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Abstract. The eigenvalue problem of structured matrices has always been a significant research topic in
matrix analysis. In this paper, we present a new upper bound on the spectral radius of nonnegative matrices
involving the Hadamard product, which generalizes and improves some existing ones. For two n X n
nonsingular M-matrices A and B, some new lower bounds for the minimum eigenvalue related to the Fan
product of A and B are obtained, and meanwhile, the detailed analysis and theoretical comparison between
the newly proposed lower bounds and some existing results are also investigated. These estimations that
only depend on the entries of the given matrices are not difficult to implement. To further illustrate the
effectiveness of the main results, some numerical examples are given.

1. Introduction

For a positive integer n, the letter N denotes the set {1,2,...,1n}. We say that a matrix A = (a;)) is
nonnegative if all its entries are nonnegative, i.e., a;; > Oforalli,j = 1,2,...,n. AnnXn matrix A is reducible
if there exists an n X n permutation matrix P such that

Tap_ (A An

pap= [ty )
where Ajq isan v X (1 < r < n) submatrix and Ay; is an (1 — ¥) X (n — r) submatrix. Otherwise, the matrix A
is said to be irreducible. The Hadamard product of an n X n matrix A = (4;;) and an n X n matrix B = (b)),
denoted by A o B, can be defined as an 1 X n matrix with its entries a;;b;; for all ,j = 1,2,...,n (see [5]). In
particular, Al = Ao A. The spectral radius of A is defined as p(A) = max{|A| : A € 6(A)}, where 6(A) denotes
the set of all eigenvalues of A. As the special class of matrix eigenvalue, the estimate on the spectral radius
for the Hadamard product of nonnegative matrices is one of the important research contents in matrix
theory due to its extensive theoretical and practical prospects [5].
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Given any two n X n nonnegative matrices A = (a;;) and B = (b;j). Two classical inequalities for the
spectral radius of the Hadamard product of nonnegative matrices A and B are independently proposed in
[5] and [3], and we restate them below:

p(A o B) < p(A)p(B) (1.1)
and

p(AoB) < %%X{Zﬂﬁbii + p(A)p(B) — a;;p(B) — biip(A)}. (1.2)

Obviously, the inequalities (1.1) and (1.2) are simple and beautiful in form and structure, and the upper
bound for p(A o B) in the inequality (1.2) is sharper than the one in the inequality (1.1), but they may be
relatively rough in concrete applications.

Define Ja = DIlLA with Dy = diag(dn,dzz, e rdnn) and s = D;lLB with D, = diag(su,szz,
«.+,Sun), Where

1, ifaii = 0, 1, if b,‘i = 0,

and Ly = A — D4 with Dy = diag(a;;), Lg = B — D with Dp = diag(b;;). According to the different cases
between the zero and the diagonal elements of two nonnegative matrices A and B, Huang [7] established
some inequalities of the spectral radius p(A o B) for two nonnegative matrices A and B, which can be

described as follows:
(1) If a;;b;; # 0 for all i € N, then

i = { ai, ifag#0, { bi, ifbi#0,

p(A o B) < max{aiibi + aiibiip(Ja)p(Js)}- (1.3)
(2) If a;,, # 0 or bj,;, # O for some iy, but a;;b;; = 0 for all i € N, then

p(AoB) < p(Ja)p(Js) rﬁ%’X{ﬂii, bii}. (1.4)
(3)Ifa; =0and b; = 0 for all i € N, then

p(A o B) < p(Ja)p(Jp)- (15)

(4) If a;yi biyi, # 0 and a;y;,bj,j, = 0 for some iy, jo € N, then the upper bound on p(A o B) is the maximum
value of the upper bounds of (1.3)-(1.5).

In [8], Liu and Chen applied the inequality for the Perron root of nonnegative matrices, and then
presented the following inequality (1.6) depicting the upper bound of the spectral radius p(A o B) for two
nonnegative matrices A = (;;) and B = (b;)):

1
p(AoB) < max E{aiibii +ajbj; + ((ﬂz’ibii —ajibj;)* + 4(p(A) — a;)(p(B) — by)

(P(A) = a;)(p(B) = b))’} (1.6)

In [9], Liu et al. provided some improved upper bounds for the spectral radius p(A o B) of two
nonnegative matrices A = (;;) and B = (b;;), which are recalled as follows:
(1) If a;;b;; # 0 for all i € N, then

p(A o B) < I’XrlleaNX %{L’l,‘ibii + a]']'b]']' + ((ﬂiibﬁ - Llj]'b]'j)z + 4aﬁbiia]-jbjjp2(]A)pz(]B))E}. (1.7)
i#]
(2) If a;,;, # 0 or bjy;, # 0 for some iy, but a;;b;; = 0 for all i € N, then

ioio

p(AoB) < P(]A)P(]B)I%%X{ \aiiajj, A/biibjj}. (1.8)
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(3) Ifa; = 0 and b; = 0 for all i € N, then the upper bound for p(A o B) is the same as the upper bound in
(1.5).

(4) If ajyi,biyi, # 0 and ajy;,bj,;, = 0 for some iy, jo € N, then the upper bound on p(A o B) is the maximum
value of the upper bounds of (1.5) and (1.7)-(1.8).

Consider an X n nonnegative matrix A = (a;), we define the following notations

R; di, di#0

e . = b o= a.h e .. - 17 ] 4

R; = E 'Ialkl, di = |aﬁ|,m,z =ajihj, m; = n}gx{mﬂ},h] = { 1, di=0,
keN k+i

for all i, j € N, which are useful in later analysis. With the help of the notations defined above, Li et al.
[12] derived an upper bound of the spectral radius p(A o B) for nonnegative matrices A and B, which is the
following theorem.

