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Chapter 1

Introduction

This thesis has four parts. The first part treats some facts in number theory
and matrix theory. The second part is on integral trees. The third part deals
with integral graphs, cospectral graphs and cospectral integral graphs. The
fourth part is on Laplacian integral and integral regular graphs.

The first part of the thesis consists of Chapter 2. In this part, we present
several facts in number theory and matrix theory.

The second part of the thesis consists of Chapters 3 to 4. In this part, some
new families of integral trees with diameters 4, 5, 6 and 8 are characterized
by making use of number theory and computer search. All these classes are
infinite. They are different from those in the literature. We also prove that
the problem of finding integral trees of diameters 4, 5, 6 and 8 is equivalent
to the problem of solving Diophantine equations. This is a new contribution
to the research of integral trees. We believe that it is useful for constructing
other integral trees. In particular some special structures of integral trees
of diameters 5, 6 and 8 are obtained for the first time. At the same time,
some new results which treat interrelations between integral trees of various
diameters are also found. These results generalize some well-known results or
theorems on integral trees.

The third part of the thesis consists of Chapters 5 to 7. In this part,
firstly, we give a useful sufficient and necessary condition for complete r-partite
graphs to be integral, from which we can construct infinitely many new classes
of such integral graphs. It is proved that the problem of finding such integral
graphs is equivalent to the problem of solving some Diophantine equations.
These results generalize Roitman’s result on the integral complete tripartite
graphs. Secondly, fifteen classes of larger integral graphs are constructed from
the known 21 smaller integral graphs. These classes consist of nonregular and
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bipartite graphs. Their spectra and characteristic polynomials are obtained
from matrix theory. Their integral property is derived by using number theory
and computer search. All these classes are infinite. These results generalize
some results of Balinska and Simié. Thirdly, we determine the characteristic
polynomials of four classes of graphs. We also obtain sufficient and necessary
conditions for these graphs to be integral by using number theory and com-
puter search. All these classes are infinite. We also give some new cospectral
graphs and cospectral integral graphs.

The fourth part of the thesis consists of Chapter 8. In this part, the
spectra and characteristic polynomials of two classes of regular graphs are
given. We also obtain the characteristic polynomials for their complement
graphs, their line graphs, the complement graphs of their line graphs and the
line graphs of their complement graphs. These graphs are not only integral
but also Laplacian integral. These results generalize some results of Harary
and Schwenk.

We assume that the reader is familiar with the essentials of graph theory.
Most of the terminology and notations can be found in Bondy & Murty [10],
Cvetkovié, Doob & Sachs [22] or Harary [35].

In the remainder of this introductory chapter, we will present, together
with the relevant terminology and notations, a survey of the main results of
the thesis against a background of related results.

1.1 History of integral graphs and basic definitions

Throughout this thesis we shall consider only simple graphs (i.e. finite
undirected graphs without loops or multiple edges). We use G to denote a
simple graph with vertex set V(G) = {vi,v2, -+ ,v,} and edge set E(G). The
adjacency matrix A = A(G) = [a;j] of G is an nxn symmetric matrix of 0’s and
1’s with a;; = 1 if and only if v; and v; are joined by an edge. The characteristic
polynomial of G is the polynomial P(G) = P(G,z) = det(zl, — A), where I,
denotes the n x n identity matrix. The spectrum of A(G) is also called the
spectrum of G. If the eigenvalues are ordered by Ay > Ao > --- > A, and their

multiplicities are my, ma,--- , m,, respectively, then we shall write
Mo Ay oA
Spec(G) = < my - 7; ) or Spec(G) = {1, A2, - AN

The study of graphs by investigation of the characteristic polynomial is
sometimes called algebraic graph theory. The general goal is to relate proper-
ties of graphs with properties of this polynomial.

In this thesis a specific property of the characteristic polynomial is studied,
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namely that of having integral zeroes. A graph is called integral if all zeroes of
its characteristic polynomial are integer. The general goal here is to determine
these graphs that are integral.

1.1.1 Basic definitions

First of all, we give some terminology and notations occurring in this thesis.

Two graphs G and H are cospectral if P(G,x) = P(H,z). We say that G
is characterized by its spectrum if every graph cospectral to G is isomorphic to
G. Let G U H denote the union of two disjoint graphs G and H, and let nG
denote the disjoint union of n copies of G.

It is well known that the center Z(T') of a tree T' consists of either a central
vertex, or a center edge, depending on whether the diameter of T is even, or
odd. If all the vertices at the same distance from the center Z(7T') are of the
same degree, then the tree T" will be called balanced. Clearly, the structure of
a balanced tree (without vertices of degree 2) is determined by the parity of its
diameter and the sequence (ng,ng_1,- - ,n1), where k is the radius of 7" and
nj (1 < j < k) denotes the number of successors of a vertex at distance k — j
from the center Z(T'). In what follows, n; (i = 1,2,---) always stands for an
integer > 2. The balanced trees of diameter 2k will be encoded by the sequence
(ng,ng—1,--- ,n1) or the tree T'(ng, nk—1,--+, n1), while those with diameter
2k + 1 by the sequence (1;ng,ng_1, - ,n1) or the tree T(1;ng, ng_1, - ,n1).
Sequences (ng,ng—1,---,n1) and (1;ng, ng—1,--- ,n1) will be called integral
if the corresponding balanced trees are integral. We use T'(1, ng, ng—1,- -+ ,n1)
or (1,ng,nk—1,---,n1) to denote a tree obtained by joining the center of the
tree T'(ng, ng—1,--- ,n1) to a new vertex v. A complete bipartite graph K,, p,
is a graph with vertex set V such that V = V; U V,, V1 N Vo = (), where the
two vertex classes Vi, Vo are nonempty disjoint sets, |V;| = p; for i = 1,2, and
such that two vertices in V' are adjacent if and only if they belong to different
classes. Let K1,  T(ng—1, ng—2, ..., n1) denote a tree of diameter 2(k — 1),
which is obtained by identifying the center z of Ki,, with the center u of
T(ng—1,nk—2," " ,N1).

Let the tree T'(m,t) of diameter 4 be obtained by joining the centers of m
copies of T'(t) = K1 to a new vertex v. Let the tree T'(r,m,t) of diameter 6
be obtained by joining the centers of r copies of T'(m,t) to a new vertex w.
If r = 1, then let the tree T'(r,m,t) = T'(1,m,t) of diameter 4 be formed by
joining the center of T'(m,t) to a new vertex w. Let the tree T'(s,r,m,t) of
diameter 8 be obtained by joining the centers of s copies of T'(r, m,t) to a new
vertex u. Let the tree T'(s, q,r,m,t) of diameter 10 be obtained by joining the
centers of s copies of T'(q,r,m,t) to a new vertex z.
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Let the tree K; s @ T'(m,t) of diameter 4 be obtained by identifying the
center z of K¢ with the center v of T'(m,t). Let the tree Ko T(r,m,t)
of diameter 6 be obtained by identifying the center z of K, with the center
u of T'(r,m,t). Let the tree K; ;e T(q,r,m,t) of diameter 8 be obtained by
identifying the center z of K ¢ with the center w of T'(q,r,m,t).

Let the tree T'(p,q) © T'(m,t) of diameter 5 be obtained by joining the
center u of T'(p,q) and the center v of T'(m,t) with a new edge. Let the tree
[K1seT(m,t)] ©T(q,r) of diameter 5 be obtained by joining the center u
of K1, eT(m,t) and the center v of T'(¢,r) with a new edge. Let the tree
[K1 0T (m,t)]o[K;peT(q,7)] of diameter 5 be obtained by joining the center
u of Ky s eT(m,t) and the center w of K, T (q,r) with a new edge.

Let the tree T'[m, r| of diameter 3 be formed by joining the centers of K1,
and K7, with a new edge. Let the tree T¢[m,r] of diameter 5 be obtained
by attaching ¢ new endpoints to each vertex of the tree T'[m,r], and let the
tree T*(r,m) of diameter 6 be obtained by attaching ¢ new endpoints to each
vertex of the tree T'(r,m). Let G* be obtained by attaching ¢ new endpoints
to each vertex of the graph G.

Let T'(p,q) @ T'(r,m,t) be the tree obtained by identifying the center u
of T'(p,q) with the center w of T'(r,m,t). Let K; s e T(p,q) e T(r,m,t) be
the tree obtained by identifying the center z of Kj, with the center w of
T(p,q)eT(r,m,t). If r = 1, then the trees T'(p, q)oT'(r,m,t) = T(p,q)ST(m,t)
and K1 ;0T (p,q)eT (r,m,t) = [K1 0T (p,q)|©T(m,t) are trees with diameter
5. If we say the trees T'(p, q) ¢ T'(r,m,t) and K ;eT(p,q) @ T(r,m,t) are trees
with diameter 6, then this means that r > 1.

A graph G in which one vertex u is distinguished from the rest is called
a rooted graph. The distinguished vertex u is called the root-vertex, or simply
the root. r * G denotes the graph formed by joining the roots of r copies of
G to a new vertex w. K, e G denotes the graph obtained by identifying the
center z of K1, with the root u of G.

Trees with diameter 4 can be formed by joining the centers of r stars Ky .,
Kimys -+, Kim, to anew vertex v. The tree is denoted by S(r;my, ma, - - -,
m,) or simply S(r;m;). For convenience, let my,mg,---,m, be nonnega-
tive integers such that m; < mg < -+ < mg, 1 < s < r , m; € {my,ma,

-, mg}t, 1 < i < r, and let a; denote the multiplicities of m; in the set
{my,ma,--- ,m,}. The tree S(r;m;) is also denoted by S(a; + as + -+ +
as;mi,ma, -+ ,mg), where r = Y7 a; and |[V]| =14 >7  a;(m; +1). Let
the tree Kjq, ® S(r;mi)=Kiq4, ® S(a1 + a2 + -+ + as;my,ma, ---, mg) of
diameter 4 be obtained by identifying the center w of K1 4, with the center v
of S(ag +as + -+ as;my, ma, -+ ,mg).
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A complete r-partite graph K, p, .. p. is a graph with a set V = V; U
VoU---UV, of p1 + pa + - -+ + pr(= n) vertices, where the V;’s are nonempty
disjoint sets, |V;| = p; for 1 <14 < r, such that two vertices in V are adjacent if
and only if they belong to different V;’s. For convenience, we assume that the
number of distinct integers of p1,po, - ,pr is s. Without loss of generality,
assume that the first s ones are the distinct integers such that p; < po <

- < ps. Suppose that a; is the multiplicity of p; for each ¢ = 1,2,--- ,s.
The complete r-partite graph Ky, p, ... p,=Kp, . p1, ps,ps 15 also denoted
by Kayp1.as-pa, aspss Where 7 =>"7_a; and [V =n =37, a;ip;.

A graph is (r, s)—semiregular if it is bipartite with a bipartition (V1, V2) in
which each vertex of V; has degree r and each vertex of V5 has degree s.

For a graph G, let G be the complement graph of G and let L(G) denote
the line graph of G, in which V(L(G)) = E(G), and where two vertices are
adjacent if and only if they are adjacent as edges of G. The m-iterated line
graph of G is defined recursively by L°(G) = G and L™(G)= L(L™ }(G)). A
graph is said to be regular of degree k (or k-regular) if each of its vertices has
degree k. S(G) denotes the subdivision of a graph G obtained by inserting
only a single vertex into each edge of G, while Ly(G) = L(S(G)) is the line
graph of the subdivision graph S(G) of the graph G.

Let K1, e K, be the graph obtained by identifying the center w of K,
with one vertex v of K,. Let u € V(K,,) be the root of K, and let r x K,
be the graph obtained by joining the roots of r copies of K, to a new vertex
w. Let K, , be a complete bipartite graph with vertex classes V; = {u;]i =
1,2,---,m}, Vo ={v|i =1,2,--- ,n}, let Ky, & Ky, ,, be the graph obtained
by identifying the center w of K, with the vertex u; of K, . Let up € V4
be the root of K, ,, let r x K, ,, be the graph obtained by joining the roots
of r copies of K, , to a new vertex w.

The (n+1)-regular graph K, 5,41 = Kp41,, on 4n+2 vertices is obtained by
adding the edges {v;w;|i =1,2,--- ,n+ 1} from two disjoint copies of K, 5,41
with vertex classes Vi = {w;|i = 1,2,--- ,n}, Vo ={v;Ji =1,2,--- ,n+ 1} and
Uy ={zli=1,2,--- ,n}, Uy = {w;|i = 1,2,--- ,n+ 1}, respectively.

Let K;, be a graph with vertex classes Vi = {u;} and Vo = {v;|i =
1,2,---,p}. The i-th graph K of (p — 1)K, has the vertex set {w;|j =
1,2,---,p}, wherei =1,2,--- ,p—1. Then the p-regular graph K1 ,[(p—1)K,]
on p? + 1 vertices is obtained by adding the edges {v;wj,|7 =1,2,---, p —1},
fori =1,2,---,p, between the graph K, and the graph (p — 1)K,

Let D(G)= diag(d(v1),d(ve),- - ,d(v,)) be the diagonal matrix of the ver-
tex degrees of G. Then Lap(G) = D(G) — A(G) is called the Laplacian matriz
of G. Clearly, Lap(G) is a real symmetric matrix. If all the eigenvalues
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of the Laplacian matrix Lap(G) of G are integers, we say that G is Lapla-
cian integral. Mohar [54] argues that, because of its importance in various
physical and chemical theories, the spectrum of Lap(G) = D(G) — A(G) is
more natural and important than the more widely studied adjacency spec-
trum. For background knowledge, see [32, 53, 54]. The characteristic polyno-
mial of Lap(G) is the polynomial ¢(G) =0(G, n) = det(ul, — Lap(G)). Let
i (G) = p2(G) = -+ = pn(G) (or simply p1 > po > -+ > pp) be all the
eigenvalues of the Laplacian matrix Lap(G) of G. The multiplicity of p as an
eigenvalue of Lap(G) will then be denoted by m¢a(u).
All other notation and terminology can be found in [10, 22].

1.1.2 History of integral graphs

Next we shall introduce a brief history of the study on integral graphs.

The research on integral graphs was initiated by F. Harary and A.J.
Schwenk in 1974 (see [36]). Since the spectrum of a disconnected graph is
the union of the spectra of its components, in any investigation of integral
graphs it is sufficient to consider connected graphs only.

There are many simple examples of integral graphs (some of them are
given in [36]). For example, the complete graph K, ; the cocktail-party graph
CP(n)(= nK,); the complete multipartite graph Kk /k,...n/k; the path Py
(P, is the only integral path in the set of paths P, with n vertices); the
circuits C3, Cy and Cg (the three circuits are the only integral circuits in the
set of circuits C),, with n vertices); the complete bipartite graph K, n (K n
is integral if and only if mn is a perfect square); the stars K, with n = p?
(p=1,2,3,...), and so on.

At the same time, some of the well known graph operations, when applied
to integral graphs, result in new integral graphs and thus can be used to
generate an arbitrary number of them. Let us look at the following three
operations based on the Cartesian product of the sets of vertices. Let G and
H be two graphs with vertex sets V(G) and V(H). The next three operations
define graphs having V(G) x V(H) as its vertex set (see also [22] pp. 65-66):

The product (or conjunction) G x H of G and H: the vertices (x,a) and
(y,b) are adjacent in G x H if and only if = is adjacent to y in G and a is
adjacent to b in H.

The sum (or Cartesian product) G+ H of G and H: the vertices (z,a) and
(y,b) are adjacent in G + H if and only if either z = y and a is adjacent to b
in H or a =0b and x is adjacent to y in G.

The strong sum (or strong product) G @ H of G and H: the vertices (z, a)
and (y,b) are adjacent in G@ H if and only if a is adjacent to b in H and
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either z is adjacent to y in G or x = y.

The following result can be found in [22].
If A, (1=1,2,---,n)and p; (j =1,2,---,m) are the eigenvalues of G and
H, respectively, then

(1) the product G x H has eigenvalues \;f;,
(2) the sum G + H has eigenvalues \; + (15,
(3) the strong sum G @ H has eigenvalues A\;uj + X\ + p5,

(in all these cases i = 1,2,---,n, j = 1,2,--- ,m). Thus, these three oper-
ations preserve the integrality. For example, the so called bipartite product
G x K9 has eigenvalues £\;, where \; (i = 1,2,...,n) are the eigenvalues of
G. In addition, other integrality preserving graph operations can be found
in [2, 36] or [22], such as the complementary graph (or the line graph) of an
integral regular graph G.

In general, the problem of characterizing integral graphs seems to be very
difficult. Since there is no general characterization (besides the definition) of
these graphs, the problem of finding (or characterizing) integral graphs has to
be treated in some special interesting classes of graphs.

So far, there are many results on some particular classes of integral graphs.
All integral connected cubic graphs were obtained by D. Cvetkovi¢ and F. C.
Bussemaker [20, 14], and independently in 1976 by A. J. Schwenk [63]. There
are exactly thirteen connected cubic integral graphs. In fact, D. Cvetkovié¢
[20] proved that the set of connected regular integral graphs of a fixed degree
is finite. Similarly, the set of connected integral graphs with bounded vertex
degrees is finite. An infinite family of integral complete tripartite graphs was
constructed by M. Roitman in 1984 (see also [60]). Z. Radosavljevi¢ and S.
Simi¢ determined all 13 connected nonregular nonbipartite integral graphs
with maximum degree four (it was the title of the report published in 1986
[58], the full version appeared in [65]).

In 1998, 4-regular integral graphs began to attract some attention. D.
Stevanovié¢ [66] (see also [24]) determined all 24 connected 4-regular integral
graphs avoiding £3 in the spectrum. D. Cvetkovié¢, S. Simi¢ and D. Stevanovié¢
[24] found 1888 possible spectra of 4-regular bipartite integral graphs. (Due to
the space limit, spectra with 9 distinct eigenvalues and more than 20 vertices
are not shown in [24], for the complete list see [68]). The potential spectra of
bipartite 4-regular integral graphs are also determined in [24]. They are quite
numerous and its cannot be expected that all 4-regular integral graphs will be
determined in the near future. In 1999, D. Stevanovi¢ [67] obtained nonexis-
tence results for some of these potential spectra. It follows from these results
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that, except for 5 exceptional spectra, bipartite 4-regular integral graphs have
at most 1260 vertices. As a corollary, a nonbipartite 4-regular integral graph
G has at most 630 vertices, unless G X K3 has one of these exceptional spectra.
In 2000, L.G. Wang, X.L. Li and S.G. Zhang [76] studied some constructions
on integral graphs and obtained integral graphs K}, K!,, K., . etc.

W. G. Bridges and R. A. Mena [12, 13] investigated some graphs with exact
three distinct eigenvalues in 1979 and 1981. E.R. van Dam, W.H. Haemers et
al. further studied nonregular or regular graphs with few different eigenvalues
in [25, 26, 27, 28, 55].

K. Baliriska et al. [1] proved in 1999 that there are exactly 150 connected
integral graphs up to 10 vertices. The results of all connected integral graphs
on 11 and 12 vertices can be found in [3, 4, 23]. K. Balinska and S. Simi¢
[5, 6] also gave some results of the nonregular, bipartite, integral graphs with
maximum degree 4. P. Hansen, H. Mélot, and D. Stevanovic [34] (see also
[33]) gave in 2002 characterizations of integral graphs in the family of complete
split graphs and a few related families of graphs. In particular, K. T. Balinska
et al. [2] presented in 2002 a survey of results on integral graphs and on
the corresponding proof techniques. Note that a few errata of the article [2]
appeared in [23].

D.L. Zhang and H.W. Zhou [88] obtained in 2003 some new integral graphs
based on the study of the bipartite semiregular graph. M. Lepovié¢ [41, 42, 43,
44] obtained in 2003 and 2004 some results on integral graphs which belong to
the class oK, p, aK, U BK; or aK, U BKyy,. K. T. Baliniska, S. K. Simi¢ and
K. T. Zwierzyniski [7] investigated in 2004 which non-regular bipartite integral
graphs with maximum degree four do not have +1 as eigenvalues.

In Chapter 5 (see also [71]), a useful sufficient and necessary condition for
complete r-partite graphs to be integral is given. In Chapter 6, fifteen classes of
larger nonregular bipartite integral graphs are constructed from the known 21
smaller integral graphs of [5]. In Chapter 7, sufficient and necessary conditions
for the graphs K, K, r x K, K1, ® K, , and r * K, ,, to be integral are
presented. Some new cospectral graphs and cospectral integral graphs also are
obtained. In Chapter 8 (see also [72]), two classes of Laplacian integral and
integral regular graphs K, nq1 = Kpq1 and Ky 2 [n(n+1)K 2, 4] are
studied.

Trees are another important and interesting family of graphs. In the initial
paper of F. Harary and A.J. Schwenk [36] integral trees were mentioned as well,
while considerable results on this topic were firstly published by M. Watanabe
and A.J. Schwenk in [78] and [79]. Then, after several years of pause starting
with the article [47] of X.L. Li and G.N. Lin, a group of Chinese mathemati-
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cians began to present their results. In 1987, X.L. Li and G.N. Lin [47] gave
answers to the three questions proposed by A.J. Schwenk (see [19]), studied
integral trees with diameters 4, 5 and 6, and discovered some new infinite sets
of integral trees with diameters 4 and 6. Finally, they raised several open
problems. In that paper [47], integral trees with diameter five were mentioned
for the first time, where the authors considered the graph obtained by joining
the centers of S(r;m;) and S(s;n;) and presented a theorem in the form of
a necessary and sufficient condition for such a tree to be integral, but they
were not able to find any example. The first integral tree with diameter five
was constructed by R.Y. Liu in [50] in 1988, and it was proved that there are
infinitely many such trees. He also studied integral trees of diameters 3, 4,
5 and 6, and obtained some new classes of integral trees of diameters 3, 4,
5 and 6 (see [50, 51] ). In 1988, Z.F. Cao firstly found all integral trees of
diameter 3 and further studied integral trees with diameters 4, 5 and 6. It was
proved that there are infinitely many such trees (see [15, 16]). These results
generalized some results of X.L. Li, G.N. Lin [47] and R.Y. Liu [50, 51].

In 1998, by using the solutions of some general quadratic Diophantine
equations, Y. Li [49] generalized results of R.Y. Liu and Z.F. Cao on integral
trees of diameter 5. In the same year, P. Hic and R. Nedela firstly constructed
infinitely many integral trees with diameter 8, and obtained some positive and
negative results about the questions on balanced integral trees (see [37, 38]).
He also proved there are no balanced integral trees of diameter 4k + 1 for
k > 1. L.G. Wang, X.L. Li and R.Y. Liu also constructed independently some
families of integral trees with diameter 8 by using a different method [74]. In
Section 4.1 of Chapter 4, the structure of integral trees [K; ;0T (m,t)]|eT (¢, )
of diameter 5 is investigated for the first time.

In 1998, P.Z. Yuan gave a necessary condition for trees S(r;m;) of diameter
4 to be integral, and constructed many new classes of such integral trees. In
addition, some basic questions about integral trees with diameter 4 were posed
in [85]. Then, D.L. Zhang, S.W. Tan [86] and M.S. Li, W.S. Yang, J.B. Wang
[46] in 2000 gave a further useful sufficient and necessary condition for graphs
to be such integral trees. Some questions proposed by P.Z. Yuan in [85] were
answered in [46, 59, 80, 81, 86, 87]. In 2000, L.G. Wang and X.L. Li [69]
constructed some new families of integral trees K; s @ T'(m,t) of diameter 4
(see also [78]) and K s @ T'(r,m,t) of diameter 6 by identifying the centers of
two trees. Then, in [69, 74, 75, 76, 77], L.G. Wang, X.L. Li et al. characterized
some new families of integral trees with diameters 4, 6 and 8 by making use
of number theory and computer search, and they proved that the problem of
finding integral trees of diameters 4, 6 and 8 is equivalent to the problem of
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solving Diophantine equations. At the same time, some results which treat
interrelations between integral trees of various diameters were firstly obtained
in [76, 77] (see also Chapter 3).

Integral trees T(r,m), T(r,m,t), and K; ;@ T(r,m,t) of diameter 6 were
investigated in [2, 16, 48, 51, 70, 77, 79], [2, 15, 37, 38, 39, 47, 48, 50, 75, 76, 77
and [2, 48, 69, 75, 76, 77], respectively. In Section 4.2 of Chapter 4, the
structures of integral trees T'(p,q) @ T'(r,m,t) and Ky ;e T (p,q) ¢ T'(r,m,t) of
diameter 6 were also investigated for the first time.

In 2003, P. Hic and and M. Pokorny [39] investigated integral balanced
rooted trees of diameters 4, 6, 8 and 10. An infinite class of integral balanced
rooted trees with diameter 10 were given. In Section 4.3 of Chapter 4, the
structure of integral trees Ki s ® T'(¢q,r,m,t) with diameter 8 are found for
the first time. At the same time, some new results which treat interrelations
among integral trees of various diameters were also studied. But the problem
of the existence of integral balanced rooted trees of arbitrarily large diameter
remains open.

In the remainder of this section, we will briefly introduce two other topics
related to integral graphs.

Firstly, let us consider the Laplacian matrix Lap(G) = D(G) — A(G) of
a graph G. Graphs with integral Laplacian eigenvalues are called Laplacian
integral.

When considering integral and Laplacian integral graphs, one can see great
differences. A good example is the set of all 112 connected graphs on six
vertices. Six of them are integral graphs, Of these six, five are regular: Cjg
and its complement, K¢, K33, and the cocktail party graph on six vertices.
The sixth is the tree obtained by joining the centers of two copies of P3 with
a new edge. The first five of these are also Laplacian integral, while the only
nonregular one is not. On the other hand, there are 37 other connected integral
graphs on six vertices which are Laplacian integral (see also [2, 32]).

Let us consider regular graphs. In this case Lap(G) + A(G) = rI, where G
is an r—regular graph. So p is an eigenvalue of Lap(G) if and only if r — pu is
an eigenvalue of A(G). That means that a regular graph is Laplacian integral
if and only if it is integral (see also [32]).

However, the situation with trees is quite different. A tree is Laplacian
integral if and only if it is a star K ,—1 (see also [32]).

Another great difference concerns complements. Since Lap(G)+ Lap(G) =
nl, — Jp (J, denotes the n x n matrix with all entries equal to 1), the eigen-
values of Lap(G) are 1;(G) = n — pn_i(G) (1 < i < n —1), and 0, which
means that G and G can only be simultaneously Laplacian integral. For ex-
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ample, if we obtain the graph G,, by subdividing an edge of K,,—1 (n > 2), we
immediately know it is Laplacian integral, since G,, consists of one copy of Ko
and one copy of K3 (see also [32]).

Some graph operations, when applied to integral graphs, can also in the
Laplacian case give rise to integral graphs. Thus, G1VGy := (G1 U Gs), i.e.
the complete product of graphs, being the complement of the disjoint union
(direct sum) of their complements, is one example (see also [2, 32]).

Some interesting results on Laplacian integral graphs can be found in [2,
32, 53, 54, 84], for example:

(1) (see [32]) Let G be a connected, r-regular, Laplacian integral graph on n
vertices. Then its subdivision graph S(G) is Laplacian integral if and only
if G = K,.

(2) (see [54]) Let G be a connected, (r,s)-semiregular, Laplacian integral
graph. Then its line graph L(G) is Laplacian integral.

(3) (see [53]) The most interesting and remarkable result concerning Laplacian
integral spectra is expressed by a theorem about the so called maximal
graphs. In particular, degree maximal graphs are Laplacian integral.

(4) (see [84]) Some conditions under which a Laplacian integral graph pre-
serves this property when adding an edge were obtained.

Secondly, we consider digraphs. Contrary to (non-oriented) graphs, whose
spectra are real, the eigenvalues of digraphs are complex numbers. Note that
the adjacency matrix A(G) of a digraph need no more be symmetric. A
complex number A = a+1if is called a Gaussian integer if o and 3 are integers.
A digraph is called Gaussian if its spectrum consists only of Gaussian integers.
Of course, if all of them are real integers, such a digraph will be called integral.

As in the case of integral graphs, given two Gaussian digraphs (e.g. Cy and
its complement) we can produce arbitrarily large families of Gaussian digraphs
by means of well known graph operations [30].

As for integral digraphs, we note that there is an interesting example of
two cospectral integral digraphs with four vertices (Fig.6 of [30]), which are
the smallest integral digraphs. F. Esser and F. Harary [30] also proved the
following result:

For any positive integer n we can find n cospectral strongly connected
non-symmetric digraphs which are integral.

Other results on Gaussian or integral digraphs can be found in [2, 21, 30,
82, 83].
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Hence, at present, the study of the theory of integral graphs has become
a very active and important research field in graph theory.

1.2 Some formulae for the characteristic polynomi-
als of graphs

In this section, we shall give some formulae for characteristic polynomials of
graphs and some related results on integral trees.
The following lemmas can be found in the literature.

Lemma 1.2.1. ([31]) If G e H is the graph obtained from G and H by iden-
tifying the vertices v € V(G) with w € V(H), then

P(Ge H,z) = P(G,z)P(Hy,z) + P(Gy,x)P(H,z) — xP(Gy,z)P(Hy, x),
where Gy and H,, are the subgraphs of G and H induced by V(G)\{v} and
V(H)\{w}, respectively.

Lemma 1.2.2. ([22]) Let G1UG3 denote the union of two disjoint graphs Gy
and Gy. If u € V(Gy1), v € V(G2) and G = G1 U G2 + uv, then
P(G,z) = P(G1,z)P(Ga,z) — P(Gy — u,z)P(G2 — v, ).

As a special case we obtain

Lemma 1.2.3. ([22]) Let G be a graph. If u € V(G),v ¢ V(G) and G* =
G + uv, then P(G*,x) = 2P(G,z) — P(G — u, z).

Let G be a graph with n vertices, and G is obtained by attaching t new
endpoints to each vertex of the graph G.

Lemma 1.2.4. ([22]) P(G',z) = a™P(G,z — 1).
Lemma 1.2.5. ([76]) If u € V(G), then we have
(1) P(r+G,x) = [P(G,2)]" Y2P(G,z) — 7P(G — u, )]

(2) P(Ki,eG,z)=x2""'2P(G,z) — rP(G — u,x)].

Lemma 1.2.6. (/76])

(1) Let Gy = (r—1)KjUr«G, Go = (r—1)GU [K;, ¢ G|. Then Gy and
Go are cospectral.
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(2) Let G1 = (n, — 1)K UT (ng, ng—1,...,n1), Go = K1, © T(ng_1,np_2,
ooy n1) Ung — )T (ng—1,nk—2,...,n1). Then Gy and Gy are cospectral
forests.

Lemma 1.2.7. ([76])
(1) If G and K, G are integral graphs, then r * G is integral.

(2) If G and v x G are integral graphs, then K, G is integral.

Lemma 1.2.8. ([47])

T s

P[S(r;ym;), 2] = a2= D[ @ = ma)l[1 =)

i=1 i=1

Lemma 1.2.9. ([47])
(1) P(Ki4,2) = w1 (2% —t).
(2) P(T(m,t),z) = 2™+ (22 — t)m=1[z2 — (m +t)].

(3) P(T(r,m,t),z) = a™™t=D+r=1(32 _)r(m=D[z2 _ (m )"~z — (m +
t+r)a? 4+ rt].

Lemma 1.2.10. (/69])
(1) P[KyseT(m,t),z] = ™t D+HE=D (g2 — Y=Lzt — (m 4+t + 5)2? + st].

(2) P[Ky 0T (r,m,t),x] = a"mEDFr+6=1) (2 _4)yr(m=1[32 _(m4t)]7 22—
(m+t+r+s)z?+rt+s(m+1)].

Lemma 1.2.11. (/69]) The tree K1 ;0T (m,t) of diameter 4 is integral if and
only if t is a perfect square, and x* — (m +t + s)x? + st can be factorized as
(22 — a?)(2® — b?), where a and b are integers.

Lemma 1.2.12. (/69]) The tree K, 30T (r,m,t) of diameter 6 (wherer,m > 1)
is integral if and only if t and m+t are perfect squares, and x* — (m +t+r+
s)x? +rt+s(m+t) can be factorized as (x? — a®)(x? — b%), where a and b are
1ntegers.
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The following Corollaries 1.2.13 and 1.2.14 can also be found in [69].

Corollary 1.2.13. ([69]) If s =t, then the tree K o T(r,m,t) of diameter
6 is integral if and only if t, m +t and m +t + r are perfect squares.

Corollary 1.2.14. ([69]) For the tree K; s @ T'(r,m,t) of diameter 6, let the
numbers m1, t1, 1, a, b, ¢ and d be positive integers satisfying the following
conditions

mi+t+r=a?+0=c+d2, (1.2.1)

where ¢ > a > d, ¢ > b > d, (a,b) = 1, (¢,d) = 1 and aled or bled. Let
mi1 + t1 + 1 be a perfect square, and let m = min®, s = t = tin® and
r = rin?, where n is any positive integer. Then we have the following results.

(1) If alcd, let my = b2 — ()2, t; = (<4)2 and r1 = a2, then Ky 0T (r,m,1)
is an integral tree.

(2) If blcd, let my = a® — (%)2, t1 = (%i)2 and r1 = b2, then K1 ;o T(r,m,t)
is an integral tree.

Lemma 1.2.15. ([74] or [75])

P(T(q,r,m,t),x) = xqrm(t—1)+q(r—1)+1<x2 _ t)qr(m—l)[xQ —(m+ t)]q(r—l)[x4 _
(m+t+r)z?+rt)7 at — (g+m+t+7r)2? +rt + g(m+1)].

Lemma 1.2.16. (/76])

(1) P[T(S,Q,T, m,t),ac] _ xsqrm(tfl)Jrsq(rfl)Jrsfl($2 o t)sqr(mfl)[xQ _ (m +
)50 24 —(m4t+r)a? +rt]5 D [zt — (g4 m+t+r)22 +rt+g(m+
O] a8 — (s+qg+m+t+r)at+[rt+qm+1t)+s(m+t+r)z? —rst}.

(2) P[KLS ® T(Qy r,m, iﬁ)7 ;(;] = qum(t71)+q(T‘fl)+S*1(x2 _ t)qr(mfl)[xQ _ (m +
019D (24 — (m 4+t +r)a? + )T b — (s+q+m+t+r)at + [rt +
g(m+1t) + s(m+t+r)]z? — rst}.

Lemma 1.2.17. (/9])
(1) P(Kp,2) = (z+1)" !z — (n—1)].
(2) P(Kap z) = 2902(2 — ab).
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Lemma 1.2.18. (/9] or [64]) If G is a regular graph of degree k, then its line
graph L(G) is reqular of degree 2k — 2.

Lemma 1.2.19. (/9] or [64]) If G is a regular graph of degree k with n vertices
and m = ink edges, then P(G,z) = (—1)”%P(G, —z—1).

Lemma 1.2.20. (/9] or [64]) If G is a reqular graph of degree k with n vertices
and m = ink edges, then P(L(G),z) = (z +2)" "P(G,z + 2 — k).

Lemma 1.2.21. (9, 36, 64]) If a regular graph G is integral, then so is G.

Lemma 1.2.22. ([36] or [9, 64]) If a regular graph G is integral, then so is
its line graph L(G).

Next we give some properties of characteristic polynomials of the Laplacian
matrix of graphs.

Lemma 1.2.23. (/9] or [32]) If G is a regular graph of degree k with n vertices,
then

o(G,p) = (=1)"P(G,k —p), or wi(G) = pi =k —x; (i=1,2,---,n),
where the x;’s are the eigenvalues of A(G), ordered in a weakly decreasing way.

Lemma 1.2.24. (/9] or [32]) Let G be a graph on n vertices, then the eigen-
values of the Laplacian matriz Lap(G) are

wi(G) =n— pup—i(G) (1 <i<mn)and 0.

Lemma 1.2.25. (/32]) G is Laplacian integral if and only if G is Laplacian
integral.

1.3 Survey of results

In this section, we shall give a survey of the main results on integral graphs.
We distinguish between 3 special cases: trees, graphs, regular graphs.

1.3.1 Results on integral trees

First of all, we consider integral trees. In the second part of this thesis, in
Chapters 3 and 4, we mainly investigate integral trees. Next we give a survey
of former investigations, known main results and own main results concerning
this topic.
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In the initial paper of F. Harary and A.J. Schwenk [36] integral trees were
considered in 1974. They showed that T'(n) = K1, is integral if and only if
n is a perfect square. Moreover, they gave the following examples of integral
trees: T'(1;2), T(1;6), T(3,1). Later, first considerable results on this topic
were published by M. Watanabe and A.J. Schwenk in [78] and [79].

One of the first and very general results is the following theorem of M.
Watanabe.

Theorem 1.3.1. ([78]) No integral tree except Ko has a perfect matching.

We say that a tree T' is star-like if it is homeomorphic to a star K1 ,,, which
means that 7" has a unique vertex v of degree m > 3 such that T — v is the
(disjoint) union of m paths.

Theorem 1.3.2. ([79]) A star-like tree T is integral if and only if T is one
of the following trees:

(1) T =Ky and P(T,x) = x;
(2) T—v=KkP, (ke N) and P(T,z) = (22 — k2)2¥"~L;
(3) T —v=(k*+2k)P (k€ N) and P(T,\) = (a2 — k?)a(2? — 1)F 21,

The next result concerns the trees homeomorphic to a double star, i.e. a
tree obtained by joining the centers of two stars with an edge. Let a tree T
have exactly two vertices u and v of degree greater than two, let u and v be
adjacent and let T" have m; paths of length ¢ at u and n; paths of length j at
v (then the number of vertices is clearly n = 2 4+ Xim; + Xjn;).

Theorem 1.3.3. (/79]) If T is an integral tree having exactly two vertices u
and v of degree exceeding two, and if w and v are adjacent, then T is either

(1) a double star such that T —u — v = (mq + nq) Py where the polynomial
x* — (my + ny + 1)22 + miny has only integral roots, or

(2) a tree determined by T —u — v = my Py + no Py where the polynomial
ot — (my + ng +2)2% + ming +my + 1 has only integral roots.

For example, if m; = n; = a(a+1) (a € N), we get a whole family of
solutions. The problem of finding all solutions (of the type of Theorem 1.3.3)
was solved by R. L. Graham in 1978 (see also [79]). For the case m; < n; in
(1) of Theorem 1.3.3, Z.F. Cao also gave in [15] all solutions of T" to be an
integral tree, different from the above case.
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Another family of integral trees of diameter four has been constructed in
[79] (see also Lemma 1.2.9 (2)).

Theorem 1.3.4. ([79]) The tree T(r,m) of diameter 4 is integral if and only
if both m and r +m are perfect squares.

For m = 1 we obtain the case in Theorem 1.3.2 (3), while m =4, r =5
is the smallest case for m > 1. We can prove that the set of the solutions is
infinite.

Then, after a several years pause and having started by the article [47] of
X.L. Li and G.N. Lin in 1987, a group of Chinese mathematicians began to
present new results.

As a generalization of the above case, suppose that, instead of r copies of
K1 m, we take 7 stars K1 pm,, Kimy, - .., K1,m, and form the tree S(r;mq, ma,

-, my) or S(r;m;) by joining their centers with a new vertex v. For the next
result see Lemma 1.2.8.

Theorem 1.3.5. ([47]) A tree S(r;m;) is integral if and only if the equation

(2 —my = 1)(2* —mg) ... (2% —my) = 3Ty [Ticy iz (@® —my) =0
has only integral Toots.

Another family of integral trees of diameter four can be obtained as fol-
lows.(see also Lemma 1.2.10 (1)).

Theorem 1.3.6. ([78] or [69]) The tree K ;8T (m,t) of diameter 4 is integral
if and only if t is a perfect square and the polynomial x* — (s +m +t)z? + st
has only integral roots.

For s =t =4, m = 9, we have the smallest member of this family provided
s > 0 (case s = 0 coincides with that in Theorem 1.3.4). The general problem
of determining s, m, t is equivalent to turning the polynomial of Theorem 1.3.6
into the form (2% — a?)(z% — b?) (a,b € N). It has been proved that this leads
to solutions of the form:

s=31(A2+B%-2m)+1C,t = 1(A*+ B* - 2m) — L1C,
where integers A, B, C satisfy (A2 — m)(B? —m) = C?, and that there are
infinitely many solutions. The authors of [47] showed by construction that
even in case s =t the number of solutions is infinite.

In [69], we give some other results on the integral tree K ;  T'(m,1t).

Theorem 1.3.7. ([69] or [77]) If the tree K s o T'(m,t) of diameter 4 is
integral, and m (> 2) is a positive integer, then for any positive integer n the
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trees K| g2 ¢ T(mn?,tn?) and Ky 4,2 ¢ T(mn?, sn?) of diameter 4 are integral.

Theorem 1.3.8. ([/69]) For any positive integers a, b and c, let s = 4(a® +
b )ict, m = 64a%b%(a® —b?)%c* and t = 4(a* 4 b* — 6ab?)2ct, where (a,b) = 1
and 2 f(a+b). Then Ky 0T (m,t) and K, T (m,s) are integral trees with
diameter 4.

Theorem 1.3.9. (/69]) Let my,t1,s1,a,b,c and d be positive integers satisfy-
ing the following conditions

my +t + 51 =a? + 0% =+ d?
where ¢ > a > d, ¢ > b > d, (a,b) = 1, (¢,d) = 1 and aled or bled. Let
m = min?, t = tin? and s = sin?, where n is a positive integer. Then the
tree K1 5 T(m,t) of diameter 4 is integral if one of the following conditions
holds:

2

(1) aled, mq :bQ—(%i)Q, t1 = (9)? and s; = a®.

2|8

(2) aled, my = b? — (%)2, s§1 = (%)2 and t| = a®.
(3) bled, my = a? — (%)2, t1 = (%)2 and s1 = b?.
(4) bled, my = a? — (%1)2, Ss1 = (%)2 and t; = b?.

In [75], we obtain the following results on integral trees K, e T'(m,t) of
diameter 4, S(r;m;) of diameter 4 and T'(r,m,t) of diameter 6.

Theorem 1.3.10. (/75]) Let k, q and n be positive integers, let m = mqn?,t =
tin?, r = rin?. Suppose my, t| and r1 satisfy one of the following conditions:

(1) my = 3(6k+1)(72k* -6k —1), t; = 4(18k? —6k —1)2, 71 = (18k?+6k)?,

(2) mi = 9(2k + 1)(72k% + 42k + 5), t; = 4(18k? + 6k — 1)2, r1 = (18k% +
18k +4)2,

(3) my =122k + 1)(k — 1)(k + 1), t1 = 4(k* — 2k — 2)%, r1 = k*(k + 2)2,
k> 2,

(4) my = (k2 — 3¢%)2 — (2322 ¢y = B3 0 16k2¢2, where 0 <
k < q ork > 3q, and 2|(k + q).

(5) m1 = 3(k®> —¢*)(9¢® — k?), t1 = 4(k* —3¢*)%, r1 = 4k?¢?, where ¢ < k <
3q.
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Then K1, eT(m,t), K11 (m,r) and T'(r,m,t) are integral trees with diam-
eter 4,4, and 6, respectively.

