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multiplicity m +n — 2.

» Let Ay, A2 be the remaining two non-zero eigenvalues.
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Eigenvectors (X7):
1,1,1,1,1)"
1,-1,0,0,0]
1,0, 1,0, 0]
[1,0,0, —1,0]
[1,0,0,0, 1]

4 -1
Spec(K,) = (1 4).

T
T
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Note that the adjacency matrix of K, equals

011 ...1
101 ... 1

A= . . . .|=J-L
1 11 0

Eigenvectors (XT):
1,1,1,1,1)"
,—1,0,0,0]"

10mT
; 1,0]"
0, 0 0,—1]T

[1
1,0,
1,0,
1
Spec(K,) = (411 _41) .



Eigenvectors (XT):
1,1,1,1,1)"
,—1,0,0,0]"
10mT
0]
1]

T
T

7 I

1
[1,0,
1,0,
uooo

Spec(K,) = (411 _41) .

Note that the adjacency matrix of K, equals

011 ...1
101 ... 1

A= . . . .|=J-L
111 ...0

Thus, the eigenpairs are (e,n — 1) and (e; — e;, —1), for

2 <i < n. Thus,

=1 =l
Spec(K,) = (n 1 1) .

e € R" is the column vector of all 1’s.



Problem-1 Let X = (V, E) be a simple undirected connected graph with n
vertices, and let A denote its adjacency matrix. Many properties of X
such as regularity or bipartiteness can be characterized from the
spectrum of A. If X is large, however, investigating the spectrum of X
might be cumbersome, which motivates to study “condensed”
versions of A that preserve properties of its spectrum.

How to find these condensed versions of A? ‘




Problem-1

Problem-2

Let X = (V, E) be a simple undirected connected graph with n
vertices, and let A denote its adjacency matrix. Many properties of X
such as regularity or bipartiteness can be characterized from the
spectrum of A. If X is large, however, investigating the spectrum of X
might be cumbersome, which motivates to study “condensed”
versions of A that preserve properties of its spectrum.

’ How to find these condensed versions of A? ‘

A graph Y is a polynomial in a graph X if the adjacency matrix of Y,
A(Y) is a polynomial in A(X). Thatis 3p(x) € C[x] such that

A(Y) = p(A(X)). Given a graph X, what are all graphs which are
polynomials in X? To attack this problem, we introduce adjacency
algebra of X that is exactly set of all polynomials in A. If a given
graph has few nice regular properties, then adjacency algebra of X
will have a basis such that whose elements are symmetric matrices
with entries 0, 1.

’ How to find those graphs which have these nice basis?
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Problem-1 related to partition of the vertex set V.
Problem-2 related to partition of the set V' x V.
Group actions provides partial answers to both the problems.

If X is a graph, then Aut(X), the set of all automorphisms of X is a group
which acts on the vertices of V of X hence on V x V whose orbits provides
partitions to both V.and V x V.
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Both problems are related to partition of sets. Hence related to equivalence
relations.

Problem-1 related to partition of the vertex set V.
Problem-2 related to partition of the set V' x V.
Group actions provides partial answers to both the problems.

If X is a graph, then Aut(X), the set of all automorphisms of X is a group
which acts on the vertices of V of X hence on V x V whose orbits provides
partitions to both V.and V x V.

Thus knowledge on automorphism group of a graph and group actions will
be very useful.
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of uin V.
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To define this, let P = {V4, ..., Vi, } (m < n) be a partition of V, and,

fori,j € [m] ={1,...,m} and u € V;, let b;j(u) be the number of neighbors

of uin V.

The partition P is called equitable (or regular) if b;j(u) is independent from the
concrete choice of u € V;, i.e., bjj(u) = b;j(v) forall u,v € V..

In this case, the matrix B = (bjj); je|n is called the quotient matrix of P. Since it
is known that for an equitable partition the eigenvalues of B are also
eigenvalues of A, some spectral properties of B carry over to A. We will see
them in a while, most of the content is taken from the book Godsil and Royle

[3].



One of the most popular methods to shrink A is based on equitable partitions.

To define this, let P = {V4, ..., Vi, } (m < n) be a partition of V, and,

fori,j € [m] ={1,...,m} and u € V;, let b;j(u) be the number of neighbors

of uin V.

The partition P is called equitable (or regular) if b;j(u) is independent from the
concrete choice of u € V;, i.e., bjj(u) = b;j(v) forall u,v € V..

In this case, the matrix B = (bjj); je|n is called the quotient matrix of P. Since it
is known that for an equitable partition the eigenvalues of B are also
eigenvalues of A, some spectral properties of B carry over to A. We will see
them in a while, most of the content is taken from the book Godsil and Royle
[3].

Equitable partitions have been proven to be useful to derive, among many
others, sharp eigenvalue bounds on the independence number like the
celebrated ratio bound by Hoffman [5], but such results only hold when the
underlying graph is regular.
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Let X = (V,E) be a graph with V = {vy,vy,...,0v,}. Then the partition
» 1= {{v1},{v2},...,{vn}} always an equitable partition.
» 1= {{vy,02,...,0,}} is an equitable partition if and only if X is a regular
graph.
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0l fp 11 1]
10000 O
100000
100000
100000
1000 0 O
1 4
(V=)
010 m@
{{2},{1},{3,4,5,6}} {1 0 4] 1 1
010

This partition is called distance partition with respect to a vertex v. We denote
Xi(v) ={w e V|d(v,w) = i}.
In this example v = 2, X, (2) = {2}, X1(2) = {1}, X2(2) = {3,4,5,6}.



Quotient graph Quotient Matrix | Eigenvalues
@
1 2 1
i3 (.9)
3 2
1 1

{ - 1, 3, ]. }distance partition

{3}



There is an elegant linear-algebraic way to characterize an equitable partition, that is very useful and gives insight into the structure of the eigenvectors of a graph.



There is an elegant linear-algebraic way to characterize an equitable partition, that is very useful and gives insight into the structure of the eigenvectors of a graph.

LetS=1{1,23,...,10} and 7w = {{1,2,3,4,5},{6,7,8,9,10} } be a partition of S.

1 0] 10
10 10
10 10
10 10
10 111110000 0](10 50
Letp:01'The“PTP:[0000011111}01:[05]'
01 0 1
0 1 0 1
01 01
0 1] 0 1]
Tov1nT |2 0]f1 1 111000 0 0]
(PP)P__(S);H0000011111]_
;;},;;00000]
oo0oo0 o0 o0 L 1 1 1 1/°
5 B B B B
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0 00O

N is a doubly stochastic matrix.

’ A partition 77 is equitable if and only if N commutes with A. ‘




IfV={1,27345,6,78} then mr = {{1,4,6},{2,5},{7,8}, {3}} is a partition of V
with cells C; = {1,4,6},C, = {2,5},C3 = {7,8},Cs = {3}, and 7 is a 4-partition.

1
0]
0]
The characteristic matrix of 7t is P = [c1,¢2,¢3,¢a4), P = (1)
1
0]
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cchl 0 0 0 30
0 ce, 0 0 0 2
Tp _ »E2 _
PP_O 0 cles 0| |00
0 0 0 cles 00

0

O OO R OO

oON OO

07

—__- 0 OO OO O oo

S OO O OO

_ O O O

Now, since P has orthogonal columns then we have Notice that the diagonals are

just the cardinalities of the cells, i.e., ¢/ ¢c; = |Cy].
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» Further (PTP)~1PT
» Finally P(PTP)~1pPT

Let S ={1,2,3,4,5} and w = {{3},{2,4}, {1,5} } be a partition of S.
> LetP



Is there a graph with this partition as an equitable partition? Of course every
partition is equitable for K5. We look for a nontrivial graph.



Is there a graph with this partition as an equitable partition? Of course every
partition is equitable for K5. We look for a nontrivial graph.

Consider the path graph P5. O-2-8-@-®

Consider the distance partition of P5 w.r.to vertex 3.
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= B, the quotient matrix.



0100 0[]0 01 010
101 0 0[|010O0 1 01
AP=10 1 0 1 0f|1 0 O =10 2 0
00101010 1 01
0 0010|001 010
0 01 010
01 0](0 20 1 01
PBlOO!lOl]OZO
010010 1 01
0 01 010

Let u € V(X). Then the uj-entry of AP is the number of neighbours of u that lie
in cell C;. If u € C;, then this number is b;;. Now, the uj-entry of PB is also b;;,
because the only nonzero entry in the u—row of P is a 1 in the i-column.
Therefore AP = PB and so PTAP = PTPB or equivalently (PTP)"'PTAP = B.



Graph Partition of {1,2,3} | Ch Matrix Quotient Matrix | Eigenvalues
1 0 0 011
Ks {{1}, {2}, {3}} P=0 1 0] {1 0 1] {-1,-1,2}
00 1] | |1 10
5
Ks {{1,2,3}} P= |1 2] )
1
10
0 2
K {{1},{2,3}} P=10 1 -1,2
: ¢ J HH 1,2}
{{2},{1,3}}
{{3},{1,2}}

Every partition of {1,2,3} is an equitable partition for K3.



First case:

Second case:

Third case:

(PTP)~1pTAP

(PTP)~1pTAP

(PTP)~'PTAP = A = B.

Il
| ——
o -
Ni= O
N~ O
| I




> Let A € M,(R).

» Suppose that W is A-invariant subspace of R” and let 8 = {y1,y2,...,yx} be
a basis for W and consider the matrix P = [y1 y2 -+ yi-

» Now, since W is A-invariant then Ay; € W and therefore Ay; can be written
as a linear combination of the basis vectors p. Therefore, there is some vector
b; € R¥ such that Ay; = Pb;. This holds foreach i = 1,2, ..., k and therefore
if wesetB=[b;y by --- by] then

AP = PB.

Lemma

Let X be a graph with adjacency matrix A and let 7t be a partition of V(X) with
characteristic matrix P. Then 7t is equitable if and only if the column space of P is
A-invariant.

Proof.
The column space of P is A-invariant if and only if there is a matrix B such that
AP = PB.If 7 is equitable, we can choose B as its quotient matrix. O



» Let B be the quotient matrix of an equitable partition. Then B is similar to a
symmetric matrix. We have (PTP)~!PTAP = B. Let PTP = K = D? and
M = PTAP. Then it is clear that M is a symmetric matrix. We have
B =K 'M =D 2M.Then DBD~' = D"'!MD~!. That is B is similar to a
symmetric matrix D-!MD~!. Hence all eigenvalues of B real.

0 01
010
» LetP= [1 0 Of be the characteristic matrix corresponding to partition of
010
0 01
{{3},{2,4},{1,5} of {1,2,3,4,5}. Then

0 01 X3
01 0 X1 X2
1 0 0] [x] = [x1
01 0 X3 X2
0 01 X3



If AP = PB, then it is easy to see by induction that AP = PB¥ for k € N and more
generally, if f(x) is a polynomial, then f(A)P = Pf(B).If f is a polynomial such
that f(A) = 0, then Pf(B) = 0. Since the columns of P are linearly independent,
this implies that f(B) = 0. This shows that the minimal polynomial of B divides the
minimal polynomial of A, and therefore every eigenvalue of B is an eigenvalue of A.

Theorem
If 7t is an equitable partition of a graph X, then the characteristic polynomial of B
divides the characteristic polynomial of A(X).



Proof.

Let P be the characteristic matrix of 7t. If X has n vertices, then let Q be an

n x (n — |7t|) matrix whose columns, together with those of P, form a basis for R".
Then there are matrices C and D such that AQ = PC + QD. That is we have

AP = PB,AQ = PC + QD.

A[P Q] =[AP AQ]=[PB PC+QD =[P Q] [B c]

O D
P aar a-g 5l

e B C
Thus A is similar to [ o D] . OJ



vy

We can also get information about few eigenvectors of A from eigenvectors of
B. Let v is an eigenvector of B with eigenvalue 6. That is Bv = 0v. But we have
AP = PBhence A(Pv) = (AP)v = (PB)v = P(Bv) = 0Pv.

Thus Pv is eigenvector of A with same eigen value 6.

We say that the eigenvector v of B “lifts” to an eigenvector of A.

Alternatively, we may argue that if the column space of P is A-invariant, then
it must have a basis consisting of eigenvectors of A. Each of these
eigenvectors is constant on the cells of P, and hence has the form Pv, where

v # 0. If APv = 6Pv, then it follows that Bv = 6v.

If the column space of P is A-invariant, then so is its orthogonal complement;
from this it follows that we may divide the eigenvectors of A into two classes;

» those that are constant on the cells of 77, which have the form Pv for some
eigenvector of B, and
» those that sum to zero on each cell of 7.
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It is Friendship graph Fs with 11 vertices. Any two
vertices have exactly one common neighbor.