Theorem 1.1. [12] Let A = (a;;) and B = (b;;) be two n X n nonnegative matrices. Then

by

L |bil
p(AoB) < r{g}x {aiibll + m; Z ,_ . (1.9)
keN k#i

Subsequently, Zhou and Li [15] obtained the following new upper bound for the spectral radius p(A o B),
which generalized the inequality (1.9) in Theorem 1.1.

Theorem 1.2. [15] Let A = (a;;) and B = (b;;) be two n X n nonnegative matrices, 0 < a < 1. Then

a 1-a
1 by
p(AoB) < l’fglx a;ibi; + (; Z mkla,-kbikl] [mi Z %] . (1.10)

! keN ki keN k+i

Recently, Li and Hai [10] proposed two improved inequalities to characterize the upper bound of the
spectral radius p(A o B) for two nonnegative matrices A = (4;;) and B = (b;;), and one of the two inequalities
is restated as below:

(1) If a;;b;; # 0 for all i € N, then

.. ot (121 41 (712]
p(A o B) < max {aibi +aibip* (J57) p* (5} (1.11)
(2) If a;,;, # 0 or bjy;, # 0 for some iy, but a;;b;; = 0 for all i € N, then
1121\ 1 (4121 .
p(A o B) < p* (1) p* (1) maxdas, bi). (1.12)
(B)Ifa; =0and b; = 0foralli € N, then
p(AoB) < p? (1) 2 (15). (1.13)

(4) If ajyi,bii, # 0 and ajy;,bjy;, = 0 for some iy, jo € N, then the upper bound on p(A o B) is the maximum
value of the upper bounds of (1.11)-(1.13).

Also in [10], the following inequalities gave some upper bounds of the spectral radius p(A o B) for two
nonnegative matrices A = (a;)) and B = (b;j), which theoretically improve ones in (1.11)-(1.13).

(1) If a;;b;; # 0 for all i € N, then

[SIE

p(A oB) < I’II’JIEaNX % {aiib,-,- + le]‘b]']' + ((llﬁl’]ﬁ - a]‘]‘b]‘j)z + 4aiibiiujjbjjp (]/[42]) P (]5]))
i#]

(2)Ifaj, #0o0rb

} . (1.14)
# 0 for some iy, but a;b; = 0 for all i € N, then

ioio

p(AoB) < p? ( fl)p% ( g])r%%]x{ N Jbibjs). (1.15)
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(3) Ifa; = 0 and b; = 0 for all i € N, then the upper bound for p(A o B) is the same as the upper bound in
(1.13).

(4) If ajyi,bii, # 0 and ajy;,bj,;, = 0 for some iy, jo € N, then the upper bound on p(A o B) is the maximum
value of the upper bounds of (1.13)-(1.15).

In 1964, Ky Fan [4] introduced the definition of the Fan product for matrices, which is a useful concept
in investigating the bound for the minimum eigenvalue of nonsingular M-matrices. The Fan product of an
n X n matrix A = (a;;) and an n X n matrix B = (b;j) is defined as an n X n matrix A x B = (c;;), where

P LA
Y ai]‘b,’]’, l=]

We say that a matrix A is a Z-matrix if all of its off-diagonal entries are nonpositive. Annxn matrix A is called
an M-matrix if there exists an n X n nonnegative matrix B and a real number n > p(B) such that A = nl — B,
where I denotes the n X n identity matrix. If 7 > p(B), then the matrix A is a nonsingular M-matrix [1].
Under the Fan product of matrices, two M-matrices are closed [5]. Denote 7(A) = min{Re(A) : A € o(A)}. It
should be pointed out that the minimum eigenvalue for the Fan product of two nonsingular M-matrices has
caused the concern and attention of many scholars. The well-known inequality of the minimum eigenvalue
T(A % B) for two n X n nonsingular M-matrices A and B, which can be found in [5], is obtained as follows:

(A % B) > ©(A)T(B). (1.16)

Observing the inequality (1.16), we find in form that there are some similarities with the inequality (1.1),
which motivates ones to investigate the minimum eigenvalue for the Fan product of two nonsingular M-
matrices by analogy with the results on the spectral radius of the Hadamard product of two nonnegative
matrices. For an n X n nonsingular M-matrix A = (a;;), we define [, = D7'N, where N = D — A and
D = diag(ai1,az, ... ,am). Based on the above facts, the inequalities (1.17)-(1.20) depicting the lower bound
of the minimum eigenvalue (A x B) for two n X n nonsingular M-matrices A = (a;;) and B = (b;j) were given
as follows, and the readers can refer to the relevant literature [3, 7-9].

T(A % B) > 1’2}\}’1{0{1’1’(3) + biit(A) — t(A)T(B)}, (1.17)
(A% B) 2 (1= p(T))p(y)) mintaibi}, (L18)

1
T(A* B) > min E{aiibii +ajbj; — ((uiibii —a;;bj;)* + 4(ai; — 1(A)(bii — 1(B))

(ajj = (AN} — 7(B))} (1.19)
and

1

’I'(A * B) > IT,ENH %{ai,‘bﬁ + ajjbj]‘ - ((ai,‘b,‘j - a]-]-bjj)z + 411,‘jbiiajjb]‘]‘p2(]A)pz(fé))2 } (1.20)
i#]

In [12], Li et al. presented a new lower bound of the minimum eigenvalue (A * B) for two n X n

nonsingular M-matrices A and B, which is deduced from the weighted Gersgorin localization set of matrices.