Next we give some notations on the Pell equation.

Let d be a positive integer that is not a square. The equation 2 —dy® = 1
with variables z, y over integers is called Pell equation. If x1, y1 (or (x1,y1)) is
a solution of the Pell equation, for convenience, then z1 4+ y;v/d is also called a
solution of the Pell equation. A solution z1, y1 (or (z1,y1)) of the Pell equation
is called positive if both x1 and y; are positive integers. A positive solution
x1, y1 (or (x1,y1)) is called the fundamental solution if it satisfies z1 < x and
y1 < y for every other positive solution z, y (or (z,y)).

Theorem 1.3.11. ([75]) Suppose there is a solution for the Diophantine equa-
tion

22 — (& — hH)y? = h2uw?, (1.3.1)

where ¢ > h, ¢, h and w are positive integers, and c* — h? is not a perfect
square. Let x1,y1 be the fundamental solution of the Diophantine equation

22— (- hhy? =1, (1.3.2)

Let K be any associate class of solutions of the Diophantine equation (1.3.1) (see
Section 2.1.2), and let uy, vy be the fundamental solution of the class K. Then
all positive integral solutions xy, yr of the class K are given by

zp + YV e — h2 = (z1 + y1vV 2 — h2)F (ug + vV e? — h2), (1.3.3)

k=1,2,3,

Theorem 1.3.12. ([75]) If there exists a solution for the Diophantine equation
(1.3.1), then we let ¢, h,w,uy,v1,z, and yi (K = 1,2,--+) be the same as in
Theorem 1.3.11. For any positive integer n, if t = (cwn)?, m = (23 — (cw)?In?
and v = (hyyn)?, then T(r,m,t) is an integral tree with diameter 6, and
Ky,eT(m,t), Ki;eT(m,r) are integral trees with diameter 4.

Theorem 1.3.13. ([75]) Let m1 = a(a+1) —¢, 7 = ala + 1) + € — ® + 1,
(e€{~c,c}),my=m3=--=my=c*,r>1,m; >0,c>0, and a,c are
positive integers. Then S(r;m;) is an integral tree with diameter 4.

Theorem 1.3.14. ([75]) Let my =b* +k, r =a® —c® — k(> 1), ma = m3 =
.= m, = %, where k is a positive integer. If there is a positive integer
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solution a,b and c for the Diophantine equation
kx® — (k+1)y° + 22 = k* + k. (1.3.4)

Then S(r;m;) is an integral tree with diameter 4.

In Chapter 3 or [77], we obtain the following results on integral trees K s ®
T(m,t) of diameter 4.

Theorem 1.3.15. The tree Ky ;0T (m,t) of diameter 4 is integral if and only

ift =k?, s = G;SQ(Z 1), and m = a® + b* — k? — “;32(> 1), where a,b and k

are positive integers.

In 1998, P.Z. Yuan gave a necessary condition for graphs to be integral trees
S(r;m;) of diameters 4 based on [47]. He constructed many new types of
integral trees of diameter 4 by using this necessary condition and he also
answered some problems posed by Li and Lin [47].

Theorem 1.3.16. ([85]) A necessary condition for the tree S(r;m;)=S(a1 +
ag+---+ag;my,ma, -+ ,mg) of diameters 4 to be integral is that all solutions
of the equation

s

Qg
— =1 1.3.5
D ey (13.5)

=1

are integers. Moreover, there exist positive integers ui, us, -+ ,us Satisfying

Vmp < ur < ymo < uz < Ll <Ug—1 < /Mg < Ug < F00 (136)

such that the following linear system in ai,aq,--- ,as has positive integral so-
lutions (a1, az, -+ ,as).

2(11 + 20«2 + . + 20«9 — 1’
1 1 1
.................. (1.3.7)

In 2000, D.L. Zhang, S.W. Tan [86] and M.S. Li, W.S. Yang, J.B. Wang
[46] gave a sufficient and necessary condition for graphs to be an integral tree.
From this sufficient and necessary condition, they constructed some new types
of integral trees of diameter 4. They also answered some basic open problems
posed by Yuan [85].
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Theorem 1.3.17. ([86] or [46] ) The tree S(r;m;)=S(a1+az+- - -+as; mi, ma,

-, mg) of diameters 4 is integral if and only if there exist positive integers u;
and nonnegative integers m; (i = 1,2,---,s) such that \/mi < u1 < /ma <
up < ... <us—1 < /ms <ug <+00, and such that

Hf:1(“? — my;)

Hf:l,i;ék(mi —my)’

ap =

(k=1,2,---,5) (1.3.8)

are positive integers, and such that a; = 1 must hold if m; is not a perfect
square.

In Chapter 3 or [77], we also give a generalization of the integral tree of
diameter 4, and obtain some new families of integral trees with diameter 4 by
a computer search. Integral trees K o, @ S(r;m;) = K14, S(a1 +a2+ -+
as;mi,ma, - -+, mg) of diameter 4 and S(aj + ag + -+ + as;m1, ma, -+, Ms)
of diameter 4 are studied. In particular, integral trees Kj s @ S(m + ¢;t,7) of
diameter 4 are obtained. The complete results can be found in Chapter 3.

Many other more or less particular results, in the form of necessary or
sufficient conditions, for integral trees of diameter four can be found in [2, 15,
38, 39, 46, 47, 48, 51, 59, 69, 75, 76, 77, 80, 81, 82, 85, 86, 87].

The following three theorems of [38] contain important general results on
balanced integral trees.

Theorem 1.3.18. ([38]) The tree T (ng,nk—_1,...,n1) of diameter 2k (where
n; > 1,4 = 2,3,...,k) is integral if and only if for every n € N the tree

T(ngn? ng_1n?, --- , nin?) of diameter 2k is integral.

Theorem 1.3.19. (/38]) If the tree T'(ng,ng—1,---, n1)(where n; > 1,1 =
2,3,...,k) is integral, then the tree T(nj,nj_1,---,n1) is integral for every
1<j<k-1.

A branch of a tree T is a subtree T” of T such that every end-vertex of T” is
an end-vertex of 7.

Theorem 1.3.20. ([38]) Let T be an integral tree. If the balanced tree defined
by T(2,ng,ng—1,--- ,n1) is a branch of T, then the tree T (ng,ng—1, -+, N1)
1$ integral.

Integral trees with diameter five were mentioned for the first time in [47],
but the authors were not able to find any example. The first integral tree
with diameter five was constructed in [50], while in [16] it was also proved
that there are infinitely many such trees. In [49], Y. Li generalized results of
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integral trees of diameter 5 of R.Y. Liu [50] and Z.F. Cao [16] by using the
solutions of some general quadratic Diophantine equations. It is interesting
that none of them is balanced.

The following lemmas contain results on Diophantine equations and will
be used later on.

Lemma 1.3.21. ([17]) Let d (> 1) be a positive integer but not a perfect
square. Then there exist solutions for the Pell equation

22 —dy? =1, (1.3.9)
and all positive integral solutions xy, yx of Equation (1.3.9) are given by

x4 ypVd = £F, (1.3.10)

k=1,2,3,---, where e = g + yo\/d is the fundamental solution of Equation
(1.3.9). Define & = xg — yoV/d. Then we have €€ = 1 and

ek gk gk — gk
5 k= —_ —~ >
2 T ova

Ty = k=1,2,3,-. (1.3.11)

Lemma 1.3.22. ([56]) Suppose that the Pell equation
2 —dy? = —1 (1.3.12)

is solvable. Let p = xo+yoV/d be the fundamental solution of Equation (1.3.12),
where d(> 1) is a positive integer but not a perfect square. Then we have the
following results.

(1) All positive integral solutions .,y of Equation (1.3.12) are given by

v +ypVd=p" k=135 .. (1.3.13)

(2) All positive integral solutions xy,yr of Equation (1.3.9) are given by
relation (1.3.13), k =2,4,6,--- .

(8) Let b = xo — yod, then pp = —1, and the solutions x, yy in (1) and
(2) can be defined by
k | =k k _ =k
PP +p pF—p
= = k=1,2,3,---. 1.3.14
Tk 2 , Yk 2\/8 ) y &y Iy ( )




Introduction 23

Lemma 1.3.23. (/49, 90])

(1) Let d (> 1) be a positive integer with square-free divisors. If there exist
di > 1 and dy such that d = d1ds and the Diophantine equation

diz® — doy? = 1 (1.3.15)
has positive integral solutions, then di, do are uniquely determined by d.

(2) Letey = x1/d1+y1\/dz be the fundamental solution of Equation (1.3.15).
Then all positive integral solutions x,, yn of Equation (1.3.15) are given

by
TpVd1 +yn/do =€, 24n. (1.3.16)

(3) Let 81 = x1v/d1 — y1\/da. Then €121 = 1 and the solutions in (2) have
the form

n =N n =n
€] + & g —&

xn— 2m7yn_ 2\/@7

24 n. (1.3.17)

Theorem 1.3.24. ([16])

(1) Let d (> 1) be a positive integer but not a perfect square, and let xy, yx
be defined by (1.3.11). If m = d(¥2;%)2, r = d(22f)2 and t =

22 g2
ntl
(—2 , wheren > 1> 0, n and | are even, then the trees T'[m, ]

of diameter 5 are integral.

a2

(2) Let d > 1 be such that there exist positive integral solutions for Equation
(1.3.12), and let xy, yi be defined by (1.3.14). If m = d(zpyn — 11y1)?,
2 7 9
r = d(zoyn + )%, and t = (%)2, where n > 1 > 0, then the
trees T [m,r] of diameter 5 are integral.

The result on integral tree of diameter 5 of R.Y. Liu [50] is a special case
of Theorem 1.3.24 (when d =2 and k =1+ 1 in (2)).

Theorem 1.3.25. ([49])

(1) Letd (> 1) be a positive integer with square-free divisors, d = dydg, dy >
1 such that Equation (1.3.15) has positive integral solutions, and let xzy,
2 .2
yk be defined by (1.3.17). If m = dxiy?, r = da?y?, and t = d%(%)z,
where k # 1, 21 kl, then the trees T'[m,r] of diameter 5 are integral.
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(2) Let d (> 1) be a positive integer with square-free divisors, and xy, yx be
2_ .2

defined by (1.3.11). Let m = dz?y?, r = da?y?, and t = (%)2, where

k#1, e = xg+yoVd is the fundamental solution of Equation (1.3.9). If

21z or 2|zo, and k = I(mod 2), then the trees Tt [m,r] of diameter 5
are integral.

In fact, the results on integral trees of diameter 5 of Z. F. Cao [16] (i.e. (2)
and (1) of Theorem 1.3.24) are special cases of Theorem 1.3.25 (1) and (2),
respectively (take d; = d and even k, [).

In Chapter 4 of this thesis, the structure of integral trees [K; ;0T (m,t)] ©
T(q,r) of diameter 5 was found for the first time. The complete results are
described in Section 4.1 of Chapter 4 (see also [69]).

Theorem 1.3.26. ([38]) There is no balanced integral tree of diameter 4k + 1
(ke N).

As for diameter 4k — 1, so far the following result is known.

Theorem 1.3.27. (/38]) There is no balanced integral tree of diameter seven.

The question of finding an integral tree of diameter six was posed for the
first time in [79]. It was the observation of C. Godsil that one can construct
integral trees of diameter six by attaching ¢ new end-vertices to each vertex of
the tree T(r,m) (in our notation T%(r,m)). The parameters t, 7, m must be
chosen so that m, m + r, t, m + 4t and m + r + 4t are perfect squares, which
can be achieved by taking

m = (a® — b*)%,r = (2 — d*)? — (a® — V?)2,t = a®b? = 32d°.

For example, a =3, b =2, ¢ = 6, d = 1 yields an integral tree of diameter six
with 1 123 236 vertices.

Balanced trees T'(r,m,t) of diameter 6 can be constructed as follows.

Theorem 1.3.28. ([47]) The tree T(r, m,t) of diameter 6 (where r,m > 1) is
integral if and only if t and m+-t are perfect squares, and x* — (r+m-+t)x? +rt

can be factorized as (x* — a®)(z? — b?), where a and b are positive integers.

For example, let p,q € N, p > ¢, and put t = 4p%¢*>, m = (p*® — ¢*)?,
r = (p? + ¢*)2. Then if 2(p? + ¢?) is a perfect square, the tree T'(r,m,t) is
integral. Thus, for p = 7, ¢ = 1 we have one such example and by Theorem
1.3.18 the number of integral trees T'(r,m,t) is infinite.

A somewhat different form of the same result can be found in [38].

Theorem 1.3.29. (/38]) The tree T'(r,m,t) of diameter 6 (where r,m > 1)
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is integral if and only if t = k?, m = n? 4 2nk, r = a®b?/k?, where a, b, k, n
are positive integers satisfying

(K> = b*)(a® — k*) = K*(n® + 2nk), b<k <a. (1.3.18)

In [75], we also give some different sufficient conditions for T'(r, m, t) to be
an integral tree (see also the previous Theorems 1.3.10 and 1.3.12).

Theorem 1.3.30. ([75]) Let my,t1,71,a,b,c and d be positive integers satis-
fying the following conditions
my +t+r = a2+ 0 =+ d?

where ¢ > a > d, ¢ > b > d, (a,b) = 1, (¢,d) = 1 and aled or bled. Let
m = min?, t = tin? and r = rn?, where n is a positive integer. Then the tree
T(r,m,t) of diameter 6 is integral if one of the following conditions holds.

(1) aled, my = b? — (%)2, t1 = (%)2 and r1 = a?.

(2) bled, mi = a? — (%)2, t = (%)2 and 1 = b2.

In [69], a generalization of the previous result is given.

Theorem 1.3.31. (/69]) The tree K; ;0T (r,m,t) of diameter 6 (where r,m >
1) is integral if and only if t and m +t are perfect squares, and x* — (m 4+t +
r+s)x? +rt +s(m+t) can be factorized as (x> — a?)(x? — b?), where a and b
are integers.

Particularly, if s = ¢ we have the following.

Corollary 1.3.32. (/69]) For s =t the tree K; s ¢ T(r,m,t) of diameter 6 is
integral if and only if t, m +1t and m +t 4+ r are perfect squares.

Theorem 1.3.33. ([69]) For the tree Ky, e T(s,m,t) of diameter 6, let the
numbers m,t,s,my, t1, si, a, b, ¢ and d be the same as those of (1) or (3)
in Theorem 1.3.9, and let r =t and m1 + t1 + s1 be perfect squares. Then
K0T (s,m,t) is an integral tree with diameter 6.

We also presented a list of examples of such integral trees in [69]. In Chapter
3 (see also [77]), a theorem equivalent to the previous one is given.

Theorem 1.3.34. ([77]) The tree Ky ;0T (r,m,t) of diameter 6 (where r,m >

1) is integral if and only if t = k?, m = n® +2nk, s = k? + %(Z 1)

andr =a?>+b% — (n+k)? —k? — %ﬂ#(> 1), where a, b, k and n are
positive integers.
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An interesting result on such a type of trees is as follows:

Theorem 1.3.35. ([77]) Suppose the tree K s o T(r,m,t) of diameter 6 is
integral, and m (> 2) and r (> 2) are positive integers. Then for any positive
integer n the tree Ky 2 @ T(rn?,mn?,tn?) of diameter 6 is an integral tree.

The previous integral trees T%(r,m) of diameter 6 have also been studied
by R.Y. Liu [51], Z.F. Cao [16], and L.G. Wang and X.L. Li [70].

Theorem 1.3.36. (see [51, 70] Let a, b be positive integers satisfying b < a <
b . If m = (a® — b*)?2, r = (ab® — a)® — (a® — b*)2, t = a®b?, then for any
positive integer n the tree T (rn?,mn?) of diameter 6 is integral.

Theorem 1.3.37.

(1) Letd (> 1) be a positive integer but not a perfect square, and xy,yy. be de-

x2 712
fined by (1.3.11). If m = (dygyiyr—1)?, r = Topaar, and t = (FHEL)2,
where k > 1 > 0, k and | are positive integers, then all trees T'(r,m)
([16]) and T (rn2,mn?2) ([70]) of diameter 6 are integral for every
neN.

(2) Let d (> 1) be a positive integer but not a perfect square, let Equation
(1.3.12) have positive integral solutions, and let xy, yr be defined by
(1.3.14). If

o { (dyrriyr—1)?, if k = l(mod2),
(Zpsizp—1)?,  if k # l[(mod2),

2 9
T = TopToy, andt = (%)2, where k > 1 > 0, then all trees T*(r, m)
([16]) and T (rn?,mn2) ([70]) of diameter 6 are integral for every
neN.

Besides these general facts in the previous theorems, we have described
many particular results on integral trees of diameter six. In most of these
cases we have a construction of a set of sufficient conditions for such a tree
to be integral, combined with a computer search which provides examples.
Various results on integral trees of diameter six can be found in [2, 15, 16, 37,
38, 39, 47, 48, 50, 51, 69, 70, 74, 75, 77, 79].

Integral trees T"(r,m), T(r,m,t), and K1 s ® T(r,m,t) of diameter 6 were
investigated in [2, 16, 48, 51, 70, 77, 79], [2, 15, 37, 38, 39, 47, 48, 50, 75, 76, 77]
and [2, 48, 69, 75, 76, 77|, respectively. In Chapter 4, the structures of integral
trees T'(p,q) ¢ T'(r,m,t) and K; s @ T(p,q) ® T'(r,m,t) of diameter 6 are found
for the first time.
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In 1998, P. Hic and R. Nedela firstly constructed infinitely many balanced
integral trees with diameter 8 ( see also [38]). We also constructed indepen-
dently some families of integral trees of diameter 8 by using a different method
in Chapter 3, [74] or [75]. The following theorem can be found in [38].

Theorem 1.3.38. (/38]) The tree T(q,r,m,t) of diameter 8 (where q,r,m >
1) is integral if and only if t = k%, m = n? + 2nk, r = “2—32, q= %;,?)221’2,

where a, b, ¢, d, k, n are positive integers satisfying (1.3.18) and
(A4+d?) (n+k)*E* = (n+k) k2 +ab* (n® +2nk)+2d%k?, b < 2d®. (1.3.19)

In [74, 75], we obtained the following somewhat different form of the same
result.

Theorem 1.3.39. ([74] or [15]) The tree T(q,r,m,t) of diameter 8 (where
q,r,m > 1) is integral if and only if both t and m + t are perfect squares,
zt — (m 4t +r)x? +rt can be factorized as (x* — a®)(x® — b?), and 2* — (¢ +
m+t—+r)z2+rt+q(m+1t) can be factorized as (z* — c2)(x? — d?), where a,
b, c and d are integers.

Particularly, if ¢ = ¢ we have the following.

Corollary 1.3.40. ([74] or [75]) If ¢ = t, then the tree T'(q,r,m,t) of diameter
8 (where q,r > 1) is integral if and only if t, m +t and m +t + r are perfect
squares, and x* — (m 4+t + r)z? + 7t can be factorized as (x* — a?)(x? — b?),
where a and b are positive integers.

Theorem 1.3.41. ([7}] or [75]) Let the numbers m,t,r,my, t1, r1, a, b, ¢
and d be as in Theorem 1.3.30, and let ¢ =t and my + t1 + r1 be a perfect
square. Then T(q,r,m,t) is an integral tree of diameter 8, and T(r,m,t) is
an integral tree of diameter 6.

Some examples and sufficient conditions for integral trees of diameter 8 are
given in Chapter 3 and [39, 74, 76, 77]. In Chapter 4, we find the structure of
integral trees Ky ;o1 (q,r,m,t) of diameter 8 for the first time. In Chapters 3
and 4 and [76, 77], some results treat interrelations between integral trees of
various diameters. Let us give an example.

Theorem 1.3.42. ([77]) If a balanced tree T(s,r,m,t) of diameter 8 is in-
tegral, and s,r,m > 1, then for any positive integer n the tree K 4,2 @
T(rn?,mn?,tn?) of diameter 6 is integral too.
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In 2003, an infinite class of integral balanced rooted trees of diameter 10
was found in [39]. Let us give an example (for details see [39]).

Theorem 1.3.43. (/39]) For any positive integer n we have the following
result: the tree T(3006756n2, 1051960n2, 751689n2, 283360n2, 133956n2) is
an integral balanced rooted tree of diameter 10, and its spectrum is given
by Spec(T) = {0, £289n; +306n, +366n, +527n,+646n, +918n,+1037n,
+1394n, £2074n}.

In fact, for every k a system (Sk) of diophantine equations can be found
such that every solution of (Sg) gives an integral tree T'(ng, ng—1,...,n1) and
vice versa. However, at the moment no solutions of (Sy) is known for k£ > 6.
Moreover, no integral tree of diameters 7, 9 and greater than 10 has been
found so far.

1.3.2 Results on integral graphs

Secondly, we consider integral graphs. These are investigated in the third
part of this thesis, Chapters 5 through 7. There are many results concerning
some particular classes of integral graphs. Next we list some known main
results on integral graphs.

(1) All such connected integral cubic graphs were obtained by D. Cvetkovié
and F. C. Bussemaker [20, 14], and independently in 1976 by A. J.
Schwenk [63]. There are exactly thirteen connected cubic integral graphs.

(2) An infinite family of integral complete tripartite graphs was constructed
by M. Roitman [60] in 1984.

(3) All 13 connected nonregular nonbipartite integral graphs whose maxi-
mum degree equals 4 were determined by Z. Radosavljevi¢ and S. Simié¢
[58, 65].

(4) All 24 connected 4-regular integral graphs avoiding +3 in the spectrum
were determined by D. Stevanovi¢ [66].

(5) 1888 possible spectra of 4-regular bipartite integral graphs were found
by D. Cvetkovi¢, S. Simi¢ and D. Stevanovié¢ (see [24] or [68]).

(6) Nonexistence results for some 4-regular integral graphs were obtained by
D. Stevanovié¢ [67].

(7) Some graphs with exact three distinct eigenvalues were investigated by
W. G. Bridges and R. A. Mena in 1979 and 1981 (see [12, 13]).
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(8) Nonregular or regular graphs with few distinct eigenvalues were further
studied by E.R. van Dam et al. in [25, 26, 27, 28, 55].

(9) It was proved by K. Balinska et al. [1] that there are exactly 150 con-
nected integral graphs up to 10 vertices. The results on all connected
integral graphs with 11 and 12 vertices can be found in [3, 4, 23].

(10) Some results on nonregular, bipartite, integral graphs with maximum
degree 4 were obtained by K. Baliriska and S. Simi¢ et al. [5, 6, 7].

(11) A family of integral complete split graphs was characterized by P. Hansen,
H. Mélot and D. Stevanovic [34] (see also [33]).

(12) Some constructions on integral graphs were studied and integral graphs
K!, Kt7b, K} .. 4 etc. were obtained by L.G. Wang, X.L. Li and S.G.

a

Zhang [76] in 2000.

(13) Some new integral graphs based on the study of bipartite semiregular
graphs were obtained by D.L. Zhang and H.-W. Zhou [88] in 2003.

(14) Results on integral graphs which belong to the class aK,, oK, U K,
or aK, U Ky, were presented by M. Lepovi¢ [41, 42, 43, 44] in 2003
and 2004.

In particular, K. T. Baliriska et al. [2] presented a survey of results on
integral graphs and on the corresponding proof techniques used until 2002.
Note that a few errata of the article [2] appeared in [23] in 2004.

Next we introduce some main results on integral graphs derived in this
thesis.

In Chapter 5 (see also [71]), we give a useful sufficient and necessary condi-
tion for complete r-partite graphs to be integral, from which we can construct
infinitely many new classes of such integral graphs. It is proved that the prob-
lem of finding such integral graphs is equivalent to the problem of solving cer-
tain Diophantine equations. The discovery of these integral complete r-partite
graphs is a new contribution to the research on integral graphs. In fact, M.
Roitman’s result on the integral complete tripartite graphs is generalized (see
also [60] MR0772296 (86a:05089)).

In Chapter 6, we shall construct fifteen classes of larger nonregular and bi-
partite integral graphs from the 21 known smaller integral graphs (see also [5]).
Their spectra and characteristic polynomials are obtained from matrix theory.
We obtain their integral property by number theory and computer search. All
these classes are infinite. They are different from those in the literature. It
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is proved that the problem of finding such integral graphs is equivalent to
the problem of solving Diophantine equations. These results generalize some
results of Baliniska and Simi¢ (see also [5], MR1830594 (2002a:05171)).

In Chapter 7, we determine the characteristic polynomials of four classes
of graphs. We also obtain sufficient and necessary conditions for these graphs
to be integral by using number theory and computer search. All these classes
are infinite and different from those in the literature. We also prove that
the problem of finding integral graphs is equivalent to the problem of solving
Diophantine equations. At the same time, we also give some new cospectral
graphs and cospectral integral graphs. Note that some results on cospectral
graphs can be found in [21, 22, 27, 31, 45, 62, 76].

1.3.3 Further results on integral graphs

Thirdly, we consider Laplacian integral and integral regular graphs. In
the fourth part of this thesis, Chapter 8, we mainly investigate two classes of
Laplacian integral and integral regular graphs. These results generalize the
following results of Harary and Schwenk [36] or Schwenk [63].

Theorem 1.3.44. ( [14], [20] or [63] ) There are exactly thirteen connected
cubic integral graphs. They are: Ky, K33, C3+ K2, Cy + Ka, Cs + Ko, the
Petersen graph, L(S(K4)), Tutte’s 8-cage, the graph on 10 vertices obtained
from K33 by specifying a pair of nonadjacent vertices and replacing each of
them by a triangle, Desarques’s graph and its cospectral-mate, the graph ob-
tained from two (disjoint) copies of Ko 3 by adding three edges between vertices
of degree two in different copies of Ka3, and a bipartite graphs on 24 vertices
(with girth 6).

In Chapter 8 (see also [72]), we find the spectra and characteristic polyno-
mials of two classes of regular graphs. We derive the characteristic polynomials
for their complement graphs, their line graphs, the complement graphs of their
line graphs and the line graphs of their complement graphs. These graphs are
not only integral but also Laplacian integral. These results generalize some
results of Harary and Schwenk in [36].
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Some facts in number theory
and matrix theory

In this chapter, we shall give some facts in number theory and some nota-
tions on matrix theory. All other notations and terminology can be found in
[17, 56, 57, 90] and [8, 18, 29, 52].

2.1 Some facts in number theory

2.1.1 Some specific useful results

The following Lemmas can be found in [57, 75].

Lemma 2.1.1. (/57]) If > 0,y > 0, 2 > 0, (z,y) = 1 and 2|y, then all
positive integral solutions of the Diophantine equation x> + y? = 2% are given

by
x:r2—32, y = 2rs, z:r2—|—52,

where (r,s) =1, r>s>0 and 2 fr + s.
Lemma 2.1.2. ([75])
There exist positive integers n = 2lpl11pl22 coopls, with 1 =0 or 1, s > 2, and

primes p; of the form p; = 1(mod4), i = 1,2,---,s, such that n can be
expressed as

n=a*+b*=c*+d (2.1.1)

satisfying alcd or bled, where a,b, ¢ and d are positive integers with ¢ > a > d,
¢c>b>d, (a,b) =1 and (¢,d) = 1. In particular, there are such n’s with
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n=(pipz---ps)*.
Regarding Lemma 2.1.2; we simply list the following examples.

(i) For n = 211911110122 - pls, we have

5x13="72+4%2=282+12, 5x17="T7*+6%=9% 422,

5x 41 =132 4+ 62 = 142 4 32, 5x 53 =122411%2 = 162 + 32,
5x 101 = 19% + 122 = 212 + 82, 13 x 17 = 112 + 10% = 142 + 52,
13 x 37 = 162 + 152 = 20% + 92, 13 x 53 = 202 + 172 = 252 + 82,
13 x 97 = 30% + 192 = 352 + 62, 13 x 113 = 372 + 10% = 382 4 52,

13 x 181 = 47% + 122 = 482 4 72, 13 x 313 = 622 + 152 = 632 + 102,
13 x 317 = 612 4 202 = 642 4 52, 13 x 337 = 592 + 302 = 662 + 52,
13 x 613 = 87% +20° = 882 + 152, 13 x 733 = 772 + 602 = 852 + 482,
13 x 757 = 792 4+ 60% = 962 4+ 252, 17 x 37 = 232 + 102 = 252 + 22,
17 x 53 = 262 + 152 = 302 + 12, 17 x 257 = 632 4 202 = 652 4 122,
17 x 73 = 292 4+ 202 = 352 + 42 17 x 137 = 40? 4 27% = 482 4 52,
17 x 193 = 412 + 40% = 552 + 162, 29 x 37 = 282 4+ 172 = 322 4+ 72,
29 x 41 = 30% 4+ 17% = 332 + 102, 29 x 61 = 37% 4+ 20% = 40?2 + 132,
29 x 89 = 412 + 302 = 502 + 92, 29 x 281 = 572 + 70% = 902 + 72,
29 x 389 = 842 4+ 652 = 1052 + 162, 41 x 61 = 492 + 10% = 50% + 12,
5x13x17=242 4232 =322 +92, 5x 13 x 17 =3124+122 =322 492,
5x 13 x 17 = 312 + 122 = 332 + 42,

5x 13 x 17 x 37 = 1672 4+ 1142 = 1942 + 572,

257 x 65537 = 40952 + 2722 = 40972 + 2402

(ii) For n = (p1p2 - - - ps)?, we have
(5 x 13)? = 562 + 33% = 63% + 162,
(5 x 29)2 = 1432 + 24% = 1442 + 172,
(13 x 17)2 = 1712 + 1402 = 2202 + 212,
(17 x 37)% = 4602 + 4292 = 6212 + 1002,
(41 x 61)% = 23012 + 9802 = 24992 + 100°.

Remark 2.1.3. We found the solutions above by checking bp1, 13ps, 17ps,
29p4, with primes p; = 1(mod 4), i = 1,2,3,4 such that 13 < p; < 1009,
17 < po < 1009, 29 < p3 < 229 and 37 < py < 557; while other solutions
are obtained from one by one checking. In addition, we note that some of the
primes are Fermat primes Fy, = 22" + 1, for m = 1,2, 3, 4.

In connection with Lemma 2.1.2, the following problems arise, which are
not only useful for the construction of integral trees but are also interesting
purely as problems in number theory.
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Problem 2.1.4. Find all positive integral solutions for the Diophantine equa-
tion

n=a*+y* = 2"+ w? (2.1.2)

such that x|zw or y|lzw, where z > x > w, z >y > w, (v,y) = 1 and
(z,w) = 1.

Problem 2.1.5. For Problem 2.1.4, we conjecture that there are infinitely
many solutions. Even infinitely many where n is a perfect square?

Problem 2.1.6. Find all solutions for Problem 2.1.4, for special n = (5p1)?,
(5 x 13 x pl)a7 (pl X p2)a7 (pl X p2 X p3)a7 Tty where o = 17 27 3)47 s, Dipoare
primes with p; = 1(mod 4), i =1,2,3,---.

The motivation to raise the above problems is as follows.

(i) Construct the integral trees T'(r, m,t) and K ;0T (m,t) from any positive
integer solution of the Diophantine equation (2.1.2) (see [15, 37, 38, 39,
47, 50, 69, 75, 82] or Theorems 1.3.28, 1.3.29, 1.3.30, 1.3.8, 1.3.9, 1.3.10
ete.).

(ii) Construct the integral trees T'(r,m,t), K; s ® T'(r,m,t) and T'(s,r,m,t)
from any positive integer solution of the Diophantine equation (2.1.2) of
the second kind in Problem 2.1.5 (see [38, 39, 69, 75] or Theorems 1.3.28,
1.3.29, 1.3.30, 1.3.33 (or Corollary 1.2.14), 1.3.41 etc.).

So, it is very important to find all solutions of the Diophantine equation (2.1.2).
For Problem 2.1.4 and the first part of Problem 2.1.5, an affirmative answer
has been given in [15, 69, 75].

2.1.2 Some results on Diophantine equations

Let d be a positive integer but not a perfect square, let m # 0 be an
integer. We shall study the Diophantine equation

22— dy* =m. (2.1.3)

If 21, 1 is a solution of (2.1.3), for convenience, then z; + y1V/d is also
called a solution of the Diophantine equation (2.1.3). Let s + tv/d be any
solution of the Pell equation

2% —dy® = 1. (2.1.4)
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Clearly,
(21 + y1Vd)(s + tVd) = z15 4+ y1td + (y1s + 21t)Vd

is also a solution of the Diophantine equation (2.1.3). This solution and x; +
y1V/d are called associate. If two solutions z; + y1v/d and o + y2v/d of the
Diophantine equation (2.1.3) are associate, then we denote them by z; +
y1Vd ~ x5 + yaV/d. Tt is easy to verify that the associate relation ~ is an
equivalence relation. Hence, if the Diophantine equation (2.1.3) has solutions,
then all the solutions can be classified by the associate relation. Any two
solutions in the same associate class are associate each other, any two solutions
not in the same class are not associate.
The following Lemmas 2.1.7, 2.1.8 and 2.1.9 can be found in [17] or [90].

Lemma 2.1.7. ([17] or [90]) A necessary and sufficient condition for two
solutions 1 + y1Vd and xo + yo\/d of the Diophantine equation (2.1.3) (m
fized) to be in the same associate class K is that

x1x2 — dy1y2 = 0(mod|m|) and y1z2 — x1y2 = 0(mod|m]|).

Let 21 + y1v/d be any solution of the Diophantine equation (2.1.3). By
Lemma 2.1.7, we see that —(z1 + y1vVd) ~ 21 + y1Vd, —(x1 —y1Vd) ~ 21 —
y1Vd. Let K and K be two associate classes of solutions of the Diophantine
equation (2.1.3) such that for any solution z+yv/d € K, it follows 2—yv/d € K.
Then also the converse is true. Hence, K and K are called conjugate classes.
If K = K, then this class is called an ambiguous class. Let ug + voV/d be the
fundamental solution of the associate class K, i.e. vg is positive and has the
smallest value in the class K. If the class K is ambiguous, we can assume that
UuQ 2 0.

Lemma 2.1.8. (/17] or [90]) Let K be any associate class of solutions of the
Diophantine equation (2.1.3), and let ug + voVd be the fundamental solution
of the associate class K. Let xo + yoV'd be the fundamental solution of the
Pell equation (2.1.4). Then

_Yovm if m >0,

/2(zo+1)’

\/2(zo—1)’

xo + 1)m, if m >0,
0 < Jug| < Valrotl) f (2.1.6)

(xog — 1)(=m), if m <O.

D=

NO[—=
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Lemma 2.1.9. ([17] or [90])

(1) Let d be a positive integer but not a perfect square, m # 0, and let m be
an integer. Then there are only finitely many associate classes for the
Diophantine equation (2.1.3), and the fundamental solutions of all these
classes can be found from (2.1.5) and (2.1.6) by a finite procedure.

(2) Let K be an associate class of solutions of the Diophantine equation
(2.1.3), and let ug + voV/d be the fundamental solution of the associate
class K. Then all solutions of the class K are given by

z +yVd = £(up + voVd)(zo + yoVad)",

where n is an integer, and xo + yoV'd is the fundamental solution of the
Pell equation (2.1.4).

(3) If up and vy satisfy (2.1.5) and (2.1.6) but are not solutions of the Dio-
phantine equation (2.1.3), then there is no solution for the Diophantine
equation (2.1.3).

The following Lemmas 2.1.10 and 2.1.11 can be found in [16] and [57],
respectively.

Lemma 2.1.10. ([16]) Let d (> 1) be a positive integer that is not a perfect
square. Then there exist solutions for the Pell equation (2.1.4), and all the
positive integral solutions xy,yx of Equation (2.1.4) are given by

xk—i_yk\/g:gk’ k:1525 9 (217)

where € = xg + yov/d is the fundamental solution of Equation (2.1.4). Put
g =20 — yoVd. Then we have €€ = 1 and

. _5k+§k _sk—gk
k — 2 y Yk = 2\/37

k=1,2,---. (2.1.8)

Lemma 2.1.11. (/57]) Let u,v be the fundamental solution of the Pell equa-
tion (2.1.4), where d(> 1) is a positive integer but not a perfect square. Then
the Pell equation

2 —dy® = -1 (2.1.9)
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has solutions if and only if there exist positive integer solutions s and t for the
equations
2+ dt? =u, 2st=w,

such that moreover s and t are the fundamental solution of the Pell equation
(2.1.9).

The following Lemmas 2.1.12 and 2.1.13 can be found in [56] and [89],
respectively.

Lemma 2.1.12. ([56]) Suppose the Pell equation (2.1.9) is solvable. Let p =
xo + yoVd be the fundamental solution of Equation (2.1.9), where d(> 1) is a
positive integer but not a perfect square. Then the following holds.

(1) All positive integral solutions xy,yr of Equation (2.1.9) are given by

(2) All positive integral solutions xy,yr of Equation (2.1.4) are given by
relation (2.1.10), k = 2,4,6,--- .

(3) Let p = xzo — yod, then pp = —1, and the solutions xy, yy in (1) and
(2) can be given by

k =k k_ =k
pF+p P =D
= = k=1,2,---. 2.1.11
Tk 9 y Yk 2\/8 ) ) &y ( )

Lemma 2.1.13. (/89])

(1) If there is a solution for the Diophantine equation (2.1.3), where m # 0
is integer and d(> 1) is a positive integer but not a perfect square, then
the Diophantine equation (2.1.3) has infinitely many solutions.

(2) Let x1,y1 be the fundamental solution of the Diophantine equation
2 — dy? = 4, (2.1.12)

where d(> 1) is a positive integer but not a perfect square. Then all
positive integral solutions xy,yr of the Diophantine equation (2.1.12)
are given by

1 +y1\/3
2

xk+yk\/3 .
5 =

( ¥, k=1,2,---. (2.1.13)
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The following Lemmas 2.1.14 and 2.1.15 can be found in [49, 90] and [57],
respectively.
Lemma 2.1.14. ([49, 90])

(1) Let d (> 1) be a positive integer with square-free divisors. If there exist
d1 > 1 and do such that d = dids and the Diophantine equation

diz?® — doy® =1 (2.1.14)
has positive integral solutions, then dy, de are uniquely determined by d.

(2) Letey = x1v/d1+y1+V/da be the fundamental solution of Equation (2.1.14).
Then all positive integral solutions x,, yn of Equation (2.1.14) are given

by
o di + ynVda = €7, 21{n. (2.1.15)
(3) Let €1 = x1v/d1 — y1\/da. Then €181 = 1 and the solutions in (2) have
the form

n =n n =n
g téE €1 —¢&

$n— 2\/(1—1’%1— 2\/@)

24 n. (2.1.16)

Lemma 2.1.15. ([57]) Let m be a positive integer. If 21 m or 4|m, then there
exist positive integral solutions for the Diophantine equation

z? —y? =m. (2.1.17)

Remark 2.1.16. We can give a method for finding the solutions of the Dio-
phantine equation (2.1.17). Suppose that m = mymg. Let v —y = my,

x+y =mz and 2|(m1 +ms). Then the solutions of the Diophantine equation
(2.1.17) can be found easily (see [57]).

The following Lemma 2.1.17 can be found in [61].

Lemma 2.1.17. ([61]) Let a,b and c¢ be integers with d = (a,b). Then we
have

(1) If d fc, then the linear Diophantine equation in two variables
ar+by =c (2.1.18)

does not have integral solutions.
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(2) If dlc, then there are infinitely many integral solutions for Equation
(2.1.18). Moreover, if x = xo,y = yo s a particular solution of Equation
(2.1.18), then all its solutions are given by

x=x0+ (b/d)t, y=yo—(a/d)t

where t is any integer.

2.2 Some notations from matrix theory

In this section, we give some definitions from matrix theory. For details
we refer to [8, 29, 52].

(1) C and R denote the set of complex and real numbers, respectively.

(2) C™*™ and R™*™ denote the set of m x n matrices whose elements are in
C and R, respectively.

3) AT denotes the transpose of the matrix A.
5) I, denotes the n x n identity matrix.

(3)
(4) A* denotes the conjugate transpose of the matrix A.
(5)
(6)

Jmxn and 0p,x, denote the m x n matrix with all entries equal to 1 and
the m x n matrix with all entries equal to 0, respectively.

Let A € BC(m,r), i.e. Ais a block circulant matrix given as follows:

Ag Ay o Ap
Apm_1 Ay -+ A

A= . ! . ’ . . ’ )
A Ay - A

where A, € R™", k=0,1,--- ,m — 1.

The following Lemma 2.2.1 can also be found in [29] (see page 181)(or see
also [18, 52]).

Lemma 2.2.1. (/29]) Let A € BC(2,7) be symmetric, then det(zls, — A) =
det(zI, — (Ao + A1) - det(zl, — (Ap — A1)). In particular, the eigenvalues of
A are those of Ag + Ay together with those of Ag — Aj.
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Families of integral trees with
diameters 4, 6 and 8

In this chapter we investigate the trees K q, ® S(r;m;), S(r;m;), Ki g e
T(m,t), K1 s S(m+q;t,r), T(r,m,t), KiseT(r,m,t) and T(s,r,m,t) with
diameters 4, 4, 4, 4, 6, 6 and 8, respectively. Some new families of integral
trees with diameters 4, 6 and 8 are studied. Most of these classes are infinite.
They are different from those of [15, 16, 19, 22, 36, 37, 38, 46, 47, 48, 49,
50, 51, 59, 69, 75, 76, 79, 80, 81, 82, 85, 86, 87]. Some results which treat
interrelations between integral trees of various diameters are obtained for the
first time. These results generalize some well-known results on integral trees.
Finally, we propose several open problems on integral trees for further study.

3.1 Integral trees with diameter 4

In this section, we shall construct infinitely many new classes of integral
trees with diameter 4. They are different from those of [15, 19, 22, 36, 38, 46,
47, 48, 51, 59, 69, 75, 76, 79, 80, 81, 82, 85, 86, 87].

Clearly the following two results in [46], [85] or [86] are corollaries of Lemma
1.2.8.

Corollary 3.1.1. ([46], [85] or [86]) For the tree S(r;m;)=S(a1 +az +---+
as;my,ma, -+ ,mg) of diameter 4, we have

P[S(r;mi), ] = l‘IjZfﬂ a"’imi_l) H;;:l(xQ —mi) % [T (22 = my)
=D im1Gi Hj:l,j;éi(x —mj;)].

39
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Corollary 3.1.2. ([46], [85] or [86]) The tree S(r;m;)=S(a1 + a2 + - - - + as;

my, ma, -+ ,mg) of diameter 4 is integral if and only if the equation
S S
H(:cz—mi)“i_l[H xt —my) Zal H z? —m;)] =0
i=1 i=1 i=1  j=1j#1

has only integral roots.

