge-
braic connectivity has received significantly regard, see [8] for survey. It turned
out many applications in computer science, theoretical chemistry, combinatorial
optimization, etc (see [7-11]).

A k-cyclic connected graph is a graph with K = m —n + 1 as its cyclomatic
number, where m and n, as previously mentioned, are the numbers of edges and
vertices of G, respectively. If K = 0 then G is called a tree. In cases where K
equals 1,2, or 3, G is called a unicyclic, bicyclic, or tricyclic graph, respectively. In
this paper, the set of all bicyclic and tricyclic graphs are denoted by B,, and 7T,
respectively. Jianxi Li in [12] have sorted algebraic connectivity of bicyclic graphs.
Here, firstly we write a Python program for studying Laplacian eigenvalues of a
graph. Then we determine the unique graph in the set of all tricyclic graphs which
has minimum algebraic connectivity. To see the standard notations, you can refer
to [4, 13-18].

2. Results

For investigating the eigenvalues of Laplacian graphs, we consider the data set of
graphs with 2 to 10 vertices. The number of connected and disconnected graphs
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Table 1: The number of connected and disconnected graphs with 2 to 10 vertices.

order graph number of connected graphs number of disconnected graphs

2 2 1

3 4 2

4 11 6

) 34 21

6 156 112

7 1044 853

8 12346 11117

9 274668 261080

10 12005168 11716571

are shown in Table 1. We use these data set in Python programming language
and are checked the eigenvalues of Laplacian graphs. Also, in the following, we
show programs that we have implemented in the Python programming language
for these data set of graphs.

Program 1.

1. import numpy as np

2. import networkx as nx

3.

4. order = int(input("input_the_order_from_2_to_10:_"))
5.

6. with open(f"./graphs/text/graph{order}c.txt", "r") as
graph file:

7. lines = graph file.readlines ()

8. for i in range(l, len(lines), order + 2):

9. name = lines[i].strip("\n")

10. matrix = |

11. [int(f) for { in m.strip("\n").split ()]
12. for m in lines|[i + 1 : i 4+ order + 1]

13. ]

14. print (name)

15. array = np.array (matrix)

16.

17. G = nx.convert matrix.from numpy array(array)
18.

19. L = nx.linalg.laplacianmatrix.laplacian matrix (G)
20.

21. print (array)

22. print ()

23. print (L.A)
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24. print ()
25. print (np.linalg.eigh(L.A)[0])
26. print ("-" x 40)

The output of Program 1 is the Laplacian matrix of all graphs with the entered
order along with their eigenvalues.

Program 2.

1. from collections import OrderedDict

2. import numpy as np

3. import networkx as nx

4.

5. order = int(input("input_the_order_from_2_to_10:_"))

6.

7. eigvals = dict ()

8.

9. with open(f"./graphs/text/graph{order}c.txt", "r") as
graph file:

10. lines = graph file.readlines ()

11. for i in range(l, len(lines), order + 2):

12. name = lines [i].strip("\n")

13. number = int (name.split (",")[0].strip ("Graph_"))
14. matrix = |

15. [int (f) for f in m.strip("\n").split ()]

16. for m in lines[i + 1 : i + order + 1]

17. |

18. array = np.array(matrix)

19. G = nx.convert matrix.from numpy array(array)
20. L = nx.linalg.laplacianmatrix.laplacian matrix (G)
21. evals = np.linalg.eigh(L.A)[0]

22. for eval in evals:

23. eval = float (f"{eval:.4f}")

24. if eval not in eigvals:

25. eigvals[eval] = [(number, order)]|

26. else:

27. if (number, order) not in eigvals[eval]:
28. eigvals[eval]. append ((number, order))
29.

30. print ()

31. ordered eigvals = OrderedDict (sorted (eigvals.items()))
32. for eigvalue, no list in ordered eigvals.items():

33. if 7.5 < eigvalue < 8

34. print (f{"Eigenvalue:_{eigvalue }:")
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35. for graph in no list:

36. print ({"Graph_{graph[0]},_Order_{graph[1]}")
37. else:

38. continue

39. print ("-" x 40)

The output of Program 2 is the number of all Laplacian graphs whose eigenval-
ues are in the specified range with the entered order. For example, in Tables 2
and 3, the results from Programs 1 and 2 demonstrate graphs of order 6. These
graphs have Laplacian and sinless Laplacian eigenvalues ranging from 0 to 0.8.

Program 3.

1 import numpy as np

2 import networkx as nx

3.

4. number, order = [int(n) for n in input("enter_number_and
_order_for_graph:_").split ()]

5.

6.