Theorem 1.3. [12] Let A = (a;j) and B = (bjj) be two n X n nonsingular M-matrices. Then

7(A % B) > min {aiib,-,- —m; E |b—kl|} . (1.21)
ieN . Ny
keN ki
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To theoretically improve the inequalities (1.18) and (1.20), two inequalities on the minimum eigenvalue
T(A % B) for two n X n nonsingular M-matrices A and B were recently derived in [11], and in the following,
we revisit these result.

(A % B) > min {ﬂiibii — abp? (]f]) p: (]1[32])} (1.22)
and

. 1 2 2
’I'(A * B) > IT,ENH E {{Iliib,‘,‘ + lljjb]‘]‘ - ((aiibii - {Iljjb]‘]‘)z + 4[1,‘,‘b7‘1‘11]‘]‘b]‘]‘p (]‘E‘]) p (II[B ]))
i#]

%} . (1.23)

The purpose of this paper is continue to focus on the spectral estimate for the Hadamard product and
the Fan product of matrices. In Section 2, we present an improved upper bound on the spectral radius
for the Hadamard product of nonnegative matrices, and establish the theoretical comparison between the
newly proposed upper bound and the existing result in [15]. Secondly, the lower bounds of the minimum
eigenvalue (A % B) for two nonsingular M-matrices A and B are obtained, and then the detailed analysis and
theoretical comparison between the newly proposed lower bounds for the minimum eigenvalue 7(A * B)
are also discussed. The above facts are well elaborated in Section 3. Finally, the effectiveness and validity
of the obtained results can be well verified by some numerical examples in Section 4.

2. The upper bound for the spectral radius of the Hadamard product of nonnegative matrices

Before proving the main results of this section, we first collect some existing results as the following
lemmas which are useful for later discussion and investigation.

Lemma 2.1. [6] Let A = (a;j) be an n X n irreducible nonnegative matrix. Then the spectral radius p(A) is a positive
eigenvalue with a positive eigenvector x € C", i.e., x; > 0 for all i € [n], corresponding to it.

Lemma 2.2. [14] Let A = (a;j) be an n X n matrix withn > 2, and 0 < a < 1. Then if z € C is an eigenvalue of the
matrix A, there exists a pair (i, j) of positive integers with i # j (i, j € N) such that

a 1-a
|z—az-,-||z—a,-j|s[ Y ol Y |ﬂjz|} [Z al Y |a1j|] :

keN k+i [eN,I#j keN k+i [eN,I#j
Based on the theory of diagonal similarity and Lemma 2.2, we easily obtain the following result.

Lemma 2.3. Let A = (a;j) be an n X n matrix withn > 2,0 < a <1, and x1, %2, ..., X, be n positive real numbers. If
z € C is an eigenvalue of the matrix A, then there exists a pair (i, j) of positive integers with i # j(1 < i, j < n) such

that
’ las|
1 |l aij
Iz —aiillz —aj| < [— z Xxlail E xz|ﬂjzl] XiX; z —= z —
XiX Xk X]

P kN IENI#] keNk#i K IENT#]

1-a

Lemma 2.4. [5] Let A = (a;;) be an n X n nonnegative matrix. If the matrix Ay is a principal submatrix of the matrix
A, then p(Ax) < p(A). Especially, if the matrix A is irreducible and Ay # A, then p(Ax) < p(A).

Theorem 2.5. Let A = (a;;) and B = (b;j) be two n X n nonnegative matrices, and 0 < a < 1. Then

1 1 a
p(A o B) < max E{&liibﬁ + Ll]']'b]']' + ((aiibii — Ll]']'b]‘]‘)Z + 4(— Z @bl Z Iaﬂbﬂlml)

,jEN, M
" T keN ki 1EN,I#]

(mim]- Z % Z %)1_a)2}. @1)

keNK# K IENT#]
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Proof. Case I. If A o B is irreducible. Obviously, A and B are two nonnegative irreducible matrices, hence
hy # 0, iy # 0, m; > 0 and m; > 0. According to Lemma 2.1, the spectral radius p(A o B) is a positive
eigenvalue of the matrix A o B. From Lemma 2.3, it follows that there is a pair (7, j) of positive integers with
i # j(1 <i,j < n)such that

|p(A © B) - a;ibillp(A o B) — a;;bjl

a | b | 1-a
1 |aibuil Y15
— _S_ |aixbixlmy _5_ lajbjlmy | | mim; E E
M j k m

im m
P keN ki [N, I#] keN ki [eN,I#]

a 1-a
1 E |axibril |1yl (2.2)
b Z b - z Z
mimj bl byl | |ail P j las |

€N ki IeN,I#j keN k+i [eN,1#

a 1-a
1 b Ibyj|
=\ Z |aibix|my Z lajbylmy | | mim; Z T Z = )

i . . . )
keN, k+i IeN,I#j keN k#i [eN,I#j

IA

IN

By Lemma 2.4, the following is obvious:
p(AoB)—a;b; >0forallie N

and
p(AoB)—ajbjj > 0forall j € N.
Hence, the inequality (2.2) can be equivalently written as the following:

(p(A o B) — aiibii)(p(A o B) — ajbj;)
o 1-a
1 bl |yl (2.3)
< {W Z 4|aikbik|mk Z 4|‘1jlbjl|ml] [mimj Z e Z I
keN k+i IeN,I#j keN k+i IeN,I#j

The inequality (2.3) is a univariate quadratic inequality with the spectral radius p(A o B) as the unknown
quantity, and by solving the inequality (2.3), we obtain

1 1 @
p(AoB) < E{aiibii +ajibjj + ((ﬂiibii — ajibj)* + 4<W 2 laibilmy Z laibjtlm;)

" keNkei IEN %]
1
(o ¥ 1y @)H)Z
o hy h

keN k+i [eN,I#]

