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Unified bounds for the independence
number of graphs

Jiang Zhou

Abstract. The Hoffman ratio bound, Lovész theta function, and Schrijver theta function are classical
upper bounds for the independence number of graphs, which are useful in graph theory, extremal
combinatorics, and information theory. By using generalized inverses and eigenvalues of graph
matrices, we give bounds for independence sets and the independence number of graphs. Our
bounds unify the Lovasz theta function, Schrijver theta function, and Hoffman-type bounds, and
we obtain the necessary and sufficient conditions of graphs attaining these bounds. Our work leads
to some simple structural and spectral conditions for determining a maximum independent set, the
independence number, the Shannon capacity, and the Lovasz theta function of a graph.

1 Introduction

The independence number a(G) of graph G is the maximum size of independent
sets in G, which is an important graph parameter in graph theory. The following is
a celebrated upper bound given by Hoffman.

Theorem 1.1 5, Theorem 3.5.2] Let G be a k-regular (k # 0) graph with n vertices, and
let T be the minimum adjacency eigenvalue of G. Then

||
k-1
Ifan independent set C meets this bound, then every vertex not in C is adjacent to exactly
|7| vertices of C.

a(G)<n

The upper bound in Theorem 1.1 is often called Hoffman (ratio) bound for a(G).
Haemers generalized the Hoffman bound to the general case.

Theorem 1.2 (17, p. 17] = Let G be a graph with minimum degree §, and let A and T be
the maximum and the minimum adjacency eigenvalue of G, respectively. Then
Al

(X(G) < nm.
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2 J. Zhou

There are many Hoffman-type ratio bounds, which are useful in graph theory,
coding theory, and extremal combinatorics [8-10, 12, 13]. Some generalized Hoffman
ratio bounds involving adjacency eigenvalues, Laplacian eigenvalues, and normalized
Laplacian eigenvalues of graphs can be found in [14, 17, 18, 20].

For a graph G = (V, E), let G* denote the graph whose vertex set is V¥, in which
two vertices u; ... ug and v; ... v are adjacent if and only if for each i € {1,...,k}
either u; = v; or {u;,v;} € E (see [1]). The Shannon capacity [5, 23] of G is defined as

0(G) = lim a(G*)"* = sup a(G")'",

and represents the number of distinct messages per use the channel can communicate
with no error while used many times [1]. It is difficult to compute @(G) for a general
graph G, we do not even know the Shannon capacity of the cycle C; (see [4, 21]).

The Lovasz theta function 9(G) is an upper bound for «(G) introduced in [19],
which is a powerful tool for studying the Shannon capacity of graphs. Lovasz [19]
proved that «(G) < ©(G) < 9(G), and posed the problem of finding graphs with
O(G) = 9(G) (see Problem 1in [19]). The Schrijver theta function 9'(G) is a smaller
upper bound for a(G). Schrijver [22] proved that a(G) < 9'(G) < 9(G). By consid-
ering the relation between a(G) and the rank of matrices associated with G, Haemers
[16] proved that ®(G) is at most the minimum rank of a class of graph matrices.

Generalized inverses of graph matrices have important applications in random
walks on graphs [6] and the sparsification of graphs [24]. This paper uses generalized
inverses methods to study a(G), @(G), 9(G), and 9’(G), and gives bounds which
unify the Lovasz theta function, Schrijver theta function, and Hoffman-type bounds.
Based on the generalized inverses method, we obtain simple structural and spectral
conditions to determine a(G), ®(G), 9(G), and a maximum independent set in G.
Our conditions can also be used to find graphs with ®(G) = 9(G), which is a partial
answer to the problem posed by Lovasz.

The paper is organized as follows: In Section 2, we introduce some auxiliary
lemmas. In Section 3, we give bounds for the sizes of independent sets and the
independence number of graphs by using generalized inverses and eigenvalues of
graph matrices. In Sections 4-6, we show that our bounds unify the Lovasz theta
function, Schrijver theta function, and Hoffman-type bounds in [5, 14, 18, 20], and
obtain the necessary and sufficient conditions of graphs attaining the bounds. In
Section 7, we give some simple structural and spectral conditions for determining a
maximum independent set, the independence number, the Shannon capacity, and the
Lovasz theta function of a graph. Some concluding remarks are given in Section 8.

2 Preliminaries

For a real square matrix M, the group inverse of M, denoted by M*, is the matrix X such
that MXM = M, XMX = X, and MX = XM. It is known [2, p. 156] that M* exists if
and only if rank(M) = rank(M?). If M* exists, then M* is unique.

For a positive semidefinite real matrix M, there exists an orthogonal matrix U such
that

M = Udiag(Ay, ..., A,)UT,
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Unified bounds for the independence number of graphs 3

where diag(A;,...,1,) denotes a diagonal matrix with nonnegative diagonal
entries Ay, ..., A,. Weset M2 = Udiag(1?,...,A2)UT and M~ 2 = Udiag((A})?,. ..,
(A)2)UT, where A} = A7 if A; > 0,and A} = 0if A; = 0. Then

M* = Udiag()f,...,A5)UT = (M™7)2.