Theorem 3.1.3. Let the tree K., © S(r;mi)=Kiq, ® S(a1 + a2 + -+ +
as;mi,ma, -+, mg) of diameter 4 be obtained by identifying the center w
of K14, and the center v of S(a; + ag + -+ -+ as;mi, ma,--- ,mg). Then

P[Kq, @ S(r;m;), x| =z~ 143 3y ai(mi—1) [ (x 2?2 — my)%—1

X[(i[}2 - aO) Hf:l( 2 - m%) — 2 Zz 1% H] 1];&1( a? — m])]
Proof. Because the vertex w is the center of K4, and the vertex v is the
center of the tree S(ai + ag + - -+ + ag;mi,ma, -+ ,my), if we let G = Ky 4,

and H = S(a; +az+---+as;mi,ma, - ,mg), then by Lemma 1.2.1 we know
that

P[Ki4,0S(r;m;),x] = P(Kiay,2) [[[_] P (Kim,,z) +xP[S(r;m;), z]
—gaotl [[;_, P% (K1 m,, ).

By Lemma 1.2.9 and Corollary 3.1.1, we have

P[K1 a0 @ S(r;my), x] = 0~ iz ailmi= )Hf—1( 2 —my)!
X[(xQ - a()) Hf:l( 2- m’b) - 1172 Zz 1@ H] 13;&1 2 - m])]

The theorem is thus proved. |

Remark 3.1.4. For the tree S(a1+az+---+as;mi,ma, -+ ,mg) of diameter
4, with m; = 0, by Corollary 3.1.1 and Theorem 3.1.3, we have S(a; + az +
"+as;07m27m37"' 7ms) :Kl,al OS(a2+a3—|—-~-—|—as;m2,m3,--- ,TTLS).

The following result in [69] is a corollary of our Theorem 3.1.3.
Corollary 3.1.5. ( [69])
(1) P[KyseT(m,t),x] = 2™t DT6E=0 (2 —pym=1zd — (m 4t 4 s)z? + st].

(2) The tree K1 ;0T (m,t) of diameter 4 is integral if and only ift is a perfect
square, and x* — (m+t+s)x?+ st can be factorized as (v —a?)(z? —b?),

where a and b are integers.
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Proof. (1) When K o, ¢ S(a1 +az+---+ag;my, ma, -+ ,my)=K; ;8 S(m+
0+---40;¢,0,---,0) = K1 ;05(m;t) = Ky 50T (m,t), by Theorem 3.1.3 and
Lemma 1.2.9, we get
PKyseT(m,t),z] = PK;,eS(m;t), ]
= P[Kiq,0S(a1 +az+ -+ ag;my,ma, - ,my),x]
=P[Ki;0S(m+0+---+0;¢,0,---,0), z]
_ xm(t—l)—i—(s—l)(xQ _ t)m_l[x4 _ (m +t4 8)332 + St].
Thus (1) is proved.
(2) Using (1), we find

P[K1seT(m,t),a] = 20602 —pym=1gd  (m 4t 4 5)2 + st].

The zeroes of the characteristic polynomial are either 0, 1/ or solutions
of z*—(m+t+s)z?4st = 0. The conditions imply the integrality of the zeroes.
From the integrality condition it follows that ¢ must be a perfect square. If a
is a zero of #* — (m +t + s)a? + st, then also —a is a zero. This yields the
possibility of a factorization (z? — a?)(2? — b?). [

As this is the first proof of its kind, we have written out the simple proof
in full detail. From now on similar proofs will be presented in shorter form.

Theorem 3.1.6. The tree K1 4,05 (r;m;)= Kiq,05(a1+az+- - -+as;my, ma,
-, mg) of diameter 4 is integral if and only if the equation

s

S
2o amiD T (@2 - my)][t - 22 -3 % =0
i=1 voamr T

has only integral roots.
Proof. By Theorem 3.1.3, we get
P[K1 g5 @ S(rym;),z] = gro 2im ailm DR (2 —my)@i?

x[(@? —ag) [Tiey (22 — ma) =2 320 ai [T5y (2 — my)]
= oot is aimim DT (2% —my)™][1 — % = 377, %],

i= 22 i=1 22—m,

Thus, the theorem is proved. |

Theorem 3.1.7. For any positive integer n, the following holds.

(1) If the tree S(a1+ag+---+as;mi,ma, -+, ms) of diameter 4 is integral,

and my,ma, ---, ms are perfect squares, then the tree S(ain® + agn? +

o asn?;min?, man?, - - - ,mSnQ) 18 integral too.
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(2) If the tree K q, ® S(a1 +az+ -+ as;mi,ma,--- ,mg) of diameter 4 is
integral , and my,mg,--- ,ms are perfect squares, then the tree Ky ;2
S(ain? 4 agn?+ -+ +asn?;min?,man?, --- ,mgn?) is integral too.

Proof. We firstly prove (1). By Corollary 3.1.1, we get
P[S(ay Fag+ -+ agm,mg, - , M), ]
:*ﬁ+2ﬁﬂ““mfnfﬁlﬂ$2—”n)%’WTL (2% —my)
d_ > i1 G szl,j;éi(xQ —m;)],
an
P[S(ain® 4+ asn? + - - + agn?;min?, man?, - - - ,mgn?), z]
— Y5 ain®(min® 1) Hf:1($2 _ me)a,n 71[1—[2 1(952 _ me)
— i a;n’ H;:l,jyﬁz‘(£2 —m;n?)].
By putting x = yn, we find
P[S(ain® 4+ agn?® + --- + aan min?, mon?, - - n?),yn|
(wﬂHZf”m%"M_ H [(WQ—WHIW"_%HZJ@M — m;n’]
_ZZ 1 Win H] lj;éz[(yn) _mjn2]}
_ (yn)H_Zl 1 a;in?(m;n?—1) H 71[( n)Q
— 2o H;:l,j;ﬁz( —mj)].
Because the tree S(ay + ag + - -+ + as;mi,ma, -, mg) of diameter 4 is
integral, and m1,ma, - -, mg are perfect squares, by Corollary 3.1.2, we see
that the equation
[Ty (@2 = ma) I (22 — i) = 357 @ Hj’:l,j;éi(xQ —m;)] =0

has only integral roots.

i 02 [T (v — my)

Hence, the tree S(a1n? + agn? + - - 4+ asn?;min?, mon?,--- ,men?) is in-
tegral too.

From Theorems 3.1.3 and 3.1.6, it is easy to prove in a similar way that
(2) is also true. |

Theorem 3.1.8. For the tree K; s S(m+q;t,r) of diameter 4 the following
results hold.

(1) If m = q = 1, then the tree Ky, e S(1+ 1;t,7) is integral if and only if
25— (s+r+t+2)at +[(r+t)(s+ 1) +rt]z? — rts can be factorized as
(22 — a?)(2? — b?)(2? — ¢?), where a, b and c are integers.

(2) If m =1,q > 2, then the tree K s S(1+ g;t,r) is integral if and only
if r is a perfect square, and x5 — (g +s+r+t+ V)at +[t(g+r+s) +
r(s + 1)]a® — rts can be factorized as (x? — a?)(z? — b%)(2? — ), where
a, b and c are integers. For ¢ =1,m > 2, we have a similar result.

(3) If m,q > 2, then the tree K e S(m+ q;t,r) is integral if and only if t
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and r are perfect squares, and 2% — (m+q+s+r+t)z* +[t(s+q+7r)+
r(m+ s)]x? — rts can be factorized as (z* — a?)(z? — b?)(2? — %), where
a, b and c are integers.

Proof. By Theorem 3.1.3, we have
P[Kl,s ° S(m + q;t,r), x] _ xm(t71)+q(7"71)+sfl(x2 _ t)mfl(l.Q _ T)qfl
{8 —(m+q+t+r+s)a* +[t(g+7r+5) +r(m+s)a® —rts}.

The theorem thus follows by Theorem 3.1.6. |

Corollary 3.1.9. For the tree K15 S(m + q;t,r) of diameter 4, let t = r.
Then K1 s0S(m+q;t,t)=K; ;0T (m+q,t) is integral if and only if t is a perfect
square, and z* — (¢ +m +t+s)x? + st can be factorized as (v — a?)(z? — b?),
where a and b are integers.

Proof. From Theorems 3.1.3 and 3.1.8, it is easy to check the correctness by
using a method similar to that used in (2) of Corollary 3.1.5. [

Remark 3.1.10. In [69], we obtained many integral trees Ki ;o T (m,t). The
following Theorem 3.1.12 and Corollaries 3.1.11, 3.1.13 concern graphs dif-
ferent from the integral trees of [69].

Corollary 3.1.11. If the tree K s @ T'(m,t) of diameter 4 is integral, and m
(> 2) is a positive integer, then for any positive integer n the trees K 4,2
T(mn?,tn?) and K 1,2 @ T(mn?, sn?) are integral trees with diameter 4.

Proof. Because the tree K; s @ T'(m,t) is integral, and m (> 2) is a positive
integer, by Theorem 3.1.3 or Corollary 3.1.5, we deduce that ¢ is a perfect
square, and z* — (m + ¢ + s)z? + st can be factorized as (22 — a?)(z? — b?),
where a and b are integers. So, we have st = a?b?, m +t + s = a® 4+ b? and
assume that t = t7. Hence,

P[Ky 4o T(m,t),x] = g™t D=0 (g2 —ym=1[zd — (m +t + 5)22 + st

_ xm(t%—1)+(s—1)(x2 _ t%)m—l(an _ az)(xz _ b2).
By Corollary 3.1.5, we get

P[K; g2 @ T(mn?, tn?), a]

_ wmnz(tn271)+(sn271)(x2 _ tn2)mn271[x4 —(m+t+ s)n2a:2 + stn4]

_ xmn2(t§n2—1)+(sn2—1)(x2 _ t%nz)an—l(wz _ a2n2)(x2 _ b2n2)
and

P[K{ 4,2 @ T(mn?, sn?), z]

_ xmn2(3n2—1)+(tn2—1)(x2 _ 8n2)mn2—1[x4 —(m+t+ s)n2x2 + 3tn4]

_ mmn2(8n2—1)+(t%n2—1)(aj2 _ aj_gﬂ . n2)mn2—1(x2 _ a2n2)(x2 _ b2n2),
1
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which proves the statement. [ ]

Theorem 3.1.12. The tree K ;0T (m,t) of diameter 4 is integral if and only

ift =k?, s = “232(2 1), and m = a® + b — k% — “222(> 1), where a,b and k

are positive integers.

Proof. By Corollary 3.1.5, we know that the tree K1 ;87 (m,t) with diameter
4 is integral if and only if ¢ is a perfect square, and z* — (m +t + s)22 + st can
be factorized as (22 — a?)(2? — b?), where a and b are integers. Thus, we have
that t is a perfect square, m 4+t + s = a® + b?, st = a?b?.

Putting t = k2, we get t = k?, s = “21272 (>1), and m = a® + b — k? — %
(> 1), where a,b and k are positive integers. ]

The following result in [82] is a corollary of our Theorem 3.1.8.

Corollary 3.1.13. Lett = c*d?, s = ab?, and m = a®c®+b%d*>—c2d*> —a’b? (>
1), where a,b,c and d are positive integers. Then for any positive integer n the
trees Ky g2 @ T(mn?,tn?) of diameter 4 and K 4,2  T(mn?, sn?) of diameter
4 are integral.

Proof. From Corollaries 3.1.5 and 3.1.11, it is easy to check the correctness
by using a method similar to that in Theorem 3.1.7. |

For the tree K ;e S(m + g;t,r) of diameter 4, let ¢t # r. The following
Corollaries 3.1.14, 3.1.16 and 3.1.17 are obtained by computer search. They
are solutions differing from those in the literature.

Corollary 3.1.14. If s = 25,m = q = 1,t = 18 and r = 32, then the tree
KiseS(m+qt,r)= Ky ,e5(q+m;r,t) of diameter 4 is integral.
Proof. By Theorem 3.1.8, we find
25 — 772* + 187622 — 14400 = (22 — 42) (2 — 52)(2® — 62),
and the corollary is proved. ]

The following result in [86] is a corollary of our Theorem 3.1.8.

Corollary 3.1.15. For any positive integer n, the following holds.

(1) Letk =2n?, let s = n’k(k+2),m=1,¢=1(k—1)(k+1)(k+2)k?t =
k*+2k and r = k*(k+1)%. Then the tree K1 s0S(m+q;t,r) of diameter
4 18 integral.

(2) Letk =2n(3n+2), let s =k(Bn+1)2,m=1,g=3(k+1)(k+2)(3k +
2),t = k? 4+ 2k and r = 4(k + 1)2. Then the tree K1 50 S(m + g;t,r) of
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diameter 4 is integral.

(3) Let k=2(n+1)(3n+1), let s = tk(k+2)(3n+2)?,m =1,¢ = 3k(k +
2)(3k+2),t = k?+2k and r = 4(k+1)%2. Then the tree K1 s0S(m+gq;t,r)
of diameter 4 is integral.

Proof. (1) By (2) of Theorem 3.1.8, we know that the tree Ky ;0 S(1+q;t,r)
is integral if and only if r is a perfect square, and 2% — (¢ + s +r +t+ 1)z +
[t(g+7+s)+7(s+1)]z% —rts can be factorized as (2 —a?)(z? — b?)(2? — c2)
where a, b and ¢ are integers. By the conditions in (1), we get r = k%(k + 1)
and

28— (q+s+r+t+Dat+[t(g+r+s)+r(s+1)]x® —rts

= (22 — EH)[2? — (k + 1)%[2? — n2k2(k + 2)?],
where k = 2n?, and n is a positive integer. Thus, the tree Ky s0S(m+gq;t,r)
is integral.

From Theorem 3.1.8 or Theorem 3.1.6, (2) and (3) are proved in a similar
way. |

Corollary 3.1.16. Let m =1, t < r, let s, m, q, t, v, a, b, ¢ be positive
integers in Table 3.1, with a, b and c as in Theorem 3.1.8. Then the tree
Ky, S(m+q;t,r) of diameter j is integral.

s m q t r a b c

8 1 24 8 36 2 3 8
14 1 48 | 14 | 144 3 4 | 14
22 1 80 | 22 | 400 | 4 5 | 22
20 1 | 300 | 80 | 1296 | 4 9 | 40
48 1 84 | 27 | 225 5 6 | 18
32 1 | 120 | 32 | 900 5 6 | 32
44 1 | 168 | 44 | 1764 | 6 7 | 4
180 | 1 | 140 | 80 | 144 8 9 | 20

Table 3.1: Integral trees K 5 ® S(m + ¢;t,r) with diameter 4.

Proof. From Theorem 3.1.8, the result is easy to check by using a method
similar to that in Corollary 3.1.15. |

Corollary 3.1.17. Let m,q > 2, t < r, let s,m,q,t,r,a,b and c be positive
integers in Table 3.2, and let a,b and ¢ be as in Theorem 3.1.8. Then for
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any positive integer n the tree Ky 4,2 ® S(mn? + qn?;tn?,rn?) of diameter 4 is
integral.

s m q t r a b c
49 | 51 | 63 9 | 64 | 2 6 | 14
25 | 24 | 63 9 | 144 | 2 6 | 15
16 | 33 | 110 | 25 | 81 2 6 | 15
36 | 75 | 105 | 16 | 64 | 2 6 | 16
36 | 35 | 140 | 9 | 144 | 2 6 | 18

9 15 | 135 | 25 | 256 | 2 6 | 20
25 | 45 | 210 | 16 | 144 | 2 6 | 20
16 | 33 | 48 | 16 | 196 | 2 7 |16
81 | 40 | 208 | 16 | 100 | 3 6 | 20
36 | 56 | 125 | 36 | 144 | 3 8 | 18

100 | 63 | 150 | 16 | 144 | 3 8 | 20
144 | 96 | 117 | 16 | 100 | 3 8 | 20
36 | 65 | 128 | 36 | 225 | 3 9 | 20
64 | 90 | 105 | 25 [ 225 | 3 | 10 | 20
64 | 156 | 72 | 36 | 225 | 3 | 12 | 20

Table 3.2: Integral trees K ;.25 (mn?+qn?;tn?,rn?) with diameter 4, where
n is a positive integer.

Proof. From Theorems 3.1.7 and 3.1.8, the result easily follows by using a
method similar to that in Corollary 3.1.15. ]

3.2 Integral trees with diameters 6 and 8

In this section, we mainly consider families of integral trees with diameter
6. Some families of integral trees with diameter 8 and some families of integral
trees with diameter 4 are also constructed. Moreover some results which treat
interrelations between integral trees of various diameters are obtained for the
first time.

Let the tree Kq , e T'(r,m,t) of diameter 6 be obtained by identifying the
center w of K s and the center u of T'(r, m, t). The integral tree K ;0T (r,m,t)
of diameter 6 was firstly studied in [69, 75]. Next we shall obtain some results
on integral trees K ;T (r,m,t) of diameter 6. These results differ from those
in [69, 75].
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Theorem 3.2.1. If the tree K s o T(r,m,t) of diameter 6 is integral, and m
(> 2) and r (> 2) are positive integers, then for any positive integer n the tree
K1 g2 @ T(rn?, mn? tn?) of diameter 6 is integral.

Proof. From Lemmas 1.2.10 and 1.2.12, the theorem is proved by using a
similar method as in Corollary 3.1.11. |

Theorem 3.2.2. Let s =t = 12¢%, m = (k* —1?)¢*(> 1) and r = p* — K*¢*(>
1), where I, k,p and q are positive integers. Then for any positive integer n
the tree K g2 ® T (rn?,mn?,tn?) of diameter 6 is integral.

Proof. By Corollary 1.2.13 or Lemma 1.2.12, we see that the tree K;; e
T(r,m,t) of diameter 6 is integral if and only if ¢, m + ¢t and m + ¢t + r are
perfect squares.

Because s = t = 2¢%, m = (k> = 12)¢*(> 1) and r = p? — B2¢*(> 1),
where [, k, p and ¢ are positive integers, we get t = s = [?¢>, m +t = k?¢® and
m+t+7r = p?. Consequently the tree K;,e7T(r,m,t) is integral. By Theorem
3.2.1, also the tree K 2 @ T (rn?,mn?,tn?) is integral. |

The following result in [82] is a corollary of Theorem 3.2.2.

Corollary 3.2.3. Let s =t = ¢*>, m = 3¢*> and r = p*> — 4q¢*, where p and
q are positive integers, and p > 2q. Then for any positive integer n the tree
Ky g2 @ T(rn?,mn?,tn?) of diameter 6 is integral.

Ifg=1,p=3,then s =t =1,m = 3,7 = 5 and we obtain the smallest
integral tree K1 T'(5,3,1) with diameter 6 in this class. Its characteristic
polynomial is P(K11e7T(5,3,1),x) = 2°(2? — 1) (22 — 4)*(2? — 9) with order
37.

Theorem 3.2.4. The tree K1, T(r,m,t) of diameter 6 (with r,m > 1) is

integral if and only if t = k?, m = n? + 2nk, s = k% + %(Z 1) and

r=a24+b —(n+k)? -k - %(> 1), where a, b, k and n are
positive integers.

Proof. By Lemma 1.2.12, the tree K; ;oT(r,m,t) (where r,m > 1) is integral
if and only if t and m + ¢ are perfect squares, and 2* — (m +t +r 4 s)x? +rt +
s(m+t) can be factorized as (2% — a?)(z? — b?). Hence a? +b%> =m+t+r+s
and a?b? = rt + s(m + ).

Assume that t = k%, m = n?+2nk. Then it follows s = k2+w(2

n2+42nk
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1) and r = a® + 0 — (n + k)2 — k? — @CRIKD
are positive integers.

Thus, by Lemma 1.2.12, the theorem is true. |

(> 1), where a, b, k and n

Corollary 3.2.5. Let t = k%, m = a?b®> — k*(> 1), r = a?b?, and s =
a’c? +b2d? —2a%b? = 2d® — k*(> 1), where k, a, b, ¢ and d are integers. Then
for any positive integer n the tree K g2 o T(rn?, mn?,tn?) of diameter 6 is
integral.

Proof. From Lemma 1.2.12 and Theorem 3.2.1, the result follows by using a
method similar to that in Theorem 3.2.2. [ |

Remark 3.2.6. The Diophantine equation a®c®+b%d*>—2ab? = c?d>—k?(> 1)
can be transformed into

(ac+bd)? — a®b? = (ab + cd)?® — k2 (3.2.1)
There exist solutions a = b =2, c =k =1 and d = 3 for the Diophantine

equation (3.2.1). We conjecture that there are infinitely many other solutions.

By computer search, we can get the following corollary.

Corollary 3.2.7. With s #t, let s,r(>1),m(> 1), t, a, b be positive integers
in Table 3.3, and let a and b be as in Lemma 1.2.12. Then for any positive
integer n the tree Ky 2 @ T(rn?,mn?,tn?) of diameter 6 is integral.

Proof. From Lemma 1.2.12 and Theorem 3.2.1, the result is proved similarly
to Theorem 3.2.4. ]

Remark 3.2.8. Consider the trees K s ¢ T(r,m,t) of diameter 6.

(i) If s = t, we can construct infinitely many classes of such integral trees
from Lemma 1.2.12, Corollaries 1.2.14 and 1.2.13 of Chapter 1 of this
thesis, which are Theorems 4 and 5 and Corollary 5 of [69].

(11) For s # t, we got some classes of such integral trees Ky s T(r,m,t) of
diameter 6 and T(s,r,m,t) of diameter 8 in [75, 38]. Here T(s,r,m,t)
is obtained by joining the centers of s copies of T'(r,m,t) to a new vertex
Y.

Remark 3.2.9. By using a computer search, we have found 269/ positive in-
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a b m r s t a b m r s t
2 5 8 10 | 10 1 2 6 15 | 16 | 8 1
2 7 8 25 | 19 1 2 7 24 | 21 7 1
2 9 8 45 | 31 1 2 9 15 | 52 | 17 | 1
2 9 24 | 49 | 11 1 2 9 48 | 30 | 6 1
2 11 8 70 | 46 1 2 11 | 15 | 84 | 25 1
2 11 | 24 | 84 | 16 1 2 11 | 84 | 24 1 16
3 7 24 | 16 | 17 1 3 8 12 | 28 | 29 | 4
3 8 24 | 26 | 22 1 3 10 | 12 | 49 | 44 | 4
3 10 | 24 | 50 | 34 1 3 10 | 32 | 54 | 19 | 4
3 10 | 60 | 33 | 12 4 3 11 | 15 | 49 | 65 1
3 11 | 24 | 64 | 41 1 3 11 | 45 | 64 | 17 | 4
3 11 | 48 | 60 | 21 1 3 11 | 80 | 36 | 13 1
3 13 | 24 | 96 | 57 1 3 13 | 96 | 56 1 25
3 13 | 48 | 100 | 29 1 4 7 24 9 | 31 1
4 8 45 | 11 | 20 4 4 8 35 | 16 | 28 1
4 9 24 | 44 4 25 4 9 21 | 24 | 48 | 4
4 9 24 | 21 | 51 1 4 9 48 | 22 | 26 1
4 10 | 32 | 40 | 40 4 4 11 | 16 | 54 | 58 | 9
4 11 | 24 | 36 | 76 1 4 12 | 21 | 51 | 84 | 4
4 12 | 27 | 80 | 44 9 4 12 | 60 | 64 | 32 | 4
4 13 | 16 | 81 | 79 9 4 13 | 80 | 40 1 64
4 13 | 24 | 54 | 106 | 1 4 13140 | 99 | 37| 9
4 13 | 35 | 76 | 73 1 4 13 | 45 | 88 | 48 | 4
4 13 | 63 | 80 | 41 1 4 131 60 | 84 | 37 | 4
4 13 | 112 | 45 | 19 9 4 13 | 120 | 42 | 22 1
4 14 | 32 | 100 | 76 4 4 14 | 96 | 84 | 28 | 4

49

Table 3.3: Integral trees K 4,2 ¢ T'(rn?, mn?, tn?) with diameter 6, where n is

a positive integer.
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tegral solutions a,b,n,t1,t,m(> 1),r(> 1) and s for the Diophantine equations

t =t

m = n? + 2nty

a?b? = rt + s(m +t)
a2+ =m+t+r+s,

where s # t,1 < a <20 and a < b < a+ 20. In Table 3.3, for a = 2,3,4,
a<b<a+10, s # t, we give these parameters a,b,s,r,m and t. We shall
construct infinitely many classes of such integral trees Ky s ® T(r,m,t) from
Corollaries 3.2.3 and 3.2.5 and Theorems 3.2.2 and 3.2.4. They are different
from those in [15, 16, 37, 38, 47, 48, 50, 51, 69, 75, 16, 19, 82].

Next we discuss the interrelations between integral trees of various diam-
eters. Let r * G be the graph formed by joining the roots of r copies of G to
a new vertex w. Let K, @ G be the graph obtained by identifying the center
z of K1, and the root u of G.

The following Lemma 3.2.10 and Corollary 3.2.11 can be found in [76].
Lemma 3.2.10.
(1) P(r+G,z) = P"1(G,2)[zP(G,z) — rP(G — u,z)].

(2) P(Ki,eG,z)=a2""2P(G,z) — rP(G — u,x)].

Corollary 3.2.11.
(1) If G and Ky, ® G are integral graphs, then r G is integral.

(2) If G and r « G are integral graphs, then K, G is integral.

Theorem 3.2.12. If T(s,r,m,t) of diameter 8 is integral, and s,r,m > 1,
then for any positive integer n the trees T(sn? rn?, mn? tn?) of diameter
8, Kign2 @ T(rn?,mn?,tn?) of diameter 6, T(rn%, mn? tn?) of diameter 6,
T(mn?,tn?) of diameter 4 and K 4n2 of diameter 2 are integral, too.

Proof. From Lemmas 1.2.9, 1.2.10 and 1.2.15, the statement is proved by
using a method similar to that in Theorem 3.1.7. ]

The following examples can be found in [37, 38, 69, 75, 79].
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Example 3.2.13. It is shown in [75] that the tree T'(324, 3136, 765, 324) of di-
ameter 8 is integral. Thus for any positive integer n the trees T(324n2, 3136n2,
76517, 324n?) of diameter 8, K 34,2 @ T(3136n2, 76517, 324n?) of diameter
6, T(3136n%, 765n2, 324n?) of diameter 6, T (765n2, 324n?) of diameter 4
and K 304n2 of diameter 2 are integral, too.

Example 3.2.14. It is shown in [38] that the tree T(616,225,672,4) of di-
ameter 8 is integral. Thus for any positive integer n the trees T(616n2,225n2,
672n2, 4n?) of diameter 8, K 616n2 ® T(225n2,672n2,4n%) of diameter 6,
T(225n2, 672n2, 4n?) of diameter 6, T(672n2,4n?) of diameter 4 and K 4n2
of diameter 2 are integral, too.

Theorem 3.2.15. If the tree T(r,m,t) of diameter 6 is integral, and r,m > 1,
then for any positive integer n the trees T'(rn?, mn?, tn?) of diameter 6, K20
T(mn?,tn?) of diameter 4, K2 @ T(mn?,rn?) of diameter 4, T(mn?, tn?)
of diameter 4, K ;2 of diameter 2 and K 4,2 of diameter 2 are integral, too.

Proof. From Lemma 1.2.9 and Corollary 3.1.5, the statement follows by using
a method similar to that used in Theorem 3.1.7. |

Example 3.2.16. It is shown in [37, 75] that the tree T(16,45,4) of diameter
6 is integral. Thus for any positive integer n the trees T(16n2,45n2,4n?) of
diameter 6, Kj 16,2 T(45n2,4n?) of diameter 4, Ky g2 ® T(45n2,16n2) of
diameter 4, T(45n%, 4n?) of diameter 4, K 16n2 of diameter 2 and K 4,2 of
diameter 2 are integral too.

Theorem 3.2.17. For any positive integer n, the following holds.

(1) If G = T(m,t) of diameter 4 and K, ,eG = K ,eT(m,t) of diameter 4
are integral, then r x G = T(r,m,t) of diameter 6 and T(rn?,mn?, tn?)
of diameter 6 are integral too.

(2) If G = T(r,m,t) of diameter 6 and K,s o G = Ky, e T(r,m,t) of
diameter 6 are integral, then s * G = T(s,r,m,t) of diameter 8 and
T(sn?,mn% mn? tn?) of diameter 8 are integral too.

Proof. From Corollaries 3.2.11 and 3.1.5 and Lemmas 1.2.9 and 1.2.15, the
statement is proved similarly to Theorem 3.1.7. |

Example 3.2.18. For any positive integer n, the following holds.
(1) It is shown in [79, 69] that G = T(280,9) of diameter 4 and K, e
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G= K36 @ T(280,9) of diameter 4 are integral. So the trees r x G=
T(36,280,9) of diameter 6 and T(36n2,280n2,9n?) of diameter 6 are
integral too.

(2) It is shown in [37, 38, 75] that G = T(144,105,16) of diameter 6 and
Ky ,0G = K g7601(144,105, 16) of diameter 6 are integral. So the trees
rx G = T(676,144,105,16) of diameter 8 and T(676n2,144n?, 10512,
16n2) of diameter 8 are integral too.

3.3 Further discussion

In this chapter, we have mainly investigated integral trees K s ® S(m +
¢;t,7) of diameter 4 and K ;07'(r,m,t) of diameter 6. We tried unsuccessfully
to get some general results from Corollaries 3.1.14, 3.1.16, 3.1.17 and 3.2.7 by
computer search. Thus, we raise the following question.

Question 3.3.1. Can general results on integral trees K s  S(m + ¢;t,7)
of diameter 4 and K s e T(r,m,t) of diameter 6 be derived from Corollaries
3.1.14, 8.1.16, 8.1.17 and 3.2.7¢

Results on integral trees of diameter 4 are given in [15, 19, 22, 36, 38, 46,
47, 48, 51, 59, 69, 75, 76, 79, 80, 81, 82, 85, 86, 87]. P. Yuan ([85]) gave a
sufficient condition for graphs to be an integral tree S(r;m;) of diameter 4 and
constructed many new classes of such integral trees based on [47]. The authors
of [46] and [86] further give a useful sufficient and necessary condition for
graphs to be such integral trees of diameter 4. For the integral trees S(r;m;) =
S(ay +ag + -+ + as;mi,ma, -+ ,mg), when s = 2, we can find such integral
trees in [15, 19, 38, 47, 48, 51, 59, 75, 76, 79, 80, 81, 82, 85, 87]. In particular,
H.Z. Ren obtained in [59] all parameter values such that S(a; + ag2; m1, ma) is
an integral tree. When s = 3, 4,5, we found such integral trees in [46, 85, 86].
Hence, we ask

Question 3.3.2. Are there integral trees S(ay + ag + - -+ + as;my,ma, -+,
ms) of diameter J for arbitrarily large s?

For integral trees K, ® S(a1 +ag +---+as;my,ma, - -+ ,m) of diameter
4, some results can be found in [47, 48, 69, 75, 80, 81, 82, 85, 86] and in the
present chapter. We have not found such integral trees for s > 3. Hence, we
ask

Question 3.3.3. Are there integral trees K 4, ® S(a1 + ag + - - - + as; my, ma,
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-, mg) of diameter J for arbitrarily large s?

For the tree S(r;m;) = S(a1 + az + - -+ + as;my, ma, - -+ ,ms) of diameter
4 and K4, ® S(ag + a3 + -+ + ag;ma, m3, - -- ,mg) of diameter 4, when r is
odd, there are such integral trees in [85]. When 7(> 2) is even and s = 1,2,
such integral trees can be found in [80, 81, 85, 87]. Thus, we ask

Question 3.3.4. Are there any integral trees S(r;m;) = S(a1 +ag + -+ +
as;my,ma, -+, ms) of diameter 4 or Ki 4, eS(az+az+---+as;mg,mg, -+,
ms) of diameter 4 while (> 2) is even and s > 37

For the tree S(r;m;) = S(a1 + a2 + - - - + as;m1, ma, - -+ ,my) of diameter
4or Kiq ®S(ar+az+---+ag;mi,mg,--- ,mg) of diameter 4, such integral
trees are constructed in [80, 81, 85, 86] and in the present chapter under the

assumption that the number of nonsquares among mi,mo, - ,mg is at most
2. Thus, we ask

Question 3.3.5. Let S(r;m;) = S(a; + a2 + -+ + as;my, ma, -+ ,mg) or
KigyeS(a1+az+---+as;mi,ma, -+ ,mg) be an integral tree. Is the number
of nonsquares among my, ma, -+ ,mg limited?

In [69] and in this chapter, we successfully constructed integral trees by
identifying the centers of two trees. Let G e H denote the tree obtained by
identifying the center z of the tree G with the center u of the tree H. Then
we can pose

Question 3.3.6. Are there any integral trees T'(p, q)oT (r,m,t), T(p,q)eT (s, ,
m, t), T(p,m,t) @ S(r;m;), T(r,m,t) e T(s,p,q,1) and so on ?

Integral trees of diameters 1, 2, 3, 4, 5, 6 and 8 have been constructed in
[15, 16, 19, 22, 36, 37, 38, 46, 47, 48, 49, 50, 51, 59, 69, 75, 76, 79, 80, 81, 82,
85, 86, 87] and in this chapter. Hence, we suggest the following question.

Question 3.3.7. Are there integral trees of diameter 77
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Integral trees with diameters
5, 6 and 8

In this chapter, we determine the characteristic polynomials of the trees
(K15 e T(m,t)]©T(q,r), T(p,q) « T(r,m,t), KiseT(p,q)eT(r,m,t) and
Ky, T(q,r,m,t) with diameters 5, 6, 6 and 8, respectively. We also obtain
firstly sufficient and necessary conditions for these trees to be integral by
using number theory and computer search. All these classes are infinite and
different from those in the literature. We also prove that the problem of finding
such integral trees is equivalent to the problem of solving some Diophantine
equations. These results generalize results of [2, 15, 16, 36, 37, 38, 39, 47,
48, 49, 50, 51, 69, 75, 76, 77, 78, 79]. In particular integral trees of the type
(K15 eT(m,t)] e T(q,r), T(p,q) « T(r,m,t), KiseT(p,q) eT(r,m,t) and
K5 T(q,r,m,t) are obtained for the first time. We further present some
new results on interrelations between integral trees of various diameters.

4.1 Integral trees of diameter 5

In this section, we shall construct infinitely many new integral trees [/ ;o
T(m,t)] © T(q,r) of diameter 5. They are different from those of [2, 15, 16,
38, 47, 48, 49, 50, 51].

Integral trees of diameter 5 were mentioned for the first time in [47], but
the authors were not able to find any example. Infinitely many integral trees
Tt[m,r] of diameter 5 were first constructed by R.Y. Liu in [50]. Later Z.F.
Cao obtained general results on these classes by using the solutions of some
Pell equations in [16], and then Y. Li obtained more general results on these
classes by using the solutions of more general quadratic Diophantine equations

55
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in [49]. The authors of [38] proved that there are no balanced integral trees
T(1;n9k,n2k—1,-..,n1) of diameter 4k 4+ 1 for k > 1. Here the structure of
integral trees [K ;o1 (m,t)]©T(q,r) of diameter 5 is found for the first time.

Let the tree [K; 0T (m,t)] ©T(q,r) of diameter 5 be obtained by joining the
center u of K s eT(m,t) and the center v of T'(q,r) with a new edge.

Theorem 4.1.1. The tree [K1 s T(m,t)] ©T(q,r) is integral if and only if
the equation

(2=t a2 —r) T Yo —(m+t+s+q+r+ 1)zt +[st+ (g+r)(m+
t+s)+r+tlz? —t(sqg+sr+7r)}=0
has only integral roots.

Proof. Note that the vertex u is the center of the tree K; ;o T(m,t), and the
vertex v is the center of the tree T'(¢,r). Suppose that G1 = K; s @ T'(m, 1),
G =T(q,r). Then, by Lemma 1.2.2 we know that
P({[KLS b T(m7 t)} © T(Q7 7’)}, :C)
= P(Kl,s o T(m>t)?$)P(T(Qa T)al‘) - xspm(Kl,ta x)Pq(Kl,ra .’L‘)
By Lemmas 1.2.9 and 1.2.10, we have
P({{K,, » T(m,1)] & T(q, 1)}, 2)
_ xm(t71)+q(r71)+s(x2 _ t>m71<1‘2 _ T)qfl{[$2 _ (q + 7’)][3:4 _ (m S+t S)$2
+st] — (22 —t) (2% — )}
— xm(t71)+q(r71)+s(w2 _ t)mfl(‘xQ _ ,r)qfl{xG —(m4t+s+q+r+ 1)$4
+st+ (g+r)(m+t+s)+r+tla? —t(sq+sr+r)}. |

The following corollary can be found in [15].

Corollary 4.1.2. ([15]) If s = 0, then the tree [K1o e T(m,t)] © T(q,7) =
T(m, t) © T(q,r) of diameter 5 cannot be integral.

Now we assume s > 0 throughout the whole section.

Corollary 4.1.3. If g+r = t, then the tree [K; ;0T (m,t)|&T (¢, 7) of diameter
5 is integral if and only if x* — (m +t + s+ 1)x% + st +r can be factorized as
(2 —a?)(2® —b?), where a and b are positive integers, and one of the following
two conditions holds: (i) ¢ =1, t is a perfect square, or (i) ¢ > 1, t and r are
perfect squares.

Proof. When g+ r =t, by Theorem 4.1.1, we find

P({[K1 40T (m, |07 (g, 1)}, ) = o™=t =10ks (g2 pym (g2 pya=i[z
(m+t+s+1)x2+st+r).

Hence, when ¢ + r = ¢, the tree [K; s e T(m,t)] © T(q,r) is integral if
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and only if one of the following holds: (i) ¢ = 1, ¢ is a perfect square, and
x4 — (m+t+s+1)z? +st+r can be factorized as (2% —a?)(2? —b?), (ii) ¢ > 1,
t and r are perfect squares, z* — (m + ¢ + s+ 1)22 + st + r can be factorized
as (22 — a?)(2? — b?), where a and b are positive integers. [ |

Corollary 4.1.4. For the tree [K1 s0T (m,t)|ST (q,r) of diameter 5 satisfying
q+r =t, the following holds:

(1) For q = 1, let d > 1 be such that there ezist positive integral solutions
for Equation (2.1.9). Then, all positive integral solutions xop_1, Yok—1
of Equation (2.1.9) are defined by (2.1.11). If s=d —1, m = a®> + b —
y%k—l —d, t = y%kq: q=1,r= y%kfl — 1 and ab = x91_1, where k,
a and b are positive integers, then the tree [K; s e T'(m,t)] © T(q,r) of
diameter 5 is integral, and there are infinitely many such integral trees.

(2) Suppose ¢ > 1, s = de?, t = f2yl,q = f2(y} — %) > 0, r = €%f?,
m=a’+b>— fzy,% —de? —1>0, and ab = efxy, where a, b, d(> 1), e,
f and k are positive integers, and d is not a perfect square, and xi, yg
are positive integral solutions of Equation (2.1.4) (i.e. given by (2.1.8)).
Then the tree [K1 0T (m,t)|&T(q,7) of diameter 5 is integral, and there
are infinitely many such integral trees.

2b2_
(3) If ¢ > 1, t andQZ are perfect squares, ¢ =t —1r > 1, s = *==— > 0,
m=a%+b>— % —t—1> 0, where s, m, t, q, v, a and b are positive
integers, then the tree [K1 0T (m,t)]©T(q,r) of diameter 5 is integral.

Proof. Using ¢ +r = t, by Theorem 4.1.1 we get

P({{K1,, » T(m,1)] & T(q, 1)}, 2)

_ xm(t71)+q(r71)+s(x2 _ t)m<$2 _ r)qfl[xz; —(m+t+s+ 1)3}2 + st + 7“].
By Corollary 4.1.3, we know that the tree [K; e T(m,t)] © T'(¢q,7) (where
g+ r = t) is integral if and only if there exist positive integral solutions for
the Diophantine equations

212 _
{ a“b* = st +r, (4.1.1)

a4+ =m+t+s+1,

satisfying one of the two conditions of Corollary 4.1.3.
(1) When g = 1, by Equation (4.1.1), Condition (i) of Corollary 4.1.3 and
q + r =t, we obtain

a?b® — (s + 1)t = —1. (4.1.2)
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Assume that ab = x, s +1 = d, t = t3 = y%>. Then Equation (4.1.2) can
be transformed into Equation (2.1.9). Hence, by Lemmas 2.1.11 and 2.1.12,
Equation (4.1.1) and Equation (4.1.2), we see that s =d — 1, m = a® + b% —
y%k_l —d, t = y%k_l, q=1,r = ygk_l — 1 and ab = x9;_1, where k, a and
b are positive integers. Thus, by Corollary 4.1.3 and Lemma 2.1.12, the tree
[K1 0T (m,t)]&T(q,r) is integral, and there are infinitely many such integral
trees.
(2) When ¢ > 1, by Equation (4.1.1), Condition (ii) of Corollary 4.1.3 and
q+r=t=1t we find
27,2 2
Qsz—st:r:a262—st%:r%:>ab —S—tlzl (4.1.3)

2 2
1 1

Assume that r = r% =e2f? s=de?, t = t% = f2y? and ab = efx, where a, b,
d(> 1), e, f and k are positive integers, and d is not a perfect square. Then
Equation (4.1.3) simplifies to Equation (2.1.4). Thus, by Equation (4.1.1),
Condition (ii) of Corollary 4.1.3 and ¢+ r = t, and Lemmas 2.1.10 and 2.1.12,
the correctness of (2) is easily seen.

(3) From Theorem 4.1.1 or Corollary 4.1.3, the statement is easily proved
by using a method similar to that used in (1) or (2). |

Note that we obtain the smallest integral tree [K;2 @ T'(3,4)] © T'(3,1) of
diameter 5 in this class. Its characteristic polynomial is P([K;2 e T(3,4)] ©
T(3,1),7) = 2™ (2? — 1)3(2? — 4)3(2? — 9) with order 25.

For Corollary 4.1.4 (3), we simply list some examples of integral trees
[K1seT(m,t)] ©T(q,r) with diameter 5.

Example 4.1.5. Assume ¢ +1r =t, g > 1 and let s, m, t, q, r, a, b be
the positive integers in Corollary 4.1.4 (3). Then for any choice of positive
integers a1, by, k, k1, ko, | the following cases (1)-(10) yield integral trees
[K1seT(m,t)] ©T(q,7) with diameter 5.