1 1 a
< max E{aiibii +ajibjj + ((ﬂiibii —ajiby)? + 4(— Z laibiklmy Z |ﬂjtbj1|ml)

i,jeN, m;m;
i M kéNkei IENI#]
1
o, ¥ 120 3 )
w hy hy ’

i#j
keN k+i IeN,I#j

CaseIl. If AoBisreducible, then there exists a positive number € such that A+eP and B+¢€P are irreducible
nonnegative matrices, where P = (p;;) is a permutation matrix with p1 = p» = ... = pyp-1n = pu1 = 1 and
the remaining p;; = 0, Now we substitute A + eP and B + ¢P for A and B in the irreducible case, respectively.
Let € — 0, the inequality (2.1) will be obtained by continuity. The proof is completed. [

Remark 2.6. (1) Take @ = 0 in Theorem 2.5, we easily obtain

1
: bl |
p(A o B) < max% aiibii + ajjb]-]- + [(ﬂiib{i - ajjbjj)z + 4mimj Z ”;l—kl| Z M , (2.4)

i,jeN, . My . hl
i#] keN k+i IeN,I#j
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which can also be given in [2, 16]. Therefore, it is not difficult to conclude that Theorem 2.5 can be regarded as the

generalization of Theorem 3.1 in [2] and Theorem 2.2 in [16].

(2) As shown in [2, 16], the inequality (2.4) theoretically improves the inequality (1.9) in Theorem 1.1. In
particular, the inequality (2.1) in Theorem 2.5 is sharper than the inequality (1.9) in Theorem 1.1 when o = 0 in

Theorem 2.5.

Theorem 2.7. Let A = (a;;) and B = (b;j) be two n X n nonnegative matrices, and 0 < a < 1. Then

1 1 a
p(A o B) < max E{aiibﬁ + Ll]']'b]']' + ((Lliibii - Llj]'b]‘]‘)Z + 4(— Z @bl Z Iaﬂbﬂlml)

i,jeN,
i#f

mim;
P keN ki IeN,I#]

oy ¥, el 3 Sy

keNK# K IENT#]

<o (3, T, s o 7 1)

! keN ki keN ki

Proof. Without loss of generality, for all i, j € N and i # j, we assume that

1

o 1-a
1 [2%]
a;ibi; + (a Z mklﬂikbikl] [mi Z T

k#i keN k+i
a |b | 1-a
1 lj
> Lljjb]']'+ ; Z mllaﬂbﬂl mi Z h_ ,
I 1€NT#j 1eNT#j

which implies that

@ 1-a @ 1-a
1 |bijl 1 |byil
[% Z mzlajlbjzl] [m;‘ Z h_z] S{% Z mklaikbikl] [mi Z Tne

7 1N IENI#] ! keN ki kEN ki

+ aiibii - ﬂ]]b”

2.5)
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By the inequalities (2.1) and (2.5), we derive

1 1 a
2
> aiibi +ajibj + ((ﬂiibii —ajibjj)” + 4<— E |aibiclm E |ﬂjzbjl|mz)
2 mim; ) .
keN k+#i IeN,I#j

oy ¥ Yl 37 Blyy)

keNk# K IENI#)

- %{aiib"i +ajibji + ((uiibii —a;bj)* + 4(ml Z |aikbik|mk)a(mi Z %)1—11

! keNk#i keNk=i K
1 a |b1]| 1-a\2
(5 X, ol (m; 3, 57) )
IeN,I#j IeN,I#j

1 1 @ bri|\1-a

< E{aiibii+ajjbjj+((aiibii_ﬂjjbjj)2+4(% Z |11ikbik|mk) (mi Z %)
! keNk#i keNk=i K
1
1 a |byil\1- i
((; Z mk|ﬂikbik|) (mi Z h—kl) +ﬂiibii—ajjbjj)) }
! keNki keNjx#i 'K
1

1 1 a bri|\1-a\2\2

= E{aiibii +a]-]-b]-]- + ((aiib,-,- —ajjb]-]- +2(% Z |ﬂ1‘kb,‘k|mk) (Wli Z |h—kl|) ) ) }
! kN ki keNkzi | K

1 1 a bril\1-a

= E{a,’,‘b,‘,‘ +lZ]']‘b]']' + (ﬂjib{i _ajjbjj +2<E Z Iaikbiklmk) (m,' Z %) )}
! kENKei keNk#i | K
1 o [Dgi| \1-a
:aiibii"'(ﬁ Z |ﬂikbfk|mk) (mi Z h_I:) . (2.6)
keN k+i keN k+i

From the inequalities (2.1) and (2.6), it follows that

1 1 a
p(A o B) < max E{aiibii +ajbj; + ((ﬂiibii —ajbjj)* + 4(— Z |aixbixlmy Z |ﬂjzbjl|mz)

i,jeN, m,'m]‘ . .
keN k+#i [eN,I#j
1
o 3 5 750
o h hy

i#j
keNK# K IENT#]
1 a bl y1-o
< max { aiby + (— Z laicbiclm) (m; Z e IS
ieEN m; X . hk
keN k+i keN k+i
The proof is completed. O

Remark 2.8. From Theorem 2.7, it clearly demonstrates that the upper bound characterized by the inequality (2.1)
in Theorem 2.5 is sharper than the one depicted by the inequality (1.10) in Theorem 1.2, and therefore Theorem 2.5
theoretically improves Theorem 2.1 in [15].

3. The lower bound for the minimum eigenvalue of the Fan product of nonsingular M-matrices

In this section, some lower bounds on the minimum eigenvalue for the Fan product of two nonsin-
gular M-matrices are obtained.