Lemma 2.1 [2, pp. 162-163]  Let M be a square matrix such that M* exists, and let
A # 0 be an eigenvalue of M with an eigenvector x. Then

M x = 17«
For a real matrix A, the Moore-Penrose inverse of A is the real matrix X such
that AXA = A, XAX = X, (AX)" = AX, and (XA)" = XA. Let A* denote the Moore-

Penrose inverse of A. It is well known that A* exists and is unique.
Let R(M) = {x : x = My, y € R"} denote the range of an m x n real matrix M.

Lemma 2.2 [2, pp. 43,49] Let A be a real matrix. Then
R(AAT) = R(A) = R(AA"),
(ATA*AT = A™.

Lemma 2.3 Let A be an nx m real matrix, and let x be a unit real vector of
dimension n. Then

xTAATx <1,
with equality if and only if x € R(A).

Proof It is known [2] that AA* is a real symmetric idempotent matrix. So each
eigenvalue of AA* is 0 or 1. For a unit real vector x, we have xTAA* x < 1, with equality
ifand only if x €¢ R(AA"). By Lemma 2.2, x € R(AA") is equivalent to x € R(A). =

We now introduce the Lovasz theta function defined in [19]. An orthonormal

representation of an n-vertex graph G is a set {u;,...,u,} of unit real vectors such
that u]u; = 0 if i and j are two nonadjacent vertices in G. The value of an orthonormal
representation {uy, ..., u, } is defined to be
. 1
min max

¢ i< (cTu;)?’

where ¢ ranges over all unit real vectors. The Lovdsz theta function 9(G) is the
minimum value of all orthonormal representations of G.

Let (M);; denote the (i, j)-entry of a matrix M, and let A;(A) denote the largest
eigenvalue of a real symmetric matrix A. The independence number «(G), the
Shannon capacity ®(G), and the Lovasz theta function 9(G) have the following
relations.

Lemma 2.4 [19] For any graph G, we have
a(G) <0(G) <9(G) = mAin/ll(A),

where A ranges over all real symmetric matrices indexed by vertices of G such that
(A)ij =1wheni= jori,jare two nonadjacent vertices.
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For a graph G, its Schrijver theta function 9'(G) is defined as [22]
9'(G) = min A(A),

where A ranges over all real symmetric matrices indexed by vertices of G such that
(A)ij >1when i = jor i, j are two nonadjacent vertices.

Lemma 2.5 [22] For any graph G, we have
a(G) <9'(G).

For an n-vertex graph G, the adjacency matrix A of G is an n x n symmetric matrix
with entries

1 if {i, j} € E(G),
(A)ij = {0) if {i, j} ¢ E(G),

where E(G) denotes the edge set of G. Eigenvalues of the adjacency matrix of G are
called adjacency eigenvalues of G. The largest adjacency eigenvalue of a graph has the
following upper bound.

The following lemma will be used later in the proof of Example 4.3.

Lemma 2.6 [3] Let G be a graph with adjacency matrix A. Then

M(A) < max \/d,d,,
{u,v}€E(G)

where d, denotes the degree of a vertex u.

3 Bounds for independent sets and independence number

Let A[S] denote the principal submatrix of a square matrix A determined by the rows
and columns whose index set is S. A real vector x = (x1,...,x,)" is called total nonzero
ifx;#0fori=1,...,n.

For an n-vertex graph G, let V(G) denote the vertex set of G, and let P(G) denote
the set of real matrix-vector pairs (M, x) such that:

(a) M is a positive semidefinite # x n matrix indexed by vertices of G.

(b) x = (x1,...,x,)" € R(M) is total nonzero and (M);jx;x; <0 if i, j are two
nonadjacent distinct vertices.

For (M, x) € P(G) and vertex subset T € V(G),let F(M, x) and Fr(M, x) denote
the following functions:

M
F(M,x) =x"M*x max (M)
ueV(G) x2

™* M
Fr( ) - E0% 5 ().

|T| ueT xri

In [14], Godsil and Newman gave bounds on the size of an independent set by using
positive semidefinite graph matrices. Motivated by the ideas of Godsil and Newman,
we give the following bounds in terms of generalized inverses of positive semidefinite
graph matrices.

https://doi.org/10.4153/50008414X23000822 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X23000822

Unified bounds for the independence number of graphs 5

Theorem 3.1 Let (M,x) € P(G) be a matrix-vector pair associated with an n-vertex
graph G. Then the following statements hold:
(1) For any independent set S of G, we have

S| < Fs(M, x),

with equality if and only if M[S] is diagonal and there exists a constant ¢ such that

%=C(V€S>,

cx, = Z(M)Vux;l (v¢9S).

uesS

(2) The independence number a(G) satisfies
a(G) < F(M,x),

with equality if and only if G has an independent set C such that M[C] is diagonal and

My (M)

= = € C ,
x2 uev(G)  x2 c(ved)
cXy = Z (M)Vux;1 (v¢ ).
ueC

Moreover, if an independent set C satisfies the above conditions, then

a(G) = |C| = F(M, x).

(3) Suppose that % > > (AQ"" are arranged in a decreasing order. If x(G) > t for
1 n
some positive integer t, then

a(G) < Fr(M, x),
where T ={1,...,t}.
Proof Since M:M™:M = M and x € R(M), we have
MiM ix=x.

