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1. Introduction

In recent years, the problems over quaternion division algebra have drawn the wide attention of researchers in
mathematics, physics and computer science. Many problems of quaternion algebra have been researched, such as the
polynomial, the determinant, the system of quaternion matrix equations, etc. It is not only the property of non-commutative
multiplication of the quaternion, but also its wide-ranging connection with many applied sciences, such as Quantum Physics,
Geostatics, computer graphics, pattern recognition, and space telemetry and so forth. These technologies also need further
study of the quaternion algebra.

In algebra, the eigenvalue and rank are always two important aspects of matrix analysis. We found that it has been well
estimated for the lower bound of the rank and the upper bound of eigenvalues of a given complex matrix in [ 1-4]. However,
on quaternion division algebra, these problems still need further study. So, in this paper, we try to discuss these problems.

This paper is organized as follows: In Section 2, we introduce some estimation methods for the rank and standard
eigenvalues (the standard eigenvalue is also called a right eigenvalue) of a given quaternion matrix. In Section 3, based
on the generalized GerSchgorin Theorem, we give three methods to estimate the left eigenvalues of a given quaternion
matrix.

Throughout this paper, we adopt following notations and terminologies: R and C are the sets of real and complex
numbers, respectively, H denotes the set of quaternions. H™*" denotes the set of n x n quaternion matrices.

For any quaternion g, let N(a) = +/a@ = v/aa = (a2 + a? + a? + a2)"/? be called the norm of a. For any a quaternion
matrix A, r (A) denotes its rank and ||A|| denotes its determinant, tr(A) denotes its trace, A* denotes its conjugate-transpose.
U™ denotes the set of all quaternion unitary matrices.

* This work s supported by science research foundation of Chongqing city of China (Grant number: 2005CF9057) and national natural science foundations
of China (Grant No. 70872123).
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2. Estimate for the lower bound of rank and the upper bound of right eigenvalues norms’ sum of quaternion matrix

In this section, we first establish some theorems to estimate the lower bound of rank and the upper bound for the sum
of right eigenvalues norms of a given quaternion matrix by use of the partition matrix method.

Lemma 2.1. Let A, B € HY" where A is a unitary similar matrix of B[5], then ||A||?> = ||B||>

Proof. Since A is unitary similar to B, there exists a quaternion matrix U € U™" such that B = U*AU, thus BB* =
U*AUU*A*U = U*AA*U. It follows that tr AA* = tr BB*.

Moreover, tr AA* = ||A||> and tr BB* = ||B||?, so ||A||*> = ||B||%.

So, the lemma is proved. O

Theorem 2.1. Let M € H™". If M can be partitioned into [’é g] (where principal submatrix Aisk x k(1 < k <n—1),

submatrix Dis (n — k) x (n — k) and B # 0, C # 0), and then let [, = tr(AA*) + tr(DD*) + 2/tr(BB*)tr(CC*) and | = miny, [,
then inequality r (M) > %(Re(tr M))? holds.

Proof. Since M € H™", then there exists a unitary matrix U such that

A1 qi2 o Qu
0 XA - qou
U*MU = . s (2.1)
0 0 - A
where A; = )é]) + Aﬁz)i e C, x?) >0(s=1,2,...,n) are the standard eigenvalues (right eigenvalues) of M.

We suppose that M has s nonzero standard eigenvalues, then s = r(U*MP) = r(M) and

n 2 S 2 S 2
[Re(tr M)]? = [Re(tr U*MU)]? = (Re <ZA,)) = (Z Rek,-) < (Z |A,~|> , (2.2)
i=1 i=1 i=1

therefore,
N n
[Re(tr M) < s> [l =r(M) Y il (2.3)
i=1 i=1

If we take M% = tr(BB*) > 0, u% = tr(CC*) > 0 and construct the following matrix

M 1/2
A (—2> B
M

K= u 1/2 )
(—]> C D
H2
then
AA* + K2 pps *
KK* = H s
* —CC* + DD*
H“2
So
tr(KK*) = tr(AA*) + tr(DD*) + 214y = I. (2.4)
1/2 1/2
_((2) ik o A BY[(E) K o I .
For K = “ c D 12 k (wherel, (1 < k < n— 1) are k x kidentity matrices), we can
0 In—k 0 In—k
easily find that M is unitary similar to K. Therefore A1, A,, ..., A, are also the right eigenvalues of K. Then there exists a
unitary matrix U; such that
A1 Qi e Qg