Lemma 3.1. [5] Let A = (a;j) be an n X n nonsingular M-matrix. Then
(1) the minimum eigenvalue T(A) is a positive real eigenvalue of the matrix A.
(2) 1(A) < m}\?aﬁ.
1€
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Lemma 3.2. [13] Let A = (a;j) be an n X n matrix with 0 < a < 1, and x1,x, ..., x, be n positive real numbers. If
z € C is an eigenvalue of the matrix A, then there exists a positive integer i with 1 < i < n such that

a 1-a
1 ||
|z — aiil < [x—l Z 'xklaikq [xi Z x_;: :
keN k+i keN k+i
Theorem 3.3. Let A = (a;;) and B = (b;j) be two n X n nonsingular M-matrices, and 0 < a < 1. Then

a 1-a
. 1 12%]
(A x B) > min a;ibi; —[; Z |ﬂikbik|mk] [mi Z h_k] . (3.1)

! keN ki keN ki

Proof. Casel. If A% Bisirreducible. Then A and B are two irreducible M-matrices, which implies that /i # 0
and m; > 0. From Lemma 3.1, we know that the minimum eigenvalue 7(A) is a positive real eigenvalue of
the matrix A, and hence it follows from Lemma 3.2 that there is a positive integer i with 1 < i < n such that

1 o b 1-a
(A x By =aibil < | — Y lagbdme| [m; Y M]
Mi ki keNjri Tk
1 o b 1-a
Tuibe
<|= Y bt | {m Y L ;;"] (32)
Mi |\ N keN ki il
o 1-a
|1 byl
= Z lagbilmy | | m; Z ol
! keNk#i keN=i K

By Lemma 3.1, we have
T(A % B) —a;b;; <0 foralli €N,

and then the inequality (3.2) is equivalent to the following;:

a 1-a
1 |bil
aibii — T(A x B) < [Z Z |aikbik|mk] [Tﬂi Z h_kJ . (3.3)

! kENei kEN ki

Observing the inequality (3.3), we obtain

a 1-a
1 Dy
T(A % B) > a;ib;; — [; Z Iaikbik'””‘] [m,- Z %]

! keN ki keNk#i
o |b | 1-a
. 1 ki
> min < a;b; — | — E laibiclmy | | m; E —
ieN m; , Py
keN k#i keN k+i

Case II. If A x B is reducible. As pointed in [1], a Z-matrix is a nonsingular M-matrix if and only if all its
leading principal minors are positive. Define an n X n permutation matrix P = (p;;) with its entry as follows:

PR2=PB3=...=Pucip=Pu1 =1

and other p;; = 0. Then A — eP and B — €P are two n X n irreducible nonsingular M-matrices, where € is any
sufficiently small positive real number such that all the leading principal minors of both A — eP and B — eP
are positive. Substitute A and B in the irreducible case with A — eP and B — €P, respectively. Let € — 0, the
inequality (3.1) can be derived by continuity. The proof is completed. [
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Remark 3.4. If @ = 0 in Theorem 3.3, then
T(A % B) > min < a;;b; — m; Z M
= TieN T
keN k+i

which is the inequality (1.21) in Theorem 1.3. Therefore, Theorem 3.3 can be regarded as a generalization of Theorem
3.1in[12].

Setting a = 3 in Theorem 3.3, we easily obtain the following corollary, which can also be found in [13].

Corollary 3.5. Let A = (a;;) and B = (b;;) be two n X n nonsingular M-matrices. Then

1 1
][] ooy bl
T(A* B) > I}g\l]'l a;ibi; — (E Z |aikbik|mk] [mz Z h_k

! keN i keN ki
Note that the result in Theorem 3.3 generalizes the one of Theorem 4 in [13].
Theorem 3.6. Let A = (a;;) and B = (b;j) be two n X n nonsingular M-matrices, and 0 < a < 1. Then

1 L1 .
T(A % B) 2 min >4 aiibii + ajjbj; - ((ﬂubii —ajibj;)” + 4(W Z |aixbixlmc Z |ﬂjlbjl|ml)
i T keNJ#i IEN,I#]

(mimj Z |]b1_kkl| Z |I]71_llj|)1—a)z}. (3.4)

keN k+i [eN,I#j

Proof. Case I. If A % B is irreducible, then A and B are two irreducible M-matrices. Therefore, i # 0, h; # 0,
m; >0 and m; > 0. By Lemma 3.1, the minimum eigenvalue 7(A) is a positive real eigenvalue of the matrix
A. It follows from Lemma 2.1 that there is a pair (i, j) of positive integers with i # j(1 < i, j < n) such that

[7(A % B) — a;ibiil|t(A % B) — aj;bjjl

a 1-a
1 |akibuil laybyjl
S [— Z |aixbi |y Z lapbjlmy | | mim; Z :1}“ Z r]n !
" keNjei 1N %] keNkzi K IeNgzj
) byl (35)
1 lakibxil a0 .
< po— Z |aibi|my Z lajbjlmy | | mim; Z |akl‘|;l<l Z |a]‘|h]
Y kéNkei 1EN %] keNjei RV R VT
a |b | 1-a
1 bkl Ij
= Z |aixbi | Z lajbjlmy | | mim; Z h—kl Z h_] .
T KNk 1ENT#] keNkei K 1ENRj
From Lemma 3.1, it yields that
T(A % B) —a;b;; <0forallie N
and
T(A x B) —ajjbj; <O forall j € N.
Then it is evident that inequality (3.5) becomes:
(T(A * B) - a,-ib,-i)(r(A * B) - ﬂ]']'b]']')
(3.6)

a 1-a
1 |bi Iby;|
<|l— aibix|m aybylmy | | mim; — — .
: |kk|k§|]l]l|l][z]§ 7 E m

m;m
" keNjkei IEN ] keNk#i K IENT#]
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Solving the inequality (3.6), we have