For any independent set S of G, let y = (y1,..., ¥,)" be the vector such that

I ERS ifues,

y“_{m ifues.
By the Cauchy-Schwarz inequality, we have
ISP = (%) = (" M2 M2 x)? < (5" My) (x" M*x).

Since (M);jx;x; < 0 when i, j are two nonadjacent vertices, we get

(M) uu
x;

IS < (y"My)(x"M*x) <x"MFx )

ueS

>

S| < Fs(M, x),
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with equality if and only if M[S] is diagonal and there exists a constant ¢ such that
M?y=cM 2x, that is, My = cx (because M2 M~ 2x = x). When M[S] is diagonal,
My = cx is equivalent to

(AQW =c(vel),
cx, = E;(M)vux;l (v¢Ss).

So part (1) holds.
Notice that |S| < Fs(M, x) < F(M, x) for any independent set S of G. Hence

a(G) < F(M,x).
If the equality holds, then G has an independent set C such that M[C] is diagonal and

(M _ - (M)

x2  uev(G) X2 clved,
cxy = Y (M)yux, (v¢C).
ueC

If an independent set C satisfies the above conditions, then

IC]? = (z"x)? = (" M2 M~ 7x)? = (z' Mz)(x" M*x) = |C|[F(M, x),

|Cl = F(M, x),
where z = (z1,...,2,)" is the vector such that
L X ifuecC,
“o, ifu¢C.

Since a(G) < F(M, x), we have
Cl = a(G) = F(M, x).

So part (2) holds.
Suppose that % 202 % are arranged in a decreasing order. Let C be an
independent set such that |C| = a(G). If a(G) > ¢, then

a(G) < Fc(M,x) < Fr(M,x) (T={1,...,t}).
So part (3) holds. [

Remark 3.2 For a graph G, let M be a positive definite matrix indexed by vertices
of G such that (M);; = 0 if i, j are two nonadjacent distinct vertices. Then M* = M
and (M, x) € P(G) for any real vector x. By part (2) of Theorem 3.1, we have

M
a(G) <F(M,x) =x"M'x max (M)
ueV(G) X2

for any total nonzero vector x.
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The {1}-inverse of M is a matrix X such that MXM = M. If M is singular, then it
has infinite {1}-inverses (see [2, page 41]).

Remark 3.3 Let M be a real symmetric matrix. Since MM*M = MMM M = M for
any {1}-inverse M) of M, we have x" M*x = x" M x for any x € R(M). Hence, the
upper bounds given in Theorem 3.1 can be obtained from any {1}-inverse of M.

The signless Laplacian matrix of a graph G is defined as D + A, where D is the
diagonal matrix of vertex degrees of G, A is the adjacency matrix of G. The subdivision
graph of G, denoted by S(G), is a graph obtained from G by replacing each edge of G
by a path of length 2.

We can find concrete examples such that an upper bound derived from Theorem 3.1
is smaller than the Hoffman bound given in Theorem 1.2.

Example 3.4 Let G be a nonregular graph with n vertices, m edges, and minimum
degree § > 2. Then there exists (M, x) € P(S(G)) such that
(M), (m+n)A?

S(G)) = x"M* ,
AS(G) =x Mx max <

where A is the maximum adjacency eigenvalue of S(G).

21 BT
B DY)
where B is the vertex-edge incidence matrix of G, D is the diagonal matrix of vertex
T

degrees of G. Let x = (2; BD) (g) = (2;), where e is the all-ones vector, y is the
vector of vertex degrees of G. Let C be the independent set in S(G) corresponding to
the edge set of G, then (M, x) € P(S(G)) and C satisfy the conditions given in part
(2) of Theorem 3.1. By part (2) of Theorem 3.1, we get

M uu
a(S(G)) =x"M*x max %
uev(s(G))  x2

Proof The signless Laplacian matrix of S(G) can be written as M =

:|C|:m

Let A be the maximum adjacency eigenvalue of S(G), then —A is the minimum
adjacency eigenvalue of S(G) (because S(G) is bipartite). By Theorem 1.2, we have

M) +n)A?
a(S$(G)) =x"M*x max M) =m< (m+ A
ueV(S(G)) x2 4+ A2
We next show that the inequality is strict. It is known that A? is the maximum
eigenvalue of the signless Laplacian matrix of G, and A* > 47’”, with equality if and
only if G is regular (see [7, Theorems 2.4.4 and 7.8.6]). Since G is nonregular, we have

2 4m . (m+n)A?
A% > =% thatis m < 25

For a connected graph G, if M be a nonnegative matrix indexed by V(G) such
that (M);; > 0 if and only if #, j are two adjacent vertices, then M is irreducible. By
the Perron-Frobenius Theorem, the spectral radius p of M is a positive eigenvalue of
M, and there exists unique positive unit eigenvector associated with p. The following
eigenvalue bound follows from Theorem 3.1.
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Corollary 3.5 Let M be a positive semidefinite nonnegative matrix associated with a
connected graph G, and (M);; > 0 if and only if i, j are two adjacent vertices. Let p be
the spectral radius of M, and let x be the corresponding positive unit eigenvector. Then

M)
G)<p™! ( =,
a(G) <p i

Proof Since Mx = px, we have (M, x) € P(G). By Lemma 2.1, we get
M x=p7lx.
By part (2) of Theorem 3.1, we get

M uu - M uu
a(G) < F(M,x) = x"M*x max (M) =p7! max (M) .
ueV(G) X2 ueV(G) X2

The Laplacian matrix of a graph G is defined as L = D — A, where D is the diagonal
matrix of vertex degrees of G, A is the adjacency matrix of G. It is well known that L
is positive semidefinite. The following result follows from Theorem 3.1.