7. with open(f"./graphs/text/graph{order}c.txt", "r") as
graph file:

8. lines = graph file.readlines ()

9. index = ((order + 2) % (number — 1)) + 1

10. name = lines [index |

11. print (name)

12. matrix = |

13. [int (f) for f in m.strip("\n").split ()]

14. for m in lines[index + 1 : index + order + 1]
15. ]

16. array = np.array (matrix)

17. G = nx.convert matrix.from numpy array(array)

18. L = nx.linalg.laplacianmatrix.laplacian matrix (G)
19. print (array)

20. print ()

21. print (L.A)

22. print ()

23. evals = [float (f"{eval:.4f}") for eval in
np.linalg.eigh(L.A)[0]]

24. print (evals)

25. print ()

26. print ("-" x 40)

The output of Program 3 is the Laplacian graph matrix with the entered number
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Table 2: The results of Program 1 display the graphs of order 6, with Laplacian
eigenvalues ranging from 0 to 0.8.

input the order from 2 to 10: 6 (0< Laplacian eigenvalues<0.8)

Eigenvalue: 0.2679:
Eigenvalue: 0.3249:

Eigenvalue: 0.382:

Eigenvalue: 0.4131:
Eigenvalue: 0.4384:

Eigenvalue: 0.4859:

Eigenvalue: 0.5858:
Eigenvalue: 0.6314:

Eigenvalue: 0.6571:
Eigenvalue: 0.6972:

Eigenvalue: 0.7216:
Eigenvalue: 0.7312:
Eigenvalue: 0.7639:

Graph 19, Order 6
Graph 5, Order 6
Graph 21, Order 6
Graph 15, Order 6
Graph 20, Order 6
Graph 4, Order 6
Graph 18, Order 6
Graph 23, Order 6
Graph 76, Order 6
Graph 77, Order 6
Graph 2, Order 6
Graph 16, Order 6
Graph 24, Order 6
Graph 78, Order 6
Graph 9, Order 6
Graph 50, Order 6
Graph 6, Order 6
Graph 22, Order 6
Graph 31, Order 6
Graph 15, Order 6
Graph 29, Order 6
Graph 30, Order 6
Graph 32, Order 6
Graph 51, Order 6
Graph 46, Order 6
Graph 52, Order 6
Graph 7, Order 6
Graph 10, Order 6
Graph 25, Order 6
Graph 27, Order 6
Graph 35, Order 6
Graph 41, Order 6
Graph 59, Order 6
Graph 65, Order 6
Graph 79, Order 6
Graph 84, Order 6
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input the order from 2 to 10: 6 (0O<sinless Laplacian eigenvalues<0.8)
Eigenvalue: 0.1338: Graph 21, Order 6
Eigenvalue: 0.1578: Graph 18, Order 6
Eigenvalue: 0.2015: Graph 16, Order 6
Eigenvalue: 0.2204: Graph 20, Order 6
Eigenvalue: 0.2215: Graph 25, Order 6
Graph 77, Order 6
Eigenvalue: 0.2434: Graph 29, Order 6
Eigenvalue: 0.2497: Graph 46, Order 6
Eigenvalue: 0.2534: Graph 3, Order 6
Eigenvalue: 0.2602: Graph 24, Order 6
Eigenvalue: 0.2679: Graph 19, Order 6
Eigenvalue: 0.2823: Graph 78, Order 6
Eigenvalue: 0.2907: Graph 38, Order 6
Eigenvalue: 0.301:  Graph 6, Order 6
Eigenvalue: 0.3077:  Graph 33, Order 6
Eigenvalue: 0.3089: Graph 27, Order 6
Graph 42, Order 6
Graph 65, Order 6
Eigenvalue: 0.3249: Graph 5, Order 6
Eigenvalue: 0.3542: Graph 50, Order 6
Eigenvalue: 0.3619: Graph 36, Order 6
Eigenvalue: 0.3636: Graph 48, Order 6
Eigenvalue: 0.382:  Graph 15, Order 6
Graph 29, Order 6
Graph 30, Order 6
Graph 32, Order 6
Graph 51, Order 6
Eigenvalue: 0.3918: Graph 54, Order 6
Eigenvalue: 0.3961: Graph 8, Order 6
Graph 41, Order 6
Graph 44, Order 6
Eigenvalue: 0.4113: Graph 96, Order 6
Eigenvalue: 0.4284: Graph 60, Order 6
Eigenvalue: 0.4298: Graph 68, Order 6
Eigenvalue: 0.4384: Graph 4, Order 6
Graph 23, Order 6
Eigenvalue: 0.4558: Graph 22, Order 6
Eigenvalue: 0.4628: Graph 67, Order 6
Eigenvalue: 0.4629: Graph 20, Order 6
Eigenvalue: 0.4703: Graph 52, Order 6
Eigenvalue: 0.4711: Graph 51, Order 6
Eigenvalue: 0.4746: Graph 10, Order 6
Eigenvalue: 0.4812: Graph 12, Order 6
Graph 28, Order 6
Graph 73, Order 6
Graph 84, Order 6
Eigenvalue: 0.4859: Graph 2, Order 6
Eigenvalue: 0.4889: Graph 6, Order 6
Eigenvalue: 0.5359: Graph 14, Order 6
Eigenvalue: 0.5443: Graph 40, Order 6
Eigenvalue: 0.5463: Graph 63, Order 6
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Table 3: The results of Program 2 display the graphs of order 6, with sinless
Laplacian eigenvalues ranging from 0 to 0.8.