(1) s =k2(1242), m = (P—k?)(I>—k?+2) > 0, t = k%12, g = K2(I>—k?) > 1,
r=k a=k andb=1>+1,

(2) s=k>(1?+2), m=k2*—1>0,t=FK1% qg=K*(I>? - k?>) > 1, r = k%,
a=kandb=k(*>+1),

(3) s =k(12=2)>0,m=>-k)I>-k*-2) >0, t=FkI q=
B2 -k)>1,r=k,a=k andb=1>-1>0,

(4) s=k>(1?-2) >0, m=k?(1?-2)2-1>0, t = k%%, g = K*(I>—k?) > 1,
r=k* a=kandb=k(*>-1) >0,
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(5) s=P+2,m=01"-KP+P+k>-2>0,t=FK1% qg=k>(I?—-1) > 1,
r=k,a=kandb=10>+1,

(6) s=12-2>0,m=01*—K1?2-32+k>+2 > 0,t = k%12, ¢ = K*(1>~1) > 1,
r=k,a=kandb=1012—-1>0,

(7) s = aibi(*+2), m = kfai+k3b1 (12 +1)%—aibi(1*+2) —kk3aibil*~1 > 0,
t = k?k3a?b312, ¢ = k3k2a203 (12 — a2b?) > 1, r = k?k3aib}, a = k1a? and
b= kob2(12 + 1),

(8) s =a2b?2(1>~2) >0, m = k?a}+k3b1(1>—1)2—a3b? (12 —2) — k?k3a2b31% —
1 >0, t = k¥k3a2b312, ¢ = K2k3a3b3(12 — a3b?) > 1, r = K2k2ajbi,
a = kia? and b= kab?(1> — 1) > 0,

(9) s = K2k2a202(12 + 2), m = k2a + K2b3(12 + 1)% — K2k2a202(12 + 2) —
a2b??2 —1 >0, t = a?b3?, ¢ = a3 (12 — K2k3a3b?) > 1, r = k?k3aib],
a = kia? and b = kb3 (I* + 1),

(10) s = k2k3a2b3(1> — 2) > 0, m = kia} + k303 (1% — 1)? — k¥k2a3b3 (12 — 2) —
a2 —1>0, t = a3b3?, g = a?b3(I? — k2k3a3b3) > 1, r = kik3alb],
a = kia? and b= kb?(I> — 1) > 0.

Proof. We only prove (1). (2)-(10) are similarly proved.

Consider s = k(1> +2), m = (1> —kE*)(I? = k> +2) > 0, t = kK?*I?, ¢ =
E2(1? — k?) > 1, r = k*, where k and [ are positive integers. Then, t and r are
perfect squares, x4 — (m +t + s + )22 + st +r = (22 — a?)(2? — b?), where
a=k?and b=1%+1.

Thus, by Corollary 4.1.3, the tree [K; ; @ T'(m,t)] © T(q,r) is integral. W

Corollary 4.1.6. For g+r #t, the tree [K; ;0T (m,t)|&T(q,r) of diameter
5 is integral if and only if x5 — (m+t+s+q+r+ 1)zt +[st+ (g+7)(m+t+
) + 1+ t|x® — t(sq + sr + 1) can be factorized as (x? — a®)(z? — b?)(2? — ),
where a, b and ¢ are positive integers, and one of the following four conditions
holds:

(i) m=1,q=1,

(ii) m > 1, g =1, t is a perfect square,

(iii) m =1, ¢ > 1, r is a perfect square,

(iv) m > 1, ¢ > 1, t and r are perfect squares.
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Proof. Using Theorem 4.1.1, this corollary is proved similarly to Corollary
4.1.3. [ |

Corollary 4.1.7. Forq+r #t, m=1,q > 1, leta, b, ¢c, s, m, t, q and r
be the positive integers in Corollary 4.1.6, given in Table 4.1. Then the tree
(K150 T(m,t) ©T(q,r) of diameter 5 is integral. (Note that a, b, ¢, s, m,
t, ¢ and r are obtained by computer search, and 1 < a <16, a < b < a+ 38,
b<c<b+10,q+r#t,m=1andq>1).

a | b | c s |m| t q r
219110 4 118 |90 | 9
8 19|10 71 | 1|7 | 72|25
819 |10 71 | 1] 9 | 72| 4
15116 | 18 | 239 | 1 | 243 | 240 | 81
15116 |18 1239 | 1 | 320|240 | 4

Table 4.1: Integral tree [K; ;0T (m,t)|&T (g, r) with diameter 5, where g+1r #
t,m=1and g > 1.

Proof. The result follows from Theorem 4.1.1 or Corollary 4.1.6 using a
method similar to that used in Example 4.1.5. ]

Corollary 4.1.8. Suppose that q+1r #t, m > 1, ¢ > 1, t and r are perfect
squares. Let a, b, ¢, s, m, t, g and r be the positive integers of Corollary 4.1.6,
as given in Table 4.2. Then the tree [K; s oT(m,t)]©T(q,r) of diameter 5 is
integral. (Note that a, b, ¢, s, m, t, ¢ and r are obtained by computer search,
and1<a<7,a<b<9,0<c<20,g+r#t, m>1andqg>1).

Proof. From Theorem 4.1.1 or Corollary 4.1.6, the correctness is easy to
check by using a method similar to that used in Example 4.1.5. ]

Remark 4.1.9. In view of Theorem 4.1.1, it is important to find positive
integral solutions of the following Diophantine equations (4.1.4) satisfying one
of the four conditions of Corollary 4.1.6.

A+ 4+ =m+t+s+q+r+1
a?b? + 02 +cPa? =st+ (q+r)(m+t+s)+t+r (4.1.4)
a’b’c? = t(sq+ sr+r)
By Theorem 4.1.1, Corollaries 4.1.8, 4.1.4, 4.1.6, 4.1.7 and 4.1.8, we know
that there exist infinitely many such integral trees [Ky s o T'(m,t)] ©T(q,r) of
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al|lb| c| s |m t q |rfal|lbl| c s m t q | r
11516 | 3|16 9 |32|1||1|5]6 7 18 4 (311
1|56 |8 21| 4 [27|1|1]|6] 7| 10 | 27 4 |43 ] 1
1167|1130 4 |39|1||1]|]6|7 5 32 9 38| 1
11910122163 4 |91 |1 1]9]10]| 23 | 66 4 |87 1
21516 12110 9 [29(4| 26| 7] 20 | 20 9 |35 4
217 8 [ 1327 16 |56 (4| 2|7| 8| 15 | 33 | 16 |48 | 4
21819 17139 16 |72 |42 |8] 9 | 19 | 45 4 164 | 4
3168 [3]20| 16 [36|1] 3|8|10| 55 | 36 | 16 |40 | 25
381167 45| 16 |64 1] 3]9|10] 21 | 36 | 36 |87 | 9
319102445 36 | 7519 4|5|12| 25 | 36 | 100|221
5161213832100 |30 4|5|6|17| 35 | 56 | 225|321
671650 |48 | 196 |42 |4 || 6|7 20| 102|190 | 144 |44 | 4
6|8 |15 |57 |60 |144 |54 |9 | 7|8|16| 67 | 44 | 196 |52| 9

Table 4.2: Integral tree [K; ;0T (m,t)]&T(q,r) with diameter 5, where g+1 #
t,m>1and qg> 1.

diameter 5. However, we did not succeed in finding positive integral solutions
of Equation (4.1.4) by computer search for the cases: (i) when m = 1 and
g=1,1<a<15,a<b<a+15 b<c<b+20, (ii) when m > 1, ¢ =1,
qg+r#£t, andt is a perfect square, 1 <a <5, a<b<a+8,b<c<b+10.

Hence, we raise the following question.

Question 4.1.10. Are there integral trees [K ;0T (m,t)|&T(q,r) of diameter
Swithm=1,g=1orm>1,q=1,q+r #t,t a perfect square?

From Corollary 4.1.7, we raise the following question.

Question 4.1.11. Are there infinitely many integral trees [Ki s o T'(m,t)] ©
T(q,r) of diameter 5 with q+1r #t, m=1 and ¢ > 17

Remark 4.1.12. For integral trees K1, T(m,t)] © T(q,r) of diameter 5,
by analyzing Table 4.2, we can see the following. If g+r #t, m>1, ¢ > 1,
t and r are perfect squares, then the problem of finding such integral trees is
equivalent to the problem of solving Equation (4.1.4). In particular, we can
also see that

[2 — (¢ +7)][z* — (m+t + 5)x? + st] — (22 — ) (2% — 7)

= [ — (g +n))(a? —r)(@® = ) — (@ =) (a® - 1)

T
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= (a® = 1)zt — (q+7+ %L +1)a? + ¢ + L))

4
= (2% —r)(2® — a?)(2® - b?).
Thus, when ¢q +r #£t, m > 1 and ¢ > 1, t and r are perfect squares, that
is, t = t2 and r = r}, we are interested to solve the following Diophantine

equations (4.1.5).

a? 4+ =q+r+2L+1
a2b? =t + st(qr+7") (4.1.5)

m+t+s=r+ %t
Hence, we raise the following question.

Question 4.1.13. When g+ 1r #t, m > 1 and ¢ > 1, t and r are perfect
squares, can we prove that there are infinitely many positive integral solutions
for Equation (4.1.4) or Equation (4.1.5)? Moreover, what are all positive
integral solutions of Equation (4.1.4) or Equation (4.1.5)%

Recall that the tree [K; ;0T (m, t)]|S[K; ,0T(q,r)] of diameter 5 is obtained
by joining the center u of K1 ;8T (m,t) and the center w of K ,eT(q,r) with
a new edge.

Theorem 4.1.14. The characteristic polynomial of the tree [K; ;0T (m,t)] &
[K1,eT(q,r)] of diameter 5 is

P({[K1s0T(m,t)|©[K1,0T(q, 1)}, x) = 2™~ DHaU=Drstp=2(g2 _gym-1
(22 =) Y[z — (m+t+s)2? +st][zt — (p+q+r)a?+pr] —2? (22 —t) (2 —71)}.
Proof. The result follows from Lemmas 1.2.2, 1.2.9 and 1.2.10 by arguments
similar to those used in Theorem 4.1.1. |

Clearly the following corollary follows directly from Theorem 4.1.14.

Corollary 4.1.15. The tree [Ky 0T (m,t)] & [K1,eT(q,7)| of diameter 5 is
integral if and only if the equation

(22 —t)" N2 =)o — (m+t+s+p+rg+r+ DS+ [(m+t+s)
(p+q+r)+st+pr+t+rjat—[stlp+q+7r)+pr(m+t+s)+rt]z?
+prst} =0

has only integral roots.

For the tree [K; s e T(m,t)] © [K1,eT(q,r)] of diameter 5, we obtain the
following special cases:

(i) If p=0, then [K; s0T(m,t)|S[K1p0T(q,7)] = [Kis0T(m,t)]cT(g,r).



Integral trees with diameters 5, 6 and 8 63

(ii) If s=p=r =1, then [K1 50T (m,t)] & [K1,eT(q,7)] =T"m,q|.

Integral trees T"[m, q] of diameter 5 were investigated in [16, 49, 50, 51]. We
simply list some examples from [16, 49, 50, 51]. The following Example 4.1.16
can be found in [16, 49].

Example 4.1.16.

1) Letd (> 1) be a positive integer but not a perfect square, and let xi, yi be
( p g p q y
T T

defined by (2.1.8). If m = d(L50)2, ¢ = d(Lfy? ¢ = (222,

where n > 1> 0, n and | are even, then the trees T [m,r] of diameter 5

are integral.

(2) Let d > 1 such that there exists positive integral solutions for Equation
(2.1.9), and let z, yr be defined by (2.1.11). If m = d(znyn — T191)?,
2

2

r = d(zoyn + )%, and t = (%)2, where n > 1 > 0, then the
trees T [m,r] of diameter 5 are integral.

(3) Letd (> 1) be a positive integer with square-free divisors, d = dida, di >
1 such that Equation (2.1.14) has positive integral solutions, and let xzy,
2 2
yk be defined by (2.1.16). If m = daiy?, r = da?ys, and t = d%(%)%
where k # 1, 21 kl, then the trees T'[m,r] of diameter 5 are integral.

(4) Let d (> 1) be a positive integer with square-free divisors, and let xy,

yr be defined by (2.1.8). Let m = daiy?, r = dzly?, and t = (1’2“4;%2)2,
where k # 1, ¢ = xg + yoVd is the fundamental solution of Equation
(2.1.4). If 2 4 zo or 2|zo, and k = l(mod 2), then the trees T'[m,r| of

diameter 5 are integral.

For the tree [K; e T(m,t)] © [Ki, e T(q,r)] of diameter 5, we have only
found such integral trees for the case that s =t = p = r. Hence, we raise the
following question.

Question 4.1.17. Are there integral trees [K1 s o T(m,t)] © [K1,eT(q,7)| of
diameter 5 for s, t, p and r which are not all equal ?

4.2 Two classes of integral trees of diameter 6

In this section, we determine the characteristic polynomials of two classes
of trees with diameter 6. We also obtain for the first time sufficient and
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necessary conditions for two classes of trees to be integral. To do so, we again
use number theory and apply a computer search. All these classes are infinite
and different from those in the literature. We also prove that the problem of
finding integral trees of diameter 6 is equivalent to solving some Diophantine
equations. We give a positive answer to a question of Wang et al. [77].

Integral trees T(r,m), T(r,m,t), and K; ; @ T((r,m,t) of diameter 6 were
investigated in [2, 16, 48, 51, 70, 77, 79], [2, 15, 37, 38, 39, 47, 48, 50, 75, 76, 77|
and [2, 48, 69, 75, 76, 77|, respectively. In the present thesis the structures of
integral trees T'(p, q) @ T'(r, m, t) of diameter 6 and K; s T (p,q) @ T'(r,m,t) of
diameter 6 are found for the first time.

4.2.1 The characteristic polynomials of two classes of trees

In this section, we shall determine the characteristic polynomials of the
trees T'(p,q) ¢ T'(r,m,t) and K, 5 ¢ T(p,q) @ T'(r,m,t) with diameter 6.

Theorem 4.2.1. P[T(p,q)  T(r,m,t),z] = g"mt=D+pla-D+r=1(32 _ g)p=1
(22 =)' M Va2 — (m+ )] Hab — p+q+m+t+r)zt +[(p+q)(m+1t)+
r(q+t)]z? — qrt}.

Proof. By using Lemmas 1.2.1 and 1.2.9, we find
P[T(p,q) @ T(r,m,t), x]
= P[T(p,q), z]P"[T(m, 1), x] + PP(K14,2)P[T(r,m,t), z]
—xPP(K1 4,2)P [T (m,t), x]
_ xrm(t—1)+p(q—1)+r—1($2 _ q)p—l(zQ _ t)r(m—l)[la _ (m + t)]r—l
{a® = (p+a+m+t+r)at+[(p+q)(m+1t) +r(qg+t)]a? — qrt},
and the theorem is proved. ]

Corollary 4.2.2.

(1) Forr =1 the characteristic polynomial of the tree T'(p,q) @ T'(r,m,t) =
T(p,q) ©T(m,t) of diameter 5 is P[T(p,q) ®T(r,m,t),x] = P([T(p,q)©
T(m,t),z] = 2D+l (2 — )P~ (22 — )" Yab — (p+ g+ m+t+
Dzt + [(p+q)(m +1t) + ¢ + t]a? — gt}.

(2) For m+t = q the characteristic polynomial of the tree T'(p, q) @ T'(r,m,t)
of diameter 6 is P[T(p,q) ® T(r,m,t),z] = z"mt-D+pla=1+r=1(52 _
Q)P (2? — )" D [zt — (p 4 g + )2 + rt].

(8) For p+q =t the characteristic polynomial of the tree T'(p,q) @ T'(r,m,t)
of diameter 6 is P[T(p,q) ® T(r,m,t),z] = "t Dtpla—D+r=152 _
Q)P Nz — )DL g2 — (m 4 )] Mzt — (m 4t 4 7)2? + gr].
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(4) For p = m, q = t the characteristic polynomial of the tree T(p,q) e
T(r,m,t) of diameter 6 is P[T(m,t) @ T(r,m,t),z] = z™r+D{-1)+r-1
(2 = D2 — (4 )] = [20m -+ 1) + o+ [(m+ 02 +
2rt]a? — rt?}.

Proof. The proof follows directly from Theorem 4.2.1. |

Theorem 4.2.3. P[K; ,eT(p,q)eT(r,m,t),x] = a"mt-DFpla=1trts=1(z2
PN @? =) D[ — (m+t)) Y2 — (p+g+s+m+t+r)at +{(p+a+
s)(m +1t) +7r(qg+1t) + gs]a® — q[s(m +t) + rt]}.
Proof. By (2) of Lemma 1.2.5, Lemma 1.2.9 and Theorem 4.2.1, we obtain
PKis;eT(p,q) ®T(r,m,t),x]
= 2" YaP[T(p,q) ® T(r,m,t),z] — sPP(Ky 4, x)P"[T(m,t),z]}
— xrm(t—l)—l—p(q—l)—&-r—l—s—l(lﬂ _ q)p_l(:UQ _ t)r(m—l)[xQ _ (m + t)]r—l
{2® —(p+ag+s+mttt+r)at +[(p+q+s)(m+1t)+r(g+1t)+gs]a®
—q[s(m +t) +rt]}. [ |

As special cases we find

Corollary 4.2.4.

(1) (See Theorem 4.1.1 of Chapter 4) If r = 1, then the characteristic poly-
nomial of the tree K1 ;T (p,q) @ T(r,m,t) = K1 ;0T (p,q) ©T(m,t) of
diameter 5 is
PIK,s0T(p,q)@T(r,m,t),x] = P[K;s0T(p,q) ©T(m,t),x]

— pmt—1)+p(g—1)+s (x2 _ q)p—l(xZ _ t)m_l{x6 —(p+q+s+m+t+
Dat 4+ [(p+q+s)(m+t)+q+t+qgsla® —q[s(m +1t) +1]}.

(2) If m+t = q, then the characteristic polynomial of the tree K1 ;T (p,q)e
T(r,m,t) of diameter 6 is

[

T

Kys0T(p,q)oT(r,m,t),a] = a™ (=D brds (g2 —gyptr= (32 —
m=Dzt — (p+q+s+r)a? + gs +rt].

Nge

4.2.2 Integral trees of diameter 6

In this section, we derive sufficient and necessary conditions for the trees
T(p,q) @ T(r,m,t) and K; ,eT(p,q) ® T(r,m,t) of diameter 6 to be integral.
Some concrete sufficient conditions are also obtained by computer search. All
these classes are infinite and different from those of [2, 15, 16, 37, 38, 39, 47,
48, 50, 51, 69, 75, 76, 77, 79]. Recall that the trees T'(p,q) © T(m,t) and
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(K15 T(p,q)] ©T(m,t) with diameter 5 were studied in [15, 38, 47] and
Section 4.1.
From the characteristic polynomial in Theorem 4.2.1 the following is trivial.

Theorem 4.2.5. The tree T'(p,q) ® T(r,m,t) is integral if and only if the
equation

(@2 = P (@® = )" D2 — (m 4+ )] Ha® — (p+g+m+t+r)at +
[(p+q)(m+t) +7(g+ )]z —grt} =0
has only integral roots, where p, q, r, m and t are positive integers.

Theorem 4.2.6. (See [15]) If r = 1, then the tree T(p,q) ® T'(r,m,t) =
T(p,q) © T(m,t) of diameter 5 is not an integral tree.

Theorem 4.2.7. If m +t = q, then the tree T(p,q)  T'(r,m,t) of diameter 6
(where v > 1) is integral if and only if z* — (p+q+7)x? + 1t can be factorized
as (%2 — a?)(2® — b?), where a and b are integers, and one of the following
two conditions holds: (i) t and q(= m + t) are perfect squares, (ii) m = 1,

q(=1+1t) is a perfect square.
Proof. When m + t = ¢, using Theorem 4.2.5 or Corollary 4.2.2 (2), we find
P[T(p,q) ® T(r,m,t), a] = 2= D421 (g2 — g)ptr =t (g2 — g)r(m=)
[z* — (p+ q + 7)2? + rt].
From this representation the statement directly follows. ]

Corollary 4.2.8.

(1) Form+1t =gq, m > 1 the tree T(p,q) @ T'(r,m,t) of diameter 6 (where
r > 1) is integral if and only if t = k2, m = n? + 2nk, r = “;32 (> 1),
g=m+k)? andp=a®+b>— (n+k)? - G;SQ(Z 1), where a, b, n and
k are positive integers.

(2) Form+t=gq, m =1 the tree T(p,q) ® T(r,m,t) of diameter 6 (where
. . . . 212
r > 1) is integral if and only if t = n® + 2712, m=1,r= n%fzn(> 1),
2
g=m+1)? andp=a®>+b—(n+1)? - n%_fzn(z 1), where a, b and n
are positive integers.

Proof. From Theorem 4.2.7, it follows that the tree T'(p, q) @ T'(r,m,t) (where
r > 1 and m+t = q) is integral if and only if a, b, p, ¢, r, t are positive integral
solutions for the equations (4.2.1) and one of the following two conditions
holds: (i) t and g(= m + t) are perfect squares, (ii) m = 1, g(= 1 +1¢) is a
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perfect square.

A+ =p+q+r,
{ a’b? = rt. (4.2.1)

(1) Assume that t = k%, g(= m +t) = (n+ k)2, i.e. m = n® + 2nk.
Then by Equation (4.2.1), we get r = “;—32(> 1),q=m+t=(n+k)? and
p=a’+b—(n+k)? - ‘12—32(2 1), where a, b and k are positive integers.

(2) Assume that m = 1, t = n? + 2n. Then by Equation (4.2.1), we find

r= gl (> 1), g =1+t =(n+1)2 and p=a® +1? — (n+1)* - L (> 1),
where a, b and n are positive integers. ]

Example 4.2.9. For the tree T'(p,q) @ T'(r,m,t) of diameter 6, let a, b, p, ¢,
r(>1), m and t be as in Theorem 4.2.7. Then the following holds.

(1) Let m+t =gq, m > 1, and leta, b, p, q, r, m, t be positive integers in Ta-
ble 4.3. Then the tree T'(p,q) @ T(r,m,t) of diameter 6 is integral. (Table
4.3 is obtained by computer search, where 1 <a <6, a<b<a+6).

(2) Letm+t=gq, m =1, and leta, b, p, q, r, m, t be positive integers in Ta-
ble 4.4. Then the tree T'(p,q) @ T(r,m,t) of diameter 6 is integral. (Table
4.4 1s obtained by computer search, where 1 <a <6,a<b<a+6).

al b | p q r|im|t|alb|p|qg|r|m]|¢t
1414 9 | 4|54 |1]6|17(16] 4| 7|9
116|191 9 | 9|5 4|16 251 4 1161 9
116 (1216 | 9 (12| 4 || 1] 6 312519 (21 4
216 [ 6259|9162 6| 81616 7|9
218 127125 |16 9 |16 2| 8 |16|36| 16|20 |16
21813149 (16(33|161 3| 8 49 1 16 | 13 | 36
3181225 (3|9 16|38 | 1]36]36]|20]16
419 | 12| 49 [ 36| 13|36 4|10| 10|81 |25| 17|64
411016 36 | 64|11 |25 4|10| 3 |49 |64 |24 | 25
6|12 |16 100 |64 |19 |81 || 6|12 |18 | 81 | 81 | 17 | 64

Table 4.3: Integral trees T'(p,q) ® T'(r,m,t) of diameter 6, with m + t = ¢,
m > 1.
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al b | p q rim| tl|albdb|p]| q r |m| t

11313 4 3113 1]4]|6]|9 2 1| 8

116 (21 4 (12|13 24|39 8 1] 8

216 |13 9 |18 1|8 2|6]9 ]2 6 1|24
218127 9 32|18 3|5 |3 |16] 15| 11|15
318 (24|25 |24 1 (24| 3| 8 |12]49| 12 | 1 |48
416 | 3|25 |24 |1 (24| 4|9 |18]25| 54 | 1|24
419 (21|49 |27 1 (48| 4|10 |15 |81 | 20 | 1 |80
517131136 |35|1[3|6| 8| 3 |49| 48 | 1 |48
611012 49 |75 |1 |48 6|10 |10 | 81| 45 | 1 | 80
61113100 |44 | 1 (99| 6| 12|23 |49 | 108 | 1 |48

Table 4.4: Integral trees T'(p,q) @ T'(r,m,t) of diameter 6, where m + t = g,
m = 1.

Proof. From Theorem 4.2.7 or Corollary 4.2.8, the statement easily follows
similarly to Corollary 4.2.8. ]

Theorem 4.2.10. If p+ q =t, then the tree T(p,q) @ T'(r,m,t) of diameter 6
(where v > 1) is integral if and only if z* + (m+t+7)x2+qr can be factorized
as (2% — a®)(x? — b?), where a and b are integers, and one of the following two
conditions holds: (i) t, ¢ and m+t are perfect squares, (i) p=1,t and m+t
are perfect squares.

Proof. The result follows from Theorem 4.2.5 or Corollary 4.2.2 (3) similarly
to Theorem 4.2.7. [ |

Corollary 4.2.11.

(1) If p+q=1t,t, g and m+t are perfect squares, then the tree T(p,q) e
T(r,m,t) of diameter 6 (where r > 1) is integral if and only if t = k2,
m=n?+2nk, r = “232 (>1), ¢g= 5% and p = k* — s2(> 1), where a, b,
k, n and s are positive integers satisfying

s2(a® + %) = 2 (n + k)? + o> (4.2.2)

(2) If p+q=t, p=1, then the tree T'(p,q) T (r,m,t) of diameter 6 (where
a?b>

r > 1) is integral if and only if t = k?, m = n? + 2nk, r = (> 1),
q=k —1(>1), and p = 1, where a, b, k and n are positive integers
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satisfying

(k% = 1)(a® +b*) = (K> = 1)(n + k)* + a*b*. (4.2.3)

Proof. By using Theorem 4.2.5 or Theorem 4.2.10, the proof is similar to the
proof of Corollary 4.2.8. |

Example 4.2.12. For the tree T(p,q) @ T'(r,m,t) of diameter 6, with a, b, p,
q, (> 1), m and t be as in Theorem 4.2.10, the following holds.

(1) If p+q = t, t, ¢ and m + t are perfect squares, a, b, p, q, r, m and
t are positive integers in Table 4.5, then the tree T(p,q) @ T'(r,m,t) of
diameter 6 is integral.(Table 4.5 is obtained by computer search, where
1<a<5,a<b<2a+10).

(2) Ifp+q=t,p=1,a,b, p, q, r, m and t are positive integers in Table
4.6, then the tree T'(p,q) @ T'(r,m,t) of diameter 6 is integral.(Table 4.6
is obtained by computer search, where 1 <a <5, a<b<a+20).

b P q r m t b P q r m t
8 32 4 16 13 36 8 21 4 16 24 25
8 | 12 | 4 | 16 | 33 | 16 8 5 4 | 16 | 40 9
9 | 27| 9| 36 | 13 | 36 9 |16 | 9| 36 | 24 | 25
9 7 9 | 36 | 33 | 16 14| 95 |49 | 36 | 25 | 144

141 72 |49 | 36 | 48 | 121
14| 32 [ 49| 36 | 88 | 81
84 |16 | 144 | 21 | 100
16 | 48 |16 | 144 | 57 | 64
16| 20 |16 | 144 | 85 | 36
18 |1 133 | 36 | 144 | 27 | 169
18 | 8 |36 | 144 | 75 | 121
18 | 45 | 36 | 144 | 115 | 81
18| 13 | 36 | 144 | 147 | 49
14| 32 | 49 | 100 | 40 | 81

14| 51 [ 49| 36 | 69 | 100
141 15 [ 49| 36 | 105 | 64
144 1 40 | 81
16| 33 |16 | 144 | 72 | 49
16| 9 |16 144 | 96 | 25
18 | 108 | 36 | 144 | 52 | 144
18| 64 | 36 | 144 | 96 | 100
18 | 28 | 36 | 144 | 132 | 64
14| 51 |49 | 100 | 21 | 100
14 | 15 [ 49| 100 | 57 | 64

QU B | B R W W W W W NN~
—_
D
QU O | | W W W W W W N a
—
D
D
ot
—_
D

Table 4.5: Integral trees T'(p,q) @ T'(r,m,t), with p+q =t, t, ¢ and m + ¢ are
perfect squares.
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al|l b |pl| q r m t|lalbdb |p|q r m t
116 (1] 3|12 |21 |4 ||1]16|1] 8 | 32 |216
208|118 (32279 ]2|15]1]|15| 60 |153 | 16
318 |1]24| 24|24 [25|3|10|1|15] 60 | 33 |16
3116|124 | 96 | 144 |25 |3 |20 |1 |15 | 240 | 153 | 16
4112|124 96 | 39 | 25| 4|15|1 |80 | 45 | 115 | 81
412411148192 |351 (49 || 5|14 |1 |35|140| 45 | 36

Table 4.6: Integral trees T'(p,q) ® T'(r,m,t) of diameter 6, where p + q = t,
p=1.

Proof. The statement follows from Theorem 4.2.10 or Corollary 4.2.11 simi-
larly to Corollary 4.2.8. [ |

Remark 4.2.13. By using Theorem 4.2.10, we can construct integral trees
T(p,q) @ T'(r,m,t) from any positive integral solution of the equations (4.2.4)
satisfying one of the two conditions of Theorem 4.2.10.

2 2 _
{a +b =m+t+r, (4.2.4)

a’b? = qr.

For the case p + ¢ = t, by Corollary 4.2.11 and Example 4.2.12, we know
that there exist many such integral trees T'(p,q) ® T(r,m,t) of diameter 6
satisfying one of the two conditions of Theorem 4.2.10.

Hence, we raise the following question.

Question 4.2.14. For p + q = t, are there infinitely many positive integral
solutions for Equation (4.2.4) satisfying one of the two conditions of Theorem
4.2.10% If yes, how can they be found, i.e., what are all positive integral
solutions for Equation (4.2.2) or Equation (4.2.3)7

Theorem 4.2.15. If p =m, q = t, then the tree T(p,q) T (r,m,t)=T(m,t)e
T(r,m,t) of diameter 6 (where r > 1) is integral if and only if 2% —[2(m+t) +
rlat + [(m +t)2 + 2rt]a? — rt? can be factorized as (2 — a?)(2? — b?)(2? — ?),
where a, b and ¢ are integers, and one of the following two conditions holds:
(i) t and m +t are perfect squares, (ii) m =1, m+t is a perfect square.

Proof. From Theorem 4.2.5 or Corollary 4.2.2 (4), the correctness follows
similarly to Theorem 4.2.7. ]
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Corollary 4.2.16. Let p = m, q = t, and suppose that the tree T (m,t) e
T(r,m,t) of diameter 6 is integral, such thatt and m +t are perfect squares.
Then for any positive integer n the tree T(mn?, tn?) @ T(rn?,mn? tn?) of di-
ameter 6 is integral, too.

Proof. Because the tree T'(m,t)eT(r,m,t) is integral, t and m +t are perfect

squares. By Theorem 4.2.15 or Corollary 4.2.2 (4), we find
P[T(m,t)eT(r,m t) x]

—_ xm(r+1)(t 1)+r— 1( t)(r+1)(m 1) [.7}2 (m—l—t)] —
{x® = 2(m +1) +T]a: + [(m+t)? + 2rt]z? — rt?}
— mm(r—&-l)(t 1)4r— 1( t)(r 1)(m—1) [xQ _ (m + t)]

(@2 — a?)(a? — 1) (a? — ¢2),

where a, b and c are integers, ¢ and m + t are perfect squares.
By using again Theorem 4.2.15 or Corollary 4.2.2 (4), we obtain
P[T(mn?,tn?) @ T(rn?, mn?,tn?), x|
_ xmnz(rn2+1)(tn2fl)+rn271(xQ _ th)(rnQJrl)(anfl)[xQ _ (m + t>n2]rn27l
A28 — [2(m + t) + 72z + [(m + )% + 2rt]n*a? — rt?nS}
— xan(rn2+1)(tn2fl)+rn2fl($2 _ th)(ranrl)(mnzfl)[xQ _ (m + t>n2]rn271
(2% — a®n?)(z? — b?n?) (22 — 2n?),

where a, b and ¢ are integers, t and m + t are perfect squares.
This proves the corollary. |

Corollary 4.2.17. Suppose p = m, ¢ = t, t and m + t are perfect squares.
Let a, b, ¢, p, q, (> 1), m, t be as in Theorem 4.2.15 and given in Table
4.7. Then for any positive integer n the tree T(mn? tn?) @ T(rn? mn?, tn?)
of diameter 6 is integral. (Table 4.7 is obtained by computer search, where
1<a<10,a<b<50,b<c<200),

Proof. The result follows from Theorem 4.2.15 and Corollary 4.2.16 similarly
to Corollary 4.2.8. |

Remark 4.2.18. In view of Theorem 4.2.15, we have to find positive integral
solutions of the following Diophantine equations (4.2.5) satisfying one of the
two conditions of Theorem 4.2.15.

a2+ +ct=2(m+t)+r,
a?b? + b2 + c2a? = (m +t)? + 2rt, (4.2.5)
a’b?c? = rt2.

For the tree T'(m,t) ® T'(r,m,t) of diameter 6, by Corollaries 4.2.16 and
4.2.17, there exist infinitely many such integral trees satisfying Condition (i)
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a | b c r m t a | b c r m t
116 15 100 72 1|7 | 27 441 160

1 119 75 | 3249 | 1344 | 25 1 122| 54 | 1089 | 1120 | 36
1 | 37| 147 | 12321 | 5280 | 49 1 |40 | 104 | 4225 | 4032 | 64
2 (12| 30 400 288 | 36 2 |14 | 54 | 1764 | 640 36
2 | 38 | 150 | 12996 | 5376 | 100 || 2 | 44 | 108 | 4356 | 4480 | 144
3|1 7| 25 441 96 25 3 |10 | 42 | 1225 | 288 36
3 |13 | 49 | 1521 | 480 | 49 3 | 18| 45 900 648 81
3 |21 | 81 | 3969 | 1440 | 81 3 | 31| 121 | 8649 | 3360 | 121
3135 60 784 | 1800 | 225 || 3 | 43 | 169 | 16641 | 6720 | 169
4 | 13| 48 | 1521 | 420 | 64 4 124 | 60 | 1600 | 1152 | 144
4 | 28 | 108 | 7056 | 2560 | 144 || 4 | 49 | 192 | 21609 | 8580 | 256
5 130 75 | 2500 | 1800 | 225 || 5 | 35 | 135 | 11025 | 4000 | 225
6 |14 | 50 | 1764 | 384 | 100 || 6 | 15| 90 | 6561 | 800 | 100
6 |20 | 84 | 4900 | 1152 | 144 || 6 | 26 | 98 | 6084 | 1920 | 196
6 | 33| 49 484 | 1080 | 441 || 6 | 36 | 90 | 3600 | 2592 | 324
6 | 42 | 162 | 15876 | 5760 | 324 || 7 | 42 | 105 | 4900 | 3528 | 441
7 149 | 189 | 21609 | 7840 | 441 || 8 | 26 | 96 | 6084 | 1680 | 256
8 | 48 | 120 | 6400 | 4608 | 576 || 9 | 21 | 75 | 3969 | 864 | 225
9 | 30| 126 | 11025 | 2592 | 324 || 9 | 39 | 147 | 13689 | 4320 | 441
10 | 21 | 165 | 23716 | 1800 | 225 || 10 | 49 | 65 676 | 1800 | 1225

Table 4.7: Integral trees T'(mn?, tn?) e T'(rn?, mn?,tn?), where n is a positive
integer.

of Theorem 4.2.15.
Hence, we raise the following

Question 4.2.19. What are all positive integral solutions for Equation (4.2.5)
satisfying Condition (i) of Theorem 4.2.15%

However, we have to mention that for the case (ii), when m =1, m + ¢
is a perfect square, 1 < a <20, a < b < 5a+ 10, b < ¢ < 5b+ 10, we have
not found positive integral solutions of Equation (4.2.5) by computer search.
Hence, we raise the following question.

Question 4.2.20. Are there positive integral solutions for Equation (4.2.5)
satisfying Condition (ii) of Theorem 4.2.15% If the answer is yes how can we
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find all positive integral solutions of Equation (4.2.5)7

Theorem 4.2.21. If m+t # q, p+q # t, and (p,q) # (m,t), then the
tree T'(p,q) @ T(r,m,t) of diameter 6 (where r > 1) is integral if and only if
28— (p+g+m+t+r)at+[(p+q)(m+t)+r(qg+t)x? —qrt can be factorized
as (2% — a®)(2?® — b?) (2% — ¢?), where a, b and c are integers, and one of the
following four conditions holds: (i) q, t and m+t are perfect squares, (i) p = 1,
m > 1, t and m +t are perfect squares, (iii) m =1, p > 1, ¢ and m +t are

perfect squares, (iv) p=m =1, m+t is a perfect square.

Proof. The statement follows from Theorem 4.2.5 similarly to Theorem 4.2.7.
|

Theorem 4.2.22. Suppose m +t # q, p+ q # t, and (p,q) # (m,t), and let
a, b, ¢, p, q, r(> 1), m, t be as in Theorem 4.2.21. Then the following hold.

(1) If q, t and m+t are perfect squares, a, b, ¢, p, q, r, m and t are positive
integers in Table 4.8, then the tree T'(p,q) @ T'(r,m,t) of diameter 6 is
integral. (Table 4.8 is obtained by computer search, where 1 < a < 7,
a<b<a+9,b<c<20)

(2) If p=1, m > 1, t and m +t are perfect squares, a, b, ¢, p, q, r, m and
t are positive integers in Table 4.9, then the tree T(p,q) @ T'(r,m,t) of
diameter 6 is integral. (Table 4.9 is obtained by computer search, where
1<a<18,a<b<a+10,b<c<b+20).

Proof. Using Theorem 4.2.5 or Theorem 4.2.21, the result follows in a way
similar to that of Corollary 4.2.8. |

Remark 4.2.23. When m+t # q, p+q # t, and (p,q) # (m,t), by Theorem
4.2.21, we have to find positive integral solutions of the following Diophantine
equations (4.2.6) satisfying one of the four conditions of Theorem 4.2.21.

>+ +F=prg+m+ttr,
a?t? + b2+ ca’ = (p+q)(m+1t) +r(g+1), (4.2.6)
a’b’c® = qrt.

For the tree T(p,q) ® T'(r,m,t) of diameter 6, by Theorems 4.2.21 and
4.2.22; there exist many such integral trees satisfying Condition (i) or Condi-
tion (ii) of Theorem 4.2.21. Hence, we raise the following
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c P q r m t c p q r m t
9 33 4 36 16 9 9 28 9 36 21 4
15 | 17 4 | 100 | 112 | 9 15 | 12 9 100 | 117 | 4
15 | 48 9 49 | 144 | 25 15 | 32 25 49 | 160 | 9
20 | 81 4 | 196 | 144 | 25 20 | 60 25 | 196 | 165 | 4

20 | 49 36 36 | 336 | 25
14 | 102 | 49 25 | 105 | 16
18 | 63 16 | 225 | 40 9
20 | 15 25 | 144 | 240 | 16
18 | 112 | 36 | 144 | 84 | 16
20 | 171 | 64 | 121 | 144 | 25
20 | 220 | 64 | 100 | 88 | 81
18 | 88 | 144 | 144 | 39 | 25

20 | 60 | 25| 36 | 325 | 36
14 | 135 | 16 | 25 72 | 49
18 | 70 9 | 225 | 33 | 16
20 | 24 | 16 | 144 | 231 | 25
18 | 132 | 16 | 144 | 64 | 36
20 | 210 | 25 | 121 | 105 | 64
15| 68 | 81 | 100 | 33 | 16
20 | 203 | 81 | 100 | 105 | 64
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Table 4.8: Integral trees T'(p,q) @ T'(r,m,t) of diameter 6, where m + t # g,
p+q#t and (p,q) # (m,1).

albl cip|lqgq ]| | m | t || a]|b|cl|p| q | r | m/|t
819|120 |1 75|108 | 105 | 256 || 14 | 16 | 27 | 1 | 252 | 252 | 100 | 576

Table 4.9: Integral trees T'(p, q) T (r,m, t) of diameter 6, where p = 1, m+t #
¢ p+q#t, and (p,q) # (m,1t).

Question 4.2.24. What are all positive integral solutions for Equation (4.2.6)
satisfying Condition (i) or Condition (ii) of Theorem 4.2.21%

However we have to note that for m+t # q, p+q # t, and (p, q) # (m, 1),
we have not found positive integral solutions of Equation (4.2.6) by computer
search in the following cases: (iii) when m =1, p > 1, ¢ and m + ¢ are perfect
squares, 1 <a <10, <b<a+10,b < ¢ < b+ 20, (iv) when p =m =1,
m +t is a perfect square, 1 <a <10,a<b<a+10,b<c <b+ 20.

Question 4.2.25. Form+t # q, p+q # t, and (p,q) # (m,t), are there
positive integral solutions for Equation (4.2.6) satisfying Condition (iii) or
Condition (iv) of Theorem 4.2.217 If yes how to find all such positive integral
solutions of Equation (4.2.6)7

Theorem 4.2.26. The tree Ky ;0T (p,q) @ T(r,m,t) is integral if and only if
the equation
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(2 = @~ (& = ) D[ — (m ot O “Ma® — (pot g s ot £+ )t +
[(p+q+s)(m+1)+r(g+1)+gsla® — gls(m + 1) +r1]} = 0
has only integral roots, where s, p, q, v, m and t are positive integers.

Proof. Follows from Theorem 4.2.3 similarly to Theorem 4.2.7. |

Theorem 4.2.27. (See Theorem 4.1.1 of Chapter 4) If r = 1, then the tree
KiseT(p,q)eT(r,m,t) =[KiseT(p,q)©T(m,t) of diameter 5 is integral
if and only if the equation

(22— a2 = )" Ha® — (p+q+s+m+t+ 1)zt +[(p+q+s)(m+
t)+q+t+qs]a® —qls(m +1) +1]} =0
has only integral roots, where s, p, q, m and t are positive integers.

Remark 4.2.28. In Section 4.1 of Chapter 4, we have proven for the first
time that there are infinitely many integral trees K1 5 ¢ T(p,q) @ T(1,m,t) =
(K1 seT(p,q)] ©T(m,t) of diameter 5.

Theorem 4.2.29.

(1) If m+t =gq, m > 1, then the tree Ki ;0T (p,q) T (r,m,t) of diameter 6
(where r > 1) is integral if and only ift = k?, m = n?+2nk, ¢ = (n+k)?,
and s, p, (= (n+k)?), r, m(=n? + 2nk), t(= k?) are positive integers
satisfying

{a2+b2:p+(n+k)2+r+s, (4.2.7)

a’b? = rk? + s(n + k)2, -

(2) If m+t=q, m =1, then the tree K; ;0T (p,q) T (r,m,t) of diameter 6
(where r > 1) is integral if and only ift =n?>+2n, m =1, ¢ = (n+1)?,
and s, p, ¢(= (n+1)2), r, m(= 1), t(= n% + 2n) are positive integers
satisfying

2 2 __ 2
{a +0?=p+(n+1)°+r+s, (4.2.8)

a?b? = r(n?+2n) + s(n + 1)~

Proof. The results follows from Theorem 4.2.26 or Corollary 4.2.4 (2) simi-
larly to Theorem 4.2.7. |

For the trees K ; ¢ T'(p, q) @ T'(r,m,t) of diameter 6, by computer search,
based on Theorem 4.2.29 we have found 4483 solutions of the equations (4.2.7)
satisfying m+t = ¢, m = n?+2nk > 1, t = k%, r > 1, ¢ = (n+k)?, 1 < a < 10,
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a <b<a+10. We have also detected 438 solutions of the equations (4.2.8)
satisfying m +t =q,m=1,t =n?>+2n,7r>1,¢= (n+ 1) 1< a < 10,
a <b<a+10. Some of them are given in Example 4.2.30.