Corollary 3.6 Let G be a connected graph with Laplacian matrix L. For any total
nonzero vector x satisfying . ey (g) *u = 0, we have

a(G) < F(L,x).

Proof Since G is connected, the null space of L has dimension one. Since Le =0
for the all-ones vector e, we have x € R(L) for any vector x satisfying e"x = ¥ ,cv(q)
xyu = 0. By part (2) of Theorem 3.1, we get

a(G) < F(L, x). n

4 Lovasz theta function and Shannon capacity

For a graph G, let M(G) denote the set of real matrix-vector pairs (M, x) such that:

(a) M is a positive semidefinite matrix indexed by vertices of G such that (M);; = 0
if i, j are two nonadjacent distinct vertices.

(b) x € R(M) is a total nonzero vector.

Since M(G) is a subset of P(G), the notations F(M, x) and Fr(M, x) defined in
Section 3 can be used for (M, x) € M(G) directly.

In the following theorem, we show that the Lovész theta function 9(G) is a special
upper bound given in Theorem 3.1, and obtain the necessary and sufficient conditions
of graphs satisfying a(G) = 9(G).

Theorem 4.1 For any graph G, we have

a(G) < min F(M,x) =9(G),
(@)=, min F(M,x)=5(G)

with equality if and only if there exist (M,x) € M(G) and an independent set C
satisfying the conditions given in part (2) of Theorem 3.1.
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Proof By Theorem 3.1, we have

a(G) < min F(M,x),
( ) (M,x)eM(G) ( )
with equality if and only if there exist (M, x) € M(G) and an independent set C
satisfying the conditions in part (2) of Theorem 3.1. We need to prove that the
minimum value equals to 9(G).

We first prove that the minimum value does not exceed 9(G). Let ¢, uy, ..., u, be
unit real vectors such that {uy,...,u,} is an orthonormal representation of G and
9(G) = max

1<i<n (cTui)Z ’

Let U be the matrix whose ith column is u;, then each diagonal entry of U U is 1. Take
z="U"¢, then (U'U,z) €e M(G) and

zi=c'u; 20, i=1,...,n.

By Lemmas 2.2 and 2.3, we have

1
F(U'U,z) =z' (U'U)*zmax — = 9(G)c"UU"c < 9(G).

I<i<n z;
So we have

i F(M,x) <F(U'U,z) < 9(G).
LD E(MLx) < F(UTUL2) € 9(6)
We turn to prove that mingy,yeni(g) F(M,x) is at least 9(G). There exists
(Mo, y) € M(G) such that
Mo)ii .
F(Mo,y) = y" (Mo)* Mo)is _ F(M,x).
(Mo, y) = y' (Mo)"y max SR Y (M, x)
Since M, is positive semidefinite, there exists real matrix B such that M, = B" B. Since
y € R(Mp), we can choose y such that y = B'¢ for a unit real vector ¢ € R(B). Let b;
be the ith column of B. By Lemmas 2.2 and 2.3, we have
blb; blb;

T " (Mo)ii _ 1pp+ _
F(Mo y) =y (Mo)'y max =57 = ¢ B emax 5y 37 = X 7oy

We next prove that F(My, y) > 9(G) by using the method similar with proof of [19,
Theorem 3]. Let A = (a;j) nxn be the matrix with entries

aiizl,izl,...,f’l,
gzl bib; _ (My)s e
Y (cTbi)(cTbj) yiy; o

By Lemma 2.4, we get
M(A) > 9(G).
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We set

Th.
B=F(My,y)= in (c7h;)?2

B b\ bj o
_aij_(c— (chi)) (c— (chj))’ i+ ],

bi ! bi b:bz
foau= (C_ (CTbi)) (C_ (CTbi)) p- (cTbi)?

Hence, I — A (I is the identity matrix) is positive semidefinite, that is,
F(M,x)=B2>M(A) > 9(G). ]

then

min
(M,x)eM(G)
The following conclusion comes from Theorems 3.1 and 4.1 and Lemma 2.4.

Theorem 4.2 Let (M, x) e M(G) be a matrix-vector pair for graph G. If G has an
independent set C such that (M, x) and C satisfy the conditions given in part (2) of
Theorem 3.1, then

a(G) = ©(G) = 9(G) = |C| = F(M, x).

A bipartite graph G is called semiregular with parameters (ny, ny, 11, 72) if V(G)
has a bipartition V(G) = V; U V; such that |Vj| = ny,|V;| = n, and vertices in the same
color class have the same degree (n; vertices of degree r;, i = 1,2).

Let I denote the identity matrix. The following are some examples for Theorem 4.2.

Example 4.3 Let G be a graph with a spanning subgraph H, and let H be a semireg-
ular bipartite graph with parameters (11, ny,11,72) (1171 = nary > 0,1y < ny). If the
independent set with n, vertices in H is also an independent set in G, then

a(G) = ©(G) = 9(G) = ny.