Friendship graph (or Dutch windmill) F; with 2k + 1
vertices and 3k edges. Easy to see Fy is connected
with diameter 2, as any of two vertices have a
common neighbor.

There is a vertex which is adjacent to all the vertices
(Friendship Theorem). Note this is not a part of
definition. This is a property of F,. Once we prove
this theorem star graph is a subgraph of F;.

Let {{C},{A1, By,..., A5, Bs}} be a partition of
vertex set.

Then it is an equitable partition and its quotient

v 10} .In general B = [0 Zk] .

matrle:[l 1 1 1
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...,[0,1,1,0,0,0,0...,—1,—1] are k — 1, LI eigenvectors with eigenvalue 1.

— x — 2k. Hence the eigenvalues
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of B are 1=V1+8k VZHSk.

> [0,1,1,—1,-1,0,0...,0,0],0,1,1,0,0,—1,—1,...,0,0],
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>
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» The characteristic polynomial of Fy is (x + 1) (x* — 1)1 (x2 — x — 2k).



The characteristic polynomial of B of F is x?

of B are 1=V1+8k VZHSk.

0,1,1,~1,-1,0,0...,0,0],[0,1,1,0,0,—1,1,...,0,0],
...,[0,1,1,0,0,0,0...,—1,—1] are k — 1, LI eigenvectors with eigenvalue 1.

— x — 2k. Hence the eigenvalues

[0,1,-1,0,0,0,0,...,0,0],1[0,0,0,1,-1,0,0...,0,0],...,[0,0,0,0,0,0,0...,—1,1]
are k, LI eigenvectors with eigenvalue —1.

1—+/1+48k 1 1 1++/1+48k
The spectrum of Fj is 2 2 .

1 k k-1 1

The characteristic polynomial of Fy is (x + 1) (x* — 1)F=1(x?2 — x — 2k).
For a complete graph K;,, V with a single cell is an equitable partition, with
characteristic matrix P = [1,1,...,1]T and quotient matrix B = [n — 1]. The
eigenvalue of B is n — 1 with eigenvector [1]. Then P[1] = e = P. The
remaining eigenvectors are
{x e R"|x L P} = {(x1,x0,...,%n) T |1 + 22+ -+ +x, = 0}.
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» Do you know this graph?

» Can you share few of its properties?
» What are entries of its adjacency matrix?




O—®

K> K3

» There is an edge between any two vertices (any two vertices are adjacent).

» Total number of edges are @

» The degree of each vertex is n — 1.
» Every simple graph with n vertices is obtained from K;, by deleting some
edges.



> All the vertices form a cycle.
» The degree of each vertex is 2.

» There are n edges.



» Let G be a group and let S be a non-empty subset of G that does not contain
the identity element of G. Then the Cayley digraph/graph associated with the
pair (G, S), denoted Cay(G, S), has the set G as its vertex set and for any two
vertices x,y € G, (x,y)isanedgeif xy ! € S.
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> Observe that Cay(G, S) is a graph if and only if S is closed with respect to
inverse (S = S~! = {s7! : s € S}). Also, the graph is k-regular, where |S| = k.
The set S is called the connection set of the graph.
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» Let G be a group and let S be a non-empty subset of G that does not contain
the identity element of G. Then the Cayley digraph/graph associated with the
pair (G, S), denoted Cay(G, S), has the set G as its vertex set and for any two
vertices x,y € G, (x,y)isanedgeif xy ! € S.

> Observe that Cay(G, S) is a graph if and only if S is closed with respect to
inverse (S = S~! = {s7! : s € S}). Also, the graph is k-regular, where |S| = k.
The set S is called the connection set of the graph.

(13)

1 (12)

(132) (23)

(123)

For example,
G = S3 =1{1,(12),(13),(23), (123), (132) },

be symmetric group on 3 symbols and

S ={(12),(13),(23)} then S is
generating set of G as every permutation
can be expressed as product of
transpositions. The corresponding
Cayley graph Cay(G, S) is K3 3 as shown .



Cayley graphs on cyclic groups are called circulant graphs.
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An important class of circulant graphs are Paley
graphs. Let g be a prime power such that g =1
(mod 4), and [F; denote a finite field of order g,
The Paley graph P(g) of order g is a graph whose
vertices are elements of the finite field IF; in
which two vertices are adjacent if and only if
their difference is a non-zero square in IF,. Since
in I, there are ’72;1 non-zero squares (quadratic
residues) hence P(g) is qgl-regular graph. As we
aware —1 is a square in modulo g if and only if

g =1 (mod 4). Consequently a — b is a square if
and only if b — a is a square. On the other hand if
g =3 (mod 4), then P(q) is a digraph.The
following graph is P(13).




The Kneser graph K(n, k) is an undirected graph whose vertices correspond to the
k-element subsets of the set {1,2,...,n}, and where two vertices are adjacent if
and only if the corresponding subsets are disjoint.

V(K(n,k)) = {AC{1,...,n} | |A] = k}
E(K(n,k)) = {{A,BY | ANB = @}

Note: The graph is well-defined only when n > 2k, because otherwise no two
k-subsets can be disjoint.

» Number of vertices:
n
Vo)l = ()

» Edges: Two k-subsets are adjacent if they are disjoint.
» Degree: The degree of each vertex is

deg = <n;k)



> Automorphism group: The automorphism group of K(n, k) is isomorphic to
the symmetric group S, acting on the k-subsets of {1,...,n}.

> Vertex-transitivity: Kneser graphs are vertex-transitive.

Important Theorem (Lovasz, 1978):
Lovész used the Borsuk-Ulam theorem to prove the chromatic number of Kneser
graphs:

x(K(n, k) =n—2k+2
This was a solution to the famous Kneser conjecture.
» Can you see K(n,1) is the complete graph K,,?
» For n > 5, show that diameter of K(n,2) is 2.
» Letn > 5,K(n,2) is (3)-regular. Let u,v € V(K(n,2)). Then the number of
common neighbours of u and v is (”;4) if they are adjacent, else (”53) and is

independent of vertices chosen. That is the graphs K(#,2) are Strongly
regular graphs.






> Are there any triangles in the graph?
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common neighbour.
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Are there any triangles in the graph?

That is two adjacent vertices can’t have a
common neighbour.

Two non-adjacent vertices have exactly one
common neighbour.

Number vertices common to two given
vertices is dependent on whether they are
adjacency or not but not on the chosen
vertices.



Are there any triangles in the graph?

That is two adjacent vertices can’t have a
common neighbour.

Two non-adjacent vertices have exactly one
common neighbour.

Number vertices common to two given
vertices is dependent on whether they are
adjacency or not but not on the chosen
vertices.

The diameter of the graph is 2.



Johnson graph (J(n,k))

Property Value / Description

Vertex set All k-element subsets of an n-element set
Number of vertices (k)

Adjacency rule Two vertices are adjacent

if their subsets intersect in k — 1 elements
Degree of each vertex k(n — k)

Number of edges 20 k(n—k)
Regular Yes, k(n — k)-regular
Connected Yes, forn >k >1
Diameter min(k, n — k)

Girth 3ifk > 2
Vertex-transitive Yes

Edge-transitive Yes
Distance-transitive Yes

Strongly regular Only in some special cases (e.g., ](5,2))







Property

Value / Description

Number of vertices
Number of edges
Vertex degree
Connectivity
Diameter

Girth

Chromatic number
Clique number

Is strongly regular

Strongly regular parameters

Line graph of
Complement to

() =10

126 =30

6 (regular)
Connected

2

3 (contains triangles)
4

4

Yes

(10,6,3,4)

Ks

Petersen graph




Recall a permutation group Ss.
S3={(1),(12),(13),(23),(123),(132)}.
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Recall a permutation group Ss.
S3={(1),(12),(13),(23),(123),(132)}.

1 00 010 0 0 1 1 00 01 0 0 0 1
S; = 01 0,1 0 0of,{0 1 Of,({0 O 1{,{0 O 1|,|1 0 O .
0 0 1 0 01 1 0 0 010 1 0 0 010
E Rook in column 4

Rook in column 1

Rook in column 3

Rook in column 5

Rook in column 2



Recall a permutation group Ss.
S3={(1),(12),(13),(23),(123),(132)}.

1 00 010 0 0 1 1 00 01 0 0 0 1
S; = 01 0,1 0 0of,{0 1 Of,({0 O 1{,{0 O 1|,|1 0 O .
0 0 1 0 01 1 0 0 010 1 0 0 010
z Rook in column 4

Rook in column 1

Rook in column 3

Rook in column 5

Rook in column 2

Number of bijective maps of a set with n elements to itself
= Number of ways placing n rooks on n x n chess board
=Number of permutation matrices of order .

Is a permutation matrix doubly stochastic?



Automorphism group of a graph X

» The collection of all automorphisms of a graph X, denoted Aut(X), forms a
group under composition of maps.

> If X is graph on n vertices then, Aut(X) is a subgroup of S, the symmetric
group on n symbols.



Automorphism group of a graph X

» The collection of all automorphisms of a graph X, denoted Aut(X), forms a
group under composition of maps.

> If X is graph on n vertices then, Aut(X) is a subgroup of S, the symmetric

group on n symbols. Under this correspondence, the maps in Aut(X) consist
of n x n permutation matrices.



Automorphism group of a graph X

» The collection of all automorphisms of a graph X, denoted Aut(X), forms a
group under composition of maps.

> If X is graph on n vertices then, Aut(X) is a subgroup of S, the symmetric
group on n symbols. Under this correspondence, the maps in Aut(X) consist
of n x n permutation matrices.

> Also, for each g € Aut(X) the corresponding permutation matrix is be

1
1| =??
1

010
denoted by P;. If ¢ = (12 3) € S3, then P, = {0 0 l] .

100
11 1| fa b c c

What is {1 1 1] {d e f] =?? What is {d f] {
11 1) [g h i g i

Is JPy = PyJ?

IsVg € Sy A(Ky)Py = P;A(K,)?

AN
= 0 &
[ Y
—



g € Aut(X) if and only if P,A = AP,

Lemma
Let A be the adjacency matrix of a graph X. Then g € Aut(X) if and only if P,A = AP,

Proof.
Let ¢ be a permutation of V(X) = {v1,v2,...,0,}, and g(v;) = vy, §(v;) = vy
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Lemma
Let A be the adjacency matrix of a graph X. Then g € Aut(X) if and only if P,A = AP,

Proof.
Let ¢ be a permutation of V(X) = {v1,v2,...,0,}, and g(v;) = vy, &(v;) = vy. As
each row of P; has only one non-zero entry, namely 1, one has
n
(PeA)ix = ¥ (Py)itAs = (Po)nAmk = Ank
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Lemma
Let A be the adjacency matrix of a graph X. Then g € Aut(X) if and only if P,A = AP,

Proof.
Let ¢ be a permutation of V(X) = {v1,v2,...,0,}, and g(v;) = vy, &(v;) = vy. As
each row of P; has only one non-zero entry, namely 1, one has
n
(PeA)ix = ¥ (Py)itAs = (Po)nAmk = Ank



g € Aut(X) if and only if P,A = AP,

Lemma
Let A be the adjacency matrix of a graph X. Then g € Aut(X) if and only if P,A = AP,

Proof.
Let ¢ be a permutation of V(X) = {v1,v2,...,0,}, and g(v;) = vy, &(v;) = vy. As
each row of P; has only one non-zero entry, namely 1, one has

n
(PeA)ix = ¥ (Py)itAs = (Po)nAmk = Ank

PgA = APg &S Ape = A1] = {Uh, Uk} € E if and only if {Ui, U]} € E

& gisan automorphism of X.



Aut(X) = Aut(X°)

Now we will see few applications of above lemma (P;A = AP,).
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Corollary
Let X be a graph. Then Aut(X) = Aut(X°)

Proof.
First note that a matrix B commutes with J if its every row sum is equal to its every
column sum.
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Now we will see few applications of above lemma (P;A = AP,).

Corollary
Let X be a graph. Then Aut(X) = Aut(X°)

Proof.
First note that a matrix B commutes with J if its every row sum is equal to its every
column sum. Consequently every permutation matrix commutes with J.



Aut(X) = Aut(X°)

Now we will see few applications of above lemma (P;A = AP,).
Corollary
Let X be a graph. Then Aut(X) = Aut(X°)

Proof.
First note that a matrix B commutes with J if its every row sum is equal to its every
column sum. Consequently every permutation matrix commutes with J. Hence

PeA= APy < Po(J—1—A) = (J — [ — A)P,.



Theorem
Let X = (V,E) be a graph and g € Aut(X). Then
1. Ifv € V, then deg(v) = deg(g(v)).