1 1 a
(A * B) > {aubu"'a]] jj ((1111 i {Il]] ])2+4( prm— Z laixbixlmy Z |ajlbjl|ml)

J keNk#i leN,I#j
Ibiil biil\1-a\2
s 3 5 Y 57

keN k#i IeN,1#j

1 1 b
Zmlnz{azzbu""a]] ji ((aubu_a]] ]]) +4( pp— Z |aixbixlmy Z‘ |ajlb/‘l|ml)

i,jeN,
J keN ki IeN,I#]
1
(e, Y,y By
o hy hy )

i#]
keN ki IeN,I#j

CaseIl. If Ax B is reducible. Similar to the proof of Case Il in Theorem 3.3, we easily obtain the inequality
(3.4). The proof is completed. O

Remark 3.7. Theorem 3.6 will reduce to the following:

Z‘V’_ki'Z@; 3.7)
k

i,jeN, hl
keN k+i [eN,I#j

i#]

1
T(A % B) > min = 5 a;bi; + ﬂ]']'bjj - [(ﬂ,‘,‘bii - a]']'b]'j)z + 477’[,'17”!]'
when a = 0 in Theorem 3.6, which happens to be Theorem 2.1 in [2] and Theorem 3.1 in [16]. Therefore, Theorem 3.6

can be regarded as the generalization of Theorem 2.1 in [2] and Theorem 3.1 in [16].

Similar to the conclusion of Corollary 3.5, we easily obtain the following corollary, which is deduced
from taking a = 1 in Theorem 3.6.

Corollary 3.8. Let A = (a;;) and B = (b;;) be two n X n nonsingular M-matrices. Then

N\»-A

1
(A x B) >m1n2{azzbzz+a]] jj ((au i — Ajj ]]) +4 Z |aixbi | Z |a]lb]l|ml

g keN, k+i leN,l#j
|bil Ibyjl | 3
(7 by Sy

i#]
keN ki IEN,I#]

Theorem 3.9. Let A = (a;;) and B = (b;j) be two n X n nonsingular M-matrices, and 0 < a < 1. Then

1
T(A * B) > min z{ﬂubu + ﬂ” jj ((aubu — ajj ]]) + 4 Z |a1kbzk|mk Z |a]lb]l|ml

ijeN, mj keN ki leNI#j
oul o Bylyi-ay
(mam; 3, 55 Y 50) )}

1#/
keNk# K 1ENT#]

Zrll’g\l]’l{aiibii_(% Z |ﬂikbik|mk)a(mi Z %)1a}.

! keNjki keN ki
Proof. Without loss of generality, suppose that

a 1-a
bi
tliibii—(ml,. )y mklﬂikbik|) (mi )y %)

keN k+i keN k+i

a 1-a
<agbi—|L Y mlagbgl| [m; ¥
= 4jjvjj m; T j T
/ leN,I#
I#]

IeN 1]
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foralli, j € N and i # j. This implies that
a by 1-a a 1-a
1 lj 1 |bi
— mylagbj| | | m; —| < (ﬁ mklﬂikbikl] [mi -
[m] Ie;lij ZE;I# hl i keNZJc¢i keNZ,kii hk
+ ll]']'b]‘j - uiibﬁ (38)

foralli,j € Nandi # j. Observing the inequalities (3.1), (3.4) and (3.8), we have
1 2 1 o
7 a;ibii + ajibj; — ((aiibii —ajib;)” + 4(— Z |aixbixlmy Z |ﬂjzbjz|mz)

mim
bl byl \1-a\ 2
o, ¥ 50 7 50 |

T keNkei 1EN,I#]

KeNJ#i K IENT#]
1 1 @ bii|\1-a
= E{ﬂiibii"‘ﬂjjbjj_((aiibii_ajjbjj)z""i(% Z |ﬂikbik|mk) (m:‘ Z %)
! keNji keNjkzi K
1 a Ibll 1-a 3
(o0 X tagbilon) (m; Y =5)7)
I 1ENTEj 1ENTj
1 1 a b\ 1-a
> E{aiibii"‘ajjbjj_((aiibiz‘_ajjbjj)z"'zl(a Z |ﬂikbik|mk) (mi Z %)
! keNexi kN K
1
1 a |bril\1-a 2
((a Z 'mk|aikbik|) (mi Z h_,:) +ﬂjjbjj—lliibﬁ))
keN k+i keN k+i
1
1 1 a |Bri \1— 2\ 2
= E{ﬂiibii+ﬂjjbjj_((ajjbjj_aiibii+2(% Z |ﬂz‘kbik|mk) (mi Z h—kl) )) }
! keN i keNjesi K
1 1 a b\ 1-a
:E{aiibii+ajjbjj_(ajjbjj_aiibii"'z(E Z Iﬂikbik|mk) (mi Z %) )}
! keNk#i keNj#i
1 o [Dgi] \1-a
:aiz’bii_(% Z |ﬂikbik|mk) (mi Z h—I:) - (3.9)
keN k+i keN k+i

According to the inequality (3.9), we have

't 1 @
T(A * B) < min E{aiibii + H]']‘b]']' — ((ﬂiib[;’ - a]-]-b]-]-)z + 4(W Z Iaikbiklmk Z Ia]-lbﬂlml)

i,jeN, . .
i " keN ki IeN,I#]
1
(o, Y, iy By
o g Iy
keN k+i IeN,I#j
. 1 a Bl \1-2
< min ﬂiibii—<— Z Iﬂikbik|mk) (mi Z —) .
ieN m; X . hk
keN k+i keN k#i

The proof is completed. [

Remark 3.10. Theorem 3.9 evidently indicates that the lower bound for T©(A % B) in Theorem 3.6 is theoretically
sharper than the one in Theorem 3.3. Similarly, the low bound of Corollary 3.8 also improves the one of Theorem 4 in
[13] when oo = L in Theorem 3.6.
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4. Numerical examples

In this section, some numerical examples are given to verify the effectiveness and validity of our
theoretical results by comparing them to the existing ones.