B 0
(column) sum of B € R"*" is r; (r,). By Lemma 2.6, we have 1;(A) < \/r17;. Then

Al(BBT) = /\1(A2) < rra.

Proof The adjacency matrix of H can be written as A = ), and each row

T11 BT
B 1’21
Since the Schur complement

Let M = ( ), then the all-ones vector e € R(M) because Me = (11 +13)e.
2l = r;'BB" = r{'(rir,] - BB")

is positive semidefinite, M is positive semidefinite. Hence (M, e¢) € M(G). Let C be
the independent set with n, vertices in H, which is also an independent set in G.
Since (M, ¢) and C satisfy the conditions given in part (2) of Theorem 3.1, then by
Theorem 4.2, we have

a(G) = ©(G) = 9(G) = |C| = a(H). n
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For two disjoint graphs G; and Gy, let G; v G, denote the graph obtaiged from the
union of G; and G, by joining each vertex of G; to each vertex of G,. Let G denote the
complement of a graph G.

Example 4.4 Let G be an n-vertex graph with minimum degree §. For any integer
s> n— 0§, we have

a(GVK)=0(GVK)=9(GVK)=s,

where K; is the complete graph with s vertices.

Proof The adjacency matrix of G v K, can be written as ]TO ]s:l”), where A is
sXn
the adjacency matrix of G, Jsx, is the s x n all-ones matrix. Let L be the Laplacian

1 — SI ]SXH
matrix of G, and let M = ( T ool

). Then the all-ones vector e € R(M) because
sXn
Me = (s + n)e. Since the Schur complement

nl=L=s" T oxn

equals to the Laplacian matrix of G (which is positive semidefinite), M is positive
semidefinite. Hence (M, e) € M(G). Let C be the independent set of size s in G v K.
Since (M, e) and C satisfy the conditions given in part (2) of Theorem 3.1, then by
Theorem 4.2, we have

a(GVK,)=0(GVK,)=9(GVK;,) =|C| =s. [
Lete = (1,...,1)T denote the all-ones vector.

Corollary 4.5 Let G be a graph with adjacency matrix A and A + Al is positive definite
for some A > 0. Then

a(G) <Ae"(A+AD)7e,

with equality if and only if there exists an independent set C such that every vertex not
in C is adjacent to exactly A vertices of C. Moreovet, if an independent set C satisfies the
above condition, then

a(G) =0(G) =9(G) =|C| = AeT (A + AD)'e.

Proof Since A+ Al is positive definite, we have (A+ Al e) e M(G) and F(A+
Al e) = Xe™ (A + AI)'e. The conclusions follow from Theorems 3.1 and 4.2. [

The following is an example for Corollary 4.5.

Example 4.6  For the path P,i.; with 2k + 1 vertices, let C be the independent set in
Pyy11 with k + 1 vertices. Then every vertex not in C is adjacent to exactly two vertices
of C. By Corollary 4.5, we have

a(Pyis1) = O(Paiy1) = 9(Poxs1) = |Cl = 2eT (A+2D) re =k +1,

where A is the adjacency matrix of Pj.;.
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A clique covering of Gis aset € = {Qy, ..., Q,} of cliques in G that cover all edges
of G, that is, each edge of G belongs to at least one Q;. For a clique covering ¢ and a
vertex u of G, the e-degree of u is the number of cliques in ¢ containing u, denoted
by d;,. The clique covering matrix A, is the n x n symmetric matrix with entries

d, if i = j,
(Ag),‘j= Wijs if{i,j}EE(G)>
0, if {i,} ¢ E(G),

where w;; is the number of cliques in ¢ containing the edge {1, j}.

Theorem 4.7  Let G be a graph without isolated vertices. For any clique covering € of G,
we have

a(G) < F(Ag, x),

where x is a vector satisfying x, = d,. The equality holds if and only if there exists an
independent set C such that d;, = min,y (g d;, for eachv € C, and |C n Q| = 1 for each
Q € &. Moreover, if an independent set C satisfies the above conditions, then

«(G) = ©(G) = 9(G) = |C| = F(A., x).

Proof For a clique covering € = {Qy, ..., Q,} of G, the corresponding vertex-clique
incidence matrix B is a |V (G)| x r matrix with entries
L ifie V(G),i€Q;j,
(B)ij = o )
0, ifie V(G),i¢Q;.

Then BB™ = A.. Notice that x = Be € R(B) = R(A;), so (A, x) € M(G). The conclu-
sions follow from Theorems 3.1 and 4.2. ]

The following is an example for Theorem 4.7.

Example 4.8 'The graph G in Figure 1 has a clique covering € = {Q;, Qy, Q3 }, where
Q1=1{1,2,3},Q,=12,4,5},Q3 ={3,5,6}. Then G has e-degrees df =1, d} =2,
d; =2,d5=1,df =2,d =1 (see [25]). The independent set C = {1, 4, 6} satisfies the
conditions in Theorem 4.7. So we have

a(G) = ©(G) = 9(G) = |C| = 3.

Let m(H) denote the matching number of a hypergraph H. The intersection graph
Q(H) of H has vertex set E(H), and two vertices fi, f, of Q(H) are adjacent if and
only if fi n f, # @. Clearly, we have m(H) = a(Q(H)). The vertex-edge incidence
matrix Bof Hisa |V (H)| x |[E(H)| matrix with entries

B) . < 1, ifueV(H),ue feE(H),
Bas =1, ifueV(H),u¢feE(H).