2. Ifu,v € V, then d(u,v) = d(g(u), g(v)).

Definition

Let X be a graph. If H < Aut(X) is a group of automorphisms of X, we say that u
and v are similar under H if there is an automorphism in H which maps u to v.
The equivalence classes defined by this similarity are called the orbits of the graph
by H. The partition of X consisting of the set of orbits by H is called an orbit
partition of X.




Proposition
An orbit partition is an equitable partition.

Proof.

Let O1,0,, . ..,0O; be an orbit partition of X. Suppose u,v € O;. Then there is an
automorphism ¢ € Aut(X) such that ¢(u) = v. Since ¢ maps O; to O; and
preserves valency, # and v must have same number of neighbors in C;. O

Let DS(A) denotes the set of all doubly stochastic matrices that commute with A.

Definition
Let A be the adjacency matrix of a graph X. If every extreme point of DS(A) is a
permutation matrix, then the graph X is called compact.

Note that DS(A) is a convex set and contains all of the permutation matrices that
commute with A, i.e., all automorphisms of X. Hence, if X is compact, then the
automorphisms of X are precisely the extreme points of DS(A).



Proposition
If X is compact, then every equitable partition
is an orbit partition.

» A graph X = (V, E) is said to be a vertex transitive (edge transitive) graph if
Aut(X) acts transitively on V (E).

» Thatis X is vertex transitive if for any two vertices x,y € V, x # y there exists
g € Aut(X) such that g(x) = y.

» For example, Aut(K,) = S, and Aut(C,) = D,, hence the graphs K,, and C,
are vertex transitive.



Cayley graph is vertex transitive

Theorem
Every Cayley graph is vertex transitive.



Cayley graph is vertex transitive

Theorem
Every Cayley graph is vertex transitive.

Proof.
Let X = Cay(G, S) be a Cayley graph. Then, for every ¢ € G

{xy} eEX) s xy €S e (xg)(yg) ' €S & {xg,yg} € E(X).



Cayley graph is vertex transitive

Theorem
Every Cayley graph is vertex transitive.

Proof.
Let X = Cay(G, S) be a Cayley graph. Then, for every ¢ € G

{xy} eEX) s xy €S e (xg)(yg) ' €S & {xg,yg} € E(X).

Thus, G C Aut(X). Hence, if a,b € V = G then, the group element a—1b takes a to
b. |

Theorem

Let X be a vertex transitive graph and 7t the orbit partition of some subgroup G of
Aut(X). If 7 has a singleton cell {u}, then every eigenvalue of X is an eigenvalue of B.



> Let A be a nonempty finite set. What you mean by a relation on A?
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Let R be a relation on A, then Mg be the corresponding 0,1-matrix
representation of R. How do you check given relation R is symmetric or not
from the matrix Mg.?

Let A be a set with 1 elements.Then how many symmetric relations are there
on A?

Let A= {1,2}.Then A x A
Ri={(1, 1)}, R ={(1,2)},

=1{(1,1),(1,2),(2,1),(2,2)}. Let
Rs = {(2,1)},Rs = {(2,2)} find UR;.



Let A be a nonempty finite set. What you mean by a relation on A?

Let R be a relation on A, then Mg be the corresponding 0,1-matrix
representation of R. How do you check given relation R is symmetric or not
from the matrix Mg.?
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on A?
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with respect to multiplication?
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Let A be a nonempty finite set. What you mean by a relation on A?

Let R be a relation on A, then Mg be the corresponding 0,1-matrix
representation of R. How do you check given relation R is symmetric or not
from the matrix Mg.?

Let A be a set with 1 elements.Then how many symmetric relations are there
on A?
Let A= {1,2}.Then A x A= {(1,1),(1,2),(2,1),(2,2)}. Let
Ri = {(L,1)},Rs = {(1,2)},Rs = {(2,1)}, Ra = {(2,2)} find UR;.
> What is the vector space spanned by the set { Mg,, Mg,, Mg,, Mg, }.Is it closed
with respect to multiplication?
» What is the vector space spanned by the set {Mer MR, + MRg,, Mg, }. Is it closed
with respect to multiplication?
> What is the vector space spanned by the set { Mg, + Mg,, Mg, + Mg, }.Is it
closed with respect to multiplication?



Let A be a nonempty finite set. What you mean by a relation on A?

Let R be a relation on A, then Mg be the corresponding 0,1-matrix
representation of R. How do you check given relation R is symmetric or not
from the matrix Mg.?

Let A be a set with 1 elements.Then how many symmetric relations are there
on A?
Let A= {1,2}.Then A x A= {(1,1),(1,2),(2,1),(2,2)}. Let
ISTES {(1/ 1)}1 Ry = {(1/2)}/R3 = {(21 1)}/ Ry = {(212>} find UR;.
> What is the vector space spanned by the set { Mg,, Mg,, Mg,, Mg, }.Is it closed
with respect to multiplication?
» What is the vector space spanned by the set {Mer MR, + MRg,, Mg, }. Is it closed
with respect to multiplication?
> What is the vector space spanned by the set { Mg, + Mg,, Mg, + Mg, }.Is it
closed with respect to multiplication?
Let A= {1,2,3}.and Ro = {(1,1),(2,2),(3,3)} and R; = A X A\ R. Find
Mg, and Mg, + Mg, . Find the vector space spanned by { Mg,, Mg, }. Is it
closed with respect to multiplication.
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{(1,1),(22),(3,3),(4,4)} {{1,2},{1,4}, {2,3},{3,4}} | {{1,3},{2,4}}
Here {a,b} means (a,b), (b,a)
[Ro| =4 [Ri| =8 [Rs| =4
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1 1 1
Ry = R, = R, =
{(1,1),(2,2),(3,3),(4,4)} | {{1,2},{1,4},{2,3},{3,4}} | {{1,3},{2,4}}
Here {a,b} means (a,b), (b,a)
IRo| = 4 IRi| =8 IRs| = 4
1 0 0 0 0 1 0 1] 0 0 1 0
0100 1010 0001
Ad=1001 0 =101 0 1 A2=11 00 0
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3 /3\ 3
2 2\ /4 2 4
1 1 1
Ro = R = Ry =
{(1,1),(2,2),(3,3),(4,4)} | {{1,2},{1,4},{2,3},{3,4}} | {{1,3},{2,4}}
Here {a,b} means (a,b), (b,a)
IRo| = 4 IRi| =8 IRs| = 4
1 0 0 0] 0 1 0 1] 0 0 1 0
0100 1010 000 1
Ad=1001 0 =101 0 1 A2=11 00 0
0 0 0 1] 1 0 1 0] 01 0 0]
» IsR)UR{URy, =V x V?Find A = Ay + Aj.
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Ry =
{(1,1),(22),(3,3),(44)} | {{1,2},{1,4},{2,3},{3,4}} | {{1,3},{2,4}}
Here {a,b} means (a,b), (b,a)

|Ro| = 4 |IR1| =8 |R3| =4
[1 0 0 O] [0 1 0 1] [0 0 1 O]
01 0 0 1 010 00 0 1
=190 10 M=101 01 A2=11 900
0 0 0 1] 1 0 1 0] 10 1 0 0]
» IsRyURjURy; =V x V?Find A = A; + Aj. Is A a adjacency matrix of some graph?
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Ro = Ry = Ry =
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Here {a,b} means (a,b), (b,a)

IRo| = 4 IRi| =8 IRs| = 4
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0100 1010 0001
Ad=1001 0 =101 0 1 A2=11 00 0
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» IsRyURjURy; =V x V?Find A = A; + Aj. Is A a adjacency matrix of some graph?

> What is Hadamard product of A; and A;? Hadamard product means component
wise multiplication. Is A2 = 240 + 24,2
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Ro = Ry = Ry =

{(1,1),(22),(3,3),(44)} | {{1,2},{1,4},{2,3},{3,4}} | {{1,3},{2,4}}
Here {a,b} means (a,b), (b,a)

IRo| = 4 IRi| =8 IRs| = 4
1 0 0 0 0 1 0 1] 0 0 1 0
0100 1010 0001
Ad=1001 0 =101 0 1 A2=11 00 0
0 0 0 1] 10 1 0] 01 0 0]

» IsRyURjURy; =V x V?Find A = A; + Aj. Is A a adjacency matrix of some graph?
> What is Hadamard product of A; and A;? Hadamard product means component

wise multiplication. Is A? = 240 4+ 24,? If this is true, then A, = J(A? — 2I). That is
Ay is a polynomial in Aj.
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that

a(rs) = (ar)s =r(as) Va € Fandr,s € R.

That is A is an [F-algebra if A is a vector space over F it has another binary
operation called multiplication (A, +,.) is a ring and [F-multiplication is

compatible with the ring multiplication. ’ VS+Ring+compatibility

C is an algebra over R.
Every field F is an algebra over itself.

M,,(FF) is an algebra over FF.

>
>
>
» Fix a vector space V over F. Then L(V, V) is an algebra over F.
» [F[x] is an algebra over F.

>

Fix a group G. Then [F[G] is an algebra over FF, known as group algebra.
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Let X be a graph on n vertices and let us fix a labeling of the vertices of X. Then,
the adjacency matrix of X, denoted A(X) = [a;j] (or A), is an n x n matrix with
a;j = 1, if the i-th vertex is adjacent to the j-th vertex and 0, otherwise.

> Note that another labeling of the vertices of X gives rise to another matrix B
such that B = P~! AP, for some permutation matrix P (for a permutation
matrix, recall that P! = Pil). Hence, we talk of the adjacency matrix of a
graph X and we do not worry about the labeling of the vertices of X.

» Clearly, the adjacency matrix A is a real symmetric matrix. Hence, A has n
real eigenvalues, A is diagonalizable, and the eigenvectors can be chosen to
form an orthonormal basis of IR".

» The eigenvalues, eigenvectors, the minimal polynomial and the characteristic
polynomial of a graph X are defined to be that of its adjacency matrix.
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Let Q be the set of rational numbers.
What do you know about Q?

What do you know about Q[x]?

Yes. It is a PID, infact Euclidean domain. In PID, one knows, what are all
maximal ideals, prime ideals etc.

Let « € C. Then what you know about Q[«]?

A number a € C is an algebraic element if a is a root of a non-zero polynomial
in Qlx].

Let « € C be an algebraic element. Let ¢, : Q[x] — C be a map defined as
¢o(f(x)) = f(a). Then it is easy to check that ¢, is onto homomorphism and
its range is Q[a] further Q|x]/ (m,(x)) = Q[a], where m,(x) is the minimal
polynomial of .
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Let A € M, (C). Then C[A] is the set of all polynomials in A.
» Is C[A] a subalgebra of M, (C)?

» Let ¢4 : C[x] — M, (C) be a map defined as ¢4 (f(x)) = f(A). Then it is easy
to check that ¢4 is onto homomorphism and its range is C[A] further
Clx]/(ma(x)) = C[A], where m 4 (x) is the minimal polynomial of A.

» The dimension of C[A] as a vector space over C is the degree of the minimal
polynomial of A.

> We know that if A is a diagonalizable matrix, then its minimal polynomial has
distinct roots. Hence if A is diagonalizable, then The dimention of C[A] as a
vector space over C is the number of distinct eigenvalues of A.

» In particular if A is a symmetric matrix, then
dim C[A] = degm(x) = number of distinct eigenvalues of A.

> If A(X) is the adjacency matrix of a graph (or digraph) X, then C[A] is called
Adjacency algebra of X. Denoted as A(X).



Graph Adjacency | characteristic | minimal A(X)
matrix (A) | polynomial polynomial
011
K 10 1| | (x+12x—=2) | (x+1)(x—2) | {al + BAla,p € C}
110
A(X) = C[A] 2 Clx]/(ma(x)).

Hence dim A(X) = dim (C[x]/(ma(x))) = number of distinct eigenvalues of A.

011 2 11 2 3 3 6 5 5
IfA=|1 0 1|,thenA?=|1 2 1|,A3=1{3 2 3|,A*= |5 6 5|,...
110 R 3 3 2 5 5 6

dim A(K,) = 2. A basis of A(K,)is {I,A=]—1}.
dim A(K,, ) = 3. A basis of A(K,,,) is {I, A, A%}, another useful basis is
{I, A, A°}, where A° is the adjacency matrix of complement of K, .
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What is dimention of C[I,,]?
Let A be the adjacency matrix of a complete graph Kj,. Then find dim C[A].

Let J, € M,(R) be the matrix with all entries are 1. We simply write | if n is
clear from the context. Is dim C[A(K},)] = dim C[],]?

Is C[A(Ky)] = CJ)?