Example 4.2.30. For the tree K1 ;0T (p,q) ¢ T(r,m,t) of diameter 6, let a,
b, s, p, q, (> 1), m and t be as in Theorem 4.2.29. Then the following holds.

(1) If m+t=q, m>1,a,b,s, p,q, v, m and t are positive integers in
Table 4.10, then the tree K1 ;0T (p,q)®T(r,m,t) is integral. (Table 4.10
is obtained by computer search, where 1 <a<3,a<b<a-+4).

(2) Ifm+t=q, m=1,a,b, s, p, q, r, m and t are positive integers in
Table 4.11, then the tree K1 ;0T (p, q)®T(r,m,t) is integral. (Table 4.11
is obtained by computer search, where 1 <a<4,a<b<a+5).

albl s | p|lg|r|m/|tlalb|ls|p|qg|7r|m]|t
1143|6443 111423 |4|8]|3]|1
151|129 |4 |5 41|55 (124 ]|5]|3]|1
11514194931 |1(5]3]|6|4]13|3]1
151234173 |1 |1(5]2|8|9|7]|8]1
2|54 |5 |16|4 792|585 |9|7]5]|4
2|55 131|165 (124 |2|5|6 |3 |16|4]|15|1
2|16|12110{ 9|9 |5 |4|2|6|8|5|9|18]5 |4
216 812|164 |12 4 2|6 7|9 |16 8 |12 4
216|111 71919 8| 1]2|6|]6|6]16|12]12]| 4
2|16 5|3 |16(1612| 4 |3|6|18| 7 (16| 4| 7|9
316|412 (2149 163|619 5 |16| 5 |12]| 4
316|182 (169 |12 4 36|20 5 |16| 4 |15 1
316|122 (25| 6 214 ||3|7|6|7]3|9 11|25
317|118 71617 7|9 3|7 1|6 |25/26] 9 |16
3|7 |17(12|25| 4 (214 ||3|7|11|6 36| 5 27| 9
3171101 31(36 9 279 ||3|7|27|6 |16|9 |15 1

Table 4.10: Integral trees K s @ T'(p,q) @ T'(r,m,t) of diameter 6 , where
m+t=q,m>1r>1.

We raise the following
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alb| s | plqg|lr|im|tl]alblc|p|qg]|r | m|t¢t
1141|844 |13 |1|54|15|4|3]1]3
151|144 7|13 ||1|5 1149 |2]1]8
1166|2344 |13 |1]63 (2|4 |8]|1]3
21514 (89|81 |82|6]8 14|99 ]|1]38
2171201229 |2 |1 |8 |2|7]12]|21|9 |11| 1] 8
217141209 |20 1|8 |2|7]1]|24|16]12| 1|15
207412025 4 |1 (24|3|6]9 |8 1612|115
3171211416 115|376 [13|16|23 | 1 |15
31719 (151259 |1 [243|8[21]20|16|16] 1 |15
31816 (1916|321 154 |7]|16| 8 |25|16| 1 |24
417|147 36| 8 |1 [34|8]16]13 25|26 1 |24
41819 (15136201 [35(4|8|16]10(49| 5 | 1 |48
41914812025 4 |1 (244,924 (19]25]|29| 1 |24
4191124136361 (3(\/\/(/ /1 /|/1/]]]/

Table 4.11: Integral trees Ky ;01 (p,q)eT'(r,m,t) of diameter 6, where m+t =
qgm=1,r>1.

Question 4.2.31. For m +t = q, are there infinitely many positive integral
solutions for Equation (4.2.7) or Equation (4.2.8) in Theorem 4.2.29% If yes,
how to find them?

Theorem 4.2.32. If m +t # q, then the tree Ki ;o T(p,q) @ T(r,m,t) of
diameter 6 (where r > 1) is integral if and only if 2% — (p+q+s+m+t +
)t +[(p+q+s)(m+t)+r(qg+t)+qgs|z? —q[s(m+1t) +rt] can be factorized
as (22 — a®)(2? — b?)(2? — c?), where a, b and c are integers, and one of the
following four conditions holds: (i) q, t and m + t are perfect squares, (ii)
p=1,m>1,t and m+t are perfect squares, (iii) m=1,p>1, g and m+t
are perfect squares, (iv) m=p =1, m+t is a perfect square.

Proof. From Theorem 4.2.3, the result follows as before. |
Based on Theorem 4.2.32 we obtain the following
Corollary 4.2.33. For the tree K, T(p,q)  T(r,m,t) of diameter 6, with

m+t#gq, and a, b, s, p, q, r(> 1), m, t as in Theorem 4.2.32, the following
holds.
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(1) If m+t # q, q, t and m+t are perfect squares, a, b, ¢, s, p, q, r, m and t
are positive integers in Table 4.12, then the tree K; ;0T (p,q) e T (r, m,t)
is integral. (Table 4.12 is obtained by computer search, where 1 < a < 4,
a<b<a+4,b<c<15).

(2) Ifm+t#q p=1m > 1,t and m + t are perfect squares, a, b,
s, p, q, v, m and t are positive integers in Table 4.13, then the tree
Ky s0T(p,q) T (r,m,t) is integral. (Table 4.13 is obtained by computer
search, where 1 <a <9,a<b<10,b<¢<20).

albl c| s |p q r |m |t
113/10|11|30| 4 49 (15| 1
113110 3|6 4 33 |63 1
11311421 {60| 4 |105|15| 1
113|145 |12] 4 |121 (63| 1
114 8|5 (12| 4 11 |48 | 1
11419 |12(33]| 4 24 |24 | 1
114110|10| 27| 4 40 | 35| 1
114112 2 {63 ] 64 | 28 | 3 | 1
1141122160 | 4 51 | 24| 1
114112 8 | 21| 4 64 | 63| 1
11411311233 4 88 |48 | 1
1141141954 | 4 |100 35| 1
114114 7 |18| 4 84 199 | 1
115 8|8 (21| 4 8 [48 | 1
115112 7 [48] 9 57 |48 | 1
2151911816 9 18 148 | 1
25 (11| 7 18100 9 |15 1
215112128130 9 57 | 45| 4
215|112 |10| 18| 16 | 65 | 60 | 4
3|5|14|31|66| 3 | 8 | 7|9
3|5 |14 (27|78,100| 9 |15 1
316|149 |15 16 | 80 | 8 | 36

Table 4.12: Integral trees K1 ;0T (p, q) #T'(r, m,t) of diameter 6, where m+t #
q.
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al|l b | ¢ s |p| q r m t
21318 5 1] 8| 27 | 32 4
213|110 8 |15 |18 | 77 4
314 10| 18 [1|10]| 32 | 55 9
314 |10 16 | 1|15 | 44 | 45 4
314 |14 8 | 1|14 | 54 | 128 | 16
315 | 8|12 1]24| 12 | 48 1
415 |12 18 |1 [24| 78 | 48 | 16
415 |18 18 | 1|18 | 72 | 220 | 36
415 |18 24 | 1|18 66 |240| 16
516 | 13| 50 |1]26| 72 | 56 | 25
516 | 13| 66 |1]26| 56 | 72 9
516 | 17| 18 |1 ]34 | 128 | 133 | 36
5|16 | 18| 32 | 1|27 |100 | 189 | 36
67 |16 39 [1|48 | 153 | 64 | 36
67 |16 90 [ 148|102 | 96 4
6| 7|19 14 | 1|38 |168 | 144 | 81
67 |19 54 [ 1|38 ] 128|189 | 36
67 19| 70 [1|38|112|216| 9
67 |19 74 |1]38]108|224| 1
619 |20 55 | 1|80 | 125|252 | 4
718 12| 78 |1]63| 34 | 56 | 25
819 |20 68 | 1|80 |252| 8 | 64
819 (20176 | 1|80 | 144 | 140 | 4
8110 |13 | 128 | 1|65 | 18 | 57 | 64
911016 | 75 [1]96 | 69 | 96 | 100

Table 4.13: Integral trees K1 ;0T (p, q) T (r,m,t) of diameter 6, where m+t #
¢ p=1

Remark 4.2.34. For m +t # q, in view of Theorem 4.2.32, we wish to
find positive integral solutions of the following Diophantine equations (4.2.9)
satisfying one of the four conditions of Theorem 4.2.32.

a2+ +cE=ptqgts+m+t+tr,
a?b? + b2+ a? = (p+q+s)(m+t)+r(g+1t)+gs, (4.2.9)
a’b?c? = q[s(m +t) + rt].
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So, the following question arises.

Question 4.2.35. When m+t # q, what are all positive integral solutions for
Equation (4.2.9) satisfying Condition (i) or Condition (ii) of Theorem 4.2.327

However again, when m —+ ¢ # ¢, we have not found positive integral solu-
tions of Equation (4.2.9) by computer search in the cases: (iii) when m =1,
p > 1, g and m + t are perfect squares, 1 < a <7, a <b<10,b<c <20,
(iv) when m = p = 1, m + t is a perfect square, 1 < a < 10, a < b < 10,
b < ¢ < 20. Hence, we raise the following

Question 4.2.36. When m +t # q, are there positive integral solutions
for Equation (4.2.9) satisfying Condition (iii) or Condition (iv) of Theorem
4.2.822 If yes, how to find them?

4.3 Integral trees of diameter 8

In this section, we mainly give some new classes of integral trees K s o
T(q,r,m,t) with diameter 8, different from [2, 38, 39, 48, 75, 76, 77]. Inte-
gral trees T'(q,r,m,t) of diameter 8 have been investigated in [2, 38, 39, 48,
75, 76, 77). In [76], we derived the characteristic polynomials of the trees
T(s,q,r,m,t) of diameter 10 and K; ;#1'(¢q,7,m,t) of diameter 8. But we did
not find such integral trees. P. Hic and M. Pokorny found an infinite class
of integral trees T'(s,q,r,m,t) of diameter 10 in [39] (see Corollary 4.3.6 or
Theorem 1.3.43). Here we present some new results which treat interrelations
between integral trees of various diameters. Integral trees K s ® T'(q, 7, m,1)
of diameter 8 are found for the first time.

Theorem 4.3.1. The tree T(s,q,r,m,t) of diameter 10 (where s,q,r,m > 1)
is integral if and only if t and m+t are perfect squares, x* — (m+t+7r)x? +rt
can be factorized as (z% —a®)(z? — b%), 2* — (¢ +m+t+r)z? +rt +q(m +1t)
can be factorized as (x> — ) (x? — d?), and 2% — (s + q+m +t +r)z* + [rt +
qg(m+1t) +s(m+t+r)ax? —rst can be factorized as (x> —e2)(x? — f2) (2 — ¢?),
where a, b, ¢, d, e, f and g are integers.

Proof. By Lemma 1.2.16 (1), we find

P[T(S, q,r.m, t), l’] — l,sqrm(t—l)-i—sq(r—l)—&—s—l(:1:2 _ t)sqr(m—l)[xA _ (m +t4
r)a? +rt] @D 22 — (m+1)]*0 Dzt — (g+m+t+r)a?+rt+q(m+t)] H{ab -
(s+q+m+t+r)zt+[rt+qim+1t) + s(m+t+ )]z — rst}.

From this representation the statement directly follows. |
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Similarly, from Lemma 1.2.16 (2) we obtain

Theorem 4.3.2. The tree Ki s0T(q,r,m,t) of diameter 8 (where g,r,m > 1)
is integral if and only if both t and m~+t are perfect squares, x*—(m-+t-+r)x?4rt
can be factorized as (x> — a?)(x? —b?), and 2% — (s +q+m +t +r)z* + [rt +
q(m+1t)+s(m+t+r)]x? —rst can be factorized as (x? — c)(x? — d?) (2% — €?),
where a, b, ¢, d and e are integers.

Corollary 4.3.3. The tree Ky ;0T (q,r,m,t) of diameter 8 (where ¢,r,m > 1)
is integral if and only if t = k?, m = n®+2nk, r = a?p? qg=c+d*+e?—a’—

k2
b? — ‘32(;2[21)52 >1,s= %, where a, b, ¢, d, e, k and n are positive integers
satisfying (k? —b2)(a?—k?) = k2(n®+2nk) and a®b?(c2d?>+d%e®+e%c? —a?h?) =
a?b*(n+k)? (2 +d* +e* —a? — b))+ *d?e*[a® +b* — (n+ k)?], where a < k < b.

Proof. The result follows easily from Theorem 4.3.2 |

Theorem 4.3.4. Let s, q, r, m, t be positive integers, then for any positive
integer n the following holds.

(1) If the tree T(s,q,r,m,t) of diameter 10 is integral, and s, q, r, m > 1,
then the trees T'(sn?, qn?,rn? mn?, tn?), T(qn?, rn?, mn?, tn?), Kign2e
T(gn?,mn? mn? tn?), T(rn?, mn?,tn?), Ky gn2 oT'(rn?, mn?, tn?), Ky pp2
o T(mn? tn?), T(mn?, tn?) and T(tn*) = K 4,2 are integral trees with
diameters 10, 8, 8, 6, 6, 4, 4 and 2, respectively.

(2) If the tree Ky, T(q,7,m,t) of diameter 8 is integral, and q, v, m > 1,
then the trees Ky 5,2 ® T(qn?,mn?, mn? tn?), T(rn?, mn?, tn?), T(mn?,
tn?), Ky ,p2 @ T(mn?, tn?) and T(tn®) = K, 4,2 are integral trees with
diameters 8, 6, 4, 4 and 2, respectively.

(3) If the trees T'(q,r,m,t) of diameter 8§ and K1 s0T(q,r,m,t) of diameter
8 are integral, and q, v, m > 1, then the tree T(sn?, qn?,rn?
of diameter 10 is an integral tree.

,mn?, tn?)

(4) If the trees T(q,r,m,t) of diameter 8 and T(s,q,r,m,t) of diameter 10
are integral, and s, q, v, m > 1, then the tree K g2 oT'(qn?,mn? mn?,tn?)
of diameter 8 is an integral tree.

Proof. We only prove (1) for the tree T'(s,q,r,m,t). (2)-(4) are similarly
proved.

Because T'(s, q,r,m,t) is integral, and s, ¢, r, m > 1, by Lemma 1.2.16 (1)
or Theorem 4.3.1, we find
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P[T(S, q,r,m, t), l’] — msqrm(t—1)-l—sq(r—1)—&—s—1(‘,E2 _ t)sqr(m—l) [$4 _ (m 4t
+r)z? 4+ rt] @ D[22 — (m + )]0 D[zt — (g + m+t + )z + 7t + g(m
+)P " Hab — (s+q+m+t+r)zt +[rt+qg(m+t)+s(m+t+7r)]x? —rst}
_ xsqrm(tfl)Jrsq(rfl)Jrsfl<x2 _ t)sqr(mfl)[xZ _ (m + t)]sq(rfl)[(x2 _ a2)
(22 — )]0V (22 — 2)(a? — d2) (a2 — e2)(a® — f2)(a — ¢2),
where t and m + t are perfect squares, and a, b, ¢, d and e are integers.
Hence, by Lemma 1.2.16 (1) or Theorem 4.3.1, we get
P[T(an, an’ ’I“?’LQ, an, th), J}] — xsqrm(th—1)n8+sq(rn2—1)n4+sn2—1(12
_tn2)sqr(mn2—1)n6 . [$2 _ (m + t)nZ]sq(rn2—1)n4 [374 _ (m +t4 7’)77,2.’132
+rtnd]n*an® =D (g4 — (¢ + mti r)ynz? + rtn* + g(m + t)nt)’ 1
Az — (s+q+m+t+r)net +[rt +q(m+1t) +s(m+t—i—r)]n4 2 —rstnS}
— xsqrm(tn2—1) n8+sq(rn?—1)n 4+sn —1($ _ th)sqr(mnz—l)
_[12 _ (m + t) sq rn?—1)n <2.%' . (bn) )}an(anfl)
(@2 = (en)?)(a S Jon - (en) 2)(@? — (fn)?)(a® — (gn)?),
where ¢t and m + t are perfect squares, and a, b, ¢, d and e are integers.
Thus the tree T(sn?, qn?,rn?, mn?, tn?) is integral. [ |
Theorem 4.3.5. Let n; be positive integers, i = 1,2,...,k, where k is any
positive integer. Then for any positive integer n the following holds.

(1) If the tree T(ng,nk—1,...,n1) of diameter 2k is integral, and n; > 1,

i = 2,3,...,k, then the trees T(n;n?, nj_1n?, ...,nmin?) (where 1 <
j <k, see [38]), K2 @ T(nj1n® njon? ..., mn?) (2 < j < k)
and T(nj_1n,nj_on?, ..., nin?) (2 < j < k) are integral trees with

diameters 2j, 2(j — 1) and 2(j — 1), respectively.

(2) If the trees T (ng—1,nk—2, . ..,n1) of diameter 2(k—1) and K; nk (nk 1,
Nk—_2, -..,n1) of diameter Q(k‘ 1) are integral, andn; > 1,1 = e k—
1, then the tree T'(ng, nk—1, ...,n1) of diameter 2k is z'ntegml.

(3) If the trees T'(ng—1,nk—2,-..,n1) of diameter 2(k — 1) and T (ng, ng_1,

ooy n1) =ngxT(ng_1,nk_2,..., n1) of diameter 2k are integral, and

n; > 1,4 =2,3,...,k, then the tree Ky, ® T(ng_1, ng—2, ..., n1) of
diameter 2(k — 1) is integral.

Proof. (1) Because T'(ng,ng_1, . ..,n1) is integral, n; and n; (> 1) are positive
integers for i = 2,3,...,k, by Theorems 1.3.19 and 1.3.18 (which are Corollary
3.4 and Theorem 3.5 of [38]), we find that T'(n;jn% n;_1n?, ...,nn?) (2<j <
k) is integral for any positive integer n.

By Lemma 1.2.6, we know that for any positive integer n the graphs G; =

2 2 2 2 2
(nn?—1)K1UT (n;n? nj_1n?, ... ,nin?) and Gy = K pn2oT (nj_1n®, nj_on?,
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oy mn?) U(ngn? — 1)T(nj—1n?,nj—on?, ..., mn?) (2 < j < k) are cospectral
forests. Since T'(njn? nj_1n?, ...,nn?) (2 < j < k) is integral, it follows that
both Kj ,, 2 @ T(nj—1n?,nj_om? ..., mn?) and T(nj_1n? nj_on?,..., nin?)
(2 < j < k) are integral trees of diameter 2(j — 1).

(2)-(3) are proven similarly using Lemmas 1.2.6 and 1.2.7. [

Corollary 4.3.6. (see [39]) Let s = 3006756, ¢ = 1051960, » = 751689,
m = 283360 and t = 133956. Then for any positive integer n the tree
T(sn?,qn?,rn?, mn?, tn?) of diameter 10 is an integral balanced rooted tree.

Proof. From Theorem 4.3.1, we can easily check the correctness by using a
method similar to that used in (1) of Theorem 4.3.4. [

Corollary 4.3.7. Let s = 3006756, ¢ = 1051960, r = 751689, m = 283360
andt = 133956. Then for any positive integer n the trees T'(sn?, qn?,rn?, mn?,
tn?), T(qn?,rn? mn?,tn?), Ky gp2 @ T(gn?,mn?,mn? tn?), T(rn? mn?,tn?),
Ky jn2 ® T(rn®, mn? tn?), K .20 T(mn? tn?), T(mn?, tn?) and T(tn*) =
K tn2 are integral trees with diameters 10, 8, 8, 6, 6, 4, 4 and 2, respectively.
Proof. The result follows by Theorems 4.3.1, 4.3.2 and 4.3.4 and Lemmas

1.2.9, 1.2.10, 1.2.15 and 1.2.16. ]

Based on Theorems 4.3.2 and 4.3.4, by computer search we obtain.

Corollary 4.3.8. Let a, b, ¢, d, e, s, q(> 1), r(> 1), m(> 1), t be positive
integers as in Theorem 4.3.2, given in Table 4.14. Then for any positive inte-
ger n the trees Ky ;2 @ T(qn?,mn?, mn? tn?), T(rn% mn? tn?), T(mn?,tn?),
Ky p2 @ T(mn?tn?) and T(tn?) = K| 4,2 are integral trees with diameters 8,
6, 4, 4 and 2, respectively. (Table 4.14 is obtained by computer search, where
1<a<7,a<b<a+20,1<c<aa<d<ba+1,d<e<10d+ 3).

Analyzing Table 4.14, we can see that all its rows except the row (s, g, 7, m,

t) = (9,312,100, 72, 49) have the following properties: t = k2, s = d*> = m +t,
a’b? = c?e? = rt, where a, b, ¢, d, e, k, s, g, , m and t are positive integers.

This observation leads to.

Corollary 4.3.9. Lett =k*>, m=d*>—k*>*>1,r = "2—12’2, g=c2+e*>—a®>-1?
> 1 and s = d?, where a, b, ¢, d, e and k are positive integers satisfying
a’b? = c2e? and (a® + b*)k? = a®b® + d*k?. Then for any positive integer
n the trees Ky g2 ® T(qn?,rn? mn?,tn?), T(rn? mn? tn?), Ky 2o T (mn?,
tn?), T(mn?, tn?) and T(tn?) = Ky 4,2 are integral trees with diameters 8, 6,

4, 4 and 2, respectively.



84 Chapter 4

al|l b |c| d e s q r m t
219 (1] 7| 18 | 49 240 36 | 40

3114 |1 ]13| 42 | 169 | 1560 | 36 | 120 | 49
3114 |2 13| 21 | 169 | 240 36 | 120 | 49
3116 |1 |11 | 48 | 121 | 2040 | 144 | 105 | 16
31162 | 11| 24 | 121 | 315 | 144 | 105 | 16
4118|114 | 72 | 196 | 4845 | 144 | 160 | 36
4118 2|14 ] 36 | 196 | 960 | 144 | 160 | 36
4118|314 | 24 | 196 | 245 | 144 | 160 | 36
5114 |1]10]| 21 9 312 | 100 | 72 | 49
5114|111 | 70 | 121 | 4680 | 100 | 72 | 49
51142 | 11| 35 | 121 | 1008 | 100 | 72 | 49
7126|123 182 | 529 | 32400 | 196 | 360 | 169
7126223 91 | 529 | 7560 | 196 | 360 | 169

Table 4.14: Integral trees K 2 ® T(qn? rn? mn? tn?), T(rn? mn? tn?),
T(mn?,tn?), Ky ;p2 @ T(mn?,tn?) and T(tn?) = K} 4,2, where n € N.

Proof. The result follows from Theorems 4.3.2 and 4.3.4. [ |

In view of Theorems 4.3.2 and 4.3.4 and Lemmas 1.2.9, 1.2.10, 1.2.15 and
1.2.16, the following conjecture is true for k = 3,4, 5, Hence we are led to

Conjecture 4.3.10. For any positive integers k and n, if the tree Ky, ®

T(nk—1, nk—2, ..., n1) of diameter 2(k — 1) is integral, and n; > 1 for i =
2,3,...,k—1, then the trees K ,, 2 o (np_1n?, ng_on?,..., nin?) of diameter
2(k = 1), Ky pn;_yme e T'(nj_3n® nj_sn? ..., min?) of diameter 2(j —3) (where
4 < j < k)and T(nj_on? nj_sn?, ..., nin?) of diameter 2(j — 2) (where

3 < j < k) are integral too.

In [2, 15, 16, 36, 37, 38, 39, 47, 48, 50, 51, 69, 75, 76, 77, 79] and in the
present chapter, we found integral trees T'(ng, ng_1,. . ., nq) of diameter 2k and
integral trees Ky ,, ® T'(ng_1,n—2,..., n1) of diameter 2(k — 1) for positive
integer k < 5.

Question 4.3.11. Are there integral trees Ky, ® T(ng—1,nk—2,..., n1) of
diameter 2(k — 1) and integral trees T (ng,nk—1,..., n1) of diameter 2k for
arbitrary large integer k¢



Chapter 5

Integral complete r-partite
graphs

An infinite family of integral complete tripartite graphs was constructed
by M. Roitman in 1984 (see [60]), where he mentioned the general problem of
finding integral complete multipartite graphs. He conjectured that for r > 3
there exist an infinite number of integral complete r-partite graphs. However,
he did not find such integral graphs. Baliriska and Simié¢ [5] remarked in
2001 that the general problem seems to be intractable. In this chapter, we
give a sufficient and necessary condition for complete r-partite graphs to be
integral, from which we can construct infinitely many new classes of such
integral graphs. We will show that the problem of finding such integral graphs
is equivalent to solving certain Diophantine equations. M. Roitman’s result
on the integral complete tripartite graphs is generalized in this chapter. We
finally propose several basic open problems for further study.

5.1 A sufficient and necessary condition for com-
plete r-partite graphs to be integral

In this section, we shall derive a sufficient and necessary condition for
complete r-partite graphs to be integral. The following Lemma 5.1.1 can be
found in [22].

Lemma 5.1.1. ( [22]) For the complete r-partite graph K, .. p
we have

on n vertices,

T

85
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_ p
P(Kphpm“‘,prvx) =z" (1 - : ) H(JU +Pj)-

Assume that the number of distinct integers of p1,p2, -« , p, is s. Without
loss of generality, assume that the first s ones are the distinct integers such
that p1 < pa < .-+ < ps. Suppose that a; is the multiplicity of p; for each i =
1,2,---,s. The complete r-partite graph Ky, p, ... p,=Kpi . p1.po, p2,ee psree ps
is also denoted by Kg,.pi.a0-ps,-asps: Where 1 = 37 1 a; and |V| = n =

> i1 @i

Example 5.1.2. (/22]) The complete 2-partite graph K, p, (i.e. s =2 and
a1 = ag = 1) is integral if and only if p1p2 is a perfect square.

Corollary 5.1.3. For the complete r-partite graph Ky, p, ..
on n vertices, we have

P(Kay p1jaspo, aspsr ®) = 2" Hz (@ +pi )afl[Hz (@ +pi)
S S
- Zj:l a;jpj Hz’:u;ﬁj(x + pi)l-

Pr Kal ‘P10 ,QsPs

The following theorem is immediate.

Theorem 5.1.4. The complete r-partite graph Ky, py ... p. = Kayp1.aopo, asps
1s integral if and only if

s

H (@ +pi) — Za]p] H (z+pi) =0. (5.1.1)
i=1

1=1,i#j
has only integral roots.

We now discuss Equation (5.1.1) to get more information. Firstly, we
divide both sides of Equation (5.1.1) by [[;_, (z + p;), and obtain

F@yziéﬁfl—lzo. (5.1.2)

o TP

Clearly, —p; is not a root of Equation (5.1.1), for 1 < ¢ < s. Hence, the
solutions of Equation (5.1.1) are the same as those of Equation (5.1.2). Now
we consider the roots of F(x) over the set of real numbers. Note that F(z) is
discontinuous at each point —p;. For 1 < i < s, we have that F'(—p;—0) = —o0,

F(=p; +0) = +o00, F(~00) = F(+00) = 1, F/(z) = — Y0, %85, We
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deduce that F(z) is strictly monotone decreasing on each of the intervals
where F'(z) is continuous. Using the Weierstrass Intermediate Value Theorem
of Analysis, we deduce that F'(z) has s distinct real roots, —oo < us < us—1 <
... < up < 4oo of satisfying

—ps < Us < =Py <Us—1 < ... < —p2 <uz < —p; <0< up < +4o00. (5.1.3)

On the other hand, Equation (5.1.2) can be written as

aipi asp2 o asPs
T+ T+ p2 T + Ps

(5.1.4)

From the above discussion, we have

Theorem 5.1.5. The complete r-partite graph Kp, p,.... p. =Ka1-p1,a0-po, as-ps
is integral if and only if all the solutions of Equation (5.1.4) are integers,

i.e. there exist integers ui, ug, - - ,us satisfying (5.1.3) such that the following
linear system in ay,a9,- -+ ,as

aipi azp2 . AsPs

u1+p1 + u1+p2 + + uit+ps 1

.................. (5.1.5)

aipi az2p2 . aspPs
Us+p1 + Us+p2 + + Us+Ps 1

has positive integral solutions (ay,ag, - ,as).
Theorem 5.1.6. The complete r-partite graph Kp, p, ... p, = Kai-p1,a0-po, as-ps

on n vertices is integral if and only if there exist integers u; and positive inte-
gers p; (i=1,2,---,s) such that (5.1.3) holds and

a = Hsizl(pk‘f‘ui) , (k=1,2,---,5) (5.1.6)
Pk Hz‘:l,i;ék(pk —pi)

are positive integers.

Proof. From Cauchy’s result on determinants in [11], we deduce

alJ.rﬁl ) alfrﬁs  Tlhi<icj<s(ay —ai)(8; — Bi)
1 ' 1 [Ti<ij<s(i +55)

The determinant of the coefficient matrix D of the linear system (5.1.5) is the
following;:
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Pkt .. _Ps 1 . 1

u1+p1 U1+ps u1+p1 U1+ps

— . . . _ S . . .

D = : . : = Hi:l 2 : . :
P1 - Ps _r ... _1
Us+p1 Us+Ps Us+p1 Us+Ps

s

pi [ (w—w)p—p)
1

A= 1<i<j<s ?é 0
H (ui + pj)
1<4,5<s
P p2 .. Pk—1 1 Pk+1 .. Ps—1 Ps
ui+pr  ui+p2 U1 +Pr—1 U1 +Pr+1 u1+ps—1  u1tps
p1 p2 - Pr—1 1 Pr+1 . Ps—1 Ps
us+p1  us+p2 Us+Pk—1 Us+Prt1 Us+tpPs—1  UstPs

II » II (—w—p)

i=li#tk  1<i<j<s

= lszkH+OO|D| = 5 )

H (u; + p;) H (pk — pi)

1<i,j<s,j#k i=L,izk

fork=1,2,---,s.
By using the well-known Cramer Rule to solve the linear system (5.1.5) in
ai,as, -+, g, we obtain

i Hf:1(pk + Uz)
CLk- - S b
Pk HZ’:Li;ék;(pk —pi)

(k:172a ?S)'

Because —ps < us < —ps_1 < Usi1 < 00 < =P < Ug < —p1 < U < 400

and p; > 1fori=1,2,--- s, we can deduce that ax >0 (k=1,2,---,5s) and
up > 0.
So the result follows from Theorem 5.1.5. ]

Corollary 5.1.7. If the complete r-partite graph Kp, p,.... p. =Kai.p1 - asps O1
n vertices is integral, then the following holds.

(1) ax >0 fork=1,2,--- s, and u; > 0.
(2) >z wi =320 (a;i — .
(3) Tz (—wi) = ITizy pi(1 — 225 @i)-
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(4) SpeC(Kal'pl,QZ'p27“'7as'ps) =

—DPs Us —Ps—1 Us—1 -+ U2 —Pp1 0 Uy
s

as—1 1 as1—1 1 -+ 1 a—-1 Yapi—1) 1
=1

Proof. The result in (1) has been shown before. By Corollary 5.1.3, we have
P(Kay p1,azp2,- aspes T)

= 2" " [Tz (@ + p) T (= 4+ pi) — 205 ajp; Ili-1iz (@ +pi)]
=" i (e + p) ot = [ (@ — Dpila®™ + ..

+Ilo i pi(1 =320 @)}

=" [Timy (@ +p) I (2 — ).

By using the relation between roots and coefficients of polynomials, and the
inequality (5.1.3), we obtain the results in (2)-(4). [ |

Lemma 5.1.8. Define

s

Vap(e) = P au52) = ([J(@ +pi) (1 — Yap(@)).

)
x }
i=1 TP i=1

—

with vectors @ = (a1, az,...,as), p=(p1,p2,...,ps) € Z°. Let q be a non-zero
integer. Then u is an integral root of ®g ,5(x) if and only if u/q is an integral
root of ®g 5(x).

Proof. It is easy to see that v is a root of ®; 5(x) if and only if qv is a root
of ®; 45(x). Therefore if all the roots of ®z 5(x) are integers, then the roots of
®; 45(x) are integers as well.

Assume now that v is an integral root of ®z,5(x). Then v/q is a ratio-
nal root of ®z5(x). Since ®zz(r) is a monomial polynomial with integral

coefficients, its rational roots should be integers. Therefore v/q € Z. |

From the above lemma we can obtain the following result.

Theorem 5.1.9. For any positive integer q, the complete r-partite graph
Ko pig, as-pag, —, as-psqg 15 integral if and only if the complete r-partite graph
Kpipo, -, pr = Kaypr,aspa,-asps 15 integral.

Remark 5.1.10. The above Theorem 5.1.9 shows that we have to study Equa-
tion (5.1.2) only for the case (p1,p2,--- ,ps) = 1. Let us call such a vector p
primitive.
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5.2 Integral complete r-partite graphs

In this section, we shall construct infinitely many new classes of integral
complete r-partite graphs Ky, p,.... p. = Ka1-p1,a0-po,- as-ps» differing from those
of [21, 22, 60]. The idea is as follows:

First, we properly choose positive integers p1,po, -+ ,ps. Then, we try to
find integers u; (i = 1,2,--- ,s) satisfying (5.1.3) such that there are positive
integral solutions (ai,as,--- ,as) for the linear system (5.1.5) (or such that
all ax’s of (5.1.6) are positive integers). Finally, we obtain positive integers
ap,az,--- ,as such that all solutions of Equation (5.1.4) are integers. In this
way we construct many new classes of integral graphs Kg,.p; as-po,-- as-ps-

Example 5.2.1. Let p1 = 1,p2 =9 and ue = —4. Ifu; =72t —9 and t is
a positive integer, then Kq,.p, asps 15 integral for the infinitely many positive
integers a1, az given by (5.2.1) and (5.2.2).

Proof. From Theorem 5.1.6 we find

(pr +ur)(pr +u2) 3

a] = pl(pl — p2) = g(ul + 1) (5.2.1)
and
_ (p2tu)(prtuz) 5 v
ag = P = 72( 1+ 9). (5.2.2)

S0, K, .p1,a0-po 18 integral if and only if a1 and as are positive integers. From
(5.2.1) and (5.2.2), we get the Diophantine equation

27(12 — 5(11 = 15. (5.2.3)

A result in elementary number theory yields that all positive integral
solutions of Equation (5.2.3) are given by a1 = 27t — 3,a2 = 5t, implying
up = 72t — 9, where ¢ is a positive integer.

Hence, Ky, py.p3,- pr = Kay-p1,a2-p. 15 integral for the above infinitely many
integers a; and as. [ |

Theorem 5.2.2. Let p1 < pa. Then Kq,.p, aspo 15 integral if and only if one
of the following two conditions holds:

(1) For (m,k) =1, letpy = mypo =m+k, m>1,k>21<gq<k,
where m, k and q are positive integers. Then, a1 and ay must be positive
integral solutions for the Diophantine equation

q(m + k)az —m(k — q)ar = q(k — q). (5.2.4)
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(2) For (m,k) = d > 2, let pp = m,ps = m+k, m = mid, k = kid,
(my1,k1) =1, g =qd, 1 < q < k1, my, k1, where ¢ and d are positive
integers. Then, a1 and as must be positive integral solutions for the
Diophantine equation

qi(m1 + k1)az —mi(k1 — q1)ar = qi(k1 — q1)- (5.2.5)

Proof. Because p1 < p, from Theorem 5.1.6, we know that K, .p, aspo iS
integral if and only if there exist integers ui,us and positive integers pi, po
satisfying —ps < ue < —p1 < u; < 400 such that a; and as are positive

17 (prtus)
i TT7—1 i (PR—P0)
m,pe =m-+k,ug=—(m+q),m>1k>2 1<q <k, where m,k and ¢
are positive integers, and we obtain

for K = 1,2. Hence, we choose p; =

integers, where a; =

amtw)  (m k)=
’ k(m+ k)

“w= mk
Hence, we get Equation (5.2.4). From Lemma 2.1.17, we know that there are
solutions for Equation (5.2.4) if and only if d;|q(k — ¢), where d; = (¢(m +
k), m(k - q)).

Now, we discuss the following two cases.

Case 1. When (m, k) = 1, we have (m+k,m) =1, and d;|q(k — ¢). From
Lemma 2.1.17 and the condition (m, k) = 1, we know that there are infinitely
many integral solutions for Equation (5.2.4). Therefore, there are infinitely
many positive integral solutions (a1, az) for Equation (5.2.4).

Case 2. When (m,k) = d > 2, let m = myd, k = kid, (m1,k1) =
1, where mi,k; and d are positive integers. We have (mi + k1,mq) = 1,
di = (¢gd(m1 + k1), mid(kid — q)). If di|lq(k — q) = q(k1d — q), then d|g.
Thus, let ¢ = ¢1d, 1 < ¢1 < k1, where g1 is a positive integer. We can
reduce Equation (5.2.4) to Equation (5.2.5). Hence, from Lemma 2.1.17 and
the condition (mj, k1) = 1, we know that there are infinitely many integral
solutions for Equation (5.2.5). Therefore, there are infinitely many positive
integral solutions (ai,as) for Equation (5.2.5). [

Example 5.2.3.

(1) For s = 3, let p1 = 1, po =5, p3 =9, ug = =3 and ug = —7. If
uyp = 120t — 105, t is a positive integer, then Ka,.p, aspo,az-ps 15 integral
for the infinitely many positive integers ai,as and as given by (5.2.6),
(5.2.7) and (5.2.8).
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(2) For any positive integer q, let p; = p;q and u; = u;q fori=1,2,3, where
pi, wi and a; (i = 1,2,3) are the same as in (1). Then K,
= K, p1g,az-p2q,a3-psq 45 integral too.

/ / /
1'P1,02'P9,a3P3

Proof. (1). From Theorem 5.1.6, we have

3
ay = g(ul +1), (5.2.6)
1
= — 2.
a2 20 (ul + 5)7 (5 7)
1

S0, Kq,.p1,a2-p2,a3-ps 18 integral if and only if a1, az and a3 are positive integers.
By (5.2.7) and (5.2.8), we get the Diophantine equation

6as — bag = 1. (5.2.9)

From elementary number theory we learn that all positive integral solutions
of Equation (5.2.9) are given by ay = 6t — 5, a3 = 5t — 4, where t is a positive
integer. From (5.2.6) and (5.2.7), we have u; = 120t — 105, a; = 45t — 39.

Hence, when p; = 1,p2 = 5,p3 = 9,a1 = 45t — 39, as = 6t — 5, a3 = 5t — 4,
where ¢ is a positive integer, then the graph Kg,.p, appo,a3-ps 1S integral.

(2). From Theorem 5.1.9 and Example 5.2.3 (1), it is easy to prove that
for any positive integer ¢ the graph Ky, a,pt a5, = Karprg,as-pogas-psq 18
integral too. ]

Example 5.2.4.

(1) (See [60]) For s = 3, let ay = ay = az = 1, p1 = 4u?(u® + v?)3,
p2 = 3uv?(u? + 6uv + v?)(—u? + 6uv — v?), p3 = 4% (u? + v?)3, where
u,v are positive integers such that (3 —v/8)v < u < v. Then the graph
Ko, p1,a0-po,az-ps 45 integral.

(2) For any positive integer q, if s = 3, and a;, p; (i =1,2,3) are as in (1),
then the graph Ko, .p,q,a0-pag.az-psq = Kprg,paq,psq 5 integral too.

Proof. (1). (See [60]) We show first that p;,ps and ps are distinct positive
integers. In fact, the condition 0 < (3—/8)v < u < v, ensures —u?+6uv—v? >
0, p3 > 0 and p; < p3. Assume that p; = py and let u = dug, v = dvg, where
('LL(),'U()) = 1. Then,
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duf(ug + v5)* = Bugvy (34ugug — ug — vp)

and so
u2 + v = 0(mod3) = ug = vo = 0(mod3),

contradicting (ug,vo) = 1. Therefore p; # po. Similarly ps # pa.
By Corollary 5.1.3, we have

P<Ka1~p1,a2~p2,a3~p3vx>

— 3 3 3
= gPLP2tps 3[Hi:1(x +pi) — Zj:1 Py Hi:l,i;ﬁj(‘r + pi)]
— x—3+4(u2+v2)4+3u2v2(—u2+6uv—v2)(u2+6uv+v2)(:L, _ ul)(as _ Ug)(l‘ _ ’LL3),

where u; = 24u?v?(u? + v?)?, ug = —2uv(u? + v?)?(—u? + 6uv — v?), ug =
—2uv(u? +v2)?(u? 4 6uv + v?). From Theorem 5.1.4, we conclude that Ko, .p, |
az-p2, as-ps=1Kp; pspy 18 integral.

(2). From Theorem 5.1.9 and (1), it is easy to see that the graph Kg, 5,4,
azp2q, aspsq = Kpigpagpsq 18 Integral too. u

Theorem 5.2.5. For s =3, let p; (i = 1,2,3) be positive integers as in Table
5.1, a1 =agy =ag =1, and let u; (i =1,2,3) be as in Theorem 5.1.6. Then for
any positive integer q the graph K, piq.a2-p2q,a3-p3qg = Kpigpaqpsq 15 integral.

Proof. Using a method similar to that in Example 5.2.4, the result follows
from Theorems 5.1.4, 5.1.5 or 5.1.6 and 5.1.9. |

Remark 5.2.6. An infinite family of integral complete tripartite graphs
Ky, pops was constructed in [60]. In Table 5.1, by using a computer search,
we have found 34 solutions (p1, p2, p3), where p1 < pa < p3, 1 < p; < 50,
p1+1 <py < p1+50, and pa+1 < p3 < pa+100. We shall construct infinitely
many classes of such integral graphs from Theorems 5.1.4, 5.1.5, 5.1.6 and
5.1.9. They are different from those in the literature (see [21, 22, 60]). For
any positive integer q, the complete tripartite graph Ksqg8q.124 15 integral and

—10q —6q 0 16q
Spec(KSCLS(LlZQ) = < 1 1 25q -3 1 ) :

According to Table 5.1, the complete tripartite graph Ksg 12 is integral
and of order 25, which is much smaller than the order of the graphs given in
[21, 22, 60].
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b1 | p2 | D3 U1 Uz | U3 || p1 | P2 | P3 U1 Uu2 Uu3

311765 | 39 | -5 |-34| 4 |13 | 48 | 32 | -6 | -26
5 | 8 12 16 | -6 |-10| 5 |12 | 77 | 40 | -7 | -33
6 (34130 | 78 |-10|-68 | 7 |13 | 45 | 35 | -9 | -26
8 26| 96 | 64 |-12|-52 | 9 | 25| 91 63 | -13 | -50
10116 | 24 | 32 | -12 | -20| 12 |17 | 56 | 48 | -14 | -34
12125 | 8 | 66 | -16 | -50 || 13 |24 | 28 | 42 | -16 | -26
14126 90 | 70 |-18 | -52 | 15|24 | 36 | 48 |-18 | -30
15 37 [ 133 | 95 | -21|-74 | 16 | 37 | 132 | 96 | -22 | -74
17 133 35 | 55 | -21|-34 ] 20|32 | 48 | 64 |-24 | -40
21 139|135 | 105 | -27 | -78 || 24 | 34 | 112 | 96 | -28 | -68
24 |41 | 140 | 112 | -30 | -82 || 25 | 40 | 60 | 80 | -30 | -50
26 | 48 | 56 | 84 | -32 | -52 |1 29|36 | 80 | 90 | -32 | -58
29139 | 77 | 91 | -33|-58 || 30|48 | 72 | 96 | -36 | -60
34 166 | 70 | 110 | -42 | -68 || 35 | 56 | 84 | 112 | 42 | -70
37163 | 8 | 119 | 45 | -74 || 39 | 72| 84 | 126 | -48 | -78
40 | 64 | 96 | 128 | -48 | -80 || 41 | 60 | 104 | 130 | -48 | -82
45 | 72 | 108 | 144 | -54 | -90 || 50 | 80 | 120 | 160 | -60 | -100

Table 5.1: Integral complete tripartite graphs K g p.qpsq, Where ¢ is any
positive integer.