We say that H is k-uniform if each edge of H has exactly k vertices.
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(8]
w

Figure I: Graph G.

Theorem 4.9  Let H be a k-uniform hypergraph without isolated vertices, and let B be
the vertex-edge incidence matrix of H. Then

m(H) < ke" (B"B)”e,
with equality if and only if H has a perfect matching. If H has a perfect matching, then
m(H) = 0(Q(H)) = 9(Q(H)) = ke (B"B)*e.

Proof Notice that e=k™B"e e R(B") = R(B"B), so (B"B,e) e M(Q(H)) and
F(B"B,e) = ke"(B"B)*e. The conclusions follow from Theorems 3.1 and 4.2. ]

5 Schrijver theta function

In the following theorem, we show that the Schrijver theta function 9(G) is the
minimum upper bound given in part (2) of Theorem 3.1, and obtain the necessary
and sufficient conditions of graphs satisfying a(G) = 9'(G).

Theorem 5.1 For any graph G, we have

G) < i F(M,x) =9(G),
a( )_(M)gggg(G)( x) =9'(G)

with equality if and only if there exist (M, x) € P(G) and an independent set C satisfying
the conditions given in part (2) of Theorem 3.1.

Proof By Theorem 3.1, we have

G) < in F(M,x),
«(G) < (M,fcr)lég(c) (M, x)
with equality if and only if there exist (M, x) € P(G) and an independent set C
satisfying the conditions given in part (2) of Theorem 3.1. We will prove that the
minimum value equals to 9'(G) by using the method similar with proof of [19,
Theorem 3].
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We first prove that the minimum value does not exceed 9'(G). Let A = (@) nxn
be the real symmetric matrix indexed by vertices of G such that 1;(A) = 9’(G), and
a;j >1 when i = j or i, j are two nonadjacent vertices. Then 9'(G)I — A is positive
semidefinite. So there exists real matrix T such that

Y(G-A=T'T

and the rank of T is smaller than the number of rows of T. Let ¢ be a unit real vector
such that ¢" T = 0. Suppose that t; is the ith column of T, then

tit;=9'(G)dij — aij,
where §;; =1if i = j,and §;; = 0if i # j. We set
ui=9(G) 2 (c+t;),i=1...,n
and let U be the matrix whose ith column is u;. Then
(UTU);i =9(G) 1+ 9'(G) —ai;) <1, i e V(G),
(UT0)ij=9(G) " (1-aij) <0, {i,j} ¢ E(G).

Take z=UTc, then z; = cTu; = 9(G)™2 (i=1,...,n) and (UTU,z) € P(G). By
Lemmas 2.2 and 2.3, we have

1<i<n

F(U'U,z) = T(UTU)#zmax( )”<9(G)c UU'c<9(G).

So we have

min F(M,x)<F(U'U,z) <9 (G).
i F(M.%) < F(UTU2) < 9'(G)

We next prove that miny, vyep(g) F(M, x) is atleast 9'(G). There exists (M, y) €
P(G) such that

F(Mo,y) = y" (Mo)"y max 20)i1

1<i<n yi

min  F(M,x).
(M,x)eP(G)

Since M, is positive semidefinite, there exists matrix B such that M, = B" B. Since
y € R(My), we can choose y such that y = B” ¢ for a unit real vector ¢ € R(B). Let b;
be the ith column of B. By Lemmas 2.2 and 2.3, we have

( 0)” blb; blb;

# _ T + -
FMo,y) =y (Mo)y e == = € B e e f e ™ B o

Let A = (a;j)nxn be the matrix with entries

tliizl, izl,...,l’l,

Lo bty (Mo)y oy
N (cTbi)(cTb;) yiyi
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Since (My)ijyiy;j < 0 for nonadjacent vertices i, j, we have a;; > 1 when i = j or i, j
are two nonadjacent vertices. By the definition of 9'(G), we have

M(A) 2 9'(G).
We set

~ F(Mo,y) = max 20
ﬁ_ ( O’y)_lr?ig (CTbi)z’

B b\ bj .
—aij_(c— (ch,-)) (C— (CTbj)), 1# ],

b,' ! bi b;rbz
foau= (C_ (CTbi)) (C_ (CTbi))+ﬁ_ (cTbi)?

Hence, I — A is positive semidefinite, that is,

i F(M,x)=8>1(4A) > 9(G).
(Mggjg(c)( x) =B 2M(A)29(G)

then

The following is an example for a graph G satisfying a(G) = 9'(G) < 9(G) (see
[22]).

Example 5.2 [22] Let G be a graph with vertex set {0,1}°, and two vertices are
adjacent if and only if their Hamming distance is at most 3. Then {000000, 001111,
110011, 111100} is an independent set of G. It is known that 4 = 9'(G) < 9(G) =16/3.

By Theorems 3.1 and 5.1 and Lemma 2.5, we can get the following conclusion.

Theorem 5.3 Let (M,x) € P(G) be a matrix-vector pair for graph G. If G has an
independent set C such that (M, x) and C satisfy the conditions given in part (2) of
Theorem 3.1, then

a(G) = 9'(G) =|C| = F(M, x).
6 Hoffman-type bounds

In this section, we show that the Hoffman-type bounds in [5, 14, 18, 20] are special
cases of Theorem 3.1.