Let B[A] = {B € M,,(R)|AB = BA}.Is B[A] a subalgebra of M, (R)?
Is C[A] a subalgebra of B[A]?

Find B[I,] and its dimention.

Find B([],] and its dimention.

Is B[Jx] = B[A(Ky)]?

Let A € M, (R). Then what is dimention of B[A]?

Let A € M, (R).Let Ay, Ay, ..., A, be distinct eigenvalues of A with
multiplicities my, my, . .., m,. Then dim B[A] = m% +m3 + - - - + m2.
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Is W,, a doubly stochastic matrix?
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» The matrices in C[W,]| are the circulant matrices. The dimention of set of
circulant matrices is n. They are the Cayley graphs of Z,,. All the matrices
have same eigenvectors and eigenvalues are easy to compute. Construct a
polynomial with coefficients as first row of that matrix. Evaluate polynomial
at the nth roots of unity to get eigenvalues.
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circulant matrices is n. They are the Cayley graphs of Z,,. All the matrices
have same eigenvectors and eigenvalues are easy to compute. Construct a
polynomial with coefficients as first row of that matrix. Evaluate polynomial
at the nth roots of unity to get eigenvalues.

» Adjacency matrices of cycle graph, complete graph are circulant. A graph X is
a circulant graph if its adjacency matrix is a circulant matrix.

A matrix A € M, (FF) is said to be a circulant matrix if a;; = a1;_;11( (mod n))- That
is, for each i > 2, the elements of the i-th row of A are obtained by cyclically
shifting the elements of the (i — 1)-th row of A, one position to the right. So, it is
sufficient to specify its first row. It is easy to see that W, is a circulant matrix of
order n with its first row as [0 1 0...0]. Then, the following result is easy to prove.

Lemma
Let A € M, (). Then A is a circulant matrix if and only if it is a polynomial in W,,. That
is, the set of circulant matrices in M, (IF) forms a commutative algebra. Note that as a

vector space, its basis is {1 = WO, W}, W2, ..., W{" V1.
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unique polynomial y4(x) € Z[x] of degree < n — 1, called the representer
polynomial of A such that A = y4(W,).
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Representer polynomial

» Let A € M, (Z) be a circulant matrix. Then, from Lemma 3, there exists a
unique polynomial y4(x) € Z[x] of degree < n — 1, called the representer
polynomial of A such that A = y4(W,).

» Further, one can see that if A € M,,(Z) is a circulant matrix, then
[a0 a7 ...a,_1] is the first row of A if and only if
Ya(x) =ag+ax +---+a, 1x" L

» Consequently, there is a one-to-one correspondence between the set of
circulant matrices over C and the set of polynomials over C of degree < n — 1.

» In particular, there is a one-to-one correspondence between the set of 0, 1
circulant matrices and the set of 0, 1-polynomials of degree < n — 1.

» If X is a circulant graph/digraph, with n vertices, then A(X) C C[W,].
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Eigenvalues and Eigenvectors of circulant graphs

Let ¢, be the primitive nth root of unity, i.e., j; = 1 but §ﬁ #1,forl1 <k<n-1
Then Then the Fourier matrix F, € C"*" is defined as:

1 1 1 1

O R
E=|l & & oo

1ogt G0 L

Easy to see that columns of F, are eigenvectors of W,,. Hence for every circulant
matrix order n. Let A be a circulant matrix with representer polynomial 4 (x).
Then A is diagonalizaable with 4 (Zk), for 0 < i < n — 1, as its eigenvalues. We
now know eigen(values/vectors) of all circulant graphs/diagraphs. In particular,
Eigenvalues of cycle graph C, are Ay = ¥ + "% = 2cos % It is clear that

e = Ay



Definition
A matrix A € M, (C) is diagonalizable, if it is similar to a diagonal matrix.

That is A is diagonalizable if there exists a nonsingular matrix P such that
P~1AP = D, where D is a diagonal matrix.

Theorem

An n x n matrix A is diagonalizable if and only if it has n linearly independent
eigenvectors.



Part 1: If A has n linearly independent eigenvectors, then A is diagonalizable.
Assume A has n linearly independent eigenvectors vy, vy, ..., v,, with
corresponding eigenvalues Aq, Ay, ..., A,. Note that the eigenvalues are not
necessarily distinct.

Let P be the n x n matrix whose columns are these eigenvectors:

P:[vl vy - vn}.

Since the eigenvectors are linearly independent, the matrix P is invertible.
Now, consider the product AP. We can compute this column by column:

AP:A[Vl vy - Vn]:[Avl Avy - -- Avn}.



Because each v; is an eigenvector (Av; = A;v;), this becomes:

AP = [Alvl AQVQ te /\nvn] .
This result can be factored as the product of P and a diagonal matrix D:
A 0 - 0
0 Ay -+~ 0
[)L1V1 )Lsz to /\nvn} == [Vl A\ Vn] . . . . = PD,
0 0 - A,
where D = diag(Aq, A2, ..., An).
We have therefore shown that:
AP = PD.
Since P is invertible, we can multiply both sides on the left by P~! to obtain:
P~'AP =D.

This is precisely the condition for A to be diagonalizable. Thus, A is
diagonalizable.



Part 2: If A is diagonalizable, then it has 7 linearly independent eigenvectors.
Assume A is diagonalizable. Then, by definition, there exists an invertible matrix
P and a diagonal matrix D such that:

P'AP=D or equivalently, A = pDP L.

Let the columns of P be vy, vy, ..., v,, and let the diagonal entries of D be
A, A2, ..., Ay, so that D = diag(Aq, Ao, ..., Ay).
Starting from A = PDP -1 we multiply both sides on the right by P:

AP = PD.

Now, let’s examine this equation column by column.
On the left-hand side:

AP:A[V1 vy oo vn]:[Avl Avy .- Avn].



On the right-hand side:

A @ eeo @
0 Ay -+~ 0

PD:[vl Vo oo vn} : .. : :[Alvl Apvy - )\nvn].
0 0 --- Ay

Equating the corresponding columns of AP and PD, we find that for each
1=1,2,...,n:
AVZ' = )\ivi-

This means that each column v; of P is an eigenvector of A with corresponding
eigenvalue A;.

Finally, since P is an invertible matrix, its columns vy, vy, . .., v, are, by definition,
linearly independent.

Therefore, A has n linearly independent eigenvectors.

Conclusion: We have shown that if A has n linearly independent eigenvectors,
then it is diagonalizable, and conversely, if A is diagonalizable, then it has n
linearly independent eigenvectors. This completes the proof.



If A is diagonalizable, then the rank of A is equal to the number of nonzero
eigenvalues of A.

Proof.

> First note that eigenvalues of a diagonal matrix are diagonal elements of
matrix. Rank of a diagonal matrix is equal to number of nonzero diagonal
elements. Thus rank of a diagonal matrix is equal to number of nonzero
eigenvalues. Extra info: Hence the minimal poynomial of A is the product of
distinct linear factors.

» If A is similar to diagonal matrix, then there exists a nonsingular matrix P
such that PAP~! = D, where D is the diagonal matrix. Rank of A= Rank of
PAP~! = Rank of D. Also eigenvalues of A is same as eigenvalues of D.
Hence result follows.



Lemma
Let A be a real symmetric matrix. If u and v are eigenvectors of A with different
eigenvalues, then u and v are orthogonal.

Proof.

Suppose Au = Au and Av = tv, where A # 7. Consider AuTv. Then

MTo = (Au)Tv = (Au)Tv = uT Av = tuTv. Hence (A — 1)u’v = 0. Thus

uTv = 0, follows from the fact that A # 7. Note u”v and (A — 7) are real

numbers. O

Lemma
The eigenvalues of a real symmetric matrix A are real numbers.

Proof.

Let u be an eigenvector of A with eigenvalue A. Then by taking the complex
conjugate of the equation Au = Au we get Ail = Ail, and so 7 is also an
eigenvector of A. Now, by definition an eigenvector is not zero, so u’i > 0. By the
previous lemma, u and i cannot have different eigenvalues, so A = A, and the
claim is proved. O



Lemma
Let A be a real symmetric n x n matrix. If U is an A-invariant subspace of R", then U+
is also A-invariant.

Proof.
For any two vectors u and v, we have

vl (Au) = (Av)Tu.

If u € U, then Au € U; hence if v € U, then vT Au = 0. Consequently, (Av)Tu =0
whenever u € U and v € U+. This implies that Av € U+ whenever v € UL, and
therefore U~ is A-invariant. O



Lemma
Let A be an n x n real symmetric matrix. If U is a nonzero A-invariant subspace of R",
then U contains a real eigenvector of A.

Proof.
Let R be a matrix whose columns form an orthonormal basis for U. Then, because
U is A-invariant, AR = RB for some square matrix B. Since RTR = I, we have

RTAR = RTRB = B.

Which implies that B is symmetric, as well as real. Since every symmetric matrix
has at least one eigenvalue, we may choose a real eigenvector u of B with
eigenvalue A. Then ARu = RBu = ARu, and since u # 0 and the columns of R are
linearly independent, Ru # 0. Therefore, Ru is an eigenvector of A contained in
u. O



Theorem
Let A be a real symmetric n x n matrix. Then R has an orthonormal basis consisting
of eigenvectors of A.

Proof.

Let {uy,...,un} be an orthonormal (and hence linearly independent) set of m < n
eigenvectors of A, and let M be the subspace that they span. Since A has at least
one eigenvector, m > 1. The subspace M is A-invariant, and hence M L is
A-invariant, and so M contains a (normalized) eigenvector u,,11 Then

{u1,..., Um, U1} is an orthonormal set of m + 1 eigenvectors of A. Therefore, by
induction, a set consisting of one normalized eigenvector can be extended to an
orthonormal basis consisting of eigenvectors of A. O

Corollary

If A'is an n x n real symmetric matrix, then there are matrices L and D such that
LTL = LLT = I and LALT = D, where D is the diagonal matrix of eigenvalues of A.



Proof.

Let L be the matrix whose rows are an orthonormal basis of eigenvectors of A. So
LT =[Ly Ly ... L], whereL;isthe eigenvector of A corresponding to the

1, i=j

0, i#].
(since the rows of L form an orthonormal basis). Hence, LTL = I. Similarly, since

L is orthogonal, let M = LT then LLT = MTM = I. To prove the second part of the
theorem, consider,

eigenvalue A; foralli =1,2,...,n. Consider (LTL)I']' =< L; L]-T >=

LALT _ LA[Ll/ L2’ 000 ’Ln] = L[ALl,ALZ, te ,ALn]
= L[)\lLl, Aglp, -+, ApLy = [AlLLlf)‘zLLz" . ’/\”LLH]

= [/\161/)\262/ o //\nen] = : . o, . = D.
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Lemma (Biggs [2])

Let X be a graph with adjacency matrix A. Then, for every positive integer k, (A )ij
equals the number of walks of length k from the vertex v; to the vertex v;.

Proof.

Proof by induction on k.

1, ifv;,v; djacent

Base Step: If k = 1, by definition A;; = 1 00 0j 'area Jacent
0, otherwise.

Assume the result is true for k = L and let us consider the matrix AX*1. Then,

(ALY = i(AL)m-(A)hj-

h=1

Therefore, (AL“)Z-]- equals the number of walks of length L from v; to v;, and then
a walk of length one (adjacency) from v}, to v}, for all vertices v;, € V(X). Thus,
(AL1);; equals the number of walks of length L + 1 from v; to ;.
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d+1<dim(A(X)) <n.

Proof.

Since d is the diameter of X, there exists x,y € V with d(x,y) = d. Suppose

X = wo, w1, ..., wy =y is a path of length 4 in X.

Then, from Lemma 8, for eachi € {1,2,...,d}, there is at least one path of length i
from wy to w;, but no shorter walk. Consequently, A’ has a non-zero entry in a
position where the corresponding entries of I, A, A2, ..., A1 are zero.



d+1 < dim(A(X)) < n.

Lemma (Biggs [2])

Let X be a connected simple graph on n vertices. If d = dia(X) is the diameter of X, then
d+1<dim(A(X)) <n.

Proof.

Since d is the diameter of X, there exists x,y € V with d(x,y) = d. Suppose

X = wo, w1, ..., wy =y is a path of length 4 in X.

Then, from Lemma 8, for eachi € {1,2,...,d}, there is at least one path of length i
from wy to w;, but no shorter walk. Consequently, A’ has a non-zero entry in a
position where the corresponding entries of I, A, A2, ..., Ai=1 are zero. So

{I,A A%,..., A7, A} isa linearly independent set. Thus {I, A, A%,..., Ad-1 Ad}
is a linearly independent set and hence d + 1 < dim(.A(X)). Further, the upper
bound is achieved by the well known Cayley-Hamilton theorem. Hence, the result
follows. O
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distinct eigenvalues of a simple connected graph with the diameter of the graph.
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d + 1 distinct eigenvalues

The above result has a nice consequence. In particular, it relates the number of
distinct eigenvalues of a simple connected graph with the diameter of the graph.
We state it next.