Example 4.1. Let

4

A: ,B:

—_ = g1
— N =
ON Wk
— N O
TN OO

1 1
1 1 1
1 1 0
1 4 0
Obviously, A and B are two nonnegative matrices. Using the MATLAB software, it yields that

p(A) = 75616, p(B) = 6.5172, p(J1) = 0.7623,
p(J) = 0.8488, p (/1) = 0.2000, p (&) = 0.4768.
According to the inequality (1.1) (i.e, Observation 5.7.3 in [5]), we obtain
p(A o B) < p(A)p(B) = 49.2805.

By the inequality (1.2) (i.e, Theorem 4 in [3]), we have

p(AoB) < m%x{Zaﬁb,-i + p(A)p(B) — aiip(B) — biip(A)} = 25.4037.
ic

Using the inequality (1.3) (i.e, Theorem 6 in [7]), we derive

p(AoB) < m%]x{aiibii + a;ibiip(Ja)p(Jp)} = 32.9408.

By the inequality (1.6) (i.e, Theorem 4 in [8]), we get

1
p(AoB) < max E{az’ibii +ajibj; + ((Fliibii —a;;bj;)* + 4(p(A) — a;7)(p(B) — bi)

i#j
(p(A) — ajj)(p(B) - b))} = 25.2419.
From the inequality (1.7) (i.e., Theorem 3 in [9]), it follows that

p(AoB) < Ill‘]IEaNX %{aiib,‘i + ajjbjj + ((ﬂiibi{ — lljjbjj)z + 4{Zijbiiajjl’]jjp2(]A)pz(]B))E} = 29.7461.

i#j
Applying the inequality (1.9) (i.e., Theorem 4.1 in [12]), we gain

bl |
Z [ = 22133

p(A o B) < max {a,‘ib,’i + m;
ieN keN k+i
Utilizing the inequalities (1.11) and (1.14) (i.e., Theorems 1 and 2 in [10]), we obtain
D oAt (1l21) 53 (721 —
P(A °oB) < nz‘éla\lx {allbll + aubzzpz ( A )pz ( B )} =26.1761

and

p(A o B) < IKI']lEaNX % {a,’ib,‘i + H”b]] + ((aiibii - a]']'b]‘j)z + 4aiibiiajjbjjp< E]) p (]1[52]))5} = 23.8750.
i
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Employing the inequality (2.4) (i.e., Theorem 3.1 in [2] and Theorem 2.2 in [16]), we have

, bl )
p(A o B) < max% a;ibi; + a]']'b]‘j + [(ﬂ,’l’bii - Cl]‘]‘b]‘/‘)z + 4mim]~ Z ”;l—kl| Z %] = 22.1333.

i,jeN, k
i#] keN k+i IeN,I#j

Set a = 0.5. By the inequality (1.10) (i.e, Theorem 2.1 in [15]), it generates the following:

a 1-a
1 |bil _
p(A oB) < I}’éaNX a;ibi; + (Z Z mk|ﬂikb,’k|] (m,- Z h_ = 22.0656.

! Nk keNgzi | K

According to the inequality (2.1) of Theorem 2.5, there is the following:

1 1 @
p(A o B) < max E{aiibii +ajibji + ((aiibii —aibjj)* + 4(W Z |aibilm Z |ﬂjlbjl|ml)
i M keNkei IENI#]

i#]
bi bii|\1-a %
(mm; Y % y |hi|) ) }=21.6635.
keNg#i K 1eNi#j

In fact, p(A o B) = 20.6270. Observing and analyzing the above numerical results, it is not difficult to verify
the correctness of the new upper bound for p(A o B) obtained by the inequality (2.1) in Theorem 2.5, and to
indicate the fact that our result improves the existing ones in [2, 3, 5, 7-10, 12, 15, 16].

Example 4.2. Let

4 -1 -1 -1 1 -05 0 0
1 5 -2 -1 05 1 -05 0
A=11 1 4 211'B=l 0 -o5 1 -os|
1 -1 -1 4 0 0 -05 1

Obviously, A and B are two nonsingular M-matrices. Applying the MATLAB software, there are some key quantities
as follows:
7(A) = 1.0000, 7(B) = 0.1910, p(J4) = 0.7623,

p(Js) = 0.8090, p (J§7) = 0.2000, p (J5) = 0.4045.

From the inequality (1.16) (i.e, Corollary 5.7.4.1 in [5]), it yields that
T(A * B) > 1(A)7(B) = 0.1910.
By the inequality (1.17) (i.e, Theorem 9 in [3]), we have
T(A % B) > rg\?{aiﬂ(B) + b;it(A) — 1(A)T(B)} = 1.5730.