By Theorem 3.1, we can get the following classical Hoffman bound, and obtain
the necessary and sufficient conditions of graphs attaining the Hoffman bound. The
necessary condition of the equality case given in Theorem 1.1 is indeed a sufficient
condition.

Corollary 6.1 Let G be a k-regular (k + 0) graph with n vertices, and let T be the
minimum adjacency eigenvalue of G. Then

7]
G)<n—-—,
o )_nk—r
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with equality if and only if there exists an independent set C such that every vertex not
in Cis adjacent to exactly | 7| vertices of C. Moreover, if an independent set C satisfies the
above condition, then

«(G) = O(G) = 9(G) = [C| = nIJ%'

Proof Since G is k-regular, we have (A — 71, e) € M(G), where A is the adjacency
matrix of G. By Lemma 2.1, we get

(A-1D)*e=(k-1)"e,
F(A-1lLe) =|tle"(A-1I)*e = n%

The conclusions follow from Theorems 3.1 and 4.2. ]

Let d,, denote the degree of a vertex u, and let ds = [S|™' 3 ,,cs du denote the average
degree in a vertex set S. The largest Laplacian eigenvalue of a graph G is the largest
eigenvalue of the Laplacian matrix of G.

The following bound for independent sets was given in Theorem 4.3 of [14] without
sufficient condition of the equality case.

Corollary 6.2 [14] Let G be an n-vertex graph with the largest Laplacian eigenvalue
y > 0. For any independent set S of G, we have

with equality if and only if there exists a constant d such that d,, = d for each u € S, and
every vertex not in S is adjacent to exactly y — d vertices of S.

Proof LetLbethe Laplacian matrix of G. Since (uI — L)e = pe,wehave (ul — L, ¢) €
M(G). By Lemma 2.1, we get

(ul - L)#e = y_le,

~d, =n _
Fs(yI—L,e):eT(yI—L)#eZ‘u|S| :p(‘u—dg).
ues

The conclusion follows from part (1) of Theorem 3.1. [ |

The following bound was given independently in [20] and [14], and the necessary
condition of the equality case was given in Theorem 3.2 of [20].

Corollary 6.3 [14,20]  Let G be an n-vertex graph with the largest Laplacian eigenvalue
y > 0 and the minimum degree 8. Then
a(G) < M
¢

with equality if and only if there exists an independent set C such that d,, = § for each
u € C, and every vertex not in C is adjacent to exactly y — § vertices of C. Moreover, if
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an independent set C satisfies the above conditions, then
n(u-20
a(G) =0(G) = 9(G) =|C| = (“y)
Proof LetLbethe Laplacian matrix of G. Since (uI — L)e = ye,wehave (uI — L, e) €
M(G). By Lemma 2.1, we get
(WI-L)*e=ype,

FWI—ua:<y—®e%m>Lre:”W;5X

The conclusions follow from Theorems 3.1 and 4.2. ]

For a graph G without isolated vertices, the normalized Laplacian matrix £ of G is
the n x n symmetric matrix with entries

1, ifi = j,
(L)ij={-(did;)"7, if{i,j} € E(G),
0, if {i, j} ¢ E(G).

The largest normalized Laplacian eigenvalue of G is the largest eigenvalue of £.
The following bound was given in [18] without necessary and sufficient conditions
of the equality case.

Corollary 6.4 [18] Let G be a graph with m edges, the largest normalized Laplacian
eigenvalue y and the minimum degree § > 0. Then

2m(p—1)
7
with equality if and only if there exists an independent set C such that d,, = § for each

u € C, and every vertex v not in C is adjacent to exactly (u — 1)d,, vertices of C. Moreover,
if an independent set C satisfies the above conditions, then

_2m(p—1)
=

a(G) <

>

«(G) = 0(G) =9(G) =[C]|

Proof Let £ be the normalized Laplacian matrix of G, and let x = (dI% yeens dé ).
Since (puI — £)x = pux, we have (uI - £,x) € M(G). By Lemma 2.1, we get

(I -L)'x=y'x,

F(ul-L,x) = MT_le(‘uI—L)#x = 2111(:8—1)

The conclusions follow from Theorems 3.1 and 4.2. ]

The following bound was given in Theorem 6.1 of [14] without necessary and
sufficient conditions of the equality case.

Corollary 6.5 [14]  Let G be an n-vertex graph, and M is a positive semidefinite matrix
indexed by vertices of G such that:
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(a) (M);j < 0if i, j are two nonadjacent vertices.
(b) M has constant row sum r > 0.

(c) Every diagonal entry of M is t.

Then

t
a(G) < i,
r

with equality if and only if G has an independent set C such that M[C] is diagonal
and Y ec(M)yy =t (v ¢ C). Moreover, if an independent set C satisfies the above
conditions, then

«(G) = 9'(G) = |C| = ”{

Proof Since Me = re, we have (M, ¢) € P(G). By Lemma 2.1, we get
MPe=r"e,

t
F(M,e) =te'M*e="",
r

The conclusions follow from Theorems 3.1 and 5.3. [ |

7 Structural and spectral conditions

Let §(G) denote the minimum degree of a graph G. In the following theorem, we
give some simple structural and spectral conditions for determining the independence
number «(G), the Shannon capacity @(G), and the Lovész theta function 9(G).
These conditions mean that if a given independent set C satisfies some properties,
then C must be a maximum independent set in G, and @(G) = 9(G) =|C|.