Corollary
A connected simple graph X with diameter d has at least d + 1 distinct eigenvalues.

Proof.

Since the adjacency matrix is a real symmetric matrix, its minimal polynomial is
the product of distinct linear polynomials. Hence, dim(.A(X)) also equals the
number of distinct eigenvalues of A. Thus, if the graph X has diameter d, then it
has at least 4 + 1 distinct eigenvalues. O



If all eigenvalues of a simple graph are equal, then its diameter is zero. Thus, a
simple graph has only one distinct eigenvalue if and only if it is a null graph.
Note:

The above obsertavtion need not be true for directed graphs.
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simple graph has only one distinct eigenvalue if and only if it is a null graph.
Note:

The above obsertavtion need not be true for directed graphs. For example, the
adjacency matrix of following directed path has only 0 as an eigenvalue. Note that
its adjacency matrix is a nilpotent matrix.
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simple graph has only one distinct eigenvalue if and only if it is a null graph.
Note:

The above obsertavtion need not be true for directed graphs. For example, the
adjacency matrix of following directed path has only 0 as an eigenvalue. Note that
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Directed path graph its adjacency matrix

S
@@@8]
0

— O

1
0
0

(e]



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.

» Let X be a connected graph. Then, it has exactly two distinct eigenvalues if
and only if it is complete graph (as diameter of the complete graph is one).



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.

» Let X be a connected graph. Then, it has exactly two distinct eigenvalues if
and only if it is complete graph (as diameter of the complete graph is one).

> Let X be a graph with two distinct eigenvalues. Then, X is a regular graph.

(Here we are not assuming X is a connected graph. If X is connected, then it
is n — 1 regular.)



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.

» Let X be a connected graph. Then, it has exactly two distinct eigenvalues if
and only if it is complete graph (as diameter of the complete graph is one).

> Let X be a graph with two distinct eigenvalues. Then, X is a regular graph.

(Here we are not assuming X is a connected graph. If X is connected, then it
is n — 1 regular.)



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.

» Let X be a connected graph. Then, it has exactly two distinct eigenvalues if
and only if it is complete graph (as diameter of the complete graph is one).

> Let X be a graph with two distinct eigenvalues. Then, X is a regular graph.
(Here we are not assuming X is a connected graph. If X is connected, then it
is n — 1 regular.)

Proof.

Let X be a graph with two distinct eigenvalues, then dim A(X) = 2. Hence, I and
A form a basis of A(X). Consequently A% = gl + bA, for some a,b € IN. Thus,
(A%); = aforalli. O



Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.
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Few applications of Corollary 3

» A path graph on n vertices has n distinct eigenvalues.

» Let X be a connected graph. Then, it has exactly two distinct eigenvalues if
and only if it is complete graph (as diameter of the complete graph is one).

> Let X be a graph with two distinct eigenvalues. Then, X is a regular graph.
(Here we are not assuming X is a connected graph. If X is connected, then it
is n — 1 regular.)

Proof.

Let X be a graph with two distinct eigenvalues, then dim A(X) = 2. Hence, I and

A form a basis of A(X). Consequently A% = gl + bA, for some a,b € IN. Thus,

(A?);; = a for all i. O
Are are able to see? A graph X has two distinct eigenvalues if and only if X is
disjoint union of complete graphs with same number of vertices.
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(I + A)"1is positive.

Proof.
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How to check a given graph is connected or not?

Lemma (Biggs [2])

Let X be a connected graph on n vertices. If A is it's adjacency matrix, then every entry of
(I + A)"1is positive.

Proof.

From Lemma 8, we know that the ij-th entry of [ + A + A2+ A% +... + A" !
equals the total number of walks of length less than or equal to n — 1.As X is a
connected graph on n vertices, d(X) < n — 1. Hence, each entry in

[+ A+ A%+ A3 + ...+ A" lis positive. Thus, the required result follows as
(I+A)"T>T+A+ A2+ A3+ + AL, O
What about the converse? If every entry of (I + A)"~! is positive, then X is a
connected graph.



k-th distance matrix of a graph

Definition
Let X = (V, E) be a connected graph with diameter d. Then, for 0 < k < d, the
k-th distance matrix of X, denoted Ay, is defined as

1, ifd(v,vs) =k
0, otherwise.

(A)rs = {




k-th distance matrix of a graph

Definition
Let X = (V, E) be a connected graph with diameter d. Then, for 0 < k < d, the
k-th distance matrix of X, denoted Ay, is defined as

[ 1, ifd(v,vs) =k
(Ak)rs = { 0, otherwise.

If X = C4, the cycle graph on four vertices, then

010 1 0010
1010 0001
Ado=IyAi= g 1 o 1| %2=|1 0 0 0
1010 0100

1. Are able to see A; is the adjacency matrix of X° in the above example?
2. If X is connected graph with a diameter d > 2, then Ay + Az +-- - + Ay =??



Ao = Ig
Ry =

{(x,y)|d(x,y) = 0}

A=A

A=A Ay =A% —2], A; = 1A3—

Rq
{(x,y)ld(x,y) =1}
A2 = A3 =2A¢+ Ay, A5 = Ay, A1Ay = A1 +2A3,A1A3 = Ay, A1 A3 = Ay

Az
Ry =

{(xy)ld(x,y) = 2}

2

o
1 1
1
1 1
1
Az
R; =

3
EA.

{(xy)ld(x,y) = 3]



From the above definition, it is clear that

> Ay is the identity matrix and A; is the adjacency matrix of X.
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From the above definition, it is clear that
» Ap is the identity matrix and A; is the adjacency matrix of X.
» Canyou check Ag+ Ay + - - - + A; = J, where J is the matrix of all 1's.
» Isit true that A, for 0 < k < d is a symmetric matrix.
> Is the set { Ao, A1, ..., Ay} is a linearly independent set in M, (R)?

Definition (Paul M. Weichsel [2])

Let X be a connected graph with diameter d and let Ax(X), for 0 < k < d, be the
k-th distance matrix of X. Then, X is said to be a distance polynomial graph if
A(X) € A(X), for0 <k <d.
The complete graph K;;, Cycle graph C,, Complete bipartite graph K;, , and
Petersen graph are few examples of distance polynomial graphs.
Natural question is which graphs are distance polynomial graphs? We will prove
few results to see the necessary conditions for a graph to be a distance polynomial

graph.
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Let X be a k-reqular graph. Then,
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Eigenvalues of regular graphs

Lemma (Biggs [2])

Let X be a k-reqular graph. Then,
1. kis an eigenvalue of X.
2. if X is connected, then the multiplicity of k is one.
3. for an eigenvalue A of X, |A| < k.

Proof of Part 1

Proof.
Lete = [1,1,...,1]T. Then Ae = ke. Consequently, k is an eigenvalue with
corresponding eigenvector e.
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Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.



Proof of Part 2
Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.



Proof of Part 2

Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4; is positive



Proof of Part 2

Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4, is positive as one can take —a in place of a as an
eigenvector of k.



Proof of Part 2
Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4, is positive as one can take —a in place of a as an
eigenvector of k. So,
ka]- = (Aa)] = Z a; < ka]
{v,-,v]-}EE

as is vertex of X is adjacent to exactly k vertices and a; > a;, foralli =1,...,n.



Proof of Part 2
Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4, is positive as one can take —a in place of a as an
eigenvector of k. So,

ka]- = (Aa)] = Z a; < ka]

{U[,Uj}EE

as is vertex of X is adjacent to exactly k vertices and a; > a;, foralli =1,...,n.
Hence, a; = a; for all vertices that are adjacent to the vertex v;.



Proof of Part 2
Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4, is positive as one can take —a in place of a as an
eigenvector of k. So,

ka]- = (Aa)] = Z a; < ka]

{viv;}€E

as is vertex of X is adjacent to exactly k vertices and a; > a;, foralli =1,...,n.
Hence, a; = a; for all vertices that are adjacent to the vertex v;. Further, the
condition that X is connected implies that we can recursively obtain a; = a; for all
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Proof of Part 2
Leta = [a,a,...,a,4]" be an eigenvector of A corresponding to the eigenvalue k.
Suppose 4; is an entry of a having the largest absolute value.Without loss of
generality, we also assume that 4, is positive as one can take —a in place of a as an
eigenvector of k. So,

ka]- = (Aa)] = Z a; < ka]-

{v,-,v]-}EE

as is vertex of X is adjacent to exactly k vertices and a; > a;, foralli =1,...,n.
Hence, a; = a; for all vertices that are adjacent to the vertex v;. Further, the
condition that X is connected implies that we can recursively obtain a; = a; for all
i and j. Consequently, a is multiple of e.
Proof of Part 3
Let Ab = Ab. As above, let b; be an entry of b having the largest absolute value.
We again assume b; is positive. Then

Albj = [(Ab);| = [(Ab)j| =] ) bil < ) [bi] <klbj|.
{vi,vj}EE {vi,vj}EE

Thus, |A| <k



J e A(X)

Lemma 11 implies that if X is a connected k-regular graph then the minimal
polynomial of X will have the form (x — k)g(x) for some polynomial q(x) with
integer entries and g(k) # 0, as k is an eigenvalue of multiplicity 1. We use this
idea in the next result.



J e A(X)

Lemma 11 implies that if X is a connected k-regular graph then the minimal
polynomial of X will have the form (x — k)g(x) for some polynomial q(x) with
integer entries and g(k) # 0, as k is an eigenvalue of multiplicity 1. We use this
idea in the next result.

Lemma (Hoffman [3])
Let X be a connected k-regular graph on n vertices. Then, the matrix J, consisting of all

qglk)q(A), ie,J € A(X).

Proof: As X is a k-regular graph, its adjacency matrix A satisfies Ae = ke. Let
(x —k)q(x) € Z|x] be the minimal polynomial of X. Hence,

1’s, equals

JA=AJ =kJ and q(A)e = g(k)e. (1)



Continuation of Proof

1

Let {\Fe, X2, ..., xn} be an orthonormal basis of IR” consisting of eigenvectors of
n

A with corresponding eigenvalues k, Ay, ..., A,. Thus, xl-Te =0,for2<i<n.

Hence, Jx; = 0.
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Let {\Fe, X2, ..., xn} be an orthonormal basis of IR” consisting of eigenvectors of
n

A with corresponding eigenvalues k, Ay, ..., A,. Thus, xl-Te =0,for2<i<n.

Hence, Jx; = 0. Now, Equation (1) gives

1 n n 1 n 1
Jﬁe Y (67(7)‘1(7())%9 = @Q(A)ﬁe'
As (x — k)q(x) is the minimal polynomial of X, g(A;) = 0. So,
g(A)x; = g(A)x; =0, i.e., q(nk)q(A)xi =0.
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Continuation of Proof

1

Let {\Fe, X2, ..., xn} be an orthonormal basis of IR” consisting of eigenvectors of
n

A with corresponding eigenvalues k, Ay, ..., A,. Thus, xl-Te =0,for2<i<n.

Hence, Jx; = 0. Now, Equation (1) gives

1 n n 1 n 1
Jﬁe = ﬁe = (mq<k))ﬁe = @Q(A)ﬁe'
As (x — k)q(x) is the minimal polynomial of X, g(A;) = 0. So,

)

g(A)x; = g(A)x; =0, i.e., q(nk)q(A)xi = 0. Thus, we see that the image of the two
n 1
tri d —q(A the basis ¢ —e, x, ..., f R" .H ’
matrices J an p (k)q( ) on the basis { \/ﬁe X2 xn} 0 are same. Hence

the two matrices are equal. Therefore, J = A).

[7(7)‘1(
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Proof
Let A be the adjacency matrix of A. Then, J € A(X) implies that

J=al+mA+-- +aA, (©))

for some positive integer r and a; € R, 0 < i < r. As each entry of J is non-zero, for
each pair 7, j, there exists the smallest power of A, say t < r, which has a non-zero
entry. Hence, by definition there is a walk of length t from the vertex v; to the
vertex v;. Thus, X is connected.



Lemma
Let X be a graph on n vertices. If ] € A(X), then X is a connected, regular graph.