According the inequality (1.18) (i.e, Theorem 4 in [7]), we obtain

A x B) > (1 - p(Jy)p(Jp)) min(a;ib;)) = 1.5332.
Using the inequality (1.19) (i.e, Theorem 7 in [8]), we derive

1
(A % B) > min E{ﬂiibii +ajibj; — ((@ibi — ajjbj;)* + 4(ai — T(A))(bis — T(B))

i#]

(a7 — T(A))(bj; - T(B))} = 1.5730.
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Utilizing the inequality (1.20) (i.e, Theorem 2 in [9]), we get
. 2 =
T(A * B) > Ill’jlelNl’l %{lx‘l,‘,‘bii + {Zj]‘b]‘]‘ - ((aiib,‘,‘ - l/'l]‘jb]‘]‘)z + 4aiibiiajjbjjp2(]A)p2(IB)) } = 1.5332.
i#]

Employing the inequality (1.21) (i.e, Theorem 3.1 in [12]), there is the following:

7(A % B) > min {aijbii ) @} = 1.9333.
ieN . Ny
keN ki

Using the inequalities (1.22) and (1.23) (i.e., Theorems 2.7 and 2.8 in [11]), we gain
i e — by (T21Y o3 (721)) =
T(A % B) 2 min {aibii — aibisp? (1) p2 (J51)} = 2.8623
and
T(A * B) > I,I/lean % {aiibii + ajjbj]- - ((ll,','bii - {Zj]‘b]‘]‘)z + 4aiib,-,-ajjbjjp (]E]Z]) p( g]))z} = 2.8623.
i

By the inequality (3.7) (i.e, Theorem 2.1 in [2] and Theorem 3.1 in [16]), we have

1

1 by byl |
7(A % B) > 1”1/161Nl‘1 E a;ibi; + ajjbjj - [(ﬂiibii - a]'jbjj)z + 4m,-mj Z % Z h_l] = 2.9779.
i#] keN k+i [eN,I#j

Let o = 0.5. According to the inequality (3.1) in Theorem 3.3, it generates the following:
a 1-a
T(A * B) > Ifl[;lll\I/l a;ibi; — [ﬂ’lll Z 4|a,-kbik|mk] [mi Z %]:l] = 2.9835.
keN k+i keN k+i
By the inequality (3.4) in Theorem 3.6, we obtain

.1 1 a
’[(A * B) > min E{aiib,‘i + Llj]'b]']' - ((aiibii - ajjbjj)z + 4(W Z |aikb,-k|mk Z |aﬂb]~,|ml)

i,jeN, .
" keN ki IeN,I#]

i#j
(mim; Y % Y %)1_0()2}:3.1275.

keN ki IeN,I#]

5487

In fact, 7(A x B) = 3.2845. According to the analysis and comparisons of the above numerical results,
we easily obtain that the new lower bounds for 7(A * B) proposed by the inequality (3.1) in Theorem
3.3 and the inequality (3.4) in Theorem 3.6 are effectiveness, and are sharper than some existing ones in

[2,3,5,7-9,11, 12, 16].

As shown in Theorems 1.2, 2.5, 3.3 and 3.6, the upper bounds for p(A o B) and the lower bounds for
T(A * B) all involve the parameter a € [0, 1], which implies that the various choices of the parameter «
influence the upper bound for p(A o B) and the lower bound for (A * B). To well illustrate the effectiveness

of the main results, the following numerical example is performed.

Example 4.3. Consider two 4 x4 nonnegative matrices defined in Example 4.1 and two 4 x4 nonsingular M-matrices
defined in Example 4.2, the numerical results of the upper bounds for p(A o B) in Theorems 1.2, 2.5 and the lower
bounds of ©(A x B) in Theorems 3.3, 3.6 are summarized in Table 4.1 by choosing the distinct parameters a € [0, 1].
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Table 4.1. Numerical results for Theorems 1.2, 2.5, 3.3 and 3.6

Values of @ Theorem 1.2 Theorem 2.5 Theorem 3.3  Theorem 3.6
0.0 22.4000 221333 1.8667 2.9779
0.1 22.1196 21.9478 2.1606 2.9924
0.2 22.1060 21.7760 2.1441 3.0030
0.3 22.0924 21.6170 2.6326 3.0700
0.4 22.0790 21.5227 2.8210 3.0991
0.5 22.0656 21.6635 2.9835 3.1275
0.6 22.0523 21.8154 3.1235 3.1551
0.7 22.0391 21.9787 3.0131 3.0966
0.8 22.6075 22.1543 2.8083 3.0226
0.9 23.5459 22.3428 2.5825 2.9125
1.0 24.6000 22.5448 2.3333 2.7922

5488

To indicate the influences of the distinct choices for parameter & on the upper bound for p(A o B) in Theorems
1.2, 2.5 and the lower bound for 7(A x B) in Theorem 3.3, 3.6 more visually, the numerical approximations
with the distinct parameter o between the estimated values of p(A o B) (resp. T(A % B)) in Theorems 1.2, 2.5

(resp. Theorems 3.3, 3.6) and the true value of p(A o B) (resp. 7(A % B)) are drawn in Figure 1.

25.0000

22.5000:

21.2500
20.6250

w%

20.0000 —

15.0000

10.0000

5.0000 —

3.7500
3.1250

2:5000
4

Figure 1. Numerical approximations for the estimated values and the true values

—— Theorem 1.2
—&— Theorem 2.5
Ture value of p(A o B)
—=&— Theorem 3.3
~—k— Theorem 3.6
Ture value of 1(A * B)

Observing and analyzing Figure 1, some conclusions are obtained as follows: 1) As the parameter a
changes in the interval [0,1], the upper bounds of p(A o B) in Theorems 1.2 and 2.5 can well approximate
the true value of p(A o B); 2) For the various choices of the parameter « € [0, 1], the upper bound of p(A o B)
in Theorem 2.5 is relatively stable, and the new upper bound of p(A o B) in Theorem 2.5 is sharper than
the one in Theorem 1.2 (i.e., Theorem 2.1 in [15]), which verifies the theoretical comparison in Theorem
2.7; 3) Taking the distinct parameters « € [0, 1], the numerical approximation between the lower bounds of
7(A % B) in Theorems 3.3, 3.6 and the true value of 7(A x B) is rather wonderful and stable; 4) The lower
bound of 7(A * B) in Theorem 3.6 is sharper than the one in Theorem 3.3, and then it shows the theoretical
comparison in Theorem 3.9.
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