Theorem 7.1 Let G be a graph with an independent set C. Then
a(G) =0(G) = 9(G) = [C|

if C satisfies one of the following conditions:

(1) Every vertex not in C is adjacent to exactly A > —7 vertices of C, where 7 is the
minimum adjacency eigenvalue of G.

(2) Every vertex not in C is adjacent to exactly —t vertices of C and G is regular, where
7 < 0 is the minimum adjacency eigenvalue of G.

(3) dy =08(G) for each u € C, and every vertex not in C is adjacent to exactly
y — 6(G) vertices of C, where y > 0 is the largest Laplacian eigenvalue of G.

(4) d, = 8(G) > 0 for each u € C, and every vertex v not in C is adjacent to exactly
(p = 1)d, vertices of C, where u is the largest normalized Laplacian eigenvalue of G.

(5) Every vertex not in C is adjacent to all vertices of C and 2|C| > |V (G)| -
8(G-C).

(6) G has a spanning subgraph H (§(H) > 0) which is semiregular bipartite with
parameters (ny, na, 11, 12) (11 < ny), and Cis the independent set with n, vertices in H.

(7) There exists a clique covering € such that d; = min,cy () d;, > 0 for each v € C,
and |Cn Q| =1foreach Q € ¢.

(8) There exists a uniform hypergraph H such that G = Q(H) and C corresponds to
a perfect matching in H.
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Proof Parts (1) and (2) follow from Corollaries 4.5 and 6.1, respectively. Parts (3)
and (4) follow from Corollaries 6.3 and 6.4, respectively. Parts (5) and (6) follow from
Examples 4.4 and 4.3, respectively. Parts (7) and (8) follow from Theorems 4.7 and 4.9,
respectively. [ ]

A family F of k-subsets of {1,...,n} is called intersecting if F, N F, + @ for any
F,F, € F. For n > 2k, Erdos, Ko, and Rado [11] proved that the maximum size of
intersecting families of {1,...,n} is ().

The Kneser graph K(n, k) is a graph whose vertices consist of all k-subsets of
{1,...,n},and twovertices U;, U, € {1,...,n} areadjacentifand onlyif Uy n U, = @.
The Erdés-Ko-Rado Theorem is equivalent to say that a (K(n, k)) = (Zj) for n > 2k.
It is known [15, Theorem 9.4.3] that the minimum adjacency eigenvalue of K(n, k)
is —(";]_cl_l). By computation, the Hoffman bound for K(n, k) is (z:;) So we have
a(K(n,k)) = (4_}) because K(n, k) has an independent set of size (} ).

We can also obtain the EKR Theorem without using the Hoffman bound. All
k-subsets containing a fixed vertex 1 forms an independent set C of size ("71), and

k-1
n—k-1

every vertex not in C is adjacent to exactly ( o1 ) vertices of C. From part (2) of

Theorem 7.1, we have

&(K (k) = (K (k) = 9(K(m ) =Icl = (; ).

8 Concluding remarks

Let M®* denote the Kronecker product of k copies of matrix M. If there is some k such
that a(G*) = 9(G)¥, then ®(G) = 9(G). We can derive the following characteriza-
tion of graphs satisfying a(G*) = 9(G)*.

Theorem 8.1 Let (M, x) € M(G) be a matrix-vector pair for graph G such that 9(G) =
F(M, x). There is some k such that «(G*) = 9(G)* ifand only if G¥ has an independent
set C such that (M®*, x®%) and C satisfy the conditions given in part (2) of Theorem 3.1,
Moreover, if G has an independent set C satisfies the above conditions, then

a(G¥) = 9(G) = 0(G)* =|C|.

Proof Since (M, x) € M(G), we have (M®*, x®%) e M(G*). By Theorem 3.1, we
have

a(GF) < F(M®%, x®%) = F(M, x)* = 9(G)¥,
with equality if and only if G¥ has an independent set C such that (M®*, x®*) and

C satisfy the conditions given in part (2) of Theorem 3.1. Moreover, if G¥ has an
independent set C satisfies the above conditions, then by Theorem 4.2, we have

a(G*) = 9(G*) = ©(G*) = |C| = F(M, x)* = 9(G)*.

Since a(G*)* < ©(G) < 9(G), we have ©(G) = 9(G). n
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In [19], Lovasz proved that ®(Cs) = \/5. The cycle Cs is also an example for
Theorem 8.1.

Example8.2 Let A be the adjacency matrix of the cycle Cs, then (A + 21, ¢) € M(Cs)
and ((A +2I)%®% e®?) e M(C?). Suppose that {0,1,2,3,4} is the vertex set of Cs
and E(Cs) = {{0,1},{1,2},{2,3},{3,4}, {4,0}}. Then S = {00,12,24,31,43} is an
independent set of CZ. By computation, we know that ((A + 21)®2, e®?) and § satisfy
the conditions given in part (2) of Theorem 3.1. By Theorem 8.1, we have a(C2) =
9(C5)2 = @(C5)2 =5.
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