Proof
Let A be the adjacency matrix of A. Then, J € A(X) implies that

J=al+mA+-- +aA, (©))

for some positive integer r and a; € R, 0 < i < r. As each entry of J is non-zero, for
each pair 7, j, there exists the smallest power of A, say t < r, which has a non-zero
entry. Hence, by definition there is a walk of length t from the vertex v; to the
vertex v;. Thus, X is connected. By Equation (3), we see that AJ = JA. So, if d;
equals deg(v;), for 1 <i < n, then

d] dz °o o dn dl dl o dl
dy dy --- dy dy dy -+ d
... =JA=A= 0 0
d1 dz te dn dn dn o dn

Thus, d; = dj, for all i and j and hence X is a regular graph. Hence the proof.
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Observation
» If X is a conected reqular graph with n vertices, then K,, is a polynomial in X.
» Let X be a connected reqular graph and letk=A1>Ay > A3>--- > A, be the

eigenvalues of X. Define, h(x) = n H vy i Then, the eigenvalues of h(A) are
{h(k),h(A2),...,h(An)} = {n, 0} Consequently, h(A) —J vanish at all
n
—q(A).
TCK

eigenvectors of A or equivalently h(A) =J =



The eigenvalues of X¢, when X is a regular graph.

Corollary

Let X be a connected k-regular graph on n vertices with eigenvalues
k=A1 > Ay > A3 > --- > Ay Then, the eigenvalues of X© are

i =l = 1, =1 = g, oo =1l = Ao



The eigenvalues of X¢, when X is a regular graph.

Corollary

Let X be a connected k-regular graph on n vertices with eigenvalues
k=A1 > Ay > A3 > --- > Ay Then, the eigenvalues of X© are
B =18 =1, =1 = e o1k — i

Proof.

Let A be the adjacency matrix of X. Then, A(X®) =] — I — A, the adjacency
matrix of X°. Now, using Lemma 12, the matrices I,J and A have the same set of
eigenvectors.



The eigenvalues of X¢, when X is a regular graph.

Corollary

Let X be a connected k-regular graph on n vertices with eigenvalues
k=A1 > Ay > A3 > --- > Ay Then, the eigenvalues of X© are
n—k—1,-1—As,...,—1—A,.

Proof.

Let A be the adjacency matrix of X. Then, A(X®) =] — I — A, the adjacency
matrix of X°. Now, using Lemma 12, the matrices I,J and A have the same set of
eigenvectors. So, let U be an orthogonal matrix formed using the eigenvectors of
A as columns. Then, UAUT = diag(k, A2, A3, ..., A,) and

uaAu’ = ug-1-Au’=ujut —uru’ —-uaAu’
= diag(n,0,0,...,0) —diag(1,1,...,1) — diag(k, A2, A3, ..., An)
= diagln—k—1,—-1—2Ay,...,—1—Ay).
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Lemma 13, the graph X¢ is connected and regular. Hence, the required result
follows.
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Corollary
Let X be a connected regqular graph. Then X¢ is connected if and only if A(X) = A(X°).

Proof.

AsJ e A(X), A(X)=J—1— A € A(X) and hence A(X°) C A(X).

As X¢is a (n — k — 1)-regular connected graph, J € A(X¢). Hence,
A=]—-1-A(X") € A(X). Thus, A(X ) C A(X), Thus, the two sets are equal.
Now, suppose that the two sets are equal. Then, J € A(X) = A(X°). Thus, by
Lemma 13, the graph X¢ is connected and regular. Hence, the required result
follows. O

Corollary
Let X be a distance polynomial graph. Then X is a connected regular graph.

Proof.
As X is a distance polynomial graph, by definition, X is already connected. If X
has diameter d, then by definition, Ax(X) € A(X), for 0 < k < d. Consequently,

d
J = Y Ax(X) € A(X) and hence using Lemma 12, the result follows. O
k=0



» Find number of common neighbors of two
adjacent vertices?

» Find number of common neighbors of two
non-adjacent vertices?

» Is the distance partition of any node is an
equitable partition? Is it same for all
vertices?

Cs : connected 2 regular graph.



Cs : connected 2 regular graph.

K33 : connected 3-regular graph.

Find number of common neighbors of two
adjacent vertices?

Find number of common neighbors of two
non-adjacent vertices?

Is the distance partition of any node is an
equitable partition? Is it same for all
vertices?

Find number of common neighbors of two
adjacent vertices?

Find number of common neighbors of two
non-adjacent vertices?

Is the distance partition of any node is an
equitable partition? Is it same for all
vertices?
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Strongly regular graph (SRG)

Definition
A k-regular graph X on n vertices is said to be a strongly regular graph, with
parameters (n,k,a,c) if

1. X is neither the complete graph nor the null graph,

2. any two adjacent vertices, say u and v, have exactly a common neighbors, and

3. any two non-adjacent vertices, say s and t, have exactly c common neighbors.
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2 C

For CyorKpp :k=2,a=0,c =2.



Strongly regular graph (SRG)

Definition
A k-regular graph X on n vertices is said to be a strongly regular graph, with
parameters (n,k,a,c) if

1. X is neither the complete graph nor the null graph,

2. any two adjacent vertices, say u and v, have exactly a common neighbors, and

3. any two non-adjacent vertices, say s and t, have exactly c common neighbors.

The number of common neighbors of two vertices is k, a, c depending on whether
they are equal, adjacent or nonadjacent.

d(u,v) | number of
common neighbours

0 k
1 a
2 C

ForCyorKpp :k=2,a=0,c =2ForK,, :k=na=0,c=n.






Xo(v) = {v}, X1(v) = {v2,..., V41} is
the set of k neighbours of v,
Xp(v) = {vkio,...,vn}tistheof n —k —1
non-neighbours of v.
Here X;(v) = {w|d(v,w) = i}.



{Xo(v), X1(v), X2(v) } forms an equitable
Xo(v) X1(v) X5(v) partition of X called distance partition of
X w.r.to v. That is independent of vertex
chosen, i.e., all will have same quotient
graph/matrix.
The quotient matrix is

0 k 0
1 a k—a—-1].
Xo(0) = {0}, X1(0) = {v, ..., 031} is DRI
the set of k neighbours of v, g
Xp(v) = {vkio,...,vn}tistheof n —k —1 (fb%

non-neighbours of v. © 30
0 K s
Here X;(v) = {w|d(v,w) = i}. 33 ) |:1 0 2] .
3
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Recall that the triangular graphs, denote /g(K,, ), were the line graphs of the
complete graphs and it can be easily verified that they are strongly regular
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Examples of Strongly regular graphs

\4

For example, Cs is a (5,2,0, 1) strongly regular graph.

Petersen graph is a strongly regular with parameters (10,3,0,1).

The Paley graph on g = 4t + 1 vertices is a strongly regular with parameters
(4t +1,2t,t —1,t).

Recall that the triangular graphs, denote /g(K,, ), were the line graphs of the
complete graphs and it can be easily verified that they are strongly regular
graphs with parameters (“ (n 1 ,2(n—2),n—2,4).

The line graphs of the Complete bipartite graphs, [g(Kj, ) are strongly regular
with parameters (1n2,2(n — 1),n — 2,2). This is also a rook graph on square
chess board. For example if we consider rook graph on n x n chess board,
then the distance partition w.r. to (1,1) is an equitable partition. Here the cells
are

Co={(L 1} G =1{{Lj) | j =1 ULGE1) [ £ 1) C =) i = Lj= 1}
V| =1+2(n—1) + (n — 1)? = n?. Distinct eigenvalues are 2n — 2,n — 2, —2.
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Lemma
Let X be a strongly regular graph. Then diam(X) = 2.

Proof.

Let X be a strongly regular graph with parameters (1, k, a, ¢), and suppose there
are two vertices u, x of X that are distance 3 apart. Let (1, v, w, x) be a path of
length 3.

» The pair of vertices # and x are non-adjacent, therefore they must have
exactly c neighbors in common. It is clear in this case that ¢ must equal zero: if
u and x shared some neighbor y, then (1, y, x) would be a path of length 2
from u to x, a contradiction.

» The pair of vertices u and w must also be non-adjacent, or else (u, w, x) would
be a path of length 2 from u to x. As u and w are non-adjacent, they have
¢ = 0 common neighbors. But, v is a common neighbor of u and w, a
contradiction. Thus X must have a diameter of at most 2. But we are not
considering complete graph or a null graph.






Ig(Kyg),srg(6,4,2,4).

19(K33),5rg(9,4,1,2).
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Relationship among the parameters.

» There is relationship among the parameters. That is if we know three of them,
then it is possible to find fourth parameter. Let X be strongly regular graph
with parameters (1, k, 4, c).

» Letx € V(X). Then x has k neighbors and n — k — 1 non-neighbors. We will
count the total number of edges between neighbors and non-neighbors of x in
two ways.

» Letvy,0y,...,0x be neighbors of x, then the number of common neighbors of
x and v; is a. Hence number of edges between neighbors of x, non common
neighbors of x are k(k —a — 1).

» On the other hand there are n — k — 1 vertices not adjacent to x, each of which
adjacent to c neighbors of x. Hence total number of edges between neighbors
of x, non common neighbors of x are c(n —k —1).

Thus we have |k(k—a—1) =c(n —k—1).




Theorem (Godsil and Royle [3])

Let A be the adjacency matrix of an (n,k, a, c)-strongly reqular graph X. Then,
1. A2=kI+aA+c(J—1-A).
2. the eigenvalues of X are k and roots of equation x> — (a — ¢)x — (k —¢) = 0.

Proof of first part:

To prove the first part, note that he (i, j)" entry of A2 is the number of walks of
length of 2 from the vertex i to the vertex j. Moreover, this number determined
only by whether the vertices i and j are adjacent, non-adjacent or same.



Theorem (Godsil and Royle [3])

Let A be the adjacency matrix of an (n,k, a, c)-strongly reqular graph X. Then,
1. A2=kI+aA+c(J—1-A).
2. the eigenvalues of X are k and roots of equation x> — (a — ¢)x — (k —¢) = 0.

Proof of first part:

To prove the first part, note that he (i, j)" entry of A2 is the number of walks of
length of 2 from the vertex i to the vertex j. Moreover, this number determined
only by whether the vertices i and j are adjacent, non-adjacent or same. Thus, by
definition of the graph X, we have

k  wheneveri = j,
(A%)jj=<{a ifi# jbutiand jare adjacent,
c ifi # jbutiand j are not adjacent.

Or equivalently, A? = kI +aA + cA° =kl +aA+c(J — [ — A).



Proof of second part

Proof.
For the second part, note that k is indeed an eigenvalue of X with eigenvector e.
Now, let A be an eigenvalue of X with corresponding eigenvector x. Then,
e’x = 0. Hence, using the first part
a(Ax) = a(Ax) = (A>—kI—c(J—1—A))x

= A —kx—c(0—1—A)x= (A2 +cA— (k—c))x.

As x # 0, we must have A2 — (a — c)A — (k —¢) = 0. That is, A satisfies the
required equation.

The eigenvalues are k, %ﬂ, where A = (a —c)?> +4(k —¢).
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Shrikhande: one of Euler’s Spoiler

The following result characterizes connected regular graphs with three distinct
eigenvalues. The proof is easy and is left as an exercise.

Theorem (Shrikhande and Bhagwandas)

Let X be a connected regular graph which is not a complete graph. Then,
1. X is a strongly reqular if and only if A% is linear combination of the matrices I, |
and A.

2. X is a strongly reqular if and only if it has exactly three distinct eigenvalues.

Euler conjectured that no orthogonal Latin squares existed for oddly even
numbers (even numbers not divisible by 4.).



This conjecture by Euler was in 1782. In 1901, a French mathematician named
Gaston Tarry (1843 — 1913) proved that n = 6 was indeed impossible by
laboriously checking all possible cases. But Euler’s conjecture that orthogonality
was impossible for all oddly even numbers remained to be resolved. Until 1959,
when R.C. Bose, Shrikhande and E.T. Parker disproved the conjecture.

Once Shrikhande said:

“had the rare privilege of seeing our works reported on the front page of the
Sunday Edition of the New York Times of April 26, 1959.”



Theorem (Friendship Theorem)

Let X be a finite graph such that any two distinct vertices have exactly one common
neighbor. Then, there exists a vertex adjacent to all other vertices.

Proof.

Sketch of the Proof: Suppose, for contradiction, that no vertex is adjacent to all
others.

Step 1: Regularity

The graph X is regular of degree k.



Theorem (Friendship Theorem)

Let X be a finite graph such that any two distinct vertices have exactly one common
neighbor. Then, there exists a vertex adjacent to all other vertices.

Proof.

Sketch of the Proof: Suppose, for contradiction, that no vertex is adjacent to all
others.

Step 1: Regularity
The graph X is regular of degree k.

Step 2: Strongly Regular Graph

X is strongly regular with parameters srg(n,k,1,1).