Remark 5.2.7. Theorem 5.2.5 generates an infinite set of vectors o= (p1, pa2,
p3) for which Equation (5.1.2) has only integral solutions. But there is only a
finite number of primitive vectors in this infinite set (in general, the primitive
vectors are the only ones which are of interest). The infinite series built in [60]
gives an infinite series of primitive solutions. Thus Theorem 5.2.5 is much
weaker than the result of [60]. However, by analyzing Table 5.1 one can see
that all its rows except the row p = (5,12,77) have the following property:
us/pi = —2 for a suitable i € {1,2,3}. This observation gives a hint to the
construction of a new infinite series of primitive triples p, as will be seen in
the following.

Let ug < up < uy be the roots of F'(z) = Fjy(x) = 0 (¢f. (5.1.2)). Set
v3 = —ug, Vg = —Us, v1 = u1. Lhen the v;’s are positive integers which satisfy
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the following conditions (see Corollary 5.1.7, with a; = 1, i = 1,2, 3):

V1 = Vg + v3,
V3 + Va3 + V3 = P1pa2 + P13 + P2D3, (5.2.10)
(v2 + v3)vov3 = 2p1pPap3.
Let us look for solutions of (5.2.10) such that vs = 2p;, for some i=1,2,3.

Changing the ordering of the p;’s we may assume vz = 2p3. Then (5.2.10) is
equivalent to

p1+ p2 = 2v3,

5.2.11
pip2 = (v2 + v3)va. ( )

These equations have integral solutions for py, ps if and only if v3 — (vy +v3)v2
is a perfect square, say m?. Then p; = v3 —m, ps = v3 +m, p3 = v3/2.

v% — (vo +v3)vg = m? —

= —ay—y? =1, Wherem:%, yzv—2,<:>
m
2 4+1
=Sr=—-———) y=tlxr—1), teQ.
r=a o Y (z—1) Q

We may assume that m > 0. It follows from p; = m(z—1) > 0 and vy > 0
that x > 1 and ¢ > 0. The first inequality is equivalent to

2-t V5 — V5
2

1 —V5-1
>0 = =0.618.<t<2ort< —— = —1.618..
24+t—1 2

Thus p1 =vs—m =m(x — 1), pa =v3+m =m(x+ 1), ps = v3/2 = ma/2
are non-negative.
Writing ¢t = a/b where (a,b) =1 and a > 0, b > 0 we obtain

U3 a® + b2 V9 2ab — a?
—_— == = —_— = = -
m a?4+ab—0%2" m y a? + ab — b?
After some routine transformations we find
2b(2b — a) 2a(2a + b) a? + b
nh=—7—7— P2=— ;77— P3= ,
d d d (5.2.12)
. 20(b + 2a) . — _ 2a(2b —a) . 2(a* +10%)
1= d 5 2 = d 5 3 — d 5

where d = (2b(2b — a), 2a(2a + b), a® + b?). Note that d € {1,2,5,10}.
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Take for example a =2, b = 3. Then d = 1 and

pP1 = 24, P2 = 28, pP3 = 13, Uy = 42, Ug = —16, us = —26.
This is one of the triples given in Table 5.1. All triples given in this table (up
to numbering) except (5,12,77) may be obtained from (5.2.12).

We come to the following result.

Theorem 5.2.8. For s = 3, let p; and u; (i = 1, 2, 3) be positive integers
given by formulae (5.2.12), and let a1 = az = ag = 1. Then for any positive
integer q the graph Ko, .piq,aspagas-psq = Kpigpaqpsq 5 integral.

Example 5.2.9. For any positive integer q, if s = 3, let p1 = q, p2 = 3q,
p3 = bq, us = —2q, us = —4q, then there do not exist positive integers ai, az, as
such that Ky, py ... p, = Kay-p1,as-p2,as-ps 18 integral.

Proof. Let s = 3, p1 = q, p2 = 3q, p3 = 5q, us = —2q, ug = —4q. From
Theorem 5.1.6, we know that Ky, .p, ag-ps,a5-ps 1S integral if and only if there
exist integers w; and positive integers p; (i = 1,2,3) satisfying —p3 < uz <

3
i— +ug
—p2 < ug < —p1 < uy < 400 such that ap = - gg:ji’;(piipi) (k=1,2,3) are

positive integers.
Hence, we obtain

a1 = o +0). (5.2.13)
1
3
= — . 2.1
as 107 (u1 + 59) (5.2.15)

By (5.2.14) and (5.2.15), it follows
20as — 18as = 3. (5.2.16)

By Lemma 2.1.17, there are no integral solutions for Equation (5.2.16) and so
the graph Kg,.p, a2-p2,a3-p; Cannot be integral. n

Theorem 5.2.10. For the complete r-partite graph Ky, py.... p, = Kayp1, as-po,
as-ps ON M vertices, let m,s and q be positive integers, and s > 3, then we

s

have

(1) If p; = m+2(i—1) fori=1,2,--- ,s, then no integers a; (i =1,2,--- ,s)
exist such that Kq, .p, .as-ps,- asps 15 an integral graph.
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(2) If p; = pig = [m +2(i — 1)]q fori=1,2,--- s, let u; = —(m +2j — 3)q
for j =2,3,--- s, then no integers a, (i = 1,2,---,s) exist such that

Kot p) alyply,oe alypl, 18 an integral graph.

Proof. (1). From Theorem 5.1.6, we know that Ky, .p, a9po,asps 15 integral

if and only if there exist integers u; and positive integers p; (i = 1,2,--- )

satisfying —ps < us < —ps—1 < Us—1 < - < U2 < —p1 < Uy < 400 such

[ (Prtus)
Hf:u;sk(Pk—Pz‘) ’

that all a; (k =1,2,---,s) are positive integers, where ay, = o
Hence, we can only choose
uj=—(m+2j-3), j=2,3,---,s.
We obtain
(m+2s—4+wu)-(2s—5H)!!

2(m + 25 —4) - (2s — 41 (5.2.17)

Qs—1 =

— . — 3\
0 — (m+2s—2+wup)-(2s 3)..’ (5.2.18)
(m+2s—2)-(2s —2)!

From (5.2.17) and (5.2.18), it follows

(m+2s—2)-(2s=2)!1-as—2(m+2s5—4)(25—3)- (2s—4)!!-as_; = 2-(2s=3)!l.
(5.2.19)

Since s > 3, let d = (Mm+25—24wu1)-(2s—2)!1,2(m+25—4)(25—3)-(2s—4)!1),
thend=2-2s—H! - ((m+2s —2+u1)(s—1),(m+2s —4)(2s — 3)). Thus,
d /[2-(2s —3)!']. From Lemma 2.1.17, we find that there are no integral
solutions (as—1, as) for Equation (5.2.19). Hence, K4, .p; ag-ps,-- as-ps CANNOL be
an integral graph.
(2). From Theorem 5.1.6, we similarly obtain
, [g(m +2s —4) +u)] - (2s — H)!!

_ 5.2.20
o1 2q(m +2s —4)- (2s — 4!l ( )

, lalm +2s —2) +uf] - (25 — 3)!!
s = qg(m+2s—2) - 1(25 -2 (5.2.21)

From (5.2.20) and (5.2.21), we find

(m+2s—2)-(2s—2)!1-al, —2(m+2s—4)(2s—3)-(2s—4)!-al,_; = 2-(25—3)!l.
(5.2.22)

Lemma 2.1.17 implies that there are no integral solutions (a,_;,a’) for Equa-

s—1>%s
tion (5.2.22). Hence, Ky 1/ g0y ph, - ap, Cannot be an integral graph. [ |

P
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5.3 Further discussion

In this chapter, we have mainly investigated integral complete r-partite
graphs Ky, po, . p. = Kaypr, az-pa,, asps 00 1 vertices. For s = 1,2, 3, some
results can be found in [21, 22, 60] and in the present chapter. For s > 4, we
have not found such integral graphs. Thus, we raise the following questions
for further study.

Question 5.3.1. Are there integral complete r-partite graphs Kp, p,. ... p, =
Ko\ pr,aspo, asps With arbitrarily large s?

For complete r-partite graphs Ky, 1, ... p,=Ka,p1,a2-po,- aspss When s =

1,2,3, and aj=as = -+ = as = 1, then some results for such integral graphs
can be found in [21, 22, 60] and in the present chapter. However, for s > 4,
a1 = az = -+ = ag = 1, we have not found such integral graphs. Hence, we
ask

Question 5.3.2. Are there integral complete r-partite graphs Ky, p, ... p, =
Ko praspo,aspss Withai=as =---=as=1, and s > 47

For complete r-partite graphs Ky, 1y .. p, = Kaip1,as-po,-as-pss WE gave a
sufficient and necessary condition for K, p,. ... p. = Kapi,aspo,--,asps 10 bE
integral. In particular, when s = 1,2, we have found all parameters a;, p; for
Ko, p1,a2-ps- as-ps 10 be an integral graph in [21, 22] and in the present chapter.
When s > 3, we have not obtained such general results. Hence, we ask

Question 5.3.3. When s = 3,4,5,---, can we give a better sufficient and
necessary condition for Kq,.p, as-ps, - asps 10 be integral ¢



Chapter 6

Integral nonregular bipartite
graphs

In this chapter, we shall construct fifteen classes of integral graphs from
the known 21 integral graphs (see also [5]). These classes consist of nonregular
bipartite graphs. Their spectra and characteristic polynomials are obtained
from matrix theory. Their integral property is analyzed by using number
theory and computer search. All these classes are infinite and different from
those in the literature. It is proved that the problem of finding such integral
graphs is equivalent to solving Diophantine equations. These results generalize
results of Baliriska and Simi¢ (see also [5], MR1830594 (2002a:05171)). Finally,
we propose several open problems for further study.

6.1 The characteristic polynomials of some classes
of graphs
In this section, we investigate the structures of the nonregular bipartite

integral graphs in [5]. Fifteen new classes of larger graphs are constructed
based on the structures of the 21 smaller integral graphs in [5].

The following Theorem 6.1.1 can be found in [5].

Theorem 6.1.1. (/5]) The graphs in Figures 6.1 and 6.2 are nonregular bi-
partite integral graphs with maximum degree four. (The graphs in Figure 6.1
are integral graphs with number of vertices up to 16.)

We can generalize the result of Theorem 6.1.1 and construct fifteen types
of graphs. The following Theorem 6.1.2 on their characteristic polynomials is

99
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+ i 4P @ }H
S¢ Sq Sy Sy S10
ji ! SIZ S13 Sld. S15
Figure 6.1: Nonregular bipartite integral graphs with maximum degree four
and at most 16 vertices.

obtained from matrix theory.

Theorem 6.1.2. Let m, n, p, ¢ and t be nonnegative integers. Then the
characteristic polynomials of the fifteen types of graphs in Figures 6.3 and 6.4
are as follows:

(1) (see [22] or [47]) P(Kyis,z) =2t (2? —¢t), (t > 0).
y(n,t),z) = z"ED2(22 — )" 1z2 — 2n +1)], (n > 1, ¢t > 0).

(5
(3) P(S3(m,n,t),z) =zt H40ED (22 —)2[z* —2(m+n+t+2)2%+ (2m +
H2n+1t)], (m>0,n>1,t>00rm>1,n>0,t>0).

(2) P

(8.1) P(S3(n,n,t),z) = x? 4D (02 —$)2(22 4+ 20— 2n —t) (2% + 22 — 2n — 1),
(n>1,t>0).

(3.2) P(S3(m,n,0),r) = 2™ "[z* —2(m +n +2)2® + 4mn], (m > 1, n > 1).
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5

Figure 6.2: A nonregular bipartite integral graph with maximum degree four
and 26 vertices.

(4) P(Si(m,n,p,q),z) = £ HH20-2(32 — 2P~ (52 — pg)[u — (2m+2n+
4q + pq)x? + 4mn + 8mq +2npq], (m >0, n >0, p>1, ¢ > 1).

(4.1) P(Sa(n,n,p,q),z) = a"PHD+20-2(32 —2n)P(22 —pq) (22— (2n+4q+pq)),
(n>0,p>1,qg>1).

(4-2) P(Sa(n,n,p,p),x) = a"@HDF2=2(22 — 2n)P(z + p)(x — p) [2? — (2n +
p*+4p)l, (n>1,p>1).

(4.3) P(S4(2,2,p,p), ) = 2 (z+p+2)(z+p)(2+2)P (z—2)P (x—p)(x —p—2),
(p>1).

(4.4) P(S4(0,n,p,q),x) = a" 22074 (z2 — pq)[z* — (2n + 4q + pq)x* + 2npq],
(n>0,p>1,¢>1).

(4.5) P(Si(m,0,p,q),7) = 220222 — 3m)P1 (22 — pg)u* — (2m + dg +
pq)z® +8myg], (m>0,p>1, ¢ >1).

(5) P(S5(m,n),x) = ™" 2(z + 1)(z — 1)[z* — (2m + 2n + 1)z — 4mn),
(m>0,n>0).

(5.1) P(Ss(n,n),z) = 22" 2(x+1)(x — 1)(2® +z — 2n) (22 — 2z — 2n), (n > 0).
(5.2) P(S5(0,n),z) = P(S5(n,0),z) = 2"(z+1)(x—1)[z>—(2n+1)], (n > 0).

(6) P(Sg(m,n,t),x) = g E=Dm+2(5:2 _ =14 _ (9 4 2n + t + 2)22 +
2n(2m+1)+2t(m+1)], (m>0,n>1,t>0) or (m>0,n=1t=0).

(6.1) P(Ss(0,n,t), ) = a"E=D+2(22 — )1zt — (2n + t + 2)22 + 2n + 21],
(n>1,t>0).

(6.2) P(Se(m,0,0),z) = P(Kgmt1 UKy, x) =22z — (2m +2)], (m > 1).
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(6.8) P(Sg(m,n,0),z) = 2" "[z* — (2m + 2n + 2)z% + 2n(2m + 1), (m >0,
n > 0).

(6.4) P(Sg(m,1,t),2) =™zt — (2m+t+4)2% +2(2m +1) + 2t(m + 1),
(m>0,t>0).

(6.5) P(S¢(n—1,n,1),2) = 2" (z+1)" " H(z—-1)"" (2?2 +2—2n) (2% —2—2n),
(n>1).

(6.6) P(Sg(n+1,n,1),2) = 2" @+ 1" Yo —1)" 2?2+ 2 —2n —2)(2? -
r—2n-2), (n>0).

(6.7) P(Sg(n+1,n,9),2) = 293 (x +3)" L (z - 3)" Y(z® + 2 — 2n — 6) (2 —
x—2n-06), (n>1).

(7) P(Ss(m,n),z) = (x+ 1) 2(z — 1)mTn=2[p? — 423 — (m+n —5)2? +
(2m + 2n — 2)x +mn —m — n][z? + 4% — (m +n — 5)z% — (2m + 2n —
2)z +mn—m—mn], (m>0,n>0).

(7.1) P(Ss(n,n),x) = (x + 1)>"2(z — 1) 2(22 + v — n)(2® — 2 — n)(2% +
3z —n+2)(z? -3x—n+2), (n>0).

(7.2) P(Ss(0,n),x) = P(Ss(n,0),z) = (z+1)"(z—1)"(2?4+22—n) (22 —2x—n),
(n>0).

(8) P(So(m,n,p,q),x) = x™ " PTI2[z0 — (2m +n + 2p + ¢+ ng + 1)z’ +
(m+n+mn+p+4mp+2np + q+ 2mq + 2nq + 2mng + pq + 2npq)x? —
(mp 4+ np + 2mnp + mq + ng + 2mng + 2mpq + 2npq + 4mpq)], (m > 1,
n>1p>1,q¢>1).

(8.1) P(So(n,n,n,n),z) =" 222 —2n)2(x +n+1)(z —n—1), (n > 1).

(9) P(Sip(n),z) = 22D (z+2)" N z+1)(z—1)(z—2)" (2% + 2z —n)(2? -
2z —n), (n>0).

(10) P(S13(m,n),z) = 2%(z+1)" m_l)(:n — 1)’"0(”"”_1)(:1:2 +z—m)" a2 —
mn+D](z? -z —-m)" a2 -z —-mn+1)], (m>1,n>1).

(11) P(Si7(m,n,p,q),z) = amatPtn=1(z2 —om)a—ab — 2m+2n+p+q+
pq+ L)at + [m(2+4n +2p + g + pq) +n+ p+ np + 2ng + 2pq + 2npq +
pg*lz® — [2m(n+p+np+nq+pg+npq) + 2npq(q+ 1))}, (m > 1, n > 1,
p>1,¢>1).

(11.1) P(Si7(n,n,n,n),z) = 22 (z4n4+1)(z—n—1)(22—2n)"*1, (n > 1).
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(11.2) P(S17(n,n,p,q),z) = x"atm+P=1(22 —2n)i{z* — 2n+ (p+1)(¢+1)]z2 +
(¢+ D+ +pl@+ ]} (n21,p=1,¢=1).

(11.8) P(S17(n,n,1,q),z) = 2" (22 —2n)9(2%2 —q—1)(22—2n—q—1), (n > 1,
q=1).

(11.4) P(S17(m,n,m,n),x) = gmntmin=1(x2 _om)n=1(z2 —m—n)[z* — (2m+
2n+mn+ 1)) +2m(n+1)%], (m > 1, n > 1).

(11.5) P(S17(2,n,2,n),z) = 23"z +2)" Yo - 2)" 1 (2? —n - 2)(2® + = —
2n —2)(z2 -z —2n—2), (n>1).

(12) P(Sis(n,p,q,t),z) = 22D (2 4 1)PHa=2 (g — 1)PHa=2(2 — )21 6 —
425 — (2n+p+q+t—6)zt+ (6n+2p+2q+4t —4) 23— (6n+p—np+q—ng—
pq+6t—pt—qt—1)z2+(2n—np—nq+4t—2pt—2qt)x —t+pt+qt—pqt][z°+
42 — (2n+p+q+t—6)zt — (6n+2p+2q+4t—4)z3 — (6n+p—np+q—ng—
pq+6t—pt—qt —1)2® — (2n —np —ng+4t — 2pt — 2qt)x —t + pt + qt — pqt],
(n>1,p>0,¢g>0,t>0).

(12.1) P(Sis(n,p,p,t), ) = > V(@ + 1) (z — )*2(2® — £)*"D[(z +
2 —pll(x—1)2 —plla* =22 — (p+t+2n—1D)z® +2(n+t)z + t(p —
Dzt 4223 - (p+t+2n -1z —2n+t)z+t(p—1)], (n>1, p>0,
t>0).

(12.2) P(Sig(n,t,t,t),z) = x2*ED (241)2 72 (2 —1)22(22 —1)2D[(z+1)% -
[(x — 1)? — t][z* — 223 — (2t +2n — D)2 + 2(n + t)x + t(t — 1)][z* +
223 — (2t +2n — 1)2? —2(n+ )z +t(t — 1)], (n > 1, t > 0).

(12.8) P(S1s(n,1,1,1),2) = 24 (z + 2)(x + 1) Yz - 1) Nz - 2)(2® + = —
2n —2)(z2 -z —2n—2), (n > 1).

(12.4) P(S18(2k2, k2, k2, k2),2) = a**F-D(z 4 k + 1) (z + k)2 D(z + k —
(z+1)2M 22— 1)2M2(z — k+ 1) (z — k)22 D (g — k — D[22 + 2k +
Dz —k(k—1D][x? - 2k + Dz —k(k — D)][z? + (2k — Vo — k(k + 1)][2? —
(2k — D)z — k(k+1)], (k> 1).

(13) P(Si9(m,n,p,t),z) = ™D+ (g 4 1)n=1) (g — 1) P-D[g — (m 4t +
p+ Dz +m+t+pt]" a2 — )" Db — (m+n+mn+p+np+
t+ 1Dzt + [m +n+mn +mn? — 2np + 2mnp + mn?p +np? +t(1 +n +
ptnp)la® —n(p—1)*(mn+t)}, (m>1Ln>1p>11>0)

(13.1) P(Sig(m,n,1,t),z) = amt=D4nt2(52 _pyn(m=1)[z4 _ (4 ¢ + 2)2? +
m+2t]" Lzt — (m+2n+mn+t+2)22 + (n+1)(m+2mn+2t), (m > 1,
n>1,t>0).
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(18.2) P(S19(2,n,1,1),2) = 2"T2(z+1)*""Y(z—1)>""Y(z+2)" Y(z—2)" 1 (22 +
r—2n-2)(z? -2 -2n-2), (n>1).

(14) P(S20(n,p,q),z) = (z + 1)PM=DF9(z — 1)p(r=D+a (32 — g — n)p=1(2? +
z—nPta?—z—pg—n)(z*+z—pg—n),(n>1,p>1,¢>1).

(15) P(Sa1(m,t),x) = 22D +2(g2 g )12 4o —t)™ (22 —x —m —
t) (22 +x—m—t), (m>1,1t>0).

Proof. We only prove (2) and (10). The characteristic polynomials of the
other 13 types can be obtained similarly.

(2). By properly ordering the vertices of the graph Sa(n,t), the adjacency
matrix A = A(S2(n,t)) of Sa(n,t) can be written as the (nt+t+2) x (nt+t+2)
matrix such that

[ Ay A - A Br Oixo
A1 Az -+ Ay By Oix2
A=ASm)= |5 i
Anl AnZ et Ann Bn 0z‘,><2
B? Bg e Bz; 0n><n Jn><2
O2xt O2x¢ -+ Oaxt Joxn O2x2 |

whereAZ-j:Otxtforiél,Q,---,nandj:1,2,~-,n,and
_ ey J 1=k txn —19...
Bk—[aij]—{ 0 otherwise ’ B, € R, fork=1,2,---,n.
Then we have

P[Sa(n,t), z] = |xlpiqe42 — A(S2(n,t))|

xly  Ope -+ Oy —DBi Otx2
Ot xly -+ Oie  —DBo Otx2
Otxt Ot -+ xly -B, Otxo2
-BI' -BI ... —-BI' aI, —Ju,x
O2xt Oyt -+ Ooxy  —Joxn  xl2

By careful calculation, we can prove that the characteristic polynomial of

Sa(n,t) is
P(Sy(n,t),z) = 2" DH2(22 — )" 122 — (2n +1)].
(10). By properly ordering the vertices of the graph Si3(m,n), the adja-

cency matrix A = A(S13(m,n)) of Siz(m,n) can be written as the (2mn +
2n + 2) x (2mn + 2n + 2) symmetric block circulant matrix such that A =
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Symn 1)

Sa(n,t)

:Kl,t

S1(t)

Sﬁ(m!n!t)

S4(m n,p,q)

Sgl:m,l‘l,]] :lq:l

Sg(m,n)

Sp(m n)

Si(n)

Figure 6.3: Nonregular bipartite graphs.
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S]S(msnsp !t)

Sm(l‘l.,p !q) S:l(mst)

Figure 6.4: Nonregular bipartite graphs.
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A(S13(m,n)) € BC(2,mn +n+ 1) and

| A0 A
A= A(S13(m,n)) = [ A Ag } ,
where
[ Omxm Om><m te Ome Bl mel i
Ome Om><m to 0m><m B2 Jm><1
Ay = : : : : : 7
0m><m 0m><m e Ome Bn mel
B? Bg T Bg; Oan On><1
| J1><m J1><m J1><m 01><n 0 |
[ Im Om><m e Om><m Om><n 0m><1 i
0m><m Im e Omxm Omxn 0m><1
A = : : : : : :
0m><m Ome e Im Omxn 0m><1
On><m 0n><m e 0n><m Oan On><1
L 01><m lem 01><m 01><n 0 ]
and

oy J 1=k mxn —
Bk—[aij]—{ 0 otherwise ’ BL€R , fork=1,2,--- ,n.

In view of Lemma 2.2.1, we distinguish between the following two cases.

Case 1. Let by = |zLnnin+1 — (Ao + A1)|. Then we have

(@=DIn  Omsm -+ Omsem —B1 —Jos
Omxm (IL‘ - 1)Im s Omxm — By JImx1
bo = ’ : :
Omxm Omxm cot (33 - 1>Im —B, —Jmx1
-Bf -Br .. —-BT I,  Onxi
—J1xm —J1xm s —J1ixm O1xn €

By careful calculation, we can find

bo = z(z — 1)"™ V(@2 — 2 —m)" a® — 2z — m(n+1)].

107



108 Chapter 6

Case 2. Let by = |zlpnin+1 — (Ao — A1)]. Then we have

(33 + 1)Im Ome e Ome _Bl —Jmx1
Omxm (ZE + 1)Im T Omxm —DBy Imx1
bl — : . . . . :
O xm Omxm ce (l' + 1)Im —-B, —Jnxi
-Bf -Bf -~ =BL a2l Ona
—J1xm —J1ixm T —J1xm O1xn €

By careful calculation, we can find
by =2(z+ )" V(@ 42— m)" o+ 2 — m(n + 1))
Hence, the characteristic polynomial of Siz(m,n) is

P(Sl3(m, n), J}) = xQ(x —+ 1)"(m*1)(x _ 1)n(m71) (1’2 L — m)nfl[xQ +z
—m(n+1)](z? — 2 —m)" Lz -z — m(n + 1)].

The proof is now complete. ]

We note that these classes of graphs in Figures 6.3 and 6.4 are constructed
from the smaller graphs in Figures 6.1 and 6.2 (or Figures 4 and 5 of [5]). We
believe that it is useful to construct new classes of integral graphs by using
this method.

6.2 Integral nonregular bipartite graphs

In this section, by using number theory and computer search, we shall ob-
tain some new classes of integral graphs from Theorem 6.1.2. All these classes
are infinite and consist of connected graphs except for several unconnected
graphs for which one or more of their parameters are taken zero.

Theorem 6.2.1. (see [22, 36] or [47]) The tree K is integral if and only if
t is a perfect square.

Theorem 6.2.2. The graph Sa(n,t) is integral if and only if one of the fol-
lowing holds: (i) t and 2n + t are perfect squares, or (ii) n =1 and t +2 is a
perfect square, where t (> 0) and n (> 1) are integers.

Proof. By (2) of Theorem 6.1.2, we know

P(Sa(n,t),z) = 2™V (@? — )" 22 — (20 + 1)),
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where n (> 1) and ¢(> 0) are integers. Hence, a sufficient and necessary
condition for the graph Sa(n,t) to be integral is the following: (i) when n > 2,
t and 2n + t are perfect squares, or (ii) when n = 1, t + 2 is a perfect square,
where t (> 0) and n (> 1) are integers.

Thus, this theorem is proved. |

Corollary 6.2.3.

(1) Let n (> 2), t (> 0) and k (> 1) be integers. If the graph Sa(n,t) is
integral, then the graph So(nk?,tk?) is integral too.

(2) Lett and k be positive integers. If the graph So(1,t—2) = Ky 4 is integral,
then the graph So(1,tk? — 2) = K 442 is integral too.

Proof. By (2) of Theorem 6.1.2, we get

P(Sa(n,t),x) = 2"=D+2 (22 — )" 1[22 — (2n + t)]
and

P(So(nk?,tk?), z) = xR =423 _ 4p2yn—1[z2 _ (29 4+ )k?),
where n > 1, ¢t > 0.

(1) Because n (> 2), t (> 0) and k (> 1) are integers, and the graph
Sa(n, t) is integral, we get that t and 2n + t are perfect squares. By Theorem
6.2.2, the graph So(nk?, tk?) is integral.

(2) Because t and k are positive integers, and the graph Sy(1,t—2) = K,
is integral, ¢ must be a perfect square. By Theorem 6.2.2, also the graph
Sa(1,tk* — 2) = K| 42 is integral. [ |

Corollary 6.2.4. Ift =a?> >0, n = bzgaz >1,b>a, and a, b, n (> 1),
t (> 0) are integers, then for any positive integer k the graph Sa(nk? tk?) is
integral too.

Proof. Because t = a®? > 0, n = % >1,b>a,and a, b, n (>1),t (>0),
k (> 1) are integers, by (2) of Theorem 6.1.2, it follows

P(Sa(52 a?) ) = a3 0D a2 - )T (0 ),
So, the graph So(n,t) = 52(625“2 ,a?) is integral. By Theorem 6.2.2, also the

graph So(nk? tk?) = Sg(# - k?,ak?) is integral. [ |

Theorem 6.2.5. The graph Ss(m,n,t) is integral if and only if t is a perfect
square, and z* —2(m +n +t + 2)z? + (2m + t)(2n + t) can be factorized as
(22 — a®)(z? — b?), where m (> 0), n (>0),t (>0), a and b are integers, and
m? 4+ n? #£ 0.



110 Chapter 6

Proof. By (3) of Theorem 6.1.2, we see

P(S3(m,n,t),x)

= gD (22 _ )202% — 2(m 4+ n+t + 2)2% + (2m + t)(2n + 1)),
where m (> 0), n (> 1), ¢t (> 0) are integers or m (> 1), n (> 0), t (> 0) are
integers. Hence, this theorem is true. ]

Corollary 6.2.6.

(1) The graph Ss(n,n,t) is integral if and only if t is a perfect square, and
2n+t=k(k+2), wheren (> 1), k (> 1) and t (> 0) are integers.

(2) If m = 0, then S3(0,n,t) = S3(n,0,t) is integral if and only if t is a
perfect square, and x* — 2(n +t + 2)x® + t(2n +t) can be factorized as
(22 — a?)(2? — b?), where n (> 1), t (>0), a and b are integers.

(8) If m =t = 0, then the graph S3(0,n,0) = S3(n,0,0) = Sa(n + 2,0) is
integral if and only if n = 2k* — 2, where n and k are positive integers.

Proof. We only prove (1). (2) and (3) are similarly proved. By (3) of Theorem
6.1.2, we get

P(S3(n,n,t),z) = 22400 (22 — 1)2(2? + 22 — 2n — t) (2 + 22 — 2n — 1),
where n (> 1) and ¢ (> 0) are integers. Hence, the graph S3(n,n,t) is integral
if and only if ¢ is a perfect square, and 2n + ¢t = k(k + 2), where n (> 1), k
(>1) and t (> 0) are integers. [ |

Corollary 6.2.7. Letm (> 0),n (>0),t (>0),1(>0), k (>0) be integers,
and m? +n? # 0. Then we have

(1) If m = n,t = n?, then the graph S3(n,n,n?) is integral.

(2) If m=n=2l(1+1)—2k* > 1, t = 4k? > 0, then the graph S3(n,n,t)

is integral.

(3) fm=n=20(1+2)+1-2k(k+1)>1, t=(2k+1)?, then the graph
S3(n,n,t) is integral.

(4) If m #n, let a, b, m (> 1), n (> 1), t (> 0) be integers in Table 6.1,
and let a and b be as in Theorem 6.2.5. Then the graph Ss(m,n,t) =
S3(n,m,t) is integral.(Table 6.1 is obtained by computer search, where
1<a<50,a<b<a+10, m<n,0<t<2500).
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a | b m n t a | b m n t
519 | 13 37 1 519 9 33 9
519 1 25 25 14 | 20 | 100 | 196 0
14 1 20 | 98 | 194 4 14 120 | 92 | 188 16
14 | 20 | 82 | 178 36 14 | 20 | 68 | 164 64
14 | 20| 50 | 146 | 100 || 14 | 20 | 28 | 124 | 144
14 |20 | 2 98 196 || 24 | 28 | 294 | 384 0
24 | 28 | 292 | 382 4 24 | 28 | 286 | 376 16
24 | 28 | 276 | 366 36 24 | 28 | 262 | 352 64
24 | 28 | 244 | 334 | 100 | 24 | 28 | 222 | 312 | 144
24 | 28 | 196 | 286 | 196 | 24 | 28 | 166 | 256 | 256
24 | 28 | 132 | 222 | 324 | 24 |28 | 94 | 184 | 400
24 | 28 | 52 | 142 | 484 || 24|28 | 6 96 576
27 | 35 | 367 | 607 1 27 | 35 | 363 | 603 9
27 | 35 | 355 | 595 25 27 | 35 | 343 | 583 49
27 | 35 | 327 | 567 81 27 | 35 | 307 | 547 | 121
27 | 35| 283 | 523 | 169 | 27 | 35 | 255 | 495 | 225
27 | 35| 223 | 463 | 289 || 27 | 35 | 187 | 427 | 361
27 | 35 | 147 | 387 | 441 | 27 | 35| 103 | 343 | 529
27 | 35| b5 | 295 | 625 || 27|35 | 3 243 | 729
44 | 54 | 972 | 1452 0 44 | 54 | 970 | 1450 4
44 | 54 | 964 | 1444 | 16 44 | 54 | 954 | 1434 | 36
44 | 54 | 940 | 1420 | 64 44 | 54 | 922 | 1402 | 100
44 | 54 | 900 | 1380 | 144 | 44 | 54 | 874 | 1354 | 196
44 | 54 | 844 | 1324 | 256 || 44 | 54 | 810 | 1290 | 324
44 | 54 | 772 | 1252 | 400 || 44 | 54 | 730 | 1210 | 484
44 | 54 | 684 | 1164 | 576 || 44 | 54 | 634 | 1114 | 676
44 | 54 | 580 | 1060 | 784 || 44 | 54 | 522 | 1002 | 900
44 | 54 | 460 | 940 | 1024 || 44 | 54 | 394 | 874 | 1156
44 | 54 | 324 | 804 | 1296 || 44 | 54 | 250 | 730 | 1444
44 | 54 | 172 | 652 | 1600 || 44 | 54 | 90 | 570 | 1764
44 | 54 | 4 484 | 1936 || / | / / / /

Table 6.1: Integral graphs S3(m,n,t) = S3(n, m,t).

111
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Proof. (1). Because m = n, t = n?, it follows z* — 2(m +n+t+2)x? + (2m +
t)(2n +t) = (2% — n?)[z? — (n + 2)?], where n (> 1) is an integer. Thus by
Theorem 6.2.5, the graph S3(n,n,n?) is integral.
Similarly to the proof of (1), we can prove (2), (3) and (4). For the case (4),

we have found many integral graphs Ss3(m,n,t) by using computer search. 61
of them are shown in Table 6.1. They are found as positive integral solutions
a, b, m, n, t and t; for the Diophantine equations

t=1ti,

a? +b% =2m+ 2n + 2t + 4, (6.2.1)

a’b? = (2m +t)(2n + 1),

where m <n,1<a<50,a<b<a+10,0<t; <50and 0 <t <2500. MW

Theorem 6.2.8. The graph Sy(m,n,p,q) is integral if and only if z* — (2m +
2n + 4q + pq)x? + 4mn + 8mq + 2npq can be factorized as (x? — a?)(x? — b?),
and one of the following holds: (i) 2m and pq (= c®) are perfect squares, (ii)
p=1, q (=c?) is a perfect square, where m (>0), n (>0) p (> 1), ¢ (> 1),
a and b are integers.

Proof. By using Theorem 6.1.2 (4), this theorem is shown similarly to The-
orem 6.2.2. n

Corollary 6.2.9.

(1) If m = n, then the graph Si(n,n,p,q) is integral if and only if 2n, pq
and 2n+4q + pq are perfect squares, wheren (> 0), p (> 1) and q (> 1)
are integers.

(2) If m =n, p=q, then the graph Sy(n,n,p,p) is integral if and only if 2n
and 2n+p? +4p are perfect squares, where n and p are positive integers.

Proof. From (4.1) and (4.2) of Theorem 6.1.2, this theorem is proved similarly
to Theorem 6.2.2. |

Corollary 6.2.10. Let a, b, ¢, m, n, p, q be as in Theorem 6.2.8, and let m
=1, n(=z1),p(=z1),q(=1),1(=1),k(=1),r(=1), b, a b cbe
integers. Then we have

(1) If m =n =2, p=q, then the graph S4(2,2,p,p) is integral.
(2) Let m = n = 21%r%, ¢ = pk*r?, a = 2lr, b = byr, ¢ = pkr, and let by, p,
k, I be positive integers satisfying the Diophantine equation

b2 — (p? + 4p)k? = 412, 6.2.2
1
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Then the graph Sy(m,n,p,q) is integral.

(3) Let m = n = 21272, p = qk®r?, a = 2lr, b = byr, ¢ = qkr, and let by, q,
k, 1 be positive integers satisfying the Diophantine equation

b2 — (¢ + 4q)k* = 412 (6.2.3)
Then the graph Si(m,n,p,q) is integral.

(4) Letm =n =20*r% p=7p?, ¢ = ¢r? a=2lrb=br, c=piqr, and let
b1, p1, q1, | be positive integers satisfying the Diophantine equation

b2 — (p? +4)¢t = 4> (6.2.4)
Then the graph Sy(m,n,p,q) is integral.

(5) Let m=mn=2% p=q,a=2l,c=p, and let b, p, | be positive integers
satisfying the Diophantine equation

b2 — 4% = p(p + 4). (6.2.5)
Then the graph Sy(m,n,p,q) is integral.

(6) Let m = n, a, b, ¢, m, n, p and q be given as in Table 6.2. Then the
graph Sy(m,n, p,q) is integral. (Table 6.2 is obtained by computer search,
where 0 < a <10, a <b<a+ 10, m =n and m, n, p and q are not as
in (1), but represent solutions of (2)-(5)).

Proof. (1) Because m =n = 2, p = ¢, we have by (4) of Theorem 6.1.2,

P(84(2,2,p,p),x) = 2™ (z+p+2)(z+p)(z+2)P(x —2)P(x —p)(z —p—2),
where p is a positive integer. Hence, the graph S4(2,2, p, p) is integral.

(2)-(5) When m = n, by Theorem 6.2.8, the graph S4(m,n, p, q) is integral
if and only if 2n and pq (= ¢?) are perfect squares, and P (2m+2n+4q +
pq)x? + 4mn + 8mq + 2npq = (2% — 2n)[z% — (2n + 4¢ + pq)] can be factorized
as (22 — a?)(2% — %), where m =n (> 1), p (> 1), ¢ (> 1), a, b and c are
integers. Without loss of generality, assume that a? = 2n, b> = 2n + 4q + pq.
Hence, the graph Sy(m,n, p,q) is integral if and only if the equations

a’ = 2n,
b = 2n + 4q + pgq, (6.2.6)
pg = c*

have only integral roots. We distinguish between the following four cases:
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al| bl c|m|n P q al| bl c|m|n P q
21713122 1 9 4 16| 2|88 1 4
4 16|48 |8]16 |1 4184|818 2 8
418|688 12 3 4110 6 | 8 | 8 3 |12
4 121 8| 8 | 8 4 |16 4 [14| 6 | 8 | 8 1 |36
4 [14]10] 8 | 8 5 120 4 14|12 8 | 8] 16 | 9
6 | 7|3 1818 9 1 6 |9 18118 1

6 9|5 18|18 5 6 |11 ]9 |18 18| 81 | 1
6 |12 6 | 18|18 2 |18 6 |12 |10 |18 | 18| 50

6 |14 (12|18 | 18| 36 | 4 6 |15 9 | 18|18 | 3 |27
8 |12 4 (32|32 1 |16 8 |12 | 8 |32|32| 16 | 4
8 |16 8 |32]32| 2 |32 8 |16|12]32|32| 12 |12
8 |18 116 3232|125 | 1 |10 11| 3 |50 (50| 3 3
10| 12| 6 | 50 | 50 | 18 10|14 | 8 |50 |50 | 8 8
10|15 5 |50 50| 1 |25 10|15 |11 50|50 (121 | 1
1016|1250 | 50| 48 | 3 || 10| 17| 9 |50 |5H0| 3 |27
10|18 |14 |50 |50 | 28 | 7 |[10[19 |15 50|50 | 25 | 9
1020105050 2 (50 /| / |/ V/ |/ / /

Table 6.2: Integral graphs Sy(m,n,p,q).

Case 1. Suppose that m = n = 2[?r% ¢ = pk®r?, a = 2Ir, b = byr,
¢ = pkr, where [ (> 1), r (> 1), by and k(> 1) are integers. By the equations
(6.2.6), we get the Diophantine equation (6.2.2). From Corollary 6.2.9, we see
that (2) of Corollary 6.2.10 is true.

Case 2. Suppose that m = n = 20272, p = gk®r2, a = 2lr, b = b7,
¢ = gkr, where [ (> 1), r (> 1), by and k(> 1) are integers. By the equations
(6.2.6), we get the Diophantine equation (6.2.3). From Corollary 6.2.9, the
result in (3) follows.

Case 3. Suppose that m = n = 20?72 p = p}, a = 2Ir, b = byr, ¢ =
piqir and ¢ = ¢ir®, where | (> 1), r (> 1), b1, p1(> 1) and ¢i(> 1) are
integers. Equations (6.2.6) yields the Diophantine equation (6.2.4), which
proves Corollary 6.2.10 (4).

Case 4. Suppose that m = n = 2[2, ¢ = p, a = 2] and ¢ = p, where [ (> 1)
and p(> 1) are integers. Equations (6.2.6) leads to the Diophantine equation
(6.2.5). This shows Corollary 6.2.10 (5).

(6) The result can be shown similarly to (1) by using Theorem 6.1.2 (4).H

Remark 6.2.11. For the Diophantine equations (6.2.2)-(6.2.4) and (6.2.5),
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all positive integral solutions can be found from Lemmas 2.1.7-2.1.18 and
Lemma 2.1.15, respectively. This shows that there are infinitely many integral
graphs Sy(m,n, p, q).

Corollary 6.2.12. Let a, b, ¢, m, n, p, q be as in Theorem 6.2.8, and let m
(>1),n(>1),p(>1),q(>1), a,bandc be integers. Then we have

(1) Suppose m #mn, p=1, and let (i) a=4,b=16, c=6, m =2, n =44,
p=1and q =36, or (ii) a =6, b =19, c =3, m = 14, n = 162,
p =1, q =9 hold. Then the graph Si(m,n,p,q) is integral. (Here a,
b, ¢, m, n, p and q are obtained by computer search, and 0 < a < 15,
a<b<a+30,m#n,p=1).