0 )\‘2 B
UIKU; = ,
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We have
a0 0
an )»_2 ... 0
UiK*U; = | . . s
Gin Qo )\_n
— n ) —_
|)~1|2+Z|au| * R
j=2
2 2
USKK*Uy = (UZKU,) (UZK*U;) = * Mol + ) layl” o x| (2.5)
j=3
L * * A2
It follows that
n
tr(KK*) = tr(U*KK*U) = Y |1l (2.6)
i=1
From (2.3) and (2.6), we have (2.7).
[Re(tr M)]* < r(M)tr(KK*) = h,r(M) (1<k<n-—1). (2.7)
So,
(Re(tr M))? < Ir(M). (2.8)

Thus, the theorem is proved. O

Corollary 2.1. Let M € H"™" and A1, A, . .., Ay be standard eigenvalues (right eigenvalues) of M, then inequality Z?:] Al <
tr(MM™*) holds.

Proof. According to (2.6), it is obvious that Y :_; [A;|* < tr(KK*) < tr(MM*). O

Theorem 2.1 can be used to confirm whether or not one given quaternion matrix is nonsingular. We have

Corollary 2.2. Let M and | be defined as the Theorem 2.1, if (Re(tr M))? > (n— 1)I, then we can be sure that M is a nonsingular
quaternion matrix.

Proof. From the Theorem 2.1, we have (Re(tr M))? < Ir(M), so r(M) > n — 1. Therefore M is a nonsingular quaternion
matrix. 0O

3 1 i 0
Example. LetA = [2 o _11:|,we know that! = ming [y = I, = 21+4+/7 and (Re(trA))? = 11> > 3(21+4+/7) = 3l.
0 1 0 3

By using the Corollary 2.2, we can conclude that A is a nonsingular quaternion matrix. O

The condition of Corollary 2.2 is a sufficient condition for a given quaternion matrix to be nonsingular.
Theorem 2.1 shows the lower bound of the rank of a given square quaternion matrix over quaternion division algebra.
Next we will turn our attention to discussing the case for the quaternion matrix to be rectangular.

Theorem 2.2. Let M € H™" (m # n), thenr(M) > %

Proof. For any a given quaternion matrix A € H"*", by using the inequality (2.7), we have

(Re tr(A))?
r(A) = W (2.9)

In (2.9), let MM™* replace A, then it follows that

(Retr(MM*))>  (tr(MM*))?
tr((MM*)(MM*)*) ~ tr(MM*)2

r(MM*) > (2.10)
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Because r (M) = r(MM™*) [5], so,

(tr(MM*))?
tr(MM*)2
Thus, the proof is complete. O

r(M) > (2.11)

In the following, we will discuss the lower bound of the rank of the quaternion matrix in the normal case.

(Re(tr M))?

Theorem 2.3. Let M € H™" be a given quaternion normal matrix, then r(M) > M)

Proof. let M = [é g] (where A is the k x k principal submatrix of M), then MM* = (AA* IBB* :) and M*M =
(A*A J; e I) Since M € H™" is a quaternion normal matrix, that is, MM* = M*M, we have

AA* + BB* = A"A+ C*C. (2.12)
And then,

tr(BB*) = tr(C*C) = tr(CC*). (2.13)
Moreover,

Iy = tr(AA*) + tr(DD*) + 2/tr(BB*)tr(CC*)
= tr(AA*) + tr(DD*) + 2tr(BB*)
= tr(AA™) + tr(DD*) + tr(BB*) + tr(CC*)
= tr(MM™). (2.14)

Notice that the [, cannot be changed by that of k, that is | = tr(MM™) always holds. So, according to Theorem 2.1,
Theorem 2.3 is proved. 0O

We now turn our attention to estimating the upper bounds of the sums of the absolute values of the real parts and the
imaginary parts of the right eigenvalues of the given quaternion matrix. We have the following fact.

Theorem 2.4. Let A, = xﬁ” + /\§2>i € C(s = 1,...,n) be the standard eigenvalues of a given quaternion matrix A, then
2 2
( A+A* 2 A—A*
ZL] |As )l = H +2 H and Z?:] |As )| = Hz—lH .