Eigenvalue: 0.5858:

Eigenvalue: 0.6208:
Eigenvalue: 0.6224:
Eigenvalue: 0.6277:
Eigenvalue: 0.646:
Eigenvalue: 0.6571:
Eigenvalue: 0.6594:
Eigenvalue: 0.6721:
Eigenvalue: 0.6728:

Eigenvalue: 0.6791:
Eigenvalue: 0.6856:
Eigenvalue: 0.6972:
Eigenvalue: 0.7029:

Eigenvalue: 0.7066:
Eigenvalue: 0.7251:
Eigenvalue: 0.7411:
Eigenvalue: 0.7639:

Eigenvalue: 0.7772:
Eigenvalue: 0.7828:
Eigenvalue: 0.7933:

Graph 9, Order 6
Graph 10, Order 6
Graph 35, Order 6
Graph 38, Order 6
Graph 39, Order 6
Graph 50, Order 6
Graph 81, Order 6
Graph 95, Order 6
Graph 62, Order 6
Graph 89, Order 6
Graph 17, Order 6
Graph 34, Order 6
Graph 31, Order 6
Graph 37, Order 6
Graph 16, Order 6
Graph 32, Order 6
Graph 49, Order 6
Graph 35, Order 6
Graph 57, Order 6
Graph 15, Order 6
Graph 61, Order 6
Graph 71, Order 6
Graph 64, Order 6
Graph 90, Order 6
Graph 97, Order 6
Graph 7, Order 6
Graph 30, Order 6
Graph 59, Order 6
Graph 33, Order 6
Graph 60, Order 6
Graph 92, Order 6
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and order along with its eigenvalues. Firstly enter number and order for graph, it
displays adjacency matrix, Laplacian matrix and eigenvalues of Laplacian matrix.
For example, for Graph 265 and order 9, using Program 3, we obtain

0000 O0OO0OT1TO0T1

0000 O0O0OT1TO0T1

0 000O0O0OO0T1T1

0 000O0OO0OO0OT1T1

0 000O0O0OTO0OTI1T1

0 000 0 O0O0O0T1

110 0 0 0 0 01

001110001

111111110
2 0 0 0 0 0o -1 0 -1
0 2 0 0 0 0o -1 0 -1
0 0 2 0 0 0 0o -1 -1
0 0 0 2 0 0 0o -1 -1
0 0 0 0 2 0 0 -1 -1
0 0 0 0 0 -1 0 0 -1
-1 -1 0 0 0 0 3 0 -1
0 0 -1 -1 -1 0 0 4 -1

-1 -1 -1 -1 -1 -1 -1 -1 8
[0.0, 1.0, 1.0, 2.0, 2.0, 2.0, 4.0, 5.0, 9.0]
Lemma 2.1. (/2]).  Suppose G is a graph, | V(G) |= n and G 2 K, (not-
isomorphic to the complete graph) and suppose G' = G + e is a new graph taken
from G by adding a new edge e. After that the Laplacian eigenvalues of G and G’

intermiz, in other words

1i(G) = pi(G) = piya(G'), (3)
for1<i< (n—1).

Lemma 2.2. ([19]). Let G be a connected graph of ordern. Suppose vy, ..., vs(s >
2) are non-adjacent vertices of G and N(v1) = --- = N(vs). Let Gy be a graph

—1)

obtained from G by adding any t (0 <t < S ) edges among v1,...,vs. If
w(G) # d(vy), then
W(G) = u(Gr). (4)
Theorem 2.3. ([12]). Suppose
B e Bn _{B17327B37B4}7 (5)
where 13 < n. Then a(B) > a(By). Moreover,
a(By) < a(Bs) < a(Bs) < a(By), (©)

where By, Ba, B3, By are shown in Figure 1.
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Bs

Figure 1: Bicyclic graph B; (1< i < 4.)

e

Figure 2: Tricyclic graph T5.

Theorem 2.4. Let T € T, with n > 14 and T3 is shown in Figure 2. Then
a(T5) < a(T). (7)

Proof. Let T € T, and Ck, C; and C,, be three independent cycles in T, where
3 < k,l,w. we can choose edge, say e, in C; (i = k,l and w) such that T — e €
B,, — {B1, B2}. So by Lemma 2.1, we have

a(T) = o(T —e). (8)
In the following, we consider two cases.

Case 1: T — e 2 Bs
By Theorem 2.3
(T —e) > a(By) > a(Bs). (9)

Otherwise, by Lemma 2.2 we have
Oz(Bg) = a(T3). (10)

Thus
oT) > o(Ts). (11)

Case 2: T'— e = T3 By Lemma 2.2
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As a result a(T — e) = a(T5).
Thus, for every T € T, a(T) > a(T3) and the equality holds if and only if
T~T, 0
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