(2) If m # n, and a, b, ¢, m, n, p, q are given in Table 6.3, then the graph
Sq(m,n,p,q) is integral.(Table 6.3 is obtained by computer search, where
1<a<10,a<b<a+20 and m #n).

a c | m n | pl|gq al|l b | c| m n | pl|gq
416 | 4 2 14 116 | 1 4 |1 8|6 2 12 | 9 | 4
4 116| 6 2 44 | 1 |36 6 | 10| 8 2 26 |16 | 4
6 [ 14| 8 2 50 | 4 |16 6 | 14| 8 | 50 2 4 |16
6 |16 | 6 2 |114| 6 | 6 | 6 |18 8 2 82 | 2 | 32
6 2212162 2 |12|12| 7 |24 |15|162| 8 | 15| 15
8 |12 10| 2 44 |25 | 4 || 8 | 12| 8 8 56 | 16 | 4
8 |12 6 | 18 | 60 | 9 | 4 || 8 |12 6 | 50 | 28 | 9 | 4
8 | 14| 8 2 92 (32| 2 || 8 |14 ]|12| 8 38 | 24| 6
8§ |16 |12 | 8 48 | 9 |16 8 | 18| 8 2 [152 |16 | 4
8 |18 8 | 128 26 |16 | 4 || 9 |12 | 9 | 18 | 48 |27 | 3
1011412 2 66 (36| 4 ||10]| 16| 12| 2 86 | 16 | 9
1016 |12 32 | 56 |16 | 9 || 10|20 | 12| 32 | 74 | 4 | 36
10(30(24| 18 | 66 | 9 |64 / |/ |/ / / / 1/

Table 6.3: Integral graphs Sy(m,n,p,q).

Proof. As in the proof of Corollary 6.2.10 (1), we easily check the correctness
by using (4) of Theorem 6.1.2 or Theorem 6.2.8. [

Similarly we find

Corollary 6.2.13. Let m =0 orn =0, and let a, b, ¢, m, n, p(> 1), ¢(> 1)
be as in Theorem 6.2.8, and given in Table 6.4, then the graph Si(m,n,p,q)
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is integral. (Table 6.4 is obtained by computer search, where 1 < a < 10, a <
b<a+30 andm=0orn=0).

al b | c| m|n P q al|lblc| m|n|p q
114 | 3 2 0 9 1 21816 8 019 4
2128124 98 | 0 | 144 | 4 31121918 ]01]09 9
411612 32 | 0 9 1 4 121 |15] 98 | 0 |25] 9
5120|15] 50 | O 9 |25 6 |2012| O |50 | 3 | 48
6124|118 72 | 0 9 |36 7 |28121]| 98 |0 | 9| 49
8130124 0 [H0| 8 |72 8 |32|24|128| 0| 9 | 64
913627162 0 9 | 81104030200 0 |9 |100

Table 6.4: Integral graphs Sy(m,n,p,q).

Theorem 6.2.14. The graph Ss(m,n) is integral if and only if z* — (2m +
2n + 1)2% 4 4mn can be factorized as (x* — a®)(x® — b?), where m (> 0), n
(>0), a and b are integers.

Proof. As in the proof of Theorem 6.2.2, the result follows by Theorem 6.1.2
(5). [ |

Corollary 6.2.15. The graph S5(n,n) is integral if and only if n = %k‘(k+1),
where k (> 0) is an integer.

Proof. The result is a direct consequence of Theorem 6.1.2 (5.1) or Theorem
6.2.14. [

From Theorem 6.1.2 (5.2) we obtain
Corollary 6.2.16. The graph S5(0,n)=5S5(n,0) is integral if and only if n =
2k(k + 1), where k (> 0) is an integer.

Based on Theorem 6.1.2 (5) by computer search we find

Corollary 6.2.17. Let m # n, and let a, b, m and n be as in Theorem 6.2.14,
and given in Table 6.5, where n > m (> 1), a < b. Then the graph Ss(m,n)
is integral. (Table 6.5 is obtained by computer search, where 1 < a < 155,
a<b<a-+80 andn>m >1).

From Corollary 6.2.17 and Theorem 6.2.14, we can deduce the following
corollary.
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a b m n a b m n a b m n
7 110 25 49 22 | 27 | 243 | 363 || 41 | 58 | 841 | 1681
76 | 85 | 2890 | 3610 || 115 | 126 | 6615 | 7935 || / / / /

Table 6.5: Integral graphs S5(m,n).

Corollary 6.2.18. Let (m,n) =d, 1 <m <n. Then the following holds.
(1) If 2d is a perfect square, then Ss(m,n) is not an integral graph.
(2) If 2d is a positive integer but not a perfect square, then all integral graphs
Ss(m,n) (where 1 < m < n) are given by

m = 2d(@)2, n= 2d(y’“T+yl)2, k>1>0,

where yg,y; are odd or even, yr,yi € {ynlvo = 0,51 = b1,Ynt2 =
201Yn+1 — Yn, (m > 0)}, and ay + b1v2d is the fundamental solution
of the Diophantine equation

2% —2dy* = 1. (6.2.7)

Proof. By Theorem 6.2.14, the necessary and sufficient condition for S5(m,n)
to be an integral graph is that there are positive integers a and b such that

Let (m,n) =d, 1 <m < n. By (6.2.8), we find
m=dm?, n=dn? ab=2dmn, (6.2.9)
where m; and n; are positive integers, and (mi,n;) = 1. By (6.2.8) and
(6.2.9), we obtain
(a+b)2 —2d(m; +n1)% = 1. (6.2.10)

Clearly, if 2d is a perfect square, then the diophantine equation (6.2.10)
has no integral solutions.

Let 2d be a positive integer but not a perfect square. Then the equation
(6.2.10) is a Pell equation (see [40]). Let € = a; + b;v/2d be the fundamental
solution of the equation (6.2.7). From (6.2.10), we deduce that

k =k k =k

e"+¢ et —¢€
a+b= , mi+ng = , k>0, 6.2.11
2 ! ! 2v/2d ( )
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where € = a; — b;v2d and €€ = 1 (see Lemma 2.1.10).
By using (6.2.11) and ab = 2dmin; (see (6.2.9)), we get

k| =k E_ =k
ol O eV —E€"
2b — —2d(2n1 — =1
( )2~ 2d(am — =)
Thus, we have
k| =k T J—~ R
e +¢€ e +e€ e¥ —€ e —¢
2 = + . 2ng = + , 1>0.
2 2 YT ovRd | 2v2d
Hence,
Jo— A — R
¥ —F e —F ¥ —F e —F
my = — 2, ni= + 2, k>1>0.
1= G 2\/2d)/ 1= G 2\/2d)/
Let W —n
g —£
= , n=0,1,2,
PNGY

Then we get the Pell sequence (see [15] or [90])

Yo=0, y1=>1, Ynt2=2a1Yn+1—Yn, (n20).
Hence, all integral graphs S5(m,n) (where 1 < m < n) are given by

m= 2B = 2d(yk‘T+yl)2, k> 1> 0.

The proof is now complete. ]

In a similar way the next results can be derived by using Theorem 6.1.2

(6)-

Theorem 6.2.19. The graph Sg(m,n,t) is integral if and only if z* — (2m +
2n 4+t 4 2)z2 +2n(2m + 1) +2t(m + 1) can be factorized as (2 — a?)(x? — b?),
with integers a, b, and one of the following two conditions holds: (i) t is a
perfect square, (it) n = 1, where m (> 0), n (> 1), t (> 0) or m (> 0),
n=t=0.

Corollary 6.2.20. The graph Sg(m,0,0) = K i1 U Ky is integral if and
only if m = 2k% — 1, where k is a positive integer.

Corollary 6.2.21. For the graph Sg(m,n,t), we have
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(1) If m = 0, then the graph S¢(0,n,t) is integral if and only if (i) t is a
perfect square, and x* — (2n +t + 2)x? + 2n + 2t can be factorized as
(22 — a®)(z? — b?), or (i) n = 1, and 2* — (t + 4)2% + 2t + 2 can be
factorized as (x? — a®)(z? — b?), where n (> 1), t (> 0), a and b are
integers.

(2) If m = 0, t = 1, then the graph S¢(0,n,1) is integral if and only if
n = 2k? — 1, where k is a positive integer.

Corollary 6.2.22. For the graph Sg(m,n,t), we have

(1) Fort =0, the graph Sg(m,n,0) is integral if and only if x* — (2m +2n+
2)x2+2n(2m+1) can be factorized as (x> —a?)(x? —b?), where m (> 0),
n (>0), and a and b are integers.

(2) Fort =0, leta, b, m, n andt be as in Theorem 6.2.19. Ifa =12, b = 14,
m =73, n=96, ora= 2520, b = 2522, m = 3175537, n = 3179904,
then the graph Sg(m,n,t) is integral.(The first solution is obtained by
computer search, where 0 < a <100, a <b<a+30 and m>0,n >0)

(3) Fort =0, let (2m+ 1,2n) = d. We have the following results.
(i) If d is a perfect square, then Sg(m,n,0) is not an integral graph.

(ii) If d is a positive integer but not a perfect square, then all integral
graphs Sg(m,n,0) (where 1 <m < n) are given via

om+1=dZEYy2 9n = g )

k>1>0
5 >1>0,
where yg,y; are odd or even, yr,y € {yn|y0 = 0,y1 = b1,Ynt2 =
2a1Yn+1— Yn, (n > 0)}, and aq +b1V/d is the fundamental solution of the
Pell equation (2.1.4).

Proof. (1)-(2). By using Theorem 6.1.2 (6) or Theorem 6.2.19, the result
follows similarly to Theorem 6.2.2 and Corollary 6.2.10 (1).

For (3), by Theorem 6.2.19 or Corollary 6.2.22 (1), the necessary and
sufficient condition for Sg(m,n,0) to be an integral graph is that there are
positive integers a and b satisfying

232 _
{a + b =2m+2n+ 2, (6.2.12)

a’?*  =2n(2m+1).
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Let (2m + 1,2n) = d. By (6.2.12) we have
2m +1=dm3, 2n=dn? ab=dmn, (6.2.13)

where m; and n; are positive integers, and (mj,n1) = 1. By using (6.2.12)
and (6.2.13), we get

(a+0b)* —d(my +n1)* = 1. (6.2.14)

Clearly, if d is a perfect square, then the Diophantine equation (6.2.14) has
no integral solutions.

Let d be a positive integer but not a perfect square. Then the equation
(6.2.14) is a Pell equation (see [40]). Let ¢ = aj + b1V/d be the fundamental
solution of the equation (2.1.4). By (6.2.14), we deduce as before that

gk —I-Ek gh —gk

a+b 5 my+np = k>0, (6.2.15)

where £ = a; — b1V/d and £z = 1.
In view of (6.2.15) and ab = 2dmn; (see (6.2.13)), we get

k| =k k_ =k
e"+E" o e —E" 9
2b — —d(2ny — =1
( )2~ d(zms — =)
Thus, we have
k =k l =l k k l =l
e¥+¢€ [ e¥ —€ e —E
2b = + , 2ny = , >0
2 2 ! 2v/d 2v/d
Hence,
k k l 1 k k l 1
e —F e —F e —F e —F
m 2, n 2, k>1>0.
Letting
571_?7’1
= T = n:071727”'7

we obtain the Pell sequence (see [15] or [90] )
Yo=0, y1=>1, Yny2=201Yn+1—Yn, (n=0).

Hence, all integral graphs Sg(m,n,0) (where 1 < m < n) are given via

om+ 1= d(@){ 9 = d(y’“Terl)?, k>1>0,
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where m and n are positive integers. |

For Sg(m,n,t), when t = 0, 1 < m < n, we have obtained all integral graphs
Se(m,n,0). However, when t = 0, 1 < n < m, we have not found any such
integral graph. So we raise the following question.

Question 6.2.23. Are there integral graphs Sg(m,n,0) with 1 <n <m? Can
we give a sufficient and necessary condition for Sg(m,n,0) (1 <n <m) to be
an integral graph?

Corollary 6.2.24. For the graph Sg(m,n,t), we have
(1) Forn =1, the graph Sg(m, 1,t) is integral if and only if x* — (2m +t +

4)2? +2(2m + 1) + 2t(m + 1) can be factorized as (z* — a?)(x? — b?),
where m (> 0), t (>0), a and b are integers.

(2) For n = 1, let a, b, m, n, t be as in Theorem 6.2.19 (or Corollary
6.2.24 (1)), anda=1,b=2, m =0 and n =t = 1. Then the graph
Se(0,1,1) is integral. (This solution is obtained by computer search, where
0<a<25,a<b<a+20,m>0,t>0).

Proof. Similar to the proof of Theorem 6.2.2 and Corollary 6.2.10 (1), the
statement follows from Theorem 6.1.2 (6) or Theorem 6.2.19. [

The following is a consequence of the formulae (6.5)-(6.7) of Theorem 6.1.2.

Corollary 6.2.25. For the graph Sg(m,n,t), we have

(1) If m =n—1,t =1, then the graph Sg(n — 1,n,1) is integral if and only
ifn= %k(k + 1), where k is a positive integer.

(2) If m=n-+1, t =1, then the graph S¢(n+ 1,n,1) is integral if and only
if n = %k(k + 1) — 1, where k is a positive integer.

(3) If m=n+1,t=29, then the graph Sg(n+ 1,n,9) is integral if and only
if n = %k(k+1) — 3, where k (> 2) is a positive integer.

Based on Theorem 6.1.2 (6) by computer search we found

Corollary 6.2.26. Let a, b, m, n and t be as in Theorem 6.2.19, and given
in Table 6.6, then the graph Sg(m,n,t) is integral.(Table 6.6 is obtained by
computer search, where 1 < a < 10, a < b < a4+ 20). (Note that m, n
and t are different from those in Corollaries 6.2.20, 6.2.21, 6.2.22, 6.2.24 and
6.2.25).
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a | b|m| n t al|b|lm| n t a | b|m| n t
3164|1319 3|18 14| 271|9 31104 ] 45 |9
3 11214 | 67 |9 3114149319 31164 123 ] 9
3 |18 4 |157| 9 3 120] 4 1951 9 31224 (12379
4 | 5 |11 4 9 516 [12] 5 [25] 5|6 |16] 9 9
5 | 8 [12] 19 |25 5 |10 (12| 37 | 25| 5 |12 |12 | 59 | 25
5 (14|12 | 8 |25 5 |16 |12 | 115 |25 || 5 | 18 | 12| 149 | 25
512012 | 187 |25 || 5 |22 |12(229 |25 || 5 | 24| 12| 275 | 25
6 | 7 [18| 11 |25 6 | 7 22| 15 | 9 6 | 7 (23] 6 |25
T 8 |24 7T |49 7 | 8 [ 25| 18 |25 7T | 8 29| 22 | 9
718 |30 13 | 25| 7 |10 24| 25 49| 7 [12| 24| 47 | 49
7T 114124 | 73 |49 7 |16 |24 103 |49 | 7 | 18 |24 | 137 | 49
712024175 (49| 7 | 22|24 217 |49| 7 |24 |24 | 263 | 49
7126124131349 8 | 9 [32| 15 |49 8 | 9 | 33| 26 | 25
8 19 (37| 30 |9 819 38| 21 |25 8|9 (39| 8 |49
8 |11 132] 55 | 9 8 |11 159 28 | 9 9 11040 9 |81
9 |10 (41| 24 |49 9 [10|42| 35 |25 9 |10 |46 | 39 | 9
9 |10 (47| 30 |25 9 |10 |48 | 17 |49 9 | 12|40 | 31 |81
9 |14 (40| 57 |81 ] 9 |16 40| 87 |81 || 9 | 18|40 | 121 | 81
9 2040|159 | 81 || 9 | 22|40 | 201 |81 || 9 | 24|40 | 247 | 81
9 |26 (401|297 | 81| 9 |28 40| 351 |81 || 10| 11|50 | 19 |81
10 |11 |51 | 34 | 49| 10 | 11 |52 | 45 |25 (|10 |11 |56 | 49 | 9
10 [ 11| 57| 40 |25 || 10 | 11 |58 | 27 |49 || 10| 11 |59 | 10 | 81

Table 6.6: Integral graphs Sg(m,n,t).

With similar arguments as before the following results are obtained by
using Theorem 6.1.2 (7).

Theorem 6.2.27. The graph Sg(m,n) (m > 0, n > 0) is integral if and
only if x* —42® — (m +n —5)2% + 2m + 2n — 2)z +mn —m —n and z* +
423 — (m +n — 5)x? — (2m + 2n — 2)x + mn — m — n can be factorized as
(x+a)(x—b)(x+c)(x—d) and (x —a)(x+b)(z —c)(x+d), respectively, where
m, n, a, b, ¢ and d are nonnegative integers.

Corollary 6.2.28. The graph Ss(0,n) = Ss(n,0) is integral if and only if
n = k(k + 2), where k is a nonnegative integer.

Corollary 6.2.29. For the graph Ss(m,n), we have
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(1) If m = n, then the graph Sg(n,n) is integral if and only if n = k(k + 1),
where k is a nonnegative integer.

(2) If m # n, let a, b, ¢, d, m, n, t be as in Theorem 6.2.27, and given
in Table 6.7, then the graph Ss(m,n) = Ss(n,m) is integral.(Table 6.7
s obtained by computer search, where 0 < a < 100, 0 < b < a + 30,
a<c<a+30,6<d<b+30and0<m<n).

a | b | c|d m n al| b | c|d m n

6 |89 |11] 50 98 11 [ 13| 13| 15 | 147 | 192
21 123 |26 |28 | 486 | 726 | 40 | 42 | 57 | 59 | 1682 | 3362
44 | 46 | 51 | 53 | 2028 | 2700 || 47 | 49 | 50 | 52 | 2312 | 2592
75| 77|84 |86 | 5780 | 7220 /| /| /| / / /

Table 6.7: Integral graphs Sg(m,n) = Sg(n, m).
The next statements are derived from Theorem 6.1.2 (8) -(11).

Theorem 6.2.30. The graph So(m,n,p,q) (m,n,p,q > 1) is integral if and
only if ¥ — (2m+n+2p+q+ng+ Dzt + (m+n+mn+p+4mp+2np+q+
2mq + 2nq + 2mnq + pq + 2npq)x® — (mp + np + 2mnp + mq + ng + 2mng +
2mpq + 2npq + 4mpq) can be factorized as (v? — a?)(x? — b?) (22 — ¢2), where
a, b and c are integers.

Corollary 6.2.31. For the graph So(m,n,p,q), we have

(1) If m = n = p = q, then the graph Sy9(n,n,n,n) is integral if and only if
n = 2k?, where k is a positive integer.

(2) If m, n, p, q are not as in (1), and a, b, ¢, m, n, p, q are as in The-
orem 6.2.30, and given in Table 6.8 , then the graph S9(m,n,p,q) =
So(p, g, m,n) is integral.(Table 6.8 is obtained by computer search, where
1<a<7a<b<a+5 b<c<b+5, and m, n, p, q are not as in

(1)).

qglla|l b | c|m|n|pl|q
8161|1012 |51 ]3]|21]33

alblc|m|n|p
3145818

Table 6.8: Integral graph Sg(m,n,p,q) = So(p,q, m,n).
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Theorem 6.2.32. The graph Sip(n) is integral if and only if n = k(k + 2),
where k (> 0) is an integer.

Theorem 6.2.33.

(1) If m > 1, n > 1, then the graph Siz(m,n) is integral if and only if (i)
m = k(k+1) and m(n+1) = 1(I4+1), where k and l are positive integers,
or (ii) n =1, and m = 1k(k + 1), where k is a positive integer.

(2) Form =n = k(k+1), k a positive integer, the graph S13(n,n) is integral.

Theorem 6.2.34. The graph Si7(m,n,p,q) is integral if and only if x% —
2m+2n+p+q+pg+ 1)zt +[m(2+4n+2p+q+pqg) +n+p+np+2ng+
2pq + 2npq + pg*la® — [2m(n + p + np + ng + pq + npq) + 2npq(q + 1)] can be
factorized as (x? — a?)(x? — b%)(2® — c?) with integers a, b, ¢, and one of the
following two conditions holds: (i) 2m is a perfect square, (ii) ¢ = 1, where
m, n, p, q are positive integers.

Corollary 6.2.35. For the graph Si7(m,n,p,q), we have

(1) If m = n, then the graph Si7(n,n,p,q) is integral if and only if n = 2k?,
and x* — 2n + (p + 1)(g + D]a? + (¢ + D[n(p + 1) + p(g + 1)] can be
factorized as (x® — a?)(z? — b?), where n, p, q, k are positive integers,
and a, b, ¢ are integers.

(2) If m =n = p = q, then the graph Si7(n,n,n,n) is integral if and only if
n = 2k?, where k is a positive integer.

(8) If m =n, p =1, then the graph Si7(n,n,1,q) is integral if and only if
n =2r?s2h?, ¢ = (r> —s?)2h% — 1, where (r,s) =1, r > s, 2 fr+s, and
n, q, v, s, h are positive integers.

(4) If m = n = 2k%%, p = 212 and q = k*>(21> + 1) — 1, then the graph
S17(n,n, p,q) is integral.

(5) For m =mn, let a, b, m, n, p and q be as in (1), and not as in (2)-(4),
and given by Table 6.9. Then the graph Si7(n,n,p,q) is integral. (Table
6.9 is obtained by computer search, where 1 < a <40, a < b < a+ 20,
and m, n, p and q are not as in (2)-(4)).

Proof. (i) Similar to the proof of Theorem 6.2.2 and Corollary 6.2.10, the
statements in (1), (2), (4) and (5) are proven by Theorem 6.1.2 (11) or Theo-
rem 6.2.34.
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a b m n P q a b m n p q
8 |18 | 50 | 50 |11 | 23| 14 | 34 | 288 | 288 | 193 | 3
16 | 36 [ 200 | 200 | 11 [ 95 | / / / / / /

Table 6.9: Integral graph Si7(n,n,p,q).
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(ii) Next we shall prove (3). By (11) of Theorem 6.1.2, the graph Si7(n,n,
1, q) is integral if and only if 2n, ¢ + 1 and 2n + ¢ + 1 are perfect squares.
Assume that n = 2k*h%, ¢+ 1 = I?h? and 2n + ¢+ 1 = t?h?, where k, [, t,h
are positive integers, and ([,2k) = 1. Then we get

12+ (2k)? =2

Lemma 2.1.1 yields | = r? — s2, 2k = 2rs, t = 2 4+ 5%, n = 2r2s?h?, ¢ =
(r? — s%)2h% — 1, where (r,s) =1, r >s>0,2 fr+s,and n, q, r, s, h are
positive integers.

Corollary 6.2.36. For the graph Si7(m,n,p,q), we have

(1) If m # n, p = m, q = n, then the graph Si7(m,n,m,n) is integral if
and only if z* — (2m + 2n + mn + 1)a? + 2m(n + 1)? can be factorized

2

as (x* —a

2) (2% — b?) with integers a, b, and one of the following two

conditions holds: (i) 2m and n+m are perfect squares, (ii)n =1, m+1
is a perfect square, where m, n are positive integers.

(2) If m = p =2, ¢ =n, then the graph S17(2,n,2,n) is integral if and only
ifn =12—2 and 2n+2 = k(k+1), where n, | and k are positive integers.

(3) Form =p =2, q=mn, letn, | and k be as in (2) of Corollary 6.2.36,
and given in Table 6.10. Then the graph S17(2,m,2,n) is integral. (Table
6.10 is obtained by computer search, where 1 < k < 10000).

n l k n l k n l k

2 2 2 14 4 5 119 11 15
527 23 32 4094 64 90 17954 134 | 189
139127 373 | 527 || 609959 | 781 | 1104 || 4726274 | 2174 | 3074

20720702 | 4552 | 6437 / / / / / /

Table 6.10: Integral graphs S17(2,n,2,n).
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By (2) of Corollary 6.2.36, we see that the graph Si7(2,n,2,n) is integral
if and only if n = [?> — 2 and 2I?> — 2 = k(k + 1), where n, [ and k are positive
integers. Hence, we raise the following question.

Question 6.2.37. What are all positive integral solutions of the Diophantine
equation 21> —2 = k(k+1)?

Corollary 6.2.38. For the graph Si7(m,n,p,q), with m # n, let a, b, ¢, m,
n, p, q be as in Theorem 6.2.34, and given in Table 6.11. Then the graph
S17(m,n,p,q) is integral.(Table 6.11 is obtained by computer search, where
1<a<13,a<b<a+5b<c<b+10, and m # n).

a|lblc|m| n |p| ¢q a|lblc|m| n |p| ¢
4 |56 |2 |14 |2|14 |55 |6|2]|16 (1|24
719 (10|18 48 |1 48 | 9 | 10|11 |18 | 52 | 1] 80
111112 8 | 64 | 1[120 11|14 |15 |50 | 100 | 1] 120
111516 2 | 119 |2 (119 | 13|14 | 15|18 | 108 | 1 | 168
13115116 32124 (1168 /| /) |/ |/ /L)

Table 6.11: Integral graphs Si7(m,n,p, q).

We finally list the results obtained from Theorem 6.1.2 (12)-(15).

Theorem 6.2.39. The graph Sis(n,p, q,t) is integral if and only if 2% — 425 —
C2n4+p+qg+t—6)a* +6n+2p+2¢+4t —4)x3 — (6n+p—np+q—ng—
pq + 6t — pt — qt — 1)x® + (2n — np — ng + 4t — 2pt — 2qt)x — t(p — 1)(¢ — 1)
can be factorized as (x + a)(x + b)(z + ¢)(x — d)(x — e)(x — f), and one of
the following two conditions holds: (i) t is a perfect square, (i) n = 1, where
n>1,p,q,t, a,b,c,d, e and f are nonnegative integers.

Corollary 6.2.40. For the graph Sis(n,p,q,t), we have

(1) If p = q, then the graph Sig(n,p,p,t) is integral if and only if x* —
223 — (p+t +2n — )22 + 2(n + t)z + t(p — 1) can be factorized as
(x + a)(x — b)(z + ¢)(x — d), and one of the following two conditions
holds: (i) p and t are perfect squares, (ii) n = 1, and p is a perfect
square, where n is a positive integer, p, t, a, b, ¢ and d are nonnegative
integers.

(2) If p=q =1t =1, then the graph Sig(n,1,1,1) is integral if and only if
n=3k(k+1)— 1, where k (> 2) is a positive integer.
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(8) If p = q =t =0, then the graph S15(n,0,0,0) = Ss(n,n) is integral if
and only if n = %k(k + 1), where k is a positive integer.

(4) If n = 2t, p=q =t = k2, then the graph S13(2k?, k2, k% k?) is integral
if and only if k is a positive integer satisfying the Pell equation

2 —8k? =1. (6.2.16)

Proof. Similar to the proof of Theorem 6.2.2 and Corollary 6.2.10, we easily
check the correctness of the results in (1), (2) and (3) by using Theorem 6.1.2
(12) or Theorem 6.2.39.

Next we shall prove (4). By Theorem 6.1.2 (12.4), we see that the graph
S18(2k2, k2, k2, k?) is integral if and only if there are positive integers k, 7 and
s such that

{ k(k—1)=r(r+2k+1),

k(k+1)=s(s+2k—1). (6.2.17)

This relation yields
2k+r+s)(s—r—1)=0 an s“+(2k—1)s — +1)=0.
k d s k k(k
Then s = r + 1, ands—% Sk +

Hence, s is a positive integer if and only if 8k2 + 1 is a perfect square. Let
8k% + 1 =I2, then k is a positive integer satisfying the Pell equation (6.2.16).
All positive integral solutions of (6.2.16) are given by

[+ kV8 = up +v,V8 = (3+V8)",

where n =1,2,--- .
Thus, the proof is complete. |

Theorem 6.2.41. The graph Sig(m,n,p,t) is integral if and only if (x* —
=D 2 — (m At +p+ D +m+t+pt]"Hab — (m A+ n+mn+p+
np +t+ Da* + [m +n +mn +mn? — 2np + 2mnp + mn?p +np? +t(1 +n +
p+np)r? —n(p—1)2(mn+1t)} = 0 has only integral roots, where m (> 1), n
(>1),p(>1),t(>0) are integers.

Corollary 6.2.42. For the graph Sig9(m,n,p,t), we have

(1) If p = 1, then the graph Sig(m,n,1,t) is integral if and only if (ZL'
t)nlm= 1>[a: — (mAt+2)x2 +m+ 2"zt — (m+2n +mn -+t 4 2)x?
(n 4+ 1)(m 4 2mn + 2t)] = 0 has only integral roots, where m(> 1),
(>1) and t (> 0) are integers.
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(2) If m =2, p=t=1, then the graph S19(2,n,1,1) is integral if and only
if n=3k(k+1) — 1, where k (> 2) is a positive integer.

Theorem 6.2.43. The graph Sao(n,p,q) is integral if and only if (i) n =
k(k+1) andpg = (I+k+1)(I—k), or (ii)p=1,n=7r and q = s(s+1)—r > 1,
where n, p, q, 1, k, r and s are positive integers, and l > k.

Corollary 6.2.44. If the graph Sao(k(k + 1),p,q) is integral, then the graph
Soo(k(k +1),q,p) is integral too.

Theorem 6.2.45. The graph So1(m, t) is integral if and only if (i) t = k(k+1)
andm = (I+k+1)(l—k), or (i) m=1andt =r(r+1)—1, where m (> 1),
t(>0),l(>1),k(=0)andr (> 1) are integers, and | > k.

6.3 Further discussion

The search for integral graphs becomes easier if we use graph operations,
such as graph sum, graph product, strong graph sum, etc. (see [22, 24, 36]).
However, in general, the problem of characterizing integral graphs seems to
be very difficult. In the present chapter, we have mainly investigated the 21
nonregular bipartite integral graphs of [5]. Fifteen classes of larger integral
graphs were constructed based on the structures of the integral graphs of
[5]. These classes are connected nonregular and bipartite graphs except for
several unconnected graphs for which one or several of the parameters are zero.
However, we have not found appropriate methods to construct new integral
graphs from the graphs S7, Si1, Si2, Si4, Si5, S16 of [5] or Theorem 6.1.1.
Thus, we raise the following question.

Question 6.3.1. Can we construct new integral graphs from the graphs Sv,
Sll, 512, 314, 515, 516 Of [5] or Theorem 6.].]?

Although we obtained fifteen new classes of integral graphs from the graphs
S1, S9, S3, S4, S5, Sg, Ss, Sy, S10, S13, S17, S18, S19, S20, S21 in Theorem 6.1.1
or [5], we think that other methods can be found to construct new integral
graphs. For example, let K! be obtained by joining ¢ new end vertices to each

vertex of K, then the graph KZ((ZIB is integral (see [76]). We note that the

graph Kfl can be constructed from S7 = Kj 4. Hence, we raise the following
question.
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Question 6.3.2. How to construct new integral graphs from the graphs Sy,
So, S3, S4, S5, Se, 53, So, S10, S13, S17, S18, S19, S20, S21 in Theorem 6.1.1
or [5]¢

For the graphs S1(t) = K14, S2(n,t), Ss(m,n), Sio(n), Siz(m,n), S(n,
D, q), S21(m,t), in fact, we have given a necessary and sufficient integrality
condition. However, it is very difficult to find all integral graphs of the type
Ss(m,n,t), Sa(m,n,p,q), S¢(m,n,t), Ss(m,n), So(m,n,p,q), Siz(m, n,p,q),
Sis(n,p,q,t), Sig(m,n, p, t). Hence, we come to

Question 6.3.3. Can we give a better necessary and sufficient condition for
the above 8 classes of graphs to be integral?

Note that in connection with Question 6.3.3, in the present chapter, we
found some results for the above 8 classes of graphs by computer search and
number theory. It was proved that the problem of finding such integral graphs
is equivalent to the problem of solving some Diophantine equations. Finally
we ask

Question 6.3.4. What are all positive integral solutions for these Diophantine
equations, for example for the Diophantine equations (6.2.1)-(6.2.5), (6.2.8),
and so on?
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Families of integral graphs

In this chapter, the graphs K1, & K, r* K, K1, ® Ky, ,, and r * Ky, ,,
are studied. We determine the characteristic polynomials of these graphs and
also obtain sufficient and necessary conditions for these graphs to be integral.
Some sufficient conditions are found by using number theory and computer
search. All these classes are infinite, and different from those in the literature.
We also give some new cospectral integral graphs.

7.1 Integral graphs K, e K, and r * K,

In this section, we shall determine the characteristic polynomials of the
graphs K, e K, and r x K,,. We obtain sufficient and necessary conditions
for these graphs to be integral by using number theory and computer search.
Furthermore cospectral graphs and cospectral integral graphs are investigated.
Note that some results on cospectral graphs can be found in [21, 22, 27, 31,
45, 62, 76].

Let K, ® K, be the graph obtained by identifying the center w of Ky,
with one vertex v of K,.

Theorem 7.1.1. The graph K, K,, is integral if and only if 23— (n—2)z* —
(r+mn—1)x+r(n—2) can be factorized as (x — a)(x — b)(x + ¢), where a, b
and c are nonnegative integers.

Proof. By (2) of Lemma 1.2.5 and (1) of Lemma 1.2.17, we get

P(Ki, e Kp,x)=a2" "1 zP(K,,x) — rP(Kp_1,7)]
=" Yz +1)" 223 - (n—2)2% — (n+7r—1x+r(n-2)),

proving the theorem. [ ]

131
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Let u € V(K,) be the root of K, and let r x K, be the graph obtained
by joining the roots of r copies of K, to a new vertex w.

Theorem 7.1.2. The graph r * K,, is integral if and only if x® — (n — 2)x? —

(r+n—1)x+r(n—2) can be factorized as (x — a)(x — b)(x + ¢), where a, b
and ¢ are nonnegative integers.

Proof. By (1) of Lemma 1.2.5 and (1) of Lemma 1.2.17, we find

P(r* Ky,z) = P YK,,2)[xP(K,,z) — rP(K,_1,2)]
=@+ 1) DY —n+ 1) 2d - (n—2)22 — (n+r— D +r(n—2).

Thus this theorem is proved. |

Corollary 7.1.3.

(1) Let Gy = (r = 1)K1 Urx Ky, Go = (r = 1)K,, U [K;, ® K,,|. Then Gy
and Go are cospectral.

(2) If K1, ® Ky, is integral, then r * K,, is integral too.
(3) If r * K,, is integral, then K, ® K,, is integral too.

(4) If r x K, or Ky, & K, is integral, then G; = (r — 1)Ky Ur x K,, and
Gy = (r— 1)K, U[K;, e K] are cospectral integral graphs.

Proof. (1) By Lemma 1.2.6 (1), Lemma 1.2.17 (1), and Theorems 7.1.1 and
7.1.2, we find

P(Gy,z) = P(Gy,z) = 2" Yz + 1)" D=1z —n4 1)1
22 = (n—2)22 = (n+r— 1z +7r(n—2).

Thus (1) is proved.

(2) By Lemma 1.2.17 (1), we know that K, is integral. When K , o K, is
integral, by (1) of Lemma 1.2.7 and Theorems 7.1.1 and 7.1.2, we can prove
that r x K, is integral too.

(3) By (1) of Lemma 1.2.17, the graph K, is integral. When r x K, is
integral, by (2) of Lemma 1.2.7 and Theorems 7.1.1 and 7.1.2, we see that also
K1, e K, is integral.

(4) The result follows from Lemmas 1.2.6, 1.2.7 and 1.2.17, and Theorems
7.1.1 and 7.1.2. |

Corollary 7.1.4. For any positive integer k, we have.
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(1) If r = (k> = 1)(4k? = 1), n = 2k + 1 and k > 1, then Ky, ¢ K,, and
r* K, are integral.

(2) If r = k*(4k? — 1), n = 2k?, then K1, ® K,, and r x K,, are integral.

Proof. (1) By Theorems 7.1.1 and 7.1.2, we get
P(Ki, e K,,x)= :U(szl)(‘lkkl)*l(x + 1)2’“2*1@ —a)(x —b)(x+c)

and

P(r+ Ky, x) = (z + 1) R =D@ER =115 _ 2k2)(k271)(4k271)—1
(x—a)(z—b)(z+c),

where k (> 1) is a positive integer, a = (k. — 1)(2k + 1), b= (k+ 1)(2k — 1)

and ¢ = 2k% — 1.
(2) From Theorems 7.1.1 and 7.1.2, we find

P(K,,e K,,z)= mk2(4k2_1)_1(:6 + 1)2k2_2(x —a)(x —b)(x+c)

and

P(r«Kp,z) = (z + 1)192(41@2—1)(%2—1)—1(90 —2k2 + 1)k2(4k2—1)—1
(x —a)(x—0b)(z+c),

where k is a positive integer, a = (k — 1)(2k+ 1), b = (k+ 1)(2k — 1) and

c = 2k>.
Thus this corollary is proved. |

Corollary 7.1.5. For positive integers p and q, we have.

(1) If r = ¢*(p?® +2), n = 2¢%, and p, q is a positive integral solution of the
Diophantine equation

P’ —2¢* = -1, (7.1.1)
then K1, e K;, and r x K, are integral.
(2) If r = 2pq(pg — 1) > 0, n = pqg + 2, and p, q is a positive integral

solution of the Diophantine equation (7.1.1), then K, e K, and r x K,
are integral.
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Proof. By Theorem 7.1.1 or 7.1.2, we know that K1 , e K,, or rx K, is integral
if and only if 23 — (n — 2)2? — (r +n — 1)z + r(n — 2) can be factorized as
(x—a)(x—0b)(z+c), where a, b and c are nonnegative integers. Hence K1 , e K,
or r x K, is integral if and only if the equations

a+b—c=n-—2,
(a+b)c—ab=r+n-1, (7.1.2)
abc = r(n —2).

have only integral solutions.

(1) Assume that r = ¢?(p®>+2),n =b=2¢*>, a =pg—1c=a+2 =pg+1.
Thus, when p? — 2¢> = —1, we obtain positive integral solutions of Equations
(7.1.2). Hence K, ® K, and r * K,, are integral.

(2) Assume that r = 2pq(pg — 1) > 0, n = pg+2, a = pg — 1, b = 2¢>,

¢ = 2¢> — 1. Thus, when p? — 2¢> = —1, we have given positive integral
solutions of Equations (7.1.2). Hence, by Theorems 7.1.1 and 7.1.2, K; , ® K,
and r x K,, are integral. |

Corollary 7.1.6. Let all positive integral solutions xi, yi of Equation (2.1.9)
be defined by (2.1.11), k= 1,3,5,---. Whend =2, p=1++2,p=1—-+/2,
we have.

(1) Forr = ygk—l(‘r%k—l +2),n= 2y§k71, k=1,2,..., the graphs K, , e K,
and r x K, are integral.

(2) For r = 2xop_1yop—1(Tok—1Y2k—1 — 1), n = xop_1 + 2, k = 1,2,..., the
graphs K1, e K,, and r x K, are integral.

Proof. (1) By Corollary 7.1.5, we see that if r = ¢?(p* + 2), n = 2¢?, and
p, q is a positive integral solution of Equation (7.1.1), then K, e K, and
r * K, are integral. By Lemma 2.1.12, we know that all positive integral
solutions p = xox_1, ¢ = yar—1 of Equation (7.1.1) are given by (2.1.11), for
k=1,2,3,---,whered =2, p =1+ 2, 5 = 1—+/2. Thus this proof is
complete.

(2) Similar to the proof of (1), we can check the correctness by using
Corollary 7.1.5 and Lemma 2.1.12. [ |

Based on Theorems 7.1.1 and 7.1.2 we obtain
Corollary 7.1.7. Let a, b, ¢, r, n be positive integers as in Theorem 7.1.1 or

Theorem 7.1.2, and given in Table 7.1. Then K1 ,e K, and rx K, are integral.
(Here a, b, ¢, r and n are obtained by computer search, and 1 < a < 120,
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a<b<a+40,1<c<a+b, and they are different from those of Corollaries
7.1.4-7.1.6).

a b c r n a b c r n
63 | 80 | 66 | 4320 | 79 || 63 | 80 | 78 | 6048 | 67

Table 7.1: Integral graphs K1, K, and r x K.

In view of Theorems 7.1.1 and 7.1.2 and Corollaries 7.1.4-7.1.7, we raise
the following question.

Question 7.1.8. What are all the nonnegative integral solutions for Equations
(7.1.2)¢

7.2 Integral graphs K;, e K,,, and r x K, ,

In this section, we shall determine the characteristic polynomials of the
graphs Ki, ® K, , and r * K,,,,. We also obtain sufficient and necessary
conditions for these graphs to be integral. Some new cospectral graphs and
cospectral integral graphs are discussed.

A complete bipartite graph K, ,, is a graph with vertex set V' such that
V =V1 UV, V1 NV, = (), where the two vertex classes V7, V5 are nonempty
disjoint sets, |V;| = p; for i = 1,2, and such that two vertices in V" are adjacent
if and only if they belong to different classes.

Theorem 7.2.1. Let K, ,, be a complete bipartite graph with vertex classes
Vi ={wli =1,2,--- ,m}, Vo = {v|i = 1,2,--- ,n}. Let Ky, ® K,,,, be the
graph obtained by identifying the center w of K1, with the vertex uy of Ky, p.
Then K1, @ Ky, is integral if and only if z* — (mn + r)2? + rn(m — 1) can
be factorized as (x* — a®)(z? — b?), where a and b are integers.

Proof. By (2) of Lemma 1.2.5 and (2) of Lemma 1.2.17, we get

P(Ki, e Kyn,x)= :cT_l[xP(ijn, z) —rP(Kp—1n,7)]
= g™zt — (mn + r)2? 4+ ro(m — 1)),

proving the theorem. [ |

Corollary 7.2.2. If Ky , e K, ,, is integral, then for any positive integer s the
graph K ,s> ® K, s> is integral too.
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Proof. Because K1, ® K,,,, is integral, by Theorem 7.2.1, we find

P(Kiy @ Kipynyz) = 2™ 424 — (mn + 1)z + rn(m — 1))
— $m+n+r—4(x2 _ CLQ)(iL'Q _ b2)’

where a and b are integers. Hence, again by Theorem 7.2.1, we get

P(Ki,s 0 K, p2,1) = gmnst s —AAd (4 r)s222 4 r(m — 1)s?]
— wm+n32+rszf4[x2 o (CLS)QHZQ _ (68)2]

Thus this corollary is proved. ]

Theorem 7.2.3. Let Ky, , be a complete bipartite graph with vertex classes
Vi=Awli=1,2,--- ,m}, Vo ={v;li =1,2,--- ,n}, let uy € V1 be the root of
Kom. Let r* Ky, be the graph obtained by joining the roots of v copies of
Ky to a new vertex w. Then r* Ky, ,, is integral if and only if mn is a perfect
square, and x* — (mn+7r)x2+rn(m—1) can be factorized as (% —a?)(x? —b?),
where a and b are integers.

Proof. By Lemma 1.2.5 (1) and Lemma 1.2.17 (2),

P(rs Ky, x) = P’"_l(Kmm, x)[xP(Kmn, ) — rP(Km—1n,)]
= grmn=2=1(32 _mn)r =1zt — (mn + )z + rn(m — 1)],

and the theorem is proved. |

Corollary 7.2.4. If r x Ky, , is integral, and r > 1, then for any positive
integer s the graph (rs?) x K, 2 15 integral too.