Proof. According to the generalized Schur Theorem [1], there exists U € U™ " such that

A Q2 - Qn
0 2 - dgum
U*AU = . .
0 0 - A
(where Ay = xﬁ” + )»s(z)i € C(s=1,...,n) are the standard eigenvalues of A). So, we have
n
2 2
IAI? = |usau|” = Il + Y el (2.15)
s=1 2<i<j<n
Moreover,
— ] ‘l -
eV}
A — -
1 2CI12 2Q1n
A+ A* 1@ A0 qu
U*( > >U: 2 2 27 (2.16)
1 1
[ 59m 54, A

By the Lemma 2.1, we obtain

2 n 5 1 )
_ Z|)‘§l)| + 5 Z |‘1u| . (2.17)
s=1

2<i<j<n

HA+A*
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Similarly, we have

A-A P &, ] 2
IS5 =g Tl @219
s=1

2<i<j<n
Hence

ZP‘(])' HA—FA
n *
@12 _ A—A

s=1

1 A+ A*
-5 ¥ =

2<i<j<n

| 2_AA*
_§Z|qif|—

2<i<j<n

2

%(ZIA - ||A||2), (2.19)
2

(ZI/\ - ||A||2). (2.20)

By using the Corollary 2.1, it follows that

A+ A* <
Z AP < H and Z IAP] <

i=1 i=1

2 2

A— A*
2i

So, the proof is complete. O

3. Estimate for the upper bound of the sum of the left eigenvalue norms for a given quaternion matrix

The discussion above shows the upper bound estimation of the right eigenvalues’ real parts and imaginary parts for a
given quaternion matrix. In the following, we will give some estimations of the upper bounds of the other type of eigenvalue.

Notice that the GerSchgorin theorem has been generalized from the complex field to quaternion division algebra [6,7].
The primary role of the GerSchgorin theorem on a complex field and the generalized GerSchgorin theorem over quaternion
algebra is applied to locate eigenvalues. However, we find that it also has many other important roles for the estimation of
eigenvalues. So, in the next section, we will use the generalized GerSchgorin theorem to discuss some estimation methods
for left eigenvalues of quaternion matrices.

First of all, it is worthy of note that we only consider the estimation problems of left eigenvalues under the condition
that no left eigenvalues of a given quaternion matrix are repeated. If in a quaternion matrix there are repeated eigenvalues,
either we do not know which eigenvalue is appropriate to be repeated, or we know the fact in advance, in which case we
know each eigenvalue exactly and would not be interested in estimating it. In addition, our results will show that, if in a
given quaternion matrix there are repeated eigenvalues, then this case can be discussed on a similar plan also.

Definition 3.1. Let A € H™". A quaternion A is called a left eigenvalue of A if there exists a n-dimensional nonzero
quaternion column vector X = {x1, X2, ..., x,}" such that AX = AX.

Definition 3.2. Let a be a given quaternion and ¢ be a positive number. Then the set 2 = {zI[N(z — a) < ¢} is called a
generalized spherical neighbourhood with centre a and radius ¢.

Article [6] has proved the generalized GerSchgorin theorem over quaternion algebra, to use it here, we give it as a lemma.

Lemma 3.1 ([6]). Let A = (az) € H"*". Any left eigenvalue A of A has to lie within at least one of n spherical neighbourhoods
2i={zIN(z —a;) <P, (i=1,2,...,n)}. Thatis A € U?:l 22iA) = U?:1{2|N(Z — a;i)} < P.. Where P; = ZSI:] N(au)
J#i

Through this proof of the generalized GerSchgorin theorem, we can turn it into following form. It will be used in this
paper.

Lemma 3.2. Let A = (a;) € Hupxn. Then the left eigenvalues of A have to lie within at least one of n generalized spherical
neighbourhoods $2;(A) = {z : N(z —a3) < v/n— 1R} (i=1,2,...,n), whereR; = /Z]'.;i N2 (ay).

The proof of Lemma 3.2 can be found in the literature [6] and hence it is omitted here.

It can be seen that all the left eigenvalues of A lie within the union of n generalized spherical neighbourhoods with centres
a; and radii +/n — 1R; (i = 1, 2, ..., n), respectively.

We next state and prove our main results.

Theorem 3.1. Let A = (a3) € HP" If A; (i = 1,2,...,n) are left eigenvalues of A which lie within n distinct generalized
spherical neighbourhoods, respectively, then Y " N() < Y1, > N(ay).
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Proof. Since A; (i = 1, ..., n) are left eigenvalues of A which lie within n distinct generalized spherical neighbourhoods,
respectively, without loss of generality, we assume that A; € §2; = {z | N(z — a;) < R;}, where R; = Z;’:] N(ay),
j#i
£2i(A) # 2i(A),i,j=1,...,n,i#]. .
By virtue of Lemma 3.1, we have N(A; — a;) < ) j—1 N(aj) (i = 1,2,...,n). Hence, we can derive that, N(%;) <
=

J
N(a;) + Z] ! N(ay), (i=1,2,...,n).Therefore, Y '  N(L) <>, Z]L N (ay).
Thus, the proof is complete. O

Note that the Theorem 3.1 is similar to Schur’s well-known inequality [8] which is used to describe the relation of the
absolute values of the eigenvalues and the absolute values of entries of a given complex matrix. However, whether it is
the form and content or the method of proof, Theorem 3.1 doesn’t repeat Schur’s inequality. (Schur’s inequality is that
Yol < Z, 1 |la;j|?, where, (a;) € Cyxy denotes a given complex matrix).