The eigenvalues of X are k, vk — 1, —v/k — 1. And we know that multiplicity of k
as an eigenvalue is 1. Let 7, s be multiplicities of v/k — 1, —v/k — 1 respectively,
then k + rvk —1—svk —1 =0 Thatis k + (r —s)v/k — 1 = 0. Since k = 0 not
possible, hence r = s also not possible. Then (r —s)?(k — 1) = k? or (k — 1)|k?, and
this is possible only when k = 2. This is also leads to a contradiction. ]




Graph Parameters (v,k,a,c) | Degree | Vertices

I (2n,n,0,n) n 2n
Cs (5,2,0,1) 2 5

Petersen (10,3,0,1) 3 10
Clebsch (16,5,0,2) 5 16
Hoffman-Singleton (50,7,0,1) 7 50
Gewirtz (56,10,0,2) 10 56
My, (77, 16,0, 4) 16 77
Higman-Sims (100,22,0,6) 22 100

Table: Strongly regular triangle-free graphs

Here K, , is an infinite family of graphs. Rest are unique.
Refer: https://www.math.ru.nl/OpenGraphProblems/Tjapko/30.html
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If X is a connected strongly regular graph, then dim(.A(X)) = 3 and
{I,A, A} = { Ao, A1, Ay} forms a basis for A(X).

Definition

A connected graph X is said to be a distance regular graph if for any two
vertices u, v of X, the number of vertices at distance i from u and distance j from v
depends only on i, j and d(u,v), the distance between u and v.

Theorem (Damerell [2])

Let X be a distance reqular graph of diameter d. Then the set of distance matrices of X,
{Ao(X), A1(X), ..., As(X)}, forms a basis of the adjacency algebra A(X).

A. E. Brouwer, A. M. Cohen, A. Neumaier, Distance regular Graphs, Springer-Verlag,(1989).



Let X be a graph with diameter d and any vertices u, v of X.
spj(u,v) = {w € V|d(u,w) = h, & d(v,w) = j}|.

That is the number of vertices w whose distance from u is # and whose distance
from v is j. In distance regular graph, this number is independent of u and v but it
depends on distance between the vertices. That is if d(u, v) = i, then

Shij = spj(u,v).

Definition
The intersection numbers of a distance regular graph with diameter d are the
3(d + 1) numbers Sy;j, where h, i and j belong to the set {0,1,...,d}.



Let v € V(X) be vertex fixed. Let u € V(X) such that d(v, u) = i, where
ie{l,2,...,d}.Ifr e N(u)thend(v,r) € {i —1,i,i +1}.
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» a; number of neighbours of u at a distance i from v thatis a; = [N (u) N X;(v)|

It is clear that b;, and ¢y are undefined. We will take ¢y = b; = 0.
d(v,x) =1 d(v,y) =3 d(v,u) =i
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d(v,x) =1 d(v,y) =3 d(v,u) =i
’U.@ O @ cee @ @O cee @ O
* €1 C2 Cig—1 Cgq
The intersection array of X denoted i(X) givenas (a9 a1 a» ... az;1 ag|.
bo b1 by ... b1

Further it is clear that a; + b; 4+ ¢; = by, bp = k, if X is a k- regular graph. Hence
l(X) = (k, b1,. o .,bd,l,‘ 1,C2, 00 -/Cd>-



1

>

| 2

>

Distance partition of Petersen graph.
It is an equitable partition.
Intersection array is (3,2;1,1).
ap b() 0] |:0 3 0]
1 a1 bl =(1 0 2
0 Cr dp 01 2
Distance regular graph with diameter 2.

Strongly regular graph.



» The Dodecahedron
*x 1 1 1 2 3
> (0 01 100
321 1 1

» Distance transitive hence
distance regular.
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The k-cube, Qy is the graph defined as follows: the vertices of Qy are the
(€1,€2,...,€x), wheree; = 0 or 1 for 1 <i < k and two vertices are adjacent when
their symbols differ in exactly one coordinate. The graph Q; (k > 2) is
distance-transitive, with valency k, diameter k, and intersection array
{k,k—1,k—-2,...,1;1,2,3,...,k}. For Q3

{X0(000), ..., X3(000)} = {{000},{100,010,001},{110,101,110}, {111}}.

001 011
={3,2,1,1,2,3
== Q)= )



The number of vertices can be obtained from the intersection array. In fact, every

vertex has a constant number of vertices k; at given distance i, that is, k; = | X;(z)|

for all z € V. Indeed, this follows by induction and counting the number of edges
between X;(z) and X;11(z) in two ways. In particular, it follows that kg = 1 and

bik;

foralli =0,1,...,d — 1. The number of vertices now follows as

v = ko + k1 + - - - + k. In combinatorial arguments such as the above, it helps to
draw pictures; in particular, of the so-called distance-distribution diagram, as
depicted in Figure.

ad—1 ad

Figure: Distance-distribution diagram



Proposition
With notation as above, the following conditions hold:
(i) kiyr = Ci’gflicbl is an integer fori =0,1,...,d — 1,

(i) numbers nk;, k;a; are even fori =1,2,...,d,
(1i1) nkay is divisible by 6.

Proof.
we already observed the recurrence k; 1 = bik;/c;+q foralli =0,1,...,d —1,and
this implies that k; 1 = C?gi’licbl fori =0,1,...,d — 1. These numbers are clearly

positive integers. By doubly counting all pairs (z e), where z is an end vertex of
edge e in X;, it follows that the number of edges in X; equals vk; /2, which should
be an integer. Similarly, there are k;a; /2 edges of X within X;(z) for a fixed vertex
z, and this should be an integer. Finally, the number of triangles in X equals

vkay /6. |



Proposition
With notation as above, the following conditions hold:
1= <cp<---<¢cy k=by>2b>--->bgy,
(i) Ifi+j < d, then ¢; < bj,
(ii1) There is an i such that ko < k; < --- <kjand kiy1 > kizo > - > ky.

Proof.

Leti=1,2,...,d. Consider two vertices x and y at distance i, and a vertex z that is
adjacent to x and at distance i — 1 from y. Now the c¢;_; neighbors of y that are at
distance i — 2 from z are all at distance i — 1 from x. Therefore ¢; > ¢;_;. Similarly,
the b; neighbors of y that are at distance i + 1 from x are at distance i from z, hence
bi_1 > b;. (ii) Consider two vertices x and y at distance i + j, and a vertex z at
distance i from x and j from y. Then the c¢; neighbors of z that are at distance i — 1
from x are at distance j + 1 from y. Hence ¢; < b;. (iii) It follows from (i), (ii), and
Proposition 3 that klz > ki_1kiyq fori =1,2,...,d — 1. This implies that the k; are
unimodal: thereis anisuchthatk) <k; <--- <kjand kj 1 > kjizp > --- > ky. O



> Let A be the adjacency matrix of the cycle graph C,.

> Then, y4(x) = x + x" ! is its representer polynomial and its eigenvalues are
givenby A, = 2cos(¥), forr =0,1,...,n — 1. Itis easy to see that A, = A,,_,
forr=1,...,n—1.
> As, the diameter of C, is | 5 |, we see that C, has | 5 | + 1 distinct eigenvalues
and dim(A(C,)) = [ 5] + 1. Itis easy to see that the cycle graph is a distance
polynomial graph, i.e., its distance matrices belong to its adjacency algebra. In
fact they form a basis of the adjacency algebra.
» Cycle graph is an example of distance regular graph, infact it is distance
transitive graph, we will define distance transitive graphs shortly.
For example, the basis for A(Cy) is {I, A, A%} another basis is
{I, A= A, A° = A,}. Same with Cs.
For C¢ and C; the basis are {I, A, A2, A3} or {I, A1, As, A3}.



The following result shows that every symmetric circulant matrix is a polynomial
in the cycle graph. Hence, the eigenvalues of every circulant graph can be
computed using the eigenvalues of C,,.
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Theorem
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By the definition of the adjacency algebra of a graph, every element in A(C,) is a
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The following result shows that every symmetric circulant matrix is a polynomial
in the cycle graph. Hence, the eigenvalues of every circulant graph can be
computed using the eigenvalues of C,,.

Theorem
Let B € M,,(Q). Then B is symmetric circulant matrix if and only if B € A(Cy,).

Proof.

By the definition of the adjacency algebra of a graph, every element in A(C,) is a
symmetric circulant matrix. We now show that if B is a symmetric circulant
matrix, then B € A(C,).

Let B be a symmetr1c circulant matrix with the representer polynomial

(%) = L5 L pixt. Then B = YR Lpwi and BT =y, ! b;Wi—i. Consequently

b, =b,_;, for 1<i<n-—1.Thus, B= Zi:o b;A; and hence, the required result
follows. O

A K.Lal and A .Satyanarayana Reddy, Non-singular circulant graphs and digraphs,
Electronic Journal of Linear Algebra, Volume 26,(2013), 248-257.



Few examples of distance regular graphs and their intersection array.
Graph | Intersection array (k,by,...,b5-1;1,¢2,...,¢4)
Ky (n—1;1)

Cu (2,1,1,...,1,1,1,...,1) if nis odd.

(2,1,1,...,1;1,1,...,2) if nis even.

For an integer k > 2, the vertices of the Odd graph O are the (k — 1)-subsets of a

set of size 2k — 1, and two vertices are adjacent if the corresponding subsets are

disjoint. The Odd graph O is distance-regular with diameter k — 1.

For odd k = 2I — 1, its intersection array is

(k—1k—1,...,1+1,141,;1,1,2,2,...,1—1,1 —1).

For even k = 21, the intersection array is

(k,k—1,k—1,...,1+1,1+1,1,1,2,2,...,1 — 1,1 — 1,1). Consequently, the

numbers g; are zero foralli =0,1,...,d —1,buta; =1 > 0.




The Johnson graph J(n, k) is a distance-regular graph with diameter
d = min(k,n — k). For 0 < i < d, the intersection numbers are given by:

bi=(k—i)(n—k—i), a=i(n—2i) 4+, ¢;=1i

fori =0,1,2,...,d, where d = min(k,n — k).

For J(7,3), we have n = 7, k = 3, and diameter d = min(3,4) = 3.
The intersection numbers are:

bp=3-0)(7-3-0)=12,0=3-1)(7-3—-1)=6,bp =(3—-2)(7—-3-2) =2,
= 12,02 = 22,C3 = 32

The intersection array is: {12,6,2;1,4,9}



Recall that the adjacency algebra A(X) of a distance regular graph X has a basis
{Ao,A1,..., Az} and A A; = Y_snijA;j. This equation can be interpreted as saying
that left multiplication by A (regarded as linear mapping of A(X) w.r.to given
basis) is faithfully represented by (d + 1) x (d + 1) matrix B, with (By);; = spij.
Proposition

The adjacency algebra A(X) of a distance regular graph with diameter d can be faithfully
represented by an algebra of matrices with d 4 1 rows and columns. A basis of this

representation is the set {Bo, By, . .., By} where (By,);j is the intersection number Sy for
hije{0,1,...,d}.

0 k O 0 e 0 It is cleat that By is quotient matrix (B).
a m b 0 ... 0 Hence similar to symmetric matrix.
e 0 ¢ a b .. 0 Since c1¢p - - - ¢4 # 0 the rank of B — 01 is
e S d+ 1 for every 6 € R. Hence all
oo Ci1 G471 byq eigenvalues of B are distinct.
L 0 0 0 Cq aq |




The members of A(X) can now be regarded as square matrices of size d + 1
(instead of 1) a considerable simplification. What is more important is the matrix
B; it self is sufficient. If you call By as B, then

BB; = b;_1Bi_1 +a;B; + ci+1Bi1.

Consequently each B; (i > 2) is a polynomial in B with coefficients depend only on
the entries of B.

Since B is the image of adjacency matrix A under faithful representation, the
minimal polynomial of A and B coincide.

AA; =b; 1A 1+a;A; + Ci+1Ai+1 fori e {0, 1,... ,d}




Theorem
A connected graph T is distance-regular if and only if:
1. For every vertex v € V, the distance partition {Vy(v), V1(v), ..., V;(v)} is
equitable

2. The intersection numbers p;; are independent of the choice of vertex v



Proof.

(=) Suppose I' is distance-regular with intersection numbers {b; } and {c; }.
For any vertex v, consider its distance partition {Vy(v), V1 (v),. .., V;(v)}. For u € Vi (v):

> Any neighbor w of u with d(v,w) = k — 1 contributes to pj x_1, and by distance-regularity, there are exactly ¢ such neighbors
> Any neighbor w of u with d(v,w) = k contributes to py x, and there are @ = deg(u) — by — ¢ such neighbors
> Any neighbor w of u with d(v,w) = k + 1 contributes to py s 1, and there are exactly by such neighbors

Thus the partition is equitable with intersection numbers:
Pkk—1=Ck, Pkk =k Pkk+1 =0y, andp;=0for|i—j|>1

These numbers are independent of the choice of v by the definition of distance-regularity.