Proof. Because r * K, ;, is integral, by Theorem 7.2.3, we must have

P(r* Ky, x) = 2" =212 —mp) =1zt — (mn + )2 + ra(m — 1)]

— xr(m+n—2)—1($2 _ mn)r—l(lj _ QQ)(xQ . 52).

where mn is a perfect square, and a and b are integers. Hence, Theorem 7.2.3
yields

P[(,,,32) % Km,n527x] _ mrsz(m+n8272)fl(x2 _ mns2)r3271
x[z* — (mn + 7r)s?2% + rn(m — 1)s?]

— :L‘rs2(m+n52—2)_1(1'2 — mnsg)rﬁ—l[lz - (as)z][lz - (bs)g]’

where mn is a perfect square, and a and b are integers. |
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Corollary 7.2.5.

(1) Let Gy = (r = 1) K1 Ur x Kpyy, Go = (r — 1)Ky U [K1» @ Ky p]. Then
G1 and Go are cospectral.

(2) If K1, ® Ky, and Ky, ,, are integral, then v« K, , is integral too.
(3) If r * Ky, and Ky, 5, are integral, then K, © Ky, , is integral too.

(4) If r % Ky and Ky, are integral or K, @ Ky, , and Ky, ,, are integral,
then Gi = (r—1)KiUrx Ky, , and Go = (r — 1)Ky, n U [Kq, @ Ky, ] are
cospectral integral graphs.

Proof. Follows by using Lemmas 1.2.6, 1.2.7, 1.2.17 as well as Theorems 7.2.1
and 7.2.3. ]

Corollary 7.2.6. Let a, b, r, m and n be positive integers as in Theorem
7.2.1 or Theorem 7.2.5. Then for any integer s the graph K . ® K, 2 s
integral if a, b, r, m, t are given by one of the following cases where k, p, q
are positive integers:

In particular, if mn is a perfect square, then in these cases the graph (rs®)x
K, ns2 1s integral too.

(1) a=k, b=k +1,r=k>+1, m=k>+2 and n = k?,
(2) a=k, b=k +k,r=kk+1),m=k +k+1 andn = k?,

(3) a=k -k, b=k,r=k%k—-1),m=k —k+1 and n = k?, where
k>1,

(4) a=k, b=2k, r =2k m =3 and n = k?,
(5) a=pq, b= (p*+1)q, r = (p* + 1)¢*, m = p* + 2 and n = p*¢?,

(6) a =pp*+2),b=@*+2)(P*+1), r = p*(p* +2)%, m =p* +2 and
n=(p*+2)(p*+1),

(7) a=2q,b=2p, r=2p*, m=2p* -1 and n = 2, where p* —2¢*> =1,
(8) a=2q, b=2p, r =8¢*, m=p*>+1 and n =2, where p* — 2¢* = 1,
(9) a=p,b=2q, r=2¢>, m=4¢*> — 1 and n = 1, where p* — 2¢*> = —1,

(10) a =p, b=2q, r =2p*, m =2¢> + 1 and n = 1, where p*> — 2¢*> = —1,
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(11) a =3q, b=2p, r = 3p?, m = 12¢*> + 1 and n = 1, where p> — 3¢*> =1,
(12) a =3q, b=2p, r =12¢>, m = 3p?> + 1 and n = 1, where p> — 3¢*> =1,
(18) a=2q, b=3p, r = 6p>, m = 6¢*> + 1 and n = 1, where 3p> — 2¢*> =1,
(1) a=2q, b=3p, r =6¢* m =6p>+ 1 and n =1, where 3p*> — 2¢> = 1,

(15) a=q¢*> -1, b=1pq, r = (¢* —1)¢>, m = p*> + 1 and n = ¢> — 1, where
P —2¢° = -2,

(16) a =¢* -1, b=pq, r = (¢* — 1)p*, m = ¢> + 1 and n = ¢* — 1, where
P*—2¢* = =2,

(17) a = (K2 +1)(k2 +2), b = k(k* +2), r = k*(k* + 2)3, m = k? + 2 and
n = (k*+2)(k* + 1),

(18) a = q(¢*+1), b = p(¢*+1), r = (¢>+1)*, m = 2(¢*+1) andn = ¢*(¢*+1),
where p> — 2¢%> =1,

(19) a=p, b=2q, r = 2¢*>, m =2¢> — 1 and n = 2, where p*> — 2¢> = —2,

(20) a=k(k>+k+1), b= (k+1)(K®+k+1),r = (K> +k+1)3, m=k*+k+1
and n = k(k+1)(k*> + k +1).

Proof. We only prove (2). The other cases can be proved similarly. By
Theorem 7.2.1, the graph K, e K,, , is integral if and only if zt — (mn +
r)x? + rn(m — 1) can be factorized as (2% — a?)(2? — b?), where a and b are

integers. Hence K1, ® K, is integral if and only if the equations

a?+v> =mn+r,
{ a’b? =rn(m—1) (7.2.1)
have only integral roots. Choosing a = k%, b = k? + k, r = k3(k + 1),
m = k?>+k+1 and n = k?, where k is a positive integers, we can check that
they are positive integral solutions of Equations (7.2.1). Hence, by Theorem
7.2.1 and Corollary 7.2.2, K, ® K, ,,52 is integral. By Theorem 7.2.3 and
Corollary 7.2.4, if mn is a perfect square, then the graph (rs?) x K, ns2 is
integral too. Thus this corollary is proved. ]

Remark 7.2.7. For the Diophantine equations p> — 2¢*> =1, p*> — 2¢> = —1,
p? —3¢> =1, 3p*> —2¢> =1, p> — 2¢*> = —2 in Corollary 7.2.6, we can find all
positive integral solutions from Lemmas 2.1.8-2.1.12 and 2.1.14.
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Let the tree T'[m,r| of diameter 3 be formed by joining the centers of Kj ,,
and K1, with a new edge.

Corollary 7.2.8. (See [15]) For any positive integer t, we have.

(1) (see also [79]) When r = m —1 = t(t + 1) and n = 1, then the tree
Ky, e Ky, =T[r,m—1] of diameter 3 is integral.

(2) When1<r<m-—1,n=1, and (r,m — 1) = d the following holds.
(i) If d is a perfect square, then K, ® Ky, = T[r,m — 1]= Kj ;1 ®
K11, =T[m—1,r] is not an integral tree.
(ii) If d is a positive integer but not a perfect square, then all integral
trees Ki, @ Kpyp = Tr,m — 1]= Kim—1 ® Krj1, = T[m — 1,7] (where
1<r<m-—1,n=1) are given by

r=d(w& m=1+d(y’“T+yl)2, n=1, k>1>0,

where yg, y, are odd or even, Yk, yi € {Yplyo = 0,y1 = b1, Ypt2 = 2a1Yp41 —
Yp,(p > 0)} , and aq + biVd is the fundamental solution of Equation
(2.1.4).

Corollary 7.2.9. For positive integers t and s, we have.

(1) Whenn =1, r =m —1 = t(t+1), then Ky, ® K,, .2 is an integral
graph.

(2) Whenn =1,1<r <m-—1, (r,m —1) =d, then we have the following
results.
(i) If d is a perfect square, then K,z @ Ky, o2 and Ky (,_1)s2 @ Ky pe2
are not integral graphs.
(ii) If d is a positive integer but not a perfect square, let r = d(%)z,
m =1+ d(y’“Tﬂ”)Q, k > 1 > 0, where yi,y; are odd or even, yr,y; €
{uplyo = 0,31 = b1, ypr2 = 2a1Yp11 — Yp, (p = 0)}, and ay + biVd is the
fundamental solution of the Equation (2.1.4). Then K, & K, .2 and
K1 (m-1)s2 ® K, 41,52 are integral graphs.

Proof. The result follows easily by using Corollaries 7.2.2 and 7.2.8. |
Based on Theorem 7.2.1 and Corollary 7.2.2 we obtain
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Corollary 7.2.10. Let a, b, r, m and n be positive integers as in Theorem
7.2.1, and given in Table 7.2, then the graph K, ® K, .2 s an integral
graph. (Table 7.2 is obtained by computer search, where 1 < a <30, a < b <
a + 20, and they are not those of Corollaries 7.2.6, 7.2.8 and 7.2.9).

a | b r m | n a | b r m | n
4 [ 15| 25 3 |72 6 | 10| 40 16 | 6
7120 50 57 | 7 9 | 14| 189 | 22 | 4
12 15| 150 | 73 | 3 || 12| 15| 216 | 51 | 3
12 17| 153 | 35 | 8 || 12 20| 384 | 16 | 10
6
9

12 |1 21| 147 | 73 14130 | 200 | 64 | 14
14 1 33 | 1078 | 23 15118 | 243 | 51 | 6
15120 | 250 | 25 |15 || 15|20 | 375 | 25 | 10
20126 | 416 | 66 | 10 || 20 | 27 | 405 | 181 | 4
21 124 | 567 | 225 | 2 || 21|26 | 637 | 40 | 12
21 132 | 448 | 113 | 9 || 22 | 25| 605 | 126 | 4
22 130] 80 | 56 | 9 || 24|35 | 1176 | 25 | 25

9

2

3

25 | 42 | 1750 | 71 28 [ 30 | 800 | 442 | 2
28 [ 30 | 882 | 401 28 | 33| 847 | 57 | 18
28 | 33| 1078 | 265 30 | 35 | 1125 | 50 | 20
30 (37925 (11212 /| /| / |/ |/

Table 7.2: Integral graphs K .2 ® K, .2, where s is a positive integer.

From Theorems 7.2.1 and 7.2.3 and Corollaries 7.2.2 and 7.2.4 we easily deduce

Corollary 7.2.11. Let a = 24, b = 35, r = 1176, m = 25 and n = 25,
(see Theorem 7.2.1 or Theorem 7.2.3), then for any integer s both graphs
K, 0 K, 2 and (rs?) * K, ns2 are integral.

In view of Theorems 7.2.1 and 7.2.3 and Corollaries 7.2.6, 7.2.8-7.2.11, we raise
the following question.

Question 7.2.12. What are all the positive integral solutions for Equation
(7.2.1)7
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Two classes of Laplacian
integral and integral regular
graphs

In this chapter, we derive the spectra and characteristic polynomials of
the two classes of regular graphs K, 11 = Ky,y1,, and Ky p[(p — 1)K,], as
well as the characteristic polynomials for their complement graphs, their line
graphs, the complement graphs of their line graphs and the line graphs of their
complement graphs. When p = n? +n + 1, these graphs are not only integral
but also Laplacian integral. These results generalize some results of Harary
and Schwenk in [36].

8.1 The characteristic polynomials of two classes of
regular graphs

In this section, we determine the characteristic polynomials of K, ,+1 =
Kn—i—l,n and Kl,p[(p — 1)Kp].

The (n + 1)-regular graph K, p+1 = Kp41,, 0on 4n + 2 vertices is obtained
from two disjoint copies of Ky, 11 with vertex classes Vi = {w;|i = 1,2,--- ,n},
Vo ={uili = 1,2,---,n+ 1} and Uy = {z]i = 1,2,--- ,n}, Uy = {w;|i =
1,2,--- ,n + 1}, respectively, by adding the edges {vw;|i = 1,2,--- ,n+ 1}.
Let K, be a graph with vertex classes Vi = {u1} and Vo = {v;]i = 1,2,--- , p}.
The i-th graph K, of (p — 1)K, has the vertex set {w;,|j = 1,2,--- ,p}, where
i=1,2,--+,p—1. Then the p-regular graph K ,[(p—1)K,] on p? + 1 vertices
is obtained by adding the edges {vjwj,|j = 1,2,--- ,p— 1}, i = 1,2,--- ,p,

141



142 Chapter 8

between the graph K, and the graph (p — 1)K),.

Theorem 8.1.1. For the regular graph Ky pi1 = Kyy1,n of degree (n + 1)
with 4n + 2 vertices, the characteristic polynomial is

P(Kppi1 = Kngin, ©) = (x+n+1) (z4+n) (z+1)"2** 2 (x—1)"(z—n)(z—n—1).

Proof. By properly ordering the vertices of the graph K, ,+1 = Kput1p,
the adjacency matrix A = A(K, nt1 = Knt1,) can be written as the (4n +
2) x (4n + 2) symmetric block circulant matrix such that A = A(K, 41 =
Kpi1n) € BC(2,2n + 1) and

Ay A
A= A(Kn,n+1 = Kn+1,n) = |: 0 ! :| )

A1 A

where Ag = [ Onxn Jnx(n+1) ] and A; = [ Onxn  Onx(n1) ]
J(n+1)><n 0(n+1)><(n+1) O(’fH—l)XTL In+1

In view of Lemma 2.2.1, we distinguish between the following two cases.

Case 1. Let by = |:E12n+1 — (AO + Al)‘, i.e.,

zlp _Jnx(n+1)
_J(n+1)><n (iL‘ - 1)In+1

After some careful calculation, we obtain

bo =

bo=2""t(z—1)"(x+n)(r—n—1).

Case 2. Let b1 = |$Ign+1 - (AO — Al)‘, z'.e.,

by = ’ a1 —Jnx(n+1)
_J(n+1)><n (l‘ + 1)In+1

Here, we find
by =2" Yo+ 1)z —n)(z+n+1).

Hence, the characteristic polynomial of K, 41 = Kp41, is (see Lemma 2.2.1)
P(Kyp+1 = Kptin,2) = (x—l—n—|—1)(:U—l—n)(m+1)”m2n_2(:U—l)”(x—n)(x—n—l),
and the proof is complete. |

We note that the graph Kj2 = K1 coincides with the cycle Cs and the
graph Kj3 = K39 with the graph 3.20 of [22] (see page 293) or G of [63].
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Theorem 8.1.2. For the reqular graph Ki ,[(p — 1)K} of degree p with p*+1
vertices, the characteristic polynomial is

PEpl(p = DE)2) = @0+ D00 @ - pi 12— p) (@ + 2 = p+ 1)

Proof. By properly ordering the vertices of the graph K ,[(p — 1)K,], the
adjacency matrix A = A(Kj ,[(p—1)Kp)) can be written as the (p?>+1) x (p?+1)
matrix

A= A(Kipl(p — 1) Kp))

[ Ay As As e Ape Ay I, Opx1
Ap1 Ar Aq e Apz Apo I, Opx1
Ap72 Apfl Al te Apf4 Ap73 Ip 0p><1
Ay Ay A5 - A Ay I, Opey |
Ay Az Ay - Ay Ay I, Opx1
Ip Ip Ip T Ip Ip Opxp Jpxl

L 01><p O1><p 01><p 01><p lep Jlxp 0

where Ay = Jpxp —Ip and Ay = Az = --- = Ap_1 = Opxp. Then we have

P(K1pl(p = DI, 2) = [2ly240 — A(K1p[(p — 1) K])|

prp Opxp Opxp _Ip Opxl

Opxp prp Opxp _Ip Opxl

Opo Opo Xpo Ip Opxl

—Ip —Ip —Ip :pr —Jpxl
01><p 01><;z) 01><p _J1><p €T

where Xpxp = (x + 1)1 — Jpxp-
After some careful calculation, we can prove that the characteristic poly-
nomial of K1 ,[(p — 1)Kp] is

P(Kyp[(p = DEpl2) = (2 + )P V0D (@ —p+ 1P (2 = p) (2 + 2 —p+ 1)7.

We note that the graph K 3[2K3] coincides with the graph 3.16 of [22] (see
page 293) or G of [63].
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8.2 Other results

In this section, we shall give the characteristic polynomials for L(K,, p+1 =
Kn+1,n)a Kn,nJrl = KnJrl,n, L(Kn,nJrl = KnJrl,n)a L(Kn,n+1 = Kn+1,n)a L(Kl,p
[(p—1)Ep]), Kipl(p — 1)Kp|, L(K1p[(p — 1)Kp]) and L(Ky p[(p — 1) Kp]). For
integers n > 0 and m > 0, if a regular graph G is integral, then as we will show
the graphs L™ (G) and L™ (L™(G)) are not only integral but also Laplacian in-
tegral. We also mention some interesting results on characteristic polynomials
of integral graphs, see [5, 14, 15, 16, 19, 21, 22, 36, 37, 38, 46, 47, 48, 50, 55,
60, 63, 69, 71, 73, 75, 76, 79, 85].

Theorem 8.2.1. For the complement K, n4+1 = Kpy1, of the regular graph
Kyn+1 = Kyy1p, the characteristic polynomial is

P(Knn+1 = Kntin,2) = (x+n+1)(z+2)"(x+ 1) 22"z —n+1)(z —
n)(x — 3n).

Proof. Because K, n+1 = Kjpy1, is a regular graph of degree (n + 1) with
4n + 2 vertices, by Theorem 8.1.1 and Lemma 1.2.19, we get

P(Kn,n-‘rl = Kn—i—l,nyw)
= (C) =R 2 P (K = Kogan, —2 = 1)
=(@+n+1)(x+2)"(x+ 1) 22" (x —n+1)(z — n)(z — 3n).

Thus, this theorem is proved. |

Theorem 8.2.2. For the line graph, the complement of the line graph and the
line graph of the complement of the reqular graph K n+1 = K10, we have
the following results.

(1) The characteristic polynomial of L(Kp ni1 = Kniy1,n) 08

P(L(Kppt+1 = Kntin),x) = (x + 2)"=D(g 4+ 1) (x —n+2)"(z —n
+1)22(x — n)"(x — 2n + 1)(x — 2n).

(2) The characteristic polynomial of L(Kp nt1 = Knt1,n) is

P(L(Knpt1 = Knt1n),2) = (z+2n)(z +n+ 1)"(x +n)>"2(z +n
—1)"z(z — 1)"C=D(z — 202 — n).

(3) The characteristic polynomial of L(Kp pi1 = Kni1,n) 1S
P(L(Kpni1 = Kpiin), @) = (x4 2) D6 =2) (3 — 2 4 3)(z — 3n
+4)"(z — 3n + 3)?2"2(z — 3n +2)"(x — 4n + 3)(x — 4n + 2)(x — 6n
+2).




Two classes of Laplacian integral and integral regular graphs 145

Proof. (1) Because K, 11 = K41, is a regular graph of degree (n+1) with
4n + 2 vertices, by Theorem 8.1.1 and Lemma 1.2.20, we get

P(L(Knpnt1 = Kntin), )

= (x4 2)Crt DD P(K, = Kpjimz+2—n—1)
=(z+ 2)"(2”_1)(x +1)(x—n+2)"(x—n+ 1)2”_2(56 —n)"
(x =2n+1)(z — 2n).

(2) Because Ky 41 = Kyy1, is a regular graph of degree (n + 1) with
4n + 2 vertices, by Lemma 1.2.18, we find that L(K, n+1 = Kpi1) is a
regular graph of degree 2n with (2n 4 1)(n + 1) vertices. By (1) of Theorem
8.2.2 and Lemma 1.2.19, we get

P(L(Kn,n—H = Kn—l—l,g)vx) -
n n z—(2n+1)(n+1 n _
= (= 1)Crt Dt D) 2= CrE O L (L 1 = Kea ), —2 = 1)
=(z+2n)(z+n+1)"(z+n)>"2(z +n—1)"z(z - 1)"C=D
(z —2n% —n).

(3) Because K, pt1 = Kyy1,p is a regular graph of degree (n + 1) with
4n + 2 vertices, it follows that K, 41 = Kp41, is a regular graph of degree
3n with (4n + 2) vertices. By Theorem 8.2.1 and Lemma 1.2.20, we get

P(L(Kpn+1 = Kp+1n), 7)
= (—1)CrtDB=2A (K, 1 = Kyy1n, 2+ 2 — 3n)
= (24 2)@HtD6=2) (3 —2n + 3)(z — 3n + 4)"(z — 3n + 3)2"2
(x—=3n+2)"(x —4n+ 3)(x — 4n + 2)(z — 6n + 2).
Thus, this theorem is proved. |

Corollary 8.2.3. The graphs Kpnt1 = Kptin, Knnt1 = Kntin, L(Kpnt1

= n+1,n), L(Kn,nJrl = Kn+1,n) and L(Kn,n+1 = KnJrl,n) are integral.
Proof. The result follows directly from Theorems 8.1.1, 8.2.1 and 8.2.2. N

Theorem 8.2.4. For the complement of the regular graph Ky p[(p — 1)K,],
the characteristic polynomial reads

P(K1,[(p — K], 2) = P V0D (@ 4 ppP =2 (@ — p* + p)(@® + 2z — p+ 1)P.

Proof. Because K ,[(p — 1)K,] is a regular graph of degree p with p? + 1
vertices, by Theorem 8.1.2 and Lemma 1.2.19, we get

P(KLP[(ZP - 1)5{12]733)

= (=1)P —H%P(KLPKP —)Kp], —z —1)

= 2V (g 4 p)p2(z — p? +p)(a? + . —p+ 1P
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Thus , this theorem is proved [ ]

Theorem 8.2.5. For the line graph, the complement of the line graph and the
line graph of the complement of the reqular graph K1 p[(p—1)Kp], we have the
following results.

(1) The characteristic polynomial of L(K1 p[(p — 1)Kp)) is

PL(K1[(p — VE)), ) = (x + 230267+ (5 p 4 3) -0l
(z—=2p+3)P2(x—2p+2)[(z —p+22%+(x—p+2)—(p— 1.

(2) The characteristic polynomial of L(K1 p[(p — 1)Kp)) is

P(L(Kyp[(p—1)Kp)),x) = (z — 1)%(p72)(p2+1)(x +p— 2)(1?—1)(19—2) (z—
2+42p)P 2z —5(p—1)*(p+ 2z +p—1)2 - (z+p—1)— (p— 1)

(3) The characteristic polynomial of L(K1 p[(p — 1)Kp]) is

P(L(K1p[(p = DEp)), x) = [(z —p* +p+2)* + (2 7p2 +p+2)—(p
—DP(z — p? +2p +2)P2(x — 2p* + 2p + 2)(z + 2)5(1’+1)(P—2)(P2+1)
(m — p2 + p + 2)(]7*1)(1)*2)_

Proof.(1) Because Ki,[(p — 1)K,] is a regular graph of degree p with p? + 1
vertices, by Theorem 8.1.2 and Lemma 1.2.20, we obtain

P(L(Ky1p[(p — 1)Kp]), x)

= (2 + 220D P(K [(p— DK, 2 +2 - p)

= (z+2) 220D (3 — p 4 3)P-DE-2) (5 — 2p 4 3)P2
(x=2p+2)[(x —p+2)°+(x—p+2) - (p- 1P

(2) Because K ,[(p — 1)K, is a regular graph of degree p with p? + 1
vertices, by Lemma 1.2.18, the graph L(K; p[(p — 1)K,]) is regular of degree
2(p—1)) with 3p(p? +1) vertices. Theorem 8.2.5 (1) and Lemma 1.2.19 yields

P(L(K1pl(p - 1){(1)])27 x)

Lop?a1) z—2 1)+2p—1
= (1)) IR S P(L(Kyl(p — DI, —a — 1)
= (x — 1)%(p72)(p2+1)(x +p—2)P=DP=2) (g 4 2p — 2)P—2

fz—3p-1D2 @+ +p—1)*—(@+p—1)— (p— D
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(3) Because K ,[(p — 1)K,)] is a regular graph of degree p with p? + 1
vertices, the graph K ,[(p — 1)K,] is regular of degree p(p — 1) with (p* + 1)
vertices. By Theorem 8.2.4 and Lemma 1.2.20, we get

P(L(E [0~ D)),

= (—1)2 W2 PR [(p — 1)Ky, + 2 — p* + p)

=[x = +p+2?+(@—p +p+2)— (p— DP(z —p* +2p+2)P~
Az — 2p% + 2p + 2)(z + 2)2PTDE=DE D) (5 — 2 4 p 4 2)(P-D(P-2),

Corollary 8.2.6. The graphs K ,[(p — 1)K,], Ki,[(p —1)K,], L(Kqp[(p —
DKp]), L(K1p[(p —1)Kp]) and L(K1p[(p — 1)Kp|) are integral if and only if
p=n?+n+1, where n is any positive integer.

Proof. By Theorem 8.1.2, we get P(K1,[(p—1)K],z) = (z+1)P~DP=2) (5 —
p+ 1)P%(x — p)(z* +  — p + 1)P. Hence, the regular graph Ki,[(p — 1)K))]
is integral if and only if p — 1 = n(n + 1), i.e., p = n? +n + 1, where n is a
positive integer.

Similarly, we can prove the other results by using Theorems 8.2.4 and 8.2.5.
|

Corollary 8.2.7. For the reqular graphs Ki p[(p — 1)K,], the line graph, the
complement of the line graph and the line graph of the complement of the
regular graph K1 ,[(p —1)K,], let p =n?+n+1 and n be any positive integer.
Then we have the following results.

(1) P(Ky p2ypi1ln(n + 1)Kp2ppq],2) = (z + 1)n(n+1)(n2+n—1)(l, S
—1)[x —n(n+ 1)]”2+”—1(x +n4 1)”2+”+1(3} _ n)n2+n+1'

(2) P(Kyp2pnia[n(n+ 1)Kz ] @) = 93271("+1)("2+”_1)2(93+n2+n+1)”2+"—1
[z —n(n+ 1% +n+1D](x+n+ 1) Tt (g —p)vtntl

(3) P(L(K1 2 4nq1ln(n+ 1)Ko pna]), @) = (2 + 2)%(n2+n_1)[(n2+n+1)2+1] [z —
(n+2)(n — 1)nFD@* =1 (5 _ 9p2 _ op 4 1)"* =1z 9n(n 4+ 1)](z —
n? + 2)"2+“+1(37 —n2—_2n+ 1)"2+”+1.

1 n n— n n
(4) PR i [0+ DE o a]) @) = (=)0t DleSm) g
n2_1)n +n+1(x+n2+n_1)n(n+1)(n +n71)(x+2n2+2n)n +n71[$_%n2(n+
1)2(n? + n + 3)](x + n? + 2n)"* 1,

(5) P(L(Kypoan e [000 + Do gmia])s @) = (2—2n* —dnd — 4n? — 2 4+2)[w —
(n2 4+n—1)(n? +n+ 2)|nFDE*n=1) (5 _pd _9p3 _ p2 4 3yn*+n—l(y
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nt —op3 — op2 4+ 3)n2+n+1($ —nt—op3 —on2 — on + 2)n2+n+1($ +
2)%(n2+n—1)(n2+n+2)[(n2+n+1)2+1]‘
Proof. (1) By Theorem 8.1.2, we get P(K1,[(p—1)K)],z) = (z+1)P~Dr=2)
(x —p+1)P~%(z — p)(2®> +  — p+ 1)P. Hence, when p = n% + n + 1, we have
P(Kyp2qn1n(n + DK, 2y 0q],2) = (z + 1)”(”+1)("2+”*1)(x —n2-—n
— 1)z —n(n+ 1)]n2+n71(x +n4+ 1)n2+n+1(x _ n)n2+n+1.
From Theorems 8.2.4 and 8.2.5, we can prove (2)-(5) in the same way. W

Theorem 8.2.8. If a reqular graph G is integral, then for any integers n >0
and m > 0 the graphs L™ (G) and L™ (L™(Q)) are integral.

Proof. This theorem follows by using Lemmas 1.2.18, 1.2.21 and 1.2.22. H

Corollary 8.2.9. With integer n > 1, let G = Ky 1 = Kpg1,n and H =
Ky p2inan(n + 1)Kp2y,04]. Then for integers p > 0, m > 0 the graphs
L™(G), LP(L™(G)), L™(H) and LP(L™(H)) are integral.

Proof. The result follows by using Lemma 1.2.18, Corollaries 8.2.3, 8.2.6,
8.2.7 and Theorems 8.1.1, 8.1.2, 8.2.1, 8.2.2, 8.2.4, 8.2.5 and 8.2.8. [ ]

In the remainder of the chapter, we shall consider Laplacian integral graphs.

Theorem 8.2.10. For the o-polynomials of the reqular graphs G, G, L(G),

L(G) and L(G), where G = K, n41 = Kpt1n, we have the following

(1) The characteristic polynomial of Lap(Ky pt1 = Knyi1n) 15

0(Knni1 = Kni10,7) = 2(x — )(x —n)"(z —n — 1) 2(z —n — 2)"
(x —2n—1)(z —2n — 2).

(2) The characteristic polynomial of Lap(Ky pt1 = Kny1p) 1S

0(Knnt1 = Kntim,x) = 2z(z —2n)(z —2n — 1)(z — 3n)"(z — 3n
—1)2"2(x — 3n — 2)"(z — 4n — 1).
(3) The characteristic polynomial of Lap(L(Kpnt1 = Kpt1.0)) is

o(L(Knp+1 = Kptin),2) =x(z —1)(x —n)"(z —n — )22z —n
—2)™(x — 2n — 1)(x — 2n — 2)"n=1),

(4) The characteristic polynomial of Lap(L(Kp i1 = Kpt1.0)) is

o(L(Kppi1 = Kni1n),2) = 2(x — 202 —n + )" V(2 — 2n% —n)(z
—2n% — 2n — 1)"(x — 2n% — 2n)*"2(x — 2n% — 2n + 1)"(x — 2n% — 3n).
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(5) The characteristic polynomial of Lap(L(Kpni1 = Kni1,)) is

o(L(Knn+1 = Kntin), ) = x(z — 2n)(x —2n — 1)(z — 3n)"(x — 3n
—1)2"2(z — 3n — 2)"(x — 4n — 1)(z — 6n)(2"+1)(3”_2).

Proof. Because K, ,+1 = Ky 41, is a regular graph of degree n+1 with (4n+
2) vertices, the graph K, p4+1 = K41, is regular of degree 3n with (4n + 2)
vertices. By Lemma 1.2.18, we find that L(K,, ,4+1 = Ky+1,) is aregular graph
of degree 2n with (2n+1)(n+1) vertices, that L(K,, p+1 = Ky 41,n) is a regular
graph of degree (6n—2) with 3n(2n+1) vertices, and that L(Ky 1 = Kpt1,n)
is a regular graph of degree n(2n + 1) with (2n + 1)(n + 1) vertices.

By Lemma 1.2.23 and Theorem 8.1.1,

U(Kn,n+1 = Kn+1,n, .’L’) = (—1)4n+2P(Kn’n+1 = Kn+1’n, n + 1— LL‘)
=z(z—-1)(z—-n)"(x—n—-1)2"2(x —n—2)"(z —2n—1)(z —2n — 2).
Thus, (1) is proved.

The formulae (2)-(5) are proved by Theorems 8.2.1, 8.2.2 and Lemmas
1.2.23, 1.2.24. n

The next result is a direct consequence of Theorem 8.2.10 and Lemmas 1.2.23,
1.2.24, 1.2.25.

Corollary 8.2.11. The graphs Kp nt+1 = Kn+1.ns Knnt1 = Kntin, L(Knnt1
= Knt1n), LKnnt1 = Knyin) and L(Kp 1 = Kpt1,n) are Laplacian inte-
gral.

Theorem 8.2.12. For the o-polynomials of the reqular graphs K, [(p—1) K],

Kipllp = DKp], L(K1p[(p— 1)EKp]), L(K1p[(p—1)Kp]) and L(K1p[(p — 1)
K,)) the following holds.

(1) The characteristic polynomial of Lap(K p[(p — 1)K})) is
o(Kipl(p— 1)Ky, 2) = 2(z — )P (z —p = )P VP [(z —p)* — (z — p)
(=D

(2) The characteristic polynomial of Lap(K p[(p — 1)K})) is
o(K1pl(p — DI 2) = 2(z — p* +p)P V2 (@ — p?)r2
(@=p*+p)° = (@-p>+p) = (p- D"

(3) The characteristic polynomial of Lap(L(K1 p[(p — 1)Kp))) is
o(L(K1pl(p — 1)), 2) = z(z —p — 1)P VD (g — 1)p2
(o= 2p)2 (@ —p)? — (2 = p) = (p— I".

-
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(4) The characteristic polynomial of Lap(L(K1 ,[(p — 1)Kp]) is

o(L{K1pl(p ~DE]), 2) = alw = 397 - 3)]2 (P2 [z — L(p? —p
—2)]P=De=2) Az — Lpp - D+ D2~ [z - Ip(p— D +1)] - (p
D[ - Y- D +p+ 2P

(5) The characteristic polynomial of Lap(L(K1,[(p — 1)Kp])) is

o(L(K1pl(p = DEy]),2) = w(w —p? + p) - Ve (3 — p?)r=2
(= 2p% + 2p) 2 DO D (3 — p2 4 )2 — (2 — p? +p) — (p— DJP.

Proof. The result follows similarly to Theorem 8.2.10 (1) by using Theorems
8.1.2, 8.2.4, 8.2.5 and Lemmas 1.2.23, 1.2.24. |

Corollary 8.2.13. Any one of the graphs Ky p[(p — 1)Kp], Ki,[(p — 1)Kp],
L(K1pl(p — 1)Kp]), L(Kip[(p —1)Kp]) and L(Kip[(p — 1)Kp]) is Laplacian
integral if and only if p = n? +n + 1, where n is a positive integer.

Proof. By Theorem 8.2.12, we have oK1 ,[(p — 1)K, 2] = z(z — 1)P~%(z —
p—1) D=2 [(z—p)2—(z—p) —(p— )]7’ Hence Klp[(p 1)K,] is Laplacian
integral if and only if p — 1 = n(n + 1), i.e., p = n?> + n + 1, where n is a
positive integer.

Similarly, we can prove the other results of this corollary if we use Theorem
8.2.12 and Lemmas 1.2.23, 1.2.24, 1.2.25. |

Corollary 8.2.14. For the o-polynomials of the graphs G = K p[(p — 1) Kp),
G, L(G), L(G) and L(G), the following is true if we choose p = n® +n + 1,
where n is any positive integer.

(1) The characteristic polynomial of Lap(Ky p2pi1[n(n+1)Ky2 ,14]) is

o(K1n2qnp1[n(n+ 1) Kp2 4], 2) = 2(z — )=l (g —n? —n
_2)n(n+1)(n2+n71) ([IJ . n2 _ 1)n2+n+1($ o n2 — 9o — 2)n2+n+1.

(2) The characteristic polynomial of Lap(Ky y24pi1[n(n + 1) K2, 11]) is

U(Kl,n2+n+12[n(n + DKz ngal @) = 952[95 —n(n+1)(n*+n ,
+1)]n(n+1)(n +n71)[x _ (n2 +n4 1)2]n +n71[x _ (n + 1)2(n2 + 1)]n +n+1
Jr—n2(n®+2n+ 2)]n2+n+1.
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(3) The characteristic polynomial of Lap(L(Ky p24piq[n(n+1)Kp24,44])) is

U(L(Kl,nQ-‘rn—‘rl[ (n =+ 1) n2+n+1])17 ) - a:(x - n2 —n- 2)n(n+1)(n2+n—1)
2

(33 _ 1)n2+n—l[ 2(n +n4+ 1)] (n?+n— 1)[(n2+n+1)2+1}( —n2_9n
_2)n2+n+1(x . 2+l

(4) The characteristic polynomial of Lap(L(Kq 2 qpni1[n(n+1)K,2,44]) is

o(L(Ky p2 yni1[n(n + ) Ky inial)s2) = a{z — 5[(n* +n +1)°
(n +n4+ 3)]}n(n+ n2+n+1) [x _ %n(n + 1)(n4 +2n3 +4n2 +3n
+3)]7 e — T4+ 1)[n(n? + n 4+ 1)(n% +n +2) — 2]yt
{z = n[(n +1)(n® + n+ 1)(n? +n+2) + 2]} H!
o — 102 + 0+ [0 +n+ 1) - 3]}z n-Dl e 1?41,

(5) The characteristic polynomial of Lap(L(Ky 2 ni1[n(n+ 1) K2 ,11])) is

o (LK e a0+ Do), 2) = afe = nn +1)(n? +nt
1)]n(n+1)(n +n—1) . [x _ (n2 +n4 1)2]71 +”_1[:E _ (n + 1) (n )]n +n+1
Jr—2n(n+1)(n2+n+ 1)]%(n2+n—1)(n2+n+2)[(n2+n+1) +1]

Jo = n2(n? + 2n + 2)]7° L

Proof. (1) By Theorem 8.2.12, we have o[K1 ,[(p—1)K,], 7] = z(z—1)P~%(x—
— D)=V [(x — p)2 — (x — p) —(p — 1)]P. Hence, if p = n® + n + 1, where
n is a positive integer, we get
U(Kl,n2+n+1[n(n + 1)Kn2+n+1]7x) = z(z — 1)n2+n—1(m —n® — 1)n2+n+1
(JZ —n2_p— 2)n(n+1)(n2+n—1)(m —n2 _9n — 2)n2+n+1_
The other results of this corollary are similarly proven from Theorem
8.2.12. |

Theorem 8.2.15. If a reqular graph G is integral, then for integers n > 0
and m > 0 the graphs L"™(G) and L™(L™(G)) are Laplacian integral.

Proof. The result follows by Lemmas 1.2.18, 1.2.23, 1.2.24 and 1.2.25 and
Theorem 8.2.8. [}

The next result is a consequence of Lemmas 1.2.18 1.2.23, 1.2.24, 1.2.25
and Corollary 8.2.14 as well as Theorems 8.1.1, 8.1.2 and 8.2.15.

Corollary 8.2.16. Let n be a positive integer, and let G = Ky ny1 = Knyin
and H = Ky 249 [n(n + 1)Ky21,14]). Then for integers p > 0 and m > 0
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the graphs L™ (QG), LP(L™(G)), L™(H) and LP(L™(H)) are Laplacian integral
graphs.

Theorem 8.2.17. If G is a reqular graph of degree k with n wvertices and
m = %nkz edges, then for any integer t > 2 the characteristic polynomial of the
(2t — 2&1 + 2)-regular graph LYG) withn Hf;é(Qi_lk — 20 + 1) vertices and
nl—(2k — 20 + 1) edges is

P(LG),z) = P(G,x + (2 — k) (2! — 1)) (x + 2)2 k=D ILizg (2 k-241)
Lol 20+ (2= k) iz 2 IR 2 4 (2 — k) (2
_2)]%n(k:—2)

Proof. G is a regular graph of degree k with n vertices and m = %nk edges.
By Lemmas 1.2.18 and 1.2.20, we therefore find that L(G) is the (2k — 2)-
regular graph with %nk vertices and %nk(k — 1) edges. Further, we deduce
that LY(G) is a (2tk — 2!*! 4 2)-regular graph with n[['Z;(2 "'k — 27 + 1)
vertices and n [[f_, (2" Tk — 2¢ 4 1) edges.

We prove the formula for the characteristic polynomial by induction on
t > 2. When t = 2, from Lemmas 1.2.18 and 1.2.20, we obtain

P(L*(G),z) = P(L(L(G)), )

= (z+2)2 3D P(L(G), 2 + 2 — (2k — 2))

= P(G,z + (2= k) (22 — 1)) (z + 2)2* =2 155 (27 1k=2+1)
[e+2+ (2 k)(22 - 2)]zn(2),

We now assume that for ¢t = r — 1 > 2, the result on the characteristic
polynomial of the (2"~'k — 2" +2)-regular graph L"~Y(G) with n [[/—3 (2" 'k —
204+1) vertices and n Hgol(2i_1k—2i+1) edges holds. When ¢ = r, by Lemmas
1.2.18 and 1.2.20, we find

P(L"(G),z) = P(L(L"Y@Q)),z) = P{L""YG),z+2—[2" "tk —2"+2] }(z+
2)%1@H::_OQ(2"_1k—2i+1)~[(2’°‘1k—2’°+2—2]‘

Using the induction hypothesis, the characteristic polynomial of the (2"k —

r—=1 . r .
2714 2)-regular graph L"(G) with n [T (2°~'k—2141) vertices and n [] (20" 'k
i=0 i=0

—2' 4+ 1) edges becomes

P(L"(G),z) = P(G,z + (2 — k)(2" — 1))(x + 2)% "nk-2 I h=2'41)
TToble + 24 (2 — k) S0o) 202 k-2 IR R 4 9 4 (2 — k) (27
—2)]2n(k=2)

Hence, this theorem is proved. [ |
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Summary

This monograph deals with integral graphs, Laplacian integral regular
graphs, cospectral graphs and cospectral integral graphs. The organization
of this work, which consists of eight chapters, is as follows.

In Chapter 1, we present a general introduction to the topics of the thesis
and a survey of the main results on integral graphs against a background of
related results, together with the relevant terminology and notations.

In Chapter 2, we shall give some facts in number theory and some notations
on matrices.

In Chapter 3, some new families of integral trees with diameters 4, 6 and 8
are given. Most of these classes are infinite. They are different from those in
the literature. We believe that this new contribution to the research of integral
trees is useful for constructing other integral trees. At the same time, some
results on the interrelations between integral trees of various diameters are
obtained for the first time. These results generalize some of the well-known
results or theorems on integral trees. Finally, we propose several basic open
problems on integral trees for further study.

In Chapter 4, we determine the characteristic polynomials of some classes
of trees with diameters 5, 6 and 8. We also obtain sufficient and necessary
conditions for these trees to be integral by using number theory and computer
search. All these classes are infinite and different from those in the literature.
The results generalize some of the well-known theorems on integral trees. In
particular, we firstly find some special structures of integral trees of diameters
5, 6 and 8. Furthermore, some new results which treat interrelations between
integral trees of various diameters are found.

In Chapter 5, we give a useful sufficient and necessary condition for com-
plete r-partite graphs to be integral, from which we can construct infinitely
many new classes of such integral graphs. It is proved that the problem of
finding such integral graphs is equivalent to the problem of solving some Dio-
phantine equations. The discovery of these integral complete r-partite graphs
is a new contribution to the research on integral graphs. In fact, M. Roit-
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man’s result on integral complete tripartite graphs is generalized. Finally, we
propose several basic open problems for further study.

In Chapter 6, we construct fifteen classes of larger integral graphs from
known smaller ones. These classes consist of nonregular and bipartite graphs.
Their spectra and characteristic polynomials are obtained from matrix theory.
Their integral property is established by using number theory and computer
search. All these classes are infinite and different from those in the literature.
It is proved that the problem of finding such integral graphs is equivalent to
the problem of solving Diophantine equations. We believe that these results
are useful for constructing other integral graphs. They generalize some results
of Balinska and Simi¢. Finally, we propose several open problems for further
study.

In Chapter 7, we determine the characteristic polynomials of four classes
of graphs and obtain sufficient and necessary conditions for these graphs to
be integral by using number theory and computer search. All these classes
are infinite. We also give some new cospectral graphs and cospectral integral
graphs.

In Chapter 8, we study the spectra and characteristic polynomials of two
classes of regular graphs. We derive the characteristic polynomials for their
complement graphs, their line graphs, the complement graphs of their line
graphs and the line graphs of their complement graphs. These graphs are
not only integral but also Laplacian integral. The discovery of these integral
graphs is a new contribution to the research of integral graphs. These results
generalize some results of Harary and Schwenk.
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