Next, we give the second form of the upper bounds of all norms’ sum of n left eigenvalues of a given quaternion matrix A.

Theorem 3.2. Let A = (a;) € Huxn. If A; (i = 1,2, ..., n) are n left eigenvalues of A which lie within n distinct generalized
spherical neighbourhoods, respectively, then the inequality > ' | N(A;) < /n— 13", ( /> i N2 (aij)> +>"1  N(ay) holds.
J#i
Proof. SinceA; (i =1, 2, ..., n) are nleft eigenvalues of A which lie within n distinct generalized spherical neighbourhoods,
respectively, we can suppose that A; € 2;(A) = {z : Nz — a3) < +/n— 1R}, where R, = /Y i, N2(a;) and
J#i

2iA) # 2iA),i=1,2,...,n,j=1,2,...,n,i#].
Then, by Lemma 3.2, N(A;—a;) < \/(n — 1) > -1 N2(a;) (i=1,2,...,n).So,wehave N(X;) = N(A;—a;i+a;) < N(A;—
J#i

ai,‘) +N(aii) < 4n-—1 < /Z'};] Nz(aij)> —+ N(a,-,-),i =1,2,...,n.So0, Z?:l N()»l) < +vn-—1 Z?:l < /Z%&] Nz(a,‘j)) +
J# J#i

Yo N(ap).
Thus, the proof is complete. O

Theorems 3.1 and 3.2 show the fact that the upper bound of the sum of all the norms of n left eigenvalues of a given
quaternion matrix can be bounded by the norms of all entries’ of the given quaternion matrix.

In the following, we shall give the third form of the upper bounds of all norm’s sum of n left eigenvalues of a given
quaternion matrix by the particle and centre gravity theorem.

Theorem 3.3. Let A = (a;) € Hpxn. If A; (i = 1,2, ..., n) are n left eigenvalues of A which lie within n distinct generalized
spherical neighbourhoods, respectively, then

ZN(,\) < ZZN(au) + Z[ (a,, - —)] + N(trA).

i=1 j=1
J#

Proof. We assume that ; is the ith left eigenvalue of A which lies within ith generalized spherical neighbourhood £2;(A) =
{z : Nz — a3 < R}, where R; = ZL N(a;), then according to Lemma 3.1, we have N(A; — a;) < R; (where
J#i

Ri = Y =i N(aj) (i = 1,2,...,n), a; is the centre of ith generalized spherical neighbourhood). Based on the particle
J#i

and centre gravity theorem, each £2;(A) (i = 1, 2, ..., n) can be treated as a particle or a rigid body. Then the centre of all
particles or rigid bodies is 1 > | a; = 2. We have

trA trA trA trA
N ?»i—T =N )»i—aﬁ+aii—7 <N@i—ai)+N i — — <R +N i — —=

trA trA trA trA
N =N(ai——+—])<N(a-—)+N(—
n n n n
trA trA .
SRi-i-N(Clii——)—{-N(—), i=1,2,...,n).
n n

ZN(M) < ; [R,. N <ai,- - ?) N (trAﬂ 35 Ny + Z[ (al, - _>] NG,

i=1 j=1
J#

and

So,

Thus, the proof is complete. 0O
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Next, we give an example to show the correctness of our conclusions.

1 k 0
Example. LetA = |:0 i 0]. Itis clear that 1,iand j are three left eigenvalues of A and we can easily see that Z?:] N =
0 0 j

3 <Y, Y] N(ay) = 4.So, the Theorem 3.1 is verified.
Similarly, we have

3 3 3 3
D INOG)=3=<V3-104040)+3=3+vV2=v3-1) | | D N(ap | + D N
i=1 i=1 j=1 i=1

J#

andY ) NGOy =3<1+/3+/6=3", Zj;. N(ay) + 37, N(a; — %) + N(trA), so, Theorems 3.2 and 3.3 also hold.
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