(<) Suppose for every vertex v, the distance partition is equitable with intersection numbers independent of v.
Letu,v € V with d(u,v) = k. Consider the distance partition from u: {Vy (1), V3 (1), ..., V4(u)} where v € Vi (u).
By the equitable condition:

> The number of neighbors of v in Vi_1 (1) is pyx—1
> The number of neighbors of v in Vi1 (1) is py k41

Since these intersection numbers are independent of the choice of #, we can define:

Ck = Prk—1 and  bg = Pyt

forall 0 < k < d (with appropriate boundary conditions ¢y = b; = 0).
Therefore, I is distance-regular with intersection numbers {by } and {cy }.



Table: Distance-Regular Graphs of Valency 3

Graph Description Vertices
Complete graph K4 Complete graph on 4 vertices 4
Ksz3 Complete bipartite graph 6
3-cube Q3 Cube graph (Hamming graph H(3,2)) 8
Petersen graph Famous symmetric graph 10
Heawood graph (3,6)-cage 14
Pappus graph Incidence graph of the Pappus configuration 18
Desargues graph Incidence graph of Desargues config. 20
Dodecahedron graph  Vertices of a dodecahedron 20
Coxeter graph Symmetric cubic graph 28
Tutte-Coxeter graph ~ Symmetric cubic distance-transitive graph 30
Foster graph Smallest cubic symmetric graph with girth 10 90
Biggs—Smith graph Sporadic example, girth 9 102
Tutte 12-cage (3,12)-cage, also called Tutte’s 12-cage 126




Table: Distance-regular graphs with valency 3

Intersection array n d g Name

(3;1} 4 1 3 Ki

{3, 2,' 1,3} 6 2 4 K3,3
(3,2,1;1,2,3} 8§ 3 4 Cube ~ K33
{3,2;1,1} 10 2 5 Petersen ~ O3
(3,2,2,1,1,3} 14 3 6 Heawood ~ IG(7,3,1)
{3,2,2,1;1,1,2,3} 18 4 6 Pappus ~ IG(AG(2,3) \ pc)
{3,2,2,1,1;1,1,2,2,3} 20 5 6 Desargues ~ DOs
{3,2,1,1,1;1,1,1,2,3} 20 5 5 Dodecahedron
{3,2,2,1,1,1;1,1,1,1,2} 28 4 7 Coxeter
(3,2,2,2,1,1,1;1,1,1,1,3} 30 4 8 Tutte's 8-cage ~ IG(GQ(2,2))
{3,2,2,2,2,1,1,1;1,1,1,1,2,2,2,3} 90 8 10 Foster
{3,2,2,2,1,1,1;1,1,1,1,1,1,3} 102 7 9 Biggs—Smith

{3,2,2,2,2,2;1,1,1,1,1,3} 126 6 12 Tutte’s 12-cage ~ IG(GH(2,2))




Distance Transitive Graphs

Definition
A graph X is said to be distance transitive if for all vertices u,v, x,y of X with
d(u,v) =d(x,y), thereis a g € Aut(X) satisfying g(u) = x and g(v) = y.
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Distance Transitive Graphs

Definition

A graph X is said to be distance transitive if for all vertices u,v, x,y of X with

d(u,v) =d(x,y), thereis a g € Aut(X) satisfying g(u) = x and g(v) = y.
The distance transitive graphs are both vertex and edge transitive. Complete
graphs K;,, cycle graphs C,, and complete bipartite graphs K, , with m = n are a
few examples of distance transitive graphs. There are a few class of graphs which
attain the lower bound in the inequality d + 1 < dim(.A(X)) < n. The class of
distance transitive graphs are one among them.

Theorem
Let X be a distance transitive graph with diameter d. Then dim(A(X)) =d + 1.



\4

Suppose G = Aut(X) acts distance transitively on X and u € V(X). If v and w
are two vertices at distance i from u, there is an element of G that maps (u, v)
to (u,w), i.e., there is an element of G, that maps v to w, and so G acts
transitively on X;(u).

Thus, the cells of the distance partition with respect to u are the orbits of G,.

If X has diameter d, then it follows that G acts distance transitively on X if
and only if it acts transitively and, for any vertex u € V(X), the vertex
stabilizer G, has exactly d + 1 orbits.

In other words, the group G is transitive with rank d + 1.
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In fact, in case of distance transitive graphs something more is true and to state it,
we need the following definition.



Orbital Matrices

In fact, in case of distance transitive graphs something more is true and to state it,
we need the following definition.

Definition

Let G be a group acting on a non-empty set V. Then G also actson 'V x V, by
g(x,y) = (g(x),8(y)). For each fixed element (u,v) € V x V, the set
Orb(u,v) = {g(u,v) : ¢ € G} is called the orbit of (u,v), under the action of G.
The distinct orbits of V x V under the action of G are called orbitals.




In the context of a graph X = (V, E), the orbitals of X are the distinct orbits of
E C V x V under the action of Aut(X). That is, the orbitals are the orbits of the
arcs/non-arcs of the graph X.
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In the context of a graph X = (V, E), the orbitals of X are the distinct orbits of

E C V x V under the action of Aut(X). That is, the orbitals are the orbits of the
arcs/non-arcs of the graph X. The number of orbitals is called the rank of Aut(X).
Note that, for each fixed (u,v) € V x V, we can associate a 0, 1-matrix, say

M = [m;j], where m;; equals 1, if (i,j) € Orb(u,v) and 0, otherwise. The matrices
obtained by the above method are called orbital matrices. Also, note that for any
orbital matrix all its non-zero entries either appear on the main diagonal or they
appear on off-diagonal as g(v,v) = (g(v),g(v)), forallv € V and g € Aut(X). The
orbitals containing 1’s on the diagonal will be called diagonal orbitals.

If X is a distance transitive graph then orbital matrices and the distance matrices

defined earlier will coincide. Moreover, they form a basis for adjacency algebra
A(X).



The theory which underlies our treatment of the adjacency algebra of a
distance regular graph was developed in two quite different contexts.

First, the association schemes used by Bose in the statistical design of
experiments led to an association algebra (Bose and Mesner 1959), which
corresponds to our adjacency algebra.

Concurrently, the work of Schur (1933) and Wielandt ring, of a permutation
group,(1964) on the commuting algebra, or centralizer culminated in the
paper of Higman (1967) which employs graph-theoretic ideas very closely
related to those of this discussions.

The connection between the theory of the commuting algebra and distance
transitive graphs is also can be found.



Hadamard Product

> Let A,B € M,,(C). Then the Hadamard product of A = [a;;] and B = [b;;],
denoted A ® B, is defined as (A ® B);j = a;;b;j, for 1 <i,j < n.



Hadamard Product

> Let A,B € M,,(C). Then the Hadamard product of A = [a;;] and B = [b;;],
denoted A ® B, is defined as (A ® B);j = a;;b;j, for 1 <i,j < n.

» Two matrices A, B € M,,(C) are said to be disjoint if their Hadamard product
is the zero matrix.



Hadamard Product

> Let A,B € M,,(C). Then the Hadamard product of A = [a;;] and B = [b;;],
denoted A ® B, is defined as (A ® B);j = a;;b;j, for 1 <i,j < n.

» Two matrices A, B € M,,(C) are said to be disjoint if their Hadamard product
is the zero matrix.

> Let S be a non-empty subset of M,,(C). Then S is said to be
if A€ S, forallA €S



Hadamard Product

> Let A,B € M,,(C). Then the Hadamard product of A = [a;;] and B = [b;;],
denoted A ® B, is defined as (A ® B);j = a;;b;j, for 1 <i,j < n.

» Two matrices A, B € M,,(C) are said to be disjoint if their Hadamard product
is the zero matrix.

> Let S be a non-empty subset of M,,(C). Then S is said to be

if A* € S, for all A € Sand is said to be
if A® B € S, whenever A, B € S. We denote the matrices

with entries either 0 or 1 as 0, 1-matrices.



Hadamard Product

> Let A,B € M,,(C). Then the Hadamard product of A = [a;;] and B = [b;;],
denoted A ® B, is defined as (A ® B);j = a;;b;j, for 1 <i,j < n.

» Two matrices A, B € M,,(C) are said to be disjoint if their Hadamard product
is the zero matrix.

> Let S be a non-empty subset of M,,(C). Then S is said to be

if A* € S, for all A € Sand is said to be
if A® B € S, whenever A, B € S. We denote the matrices

with entries either 0 or 1 as 0, 1-matrices.

Theorem (Higman [2], Brouwer, Cohen & Neumaier [4])

Let M be a vector subspace of symmetric n x n matrices. Then M has a basis of
mutually disjoint 0, 1-matrices if and only if M is closed under Hadamard
multiplication.
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Definition

A subalgebra of M, (C) containing the matrices I (Identity matrix) and J (matrix
with all entries being 1) is called a if it is closed under
conjugate-transposition and Hadamard product.

» M, (C) is the largest coherent algebra.
» The minimal polynomial of J is py(x) = x(x — n).
> Hence dim(C[J]) = 2. Also, the set {I,] — I} is the mutually disjoint 0, 1-matrix
basis for C[J].
» Thus, from Theorem 126, C[J] is a coherent algebra.
> As any coherent algebra contains both I and J, it is clear that C[J] is the smallest
coherent algebra.

> Note that C[J] = C[J — I] which is same as A(K},).
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Let P(# I) be a permutation matrix. Then it is easy to check that the set of all
matrices which commute with P is a non-trivial example of a coherent algebra.
For example, let

[0 1 0 0

0 01 0

W= 15 ¢ 3 " ¢

000 ..1
1 00 0]

The minimal polynomial of W, is x" — 1 = [T ®4(x)

dn
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Let P(# I) be a permutation matrix. Then it is easy to check that the set of all
matrices which commute with P is a non-trivial example of a coherent algebra.
For example, let

010 ... 0
001 ..0
Wy= 11t 1~
000 ...1
1 0 0 ... 0]
The minimal polynomial of W), is x" —1 = ]|_[ D;(x) and
d|n

{I, = WO, W} W2,..., W"-11 forms a basis of IF[W,].
We already observed that W, is the adjacency matrix of a directed cycle.
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Association Schemes

The theory offers a unifying frame work for studying combinatorial objects like
codes, designs, finite geometries and graphs with high regularity.
(Bannai-Ito Perspective).

1900’s: Finite group theory and Character1970’s: Coherent configurations (D.G.

theory (dating back to Frobenious, Higman).

Burnside and Schur). 1973’s: P Delsarte’s Thesis. “ An algebraic
1940’s: C-Algebras (Y-Kawada) approach to the association
1952’s: Experimental designs in statistics schemes of coding theory”.

(R.C.Bose, T. Shimatoto). 1984’s: Bannai-Ito book “Algebraic
1959’s: Algebras from association schemes Combinatorics Part-1, Association

(R.C.Bose and D. Mesner). schemes”.



Association Scheme: X = (Q), {R;}") of class m on a set Q. {R;}" , is partition of
Qx Q.

1. If (x,y) € Ry, then [{w € Q: (x,w) € R;, (w,y) € R;}| = pﬁ‘]
w

X k Y
2 {Ri};nzo = {RiT};nzo-
3. Rp = L.

> pi.‘j : intersection numbers.
> pY% = k; valency

> X is symmetric & R; = R}.
>

X is commutative < pf.‘]. = p;‘l



» Let G be a finite group acting transitively on a finite set (). Then acts on
QxQasg(x,y) =(g(x),8(y)). Let Ry, Ry, ..., R, be the G orbits of Q) x Q)
with Ry = {(x,x)|x € Q}.

> Let G be a finite group with conjugacy classes Cy, Cy, . .., C4. Define
(x,y) € R; & yx~! € C;. Then (G, {R;}) is a commutative association scheme
called group association scheme denoted x(G).

The Bose Mesner algebra of x(G) is isomorphic to the center of the group
algebra C[G]. In this sense the theory of finite groups is “contained” in the
theory of association schemes.



Primitive Schemes:Building blocks of all schemes

» Ambitious goal: Classify all primitive commutative Schemes

» Primitive Schemes serve as “building blocks” just like simple groups in the
finite group theory and prime numbers for the integers.

> An association scheme is primitive if all the relation graphs (), R;) are
connected graphs.

» The group-case x (G is primitive if the 1-point stabilizer of the action is a
maximal subgroup og G.

» The group association scheme x(G) is primitive if G is finite simple group.
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